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Nothing in life is to be feared, it is only to be understood. 

Now is the time to understand more, so that we may fear 

less.  

Marie Curie (1867 - 1934) 
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Abstract 

Nanocomposites have significantly contributed in medical device fabrication, 3D bioprinting, 

and tissue engineering applications. Various kinds of nanocomposites are increasingly 

investigated to control the nanoparticles (NP) dispersion in the polymer matrix and ion release 

kinetics from nanoparticles that are crucial prerequisites for the utilization of composites. Laser 

ablation in liquids (LAL) is a promising method for uniform in situ embedding of nanoparticles 

into polymers to fabricate composites free from chemical additives. Previous studies 

demonstrated its suitability; however, systematic studies on the scale-up of these materials and 

details on the working mechanism are not conducted. Particularly kinetics of ion release from 

nanoparticle-polymer composites matrices has not been fully understood yet. In addition, the 

role of nanoparticles in the gelation kinetics of collagen composites is not clear. Regarding 

other attractive biomaterial like nanoscopic bioactive glass, the mechanisms of fabrication by 

picosecond (ps) and nanosecond (ns) laser fragmentation have not been explained so far. 

LAL of metal targets in macromolecular solutions was employed for synthesizing Au and Fe 

nanoparticle-loaded nanocomposites based on alginate, collagen, and thermoplastic 

polyurethane (TPU). In this regard, we investigated the influence of polymer solution 

parameters, such as polymer types, liquid viscosity, and pH on the nanoparticle productivities 

and particle size. Furthermore, confocal microscopy method revealed a good three-dimensional 

dispersion and differentiation in parallel of laser-generated nanoparticles in the polymer that 

was shown to be a suitable bioink for 3D printing. Moreover, the laser fragmentation method 

was successfully applied to downsize bioglass particles from micrometers (3.5-11 µm) to 20-

50 nm, synergistically using iron salt as the fragmentation sensitizer for in situ doping. 

Metal ion release from composites and protein adsorption capacity are hypothesized to be two 

key processes directing cell-scaffold interactions. Interestingly, a phenomenon of total Fe ion 

release concentration decreased with increasing mass loadings was only found in the Fe-

alginate system under static conditions, neither in the Cu/Zn-alginate nor Fe-TPU control 

system. The attributed kinetics of special release behaviour of iron ions from alginate gels are 

probably not only the redox potential of metals and metal ions diffusion, but also the solubility 

of nano-metal oxides and affinity of metal ions with alginate. At the minute loadings with Fe 

nanoparticles down to 200 ppm, bovine serum albumin (BSA) and collagen-I protein adsorption 

on the surface of both the alginate and TPU composites was significantly increased compared 
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to unloaded control polymers, which could be correlated with Fe ion release and porous nature 

of alginate composites, but was independent of the global surface charge. 

Notably, the embedded nanoparticles in polymer matrices showed significant influences on 

physicochemical and rheological properties. Results demonstrated that compared to alginate, 

the elastic modulus of nanoparticle-alginate gels was enhanced 1.5 times. Nanoparticles 

modified the surface charge of TPU to a more negative value. Moreover, nanoparticles enlarged 

the hydrogel network and increased the porosity but decreased the stiffness of alginate or 

alginate-fibrin blends. Meanwhile, synergetic effects of fibrin, FeNPs, and fetal bovine serum 

contributed to an enhanced endothelialization capacity of alginate hydrogels. These findings 

can pave way for the fabrication of various hydrogel-based biomaterials employed in tissue 

engineering. 
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1 Introduction  

The goal of tissue engineering (TE) is to regenerate diseased or damaged tissue with functional 

scaffolds. Living cells successfully attaching to scaffolds are essential in tissue engineering, 

which can replace damaged tissue by recapitulating physiological cell responses and self-

organizing into complex constructs based on the physicochemical microenvironment of 

matrices [1, 2]. Multiple biomaterials such as sodium alginate and collagen remain attractive 

candidates due to biocompatibility, tunable viscoelasticity, and easy manufacturing [3-6]. At 

the same time, thermoplastic polyurethane (TPU) is more interesting in respect to medical 

devices [7], and bioactive glass (BG) has remarkable performance in bone tissue engineering 

applications [8]. However, there are still a few major challenges in the application of these 

materials. They are non-cytocompatibility or poor mechanical properties associated with 

polymers. A concept to compensate for the drawback of polymers is the incorporation of 

nanoparticles to form nanocomposites. Here, embedded nanoparticles affect the 

physicochemical and mechanical properties of composites as well as cell proliferation and 

differentiation on the composites’ surface [9, 10]. While therapeutic ions doped in BG to 

achieve multifunctional properties for cells and tissues is still an issue. 

Synthesized nanoparticle methods consistently implement impurities from stabilizers and 

reducing agents, which require tedious purification procedures and can have unpredictable toxic 

effects on the surrounding cells [11]. Laser ablation in liquids (LAL) can be a promising 

approach to synthesize pure metal nanoparticles and incorporate them into a polymer matrix in 

a one-step process [12-15]. In our previous work, nanoparticle-TPU or -alginate composites 

were successfully prepared by LAL [12, 14, 15]. Moreover, it has been discussed that laser 

ablation based in situ preparation of composites method could overcome these limitations [16, 

17], including scalability to high level of technology readiness [17]. Although bio-response is 

essential in the designed scaffolds, mechanical properties including stiffness and modulus as 

well as surface properties such as porosity, wettability, surface charge also have significant 

influences on cell transport and differentiation [18, 19]. So far, the mechanism of diffusion-

based release and multi-element release has already been discussed; however, the effects of 

oxide solubility and the polymer matrix on Fe ion release have not been frequently considered. 

Moreover, little is known about the inter-relation between protein adsorption and ion release in 

polymer composites. 
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The most severe problem for TPU is surface-induced thrombosis occurring in polyurethane 

blood stents or other cardiovascular biomaterials [7]. The development of modifications of 

these polymers is a strategy to overcome the mentioned drawbacks. Inducing NPs modification 

which alters the physicochemical properties of polyurethane has been reported suitable for the 

immobilization of enzymes [20]. Hess et al. [15] embedded insoluble nanoparticles like Pt and 

Au into TPU using an in situ LAL approach and investigated the NP effects on endothelial cell 

adhesion and proliferation properties and found benign effects on cellular viability and 

proliferation at a low concentration of 0.1 wt%, which was up to three times higher than in the 

unmodified TPU. This pronounced effect was attributed to the incorporation of nanoparticles 

into TPU significantly elevating the hydrophilicity and polymer stiffness probed by AFM. 

However, nanoparticle productivity in TPU polymer solution and the ion release profiles from 

TPU matrix has not been considered. 

Alginate is a natural water-soluble biopolymer that can be easily cross-linked in the presence 

of cations like Ca2+, Cu2+, and Zn2+ forming a stable gel network [21]. Thanks to 

biocompatibility, biodegradability, abundance and low cost, alginate hydrogels have been 

suggested to be applicable in wound healing [3], bone tissue engineering [22], and biological 

stent coatings [23]. Due to the absence of any adhesive sites and hydrophilic surfaces, alginate 

gels generate a so-called “non-fouling” effect [23, 24]. On one hand, such surfaces inhibit 

thrombocytes and bacterial adhesion and the prevention of biofilm formation [25]. On the other 

hand, the non-fouling effect also impairs interaction with cells as it avoids beneficial protein 

adsorption [24], which thus compromising the pre-endothelialization and anti-restenotic 

properties of alginate-coated stents. For this reason, two main strategies are currently proposed 

to modify alginate hydrogels to make them suitable for endothelial cell adhesion and 

proliferation. Iron nanoparticles combing with alginate hydrogel have been reported to achieve 

enhanced cell adhesion [12]. Furthermore, the fibrin interpenetrating into alginate networks 

seemed to exhibit tunable mechanical properties and adhesive behaviours at varying fibrin 

concentrations [26]. Given that biomaterials in the body immediately contact with surrounding 

proteins, protein adsorption may be an initial indicator of cytocompatibility. Inspired by these 

results, triple modification of alginate gels with FeNPs, fibrin, and serum protein coatings 

(SPCs) may provide synergetic effects to pave a way toward novel strategy for the coatings. 

In contrast, triple-helical dominated collagen has abundant contacting sites such as 

hemidesmosomes and focal adhesions for the cell receptors. As collagen distributes in most of 
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the connective tissues, researchers make efforts to bio-fabricate collagen hydrogels or 

composite scaffolds and make them applicable in tissue engineering or regeneration [27]. 

However, the poor mechanical properties of collagen products cannot be ignored, as well as the 

problematic gelation kinetics [28, 29]. Even though glutaraldehyde is frequently used in the 

fabrication of collagen scaffolds, overdosage causing toxicity cannot be negligible [30]. Daood 

et al. [31] investigated how the different ratios of tiopronin-Au and 1-ethyl-3-(3-

dimethylaminopropyl-carbodiimide hydrochloride (EDC) affected the collagen crosslinking 

and found a pronounced effect on improving biodegradation and mechanical properties. 

Recently, Vedhanayagam et al. [32] investigated the particle size effects on cell viability of 

cross-linked collagen with pectin and demonstrated small particles with 10 nm promoting 

collagen fibrillogenesis process as well as high cell viability rather than large particles with a 

size of 55 nm. Nevertheless, the effects of nanoparticles together with cross-linkers in gelation 

kinetics of collagen are still unclear. 

Another attractive biomaterial, bioactive glass (BG), is a category of materials with bioactivity, 

osteoconductivity, and osteoinductivity which is suitable for bone tissue engineering [8, 33, 34]. 

BG can bind to bone tissue and stimulate bone regeneration by the release of Si4+, Ca2+, and 

PO4
3- ions [35]. Among numerous BG compositions, 45S5-BG is capable of upregulating 

osteoblast proliferation by the controlled release of its ion dissolution products, thus leading to 

bone regeneration [36, 37]. To further enhance the dissolution, bioactivity, and protein-related 

bone therapeutics of bioglass, the addition of different elements has been proposed [38]. It 

should be also noted that osteogenesis can be induced through genetic pathway activation from 

the biochemically active ions and biophysical properties of constructed biomaterials as well. In 

this context, therapeutic inorganic ions such as iron (Fe), copper (Cu), zinc (Zn), strontium (Sr), 

Gallium (Ga), cerium (Ce) are considered to be doped in BG [39, 40]. For example, Fe ions 

play a key role in the enhancement of endothelial cell adhesion [12], erythroid differentiation 

[10], and the component of hemoglobin and structural stents [41]; while the Cu ions are 

considered to be antibacterial and an essential role in proangiogenic function [42]. Regarding 

the incorporation of inorganic ions, a direct mixture of metallic salt [38] or their oxide [43] and 

precursors of glass compositions is a common strategy. 

Another concern associated with these obtained BG is their particle size. There is scientific 

evidence that nano-sized BG particles resulted in a significant increase in in vitro osteoblast 

cytocompatibility behaviour compared to similar micro-sized BG particles [44]. Moreover, a 
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smaller size with higher surface reactivity of BG can improve cell adhesion and speed up the 

ion release thus leading to accelerated degradation process of a silicate network [8]. 

Conventionally, sol-gel process based on the modified Stöber method has been frequently 

reported to synthesize nano BG [45-47]. However, producing BG particles in monodispersed 

submicrometer size with high dispersity is particularly challenging [35, 48], and sol-gel 

precipitation process usually requires a long reaction time and special chemical additives [48]. 

Recent studies proposed a laser-assisted method to prepare Fe-doped calcium phosphate 

spheres in submicrometer and micrometer [49]. Laser fragmentation in liquids (LFL) is 

frequently utilized to downsize particle diameter [50]. The size selectivity can be primarily 

achieved by LFL because the energy absorption cross-section of the product is usually smaller 

than that of the particulate educts [16]. It is known that BG has very weak absorption in the 

ultraviolet or visible wavelength range. Therefore, during the laser irradiation process, a light-

absorbing agent is needed. Fe ions in solution have proved to be light absorbing agents [49, 51]. 

Hence, we proposed this technique to produce Fe or Cu ions doped 45S5-BG with controlled 

particle size, via in-situ-doping of BG during iron-sensitized LFL downsizing. 
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2 Objectives 

In this work the knowledge on laser-fabricated nanocomposites is extended to different material 

systems with varying readiness levels. The NP productivity and generated efficiency in TPU 

and alginate polymer solution will be addressed. The most important is the ion release 

mechanism and protein adsorption, which are performed to deepen our understanding on their 

interactions with biological systems. The examination of two previously unexplored systems in 

context with LAL-generated nanoparticles in collagen solutions and laser fragmented 

nanoscopic bioactive glass will be conducted. 

This work thereby aims to provide a systematic study addressing the aforementioned issues, to 

further develop and understand the nanoparticle-polymer- composites generation via 

chemically pure laser-based production methods. Particular emphasis is provided on how the 

physical, chemical and biological properties of these materials can be tuned based on: 1) 

nanoparticle material (iron, gold, doped bioactive glass), 2) the base polymer type (alginate, 

alginate-fibrin blends, TPU, Collagen) and 3) the nanoparticle/polymer mass ratio. Primary 

readout methods to document changes due to nanoparticle loading were A) mechanical 

properties (stiffness, oscillation modulus), B) chemical properties (surface charge, wettability, 

metal ion release) and C) interactions with biomolecules (protein adsorption) and endothelial 

cells. Furthermore, detailed investigations on the nanoparticle distribution in the polymer via 

confocal microscopy were conducted with particular emphasis on method development and 

differentiating nanoparticles from background scattering or aggregation-induced scattering 

(AIS) effect and detect co-localization of FeNPs and proteins at individual detective channels. 

Finally, experiments with partners were conducted to verify the 3D printability of the 

nanoparticle-polymer composites. The main research objectives of this thesis are illustrated in 

Figure 2-1. 
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Figure 2-1: Illustrations of specific research objectives of this thesis: (A) nanoparticle-polymer 

composites synthesis via laser fabrication method, (B) laser fragmentation to downsize and in-

situ-doped bioglass particles, (C) mechanical and chemical properties of composites gels, (D) 

interactions between composites gels and biomolecules and/or endothelial cells, (E) 3D 

printability of alginate composites. Laser ablation in polymer solutions leads to in situ 

generation of nanoparticle-polymer composites. The investigated special ion release, cellular 

response, mechanical and chemical properties, and 3D printability are promising for tissue 

engineering applications and medical device fabrication. 



3 Theoretical Background 

7 

 

3 Theoretical Background  

3.1 Tissue engineering 

Tissue engineering (TE) is a multidisciplinary field of research about the human body, such as 

bone, skin, or organs as shown in Figure 3-1 [18]. Restoring damaged or diseased tissue to a 

functional and healthy state is the ultimate goal in TE via tissue repair or regeneration. For 

example, in wound healing, tissue repair can be defined as the coordinated mechanisms that 

restore tissue barriers and homeostasis. At the same time, regeneration is the tissue repair to 

nearly identical function and structure of uninjured tissue through proliferation and activation 

of resident stem cells or progenitor cells and production of new matrix [52]. The features of the 

extracellular matrix (ECM) have inspired the design example of scaffolds for TE, such as 

nanoscale topography, structure, optimized mechanical properties, and cellular bio-response 

[53].  

Most TE strategies are based on three key elements: biological signals, cells, and scaffolds. In 

this process, scaffolds play an essential role in providing a framework where cells can attach, 

proliferate, migrate [12], and even directing erythropoiesis [10]. Generally, the design 

requirements of scaffolds are solid, cellular structure, and sufficient mechanical integrity. They 

can be prepared with ceramics, metals, and polymers. Polymer scaffolds have been increasingly 

studied due to their biocompatibility, biodegradability, and easy processability [18]. The term 

“biocompatibility” also means scaffolds are nontoxic to bare cells without any protective layer 

or causing any significant system reactions or inflammation related to the composition of 

scaffolds [6]. As exposed to the biological equilibrium, degradable scaffolds are able to undergo 

scission of chemical bonds or physical erosion, a feature termed biodegradability which results 

from (1) passive hydrolysis or active enzyme-catalyzed hydrolysis; (2) oxidation [54]. The raw 

polymer materials for preparing scaffolds are various and may be based on natural (alginate, 

chitosan, collagen, etc.) or synthetic polymers (poly (lactic-co-glycolic acid) [PLGA], 

poly(urethane) [PU], etc.). Their fabrication techniques include electrospinning [3], solvent 

casting/particulate leaching [55], and 3D printing [4, 56]. 
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Figure 3-1: Illustration of the basic concept of tissue engineering. Cell-laden polymer scaffolds 

via 3D or 4D fabrication technologies were produced to repair and regenerate organs or tissues 

for human health [18]. 

Despite these advantages, lack of good mechanical properties, low stability in aqueous and 

physiological environments, and how to improve cell adhesion are still problems for polymer 

scaffolds [12, 57]. Researchers make efforts to deal with this issue through chemical or physical 

modifications, including the grafting of peptides or macromolecules [57], biopolymer blends 

[58], and nanoparticle complexes [3, 12, 56]. Among them, nanoparticle-polymer composites 

have been proved to be positive to improve mechanical properties and enhance cell adhesion 

and proliferation [12, 56]. 

3.1.1 Protein adsorption on the surface of biomaterials for tissue engineering  

As a biomaterial is implanted into the body, it is immediately coated with proteins from the 

surrounding area, like blood plasma and serum. Hence, it is crucial to design new biocompatible 

materials and understand the mechanisms, kinetics, and thermodynamics between protein 

adsorption and solid surfaces. Why does protein adsorb? Firstly, free energy is minimized when 

proteins stick to surfaces compared to being surrounded by water molecules and the further 
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fundamentals and thermodynamics of protein adsorption on material surfaces have been 

interpreted in this review [59]. The interactions between proteins and surfaces are complex, 

including ionic or electrostatic interactions, hydrogen bonding, entropic interactions. Protein 

adsorption on a solid surface depends on the chemical and physical properties of surfaces and 

media, including wettability, surface charge, surface roughness, microstructure of the materials, 

pH, ionic strength of the media [60], and of course mechanisms can differ in protein 

characteristics including side chains of amino acids [61], and molecular weights [62]. Rusmini 

et al. [63] also described three different protein immobilization strategies through physical, 

covalent, and bioaffinity immobilization onto surfaces. 

There are a number of previous studies about the protein adsorption process on the surface of 

biomaterials. Zhao et al. [64] focused on the adsorption of BSA on imprinted 

alginate/polyacrylamide hydrogel films, while Angar et al. [65] examined the adsorption-

desorption mechanism of BSA on hydrogels. They all found that functional monomers 

combined into alginate hydrogels could favor protein adsorption due to enhanced mechanical 

properties and high swelling degrees. Yang et al. found that BSA displayed significant protein 

denaturation and spreading because of several available adsorption sites at high roughness 

surfaces, but in the case of myoglobin (MGB) and thyroglobulin (TGL) proteins adsorption 

followed a linear correlation with surface skewness [66]. Not surprisingly, the porous nature of 

materials was with a high protein adsorption capacity [67].  

It is known that cells do not directly interact with the material surface but have specific receptors 

for proteins. Previous studies demonstrated that protein adsorption on the surface plays a vital 

role as the initial step for the interaction of cells with synthetic materials, often directly 

correlated with cellular adsorption [68, 69]. On a biomaterial scaffold surface, protein 

adsorption on the supramolecular level was proposed to affect vascularization via interacting 

with typical integrin expressed by cells [70]. Further, the adsorption of cellular proteins like 

collagen on catheters was reported to be a promising strategy for vascular regeneration [28]. 

Thus, protein adsorption may be an initial indicator of cytocompatibility and may be used as a 

biological readout to predict the cellular response of biomaterials. 

3.1.2 Relationship between endothelial cells and surface of biomaterials  

Endothelial cells (ECs) are major components of blood vessels and a forming layer between 

blood and extravascular cells. They can form a passive barrier between vessel and tissue and 
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involve several functional processes, such as blood vessel formation, coagulation, fibrinolysis, 

vascular tone regulation, and a role in the inflammatory response [71]. Pre-endothelialization 

is one of the solutions for stent therapy. Human umbilical vein endothelial cells (HUVECs) as 

best-characterized EC have been frequently used as an in vitro model system. HUVECs can 

respond to many physiological and pathophysiological stimuli and differentiate into 3D 

spheroids [72]. 

 

Figure 3-2: Assumed mechanism of ion release leading to significant improvement of cell 

adhesion on alginate hydrogel surface [12]. 

Cells and scaffolds are two indispensable components in TE. Many reactions are occurring as 

cells get in contact with biomaterials. As described before, protein adsorption is the first step 

during the contacting process, which involves surface wettability, roughness or charge [61]. 

Conversely, the surfaces show different effects on various cell types. The viability, morphology, 

and proliferation of cells are known to be affected by surface properties, such as roughness, 

stiffness, and wettability. As illustrated in Figure 3-2, Fe ion release was proposed to increase 

actin expression level, thus leading to cell adhesion cultured on iron-embedded alginate 

hydrogels [12]. Mi et al. [73] found high hydrophobicity of polymers with lower HUVEC cell 

adhesion. Still, they modified polymer by grafting dopamine, RGD, and heparin biomolecules 

into a more hydrophilic and rougher surface resulting in an enhancement of cell attachment. 

Chen et al. [74] investigated the effects of matrix stiffness on the adhesion of monocytes on 

endothelial cells and they concluded the stiffer matrix resulted in increased tension and 

permeability of the ECs monolayer. Hess et al. [15] found a dose-dependent effect of embedded 

noble metal (Au, Pt) nanoparticles into TPU on endothelialization without causing any 

inflammation or thrombosis. Precisely, significant endothelialization was already achieved at 

100 ppm of NP loading in the polymer. 
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Regarding how endothelial cells respond to metal ions released from biomaterials, multiple 

studies have been carried out [12, 75]. It is known that Cu ion release from copper oxide 

nanoparticles smaller than 50 nm induces oxidative stress leading to cell death [76]. However, 

potential benign effects of therapeutic ion release are frequently reported in TE applications. 

For example, Fe ions release was also proposed to play a key role in HUVEC adhesion on 

alginate hydrogels [12] and triggering the erythropoiesis at a theoretical concentration of 1.63 

μg/mL of iron in poly(ethylene glycol) (PEG) [10]. Moreover, Mehrabi et al. [75] overviewed 

the critical role of various metal ion (Ca2+, Fe2+/3+, Ce3+, Mg2+, Sr2+) release from glass networks 

in the proliferation and migration of fibroblasts, keratinocytes, and vascular endothelial cells 

and targeting different phases of the wound healing process. 

3.2 Nanoparticle polymer composites in tissue engineering 

Nanocomposites involve multiphase materials where at least one dimension of the constituent 

phases is less than 100 nm. Nanoparticle polymer composites intending to combine the 

advantages of nanoparticles and polymers are potentially applied in tissue engineering should 

be biocompatible, biodegradable, non-cytotoxic, and functional [6]. Nanoparticles can be 

derived from noble metals, ignoble metal/metal oxide, or ceramics. The morphology and size 

of nanoparticles can be adjusted, therefore, influence the stability, physicochemical properties, 

and interactions with the biological system (bio-distribution, cytotoxicity, and 

pharmacokinetics) [77, 78]. Furthermore, the embedding of nanoparticles alters the mechanical 

properties of the polymer matrix [64]. In this thesis, nanoparticles in different polymer matrices 

like alginate, TPU, and collagen are mainly discussed. 

3.2.1 Properties of selected polymers for composites and polymer scaffold fabrication 

methods 

Alginate 

Alginate is a natural water-soluble biopolymer that easily forms a stable gel network in case 

cations like Ca2+, Cu2+ and Zn2+ are present as cross-linkers [79] and is abundant, environment-

friendly, and cheap. It is composed of a linear copolymer with homopolymeric blocks of (1-4)-

linked β-D-mannuronate (M) and its C-5 epimer α-L-guluronate (G), respectively. The M or G 

blocks covalently linked together in different sequences or blocks, alternating M and G residues 

forming M, G, or MG blocks. Alginate hydrogels, due to their good cytocompatibility, 
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hydrophilicity, and low toxicity, have been broadly applied in TE [3, 4, 24, 80]. In addition, 

alginate-based composites offer many advantages including hemostatic capability and gel-

forming ability upon absorption of wound exudates [81, 82]. Moreover, alginate films can 

mimic or be used as synthetic ECM, organizing cells into a three-dimensional architecture, 

providing mechanical integrity to the new tissue. They also provide hydration for the diffusion 

of nutrients and metabolites in and out of the cells, required for cell immobilization, 

transplantation, and tissue engineering [2, 83, 84]. However, cellular adhesion in the absence 

of additional functional ligands is limited. To compensate for the disadvantage of lacking cell 

adhesive ligands, alginate can be modified or blended with cell-adhesive materials or ligands 

to achieve desired cell behaviors [85]. Embedding Au or Fe nanoparticles into alginate is 

another option to achieve the expected positive results [12]. The general synthesis route of NP-

alginate composites is firstly fabrication of nanoparticles and mechanical mixing with alginate. 

At present, the available techniques for nanoparticle synthesis are chemical [86, 87], gas phase 

[28], and laser ablation in liquids [12, 88, 89]. The mechanism and advantages of the laser-

synthesis method are elaborated in section 3.4. 

Fibrin 

Fibrin is a polymerized product of fibrinogen and thrombin, forming long fibrin fibres involved 

in the clotting process. It is also a biodegradable, vasculogenic, anti-inflammatory protein and 

of high interest as a scaffold for tissue repair due to enhancing endothelial cell attachment and 

proliferation [26]. The endothelialization is an indicator for the vascular scaffolds, and fast 

endothelialization is helpful for quick recovery and reduces the chance of restenosis. The 

characteristics of fibrin scaffold in vascular tissue engineering have been described somewhere 

else, including the advantages and limitations of fibrin gels [90]. Fibrin-based scaffolds are 

biocompatible, easily processable, and have a high affinity to biological surfaces; however, a 

major challenge in applying fibrin gels is the rapid degradation and fibrinolysis causing inherent 

instability. Fibrin is rarely used alone due to its fast degradation in the dynamic physiological 

environment. Combining fibrin with other suitable materials is an effective strategy to 

overcome this drawback. Here, blending polymers such as polyglycolic acid (PGA) [90], 

collagen [91], and alginate [26] is an option. At the same time, integrating fibrin with 

nanoparticles is another possibility. Kirichenko et al. [92] investigated the effects of iron oxide 

nanoparticles on the gelation of fibrin gels and found the FeNPs incubation with thrombin 

resulted in enzyme activation and achieved a more distinct structural density of fibrin gels. 
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Moreover, silica nanoparticles were reported to enhance the mechanical properties of fibrin 

hydrogels without decreasing the fibrin proteins' ability to support cell proliferation and 

differentiation [93]. 

Collagen 

Collagen is a critical component in connective tissues, which is considered a potential biomatrix 

in tissue engineering due to its excellent biocompatibility and involvement in various functional 

expressions of cells [94]. In comparison with other natural polymers, such as albumin and 

gelatin, collagen is not only a useful surface-active agent [95] but also exhibits biodegradability 

and weak antigenicity [96]. The structure of collagen Type I is based on a family of genetically 

distinct molecules having unique triple-helix configuration, made of three polypeptide subunits 

known as α-chains [97]. Nevertheless, the insufficient collagen-related mechanical property 

limited its growing medical applications. The researchers have already made efforts to improve 

this situation. It is suggested to cross-link collagen and consider it as a model for extracellular 

matrix, for example, combine collagen with synthetic or natural polymers or nanoparticles to 

overcome this problem. Recent studies have proved that AuNPs can crosslink well with 

collagen in the presence of EDC and Au-collagen materials have the potential to be applied in 

small molecule drug delivery as well as photothermal therapies, imaging, and cell targeting [98]. 

Xing et al. [99] prepared layered films of Au-collagen core-shell nanoconjugates and the 

obtained enhancement in mechanical properties is believed to influence cell response and 

promote cellular adhesion, growth, and proliferation. Hsieh et al. [28] found that AuNPs 

embedded in collagen could improve its biomechanical properties and thermal stability. The 

stromal-derived factor-1α further promoted the migration of mesenchymal stem cells (MSCs) 

on the Au-collagen materials. Castaneda et al. [98] reported an approach to gelate collagen with 

tiopronin-modified AuNPs via EDC. In this process, tiopronin provided multiple carboxyl 

groups presented on the surface of AuNPs that can crosslink with collagen and couple with 

EDC. But tiopronin may present a variety of side effects and the role of AuNPs in the collagen 

gelation kinetics is still missing. 

Thermoplastic polyurethane 

Thermoplastic polyurethane (TPU) is suitable for application in different biomedical devices, 

like indwelling catheters [100], aortic balloons or mammary implants [101]. The 

biodegradability of modified polyester-based polyurethanes has been made possible for 
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scaffold fabrication [102, 103]. As successfully applied in soft tissue engineering, TPU is 

generally recognized to have desirable blood compatibility as well as great cellular affinity, cell 

adhesion, and proliferation rates. To improve the hemocompatibility and adhesive property of 

TPU for medical devices, attention could be focused on the nanoparticle embedded in TPU 

polymer. Metal nanoparticles, such as Au, Pt, Ag, and Cu, can modify the TPU surface by 

shifting the hydrophobic property towards an approaching hydrophilic state [14, 15]. 

Barcikowski group utilized laser ablation method to obtain well-dispersed nanocomposite TPU 

polymer films and found a fivefold improvement of endothelial colony-forming cells (ECFCs) 

proliferation [14, 15]. Attributed to the improved wettability negatively charged surface and 

higher mechanical stiffness in the vicinity of embedded nanoparticles, ECFCs were 

significantly adhering on the surface of TPU composites and remained in a nonthrombogenic 

and noninflammatory state [15]. 

The conventional methods used to fabricate porous polymer scaffolds are depicted in Figure 3-

3 [18]. However, the drawbacks of these strategies cannot be ignored. It is believed that solvent 

casting has a high possibility to leave behind solvent residues in scaffolds [104]. Freeze drying 

and gas foaming have limitations in producing scaffolds with suitable pore size and mechanical 

properties [105]. The thermally induced phase separation procedures are time-intensive and 

complicated while electrospinning is also time-consuming and results in products with limited 

thickness. To overcome their drawbacks, advanced 3D bioprinting, which is believed to be the 

future of TE is developed to print biomaterials and living cells. The working principle of this 

technique can be categorized into extrusion, inkjet, and laser-assisted printing [106]. It can not 

only construct complex tissue models but also plot cells or other biological cues as desired 

[107]. Shear stress influenced by nozzle diameter, printing pressure, and viscosity of the 

dispersing medium should be considered during all printing. Controlling shear stress plays a 

key role in cell signalling and protein expression [108]. Bläser et al. [108] investigated shear 

stress of various concentrations of alginate ink and found moderate levels of shear stress (5-10 

kPa) might stimulate cell proliferation. Alginate based hydrogels as printing inks have been 

reported but it presented a poor shape fidelity and resolution. However, this issue can be 

improved by incorporation of particles or fillers [4, 109]. 3D printability of LAL prepared 

Au/Fe polymer composites are yet to be demonstrated. 
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Figure 3-3: Conventional fabrication methods [18] and fabrication strategies of 3D printing 

[106] for polymer scaffolds. 

3.2.2 Ion release from nanoparticle loaded polymer scaffolds 

Metallic ion release plays a key role similar to a drug release system for tissue engineering 

applications. Patel et al. [110] suggested that Fe ion-releasing system of poly(ethylene glycol)-

l-polyalanine (PEG–PA) thermogel significantly enhanced neurogenic differentiation. Fe ion 

release from phosphate-based glass fibres is believed beneficial to the initial cell attachment 

[111]. The studies have also revealed the importance of Fe ions in the regulation of the 

expression of vascular cell adhesion molecule (VCAM)-1 in microvascular endothelial cells 

[112].  
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In addition, it is important to control the ion release concentration in tissue engineering [113]. 

For example, a controlled ion release concentration is reported to promote osteogenesis, 

angiogenesis, and inhibition of bone resorption by osteoclasts, respectively [114]. An overdose 

could trigger adverse effects in the body [115]. It can be seen that the ion release concentration 

determines whether a substance is effective, ineffective or toxic. The so-called therapeutic 

window defines these areas (Figure 3-4), in which the respective substance shows desired 

effects. Below this concentration window of minimum effectiveness, no effect is observed; 

while above this window it is a toxic concentration, leading to adverse effects [113]. Moreover, 

the therapeutic response is also related to the onset time, offset time, and duration of the ion 

release process [116].  

 

Figure 3-4: Schematic representation of the definition of the therapeutic window (modified from 

[116]). The grey band is indicating a therapeutic window for slower ion release formulations 

(a), more rapid ion release formulations (b), and formulations with prolonged ion release (c). 

Generally, the ion release concentrations increase with increasing amount of nanoparticles 

amounts in the polymer matrix. And the release of ions from a nanoparticle-polymer composite 

is based on the principle of corrosion and diffusion. This takes place in three steps, oxidation 

(to erode the surface of nanoparticles), dissolution and diffusion (release of ions from the bulk 

nanoparticles). Different models can describe the kinetics of ion release, for example, the 

frequently used Korsmeyer-Peppas equation [117, 118]: 

𝜕𝑐

𝜕𝑡
= 𝐷𝑒𝑓𝑓

𝜕2𝑐

𝜕𝑥2
+ 𝑘(𝐶𝑠 − 𝐶)        (1) 

𝐷𝑒𝑓𝑓 = 𝐷𝑖𝑤
ϵ

τ
                              (2) 
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Cs is the substance’s solubility in the hydrophilic porous structure; k is the dissolution constant; 

In equation 2, the effective diffusivity Deff in the pores can be expressed by substance’s 

diffusivity in water Diw, the porosity of system ε, and tortuosity of the diffusional path τ. 

Korsmeyer-Peppas equation is termed from “swelling-controlled release from a polymeric 

system” depending on porous structure as well as the thermodynamic interaction between 

polymer and solute [118]. In the study of Hahn et al., they determined Cu+/2+ and Ag+ ion release 

characteristics from silicone composites and proposed the two metal ions release profiles were 

described by a second-order exponential equation and pseudo-first order exponential equation, 

respectively [119]. And it should be noted that diffusion from the nanoparticle-polymer system 

is not following Fick’s law [120]. When nanoparticles are embedded in polymers, the NP 

concentration and polymer matrix structures determine the diffusion. Moreover, several 

incubation factors are corresponding to the ion release mechanisms. The dissolution process of 

released ions diffusing out of the matrix into the surroundings can be influenced by the 

properties of solvents, such as pH [121, 122], concentration or ionic strength [123], the 

physicochemical property of polymer matrix [12], and the particle size [124]. Further, when the 

distance for diffusion increases, ions diffuse at a comparatively slow rate [125]. Recently, 

researchers found that modification using natural polymers like polysaccharides may slow their 

releasing rate into surroundings [87]. The diffusion-based release and multi-element release 

mechanisms have already been considered. It was acknowledged that Fe ion release was found 

to follow second-order kinetics [13]; however, the effects of oxide solubility and polymer 

matrix on Fe ion release have not been frequently studied.  

3.2.3 Impact of Au and Fe nanoparticles on properties of polymer composites 

Many outstanding publications dealt with improving the properties of polymer composites in 

the last few years. The characteristic physical properties of biomaterials including surface, 

physicochemical, mechanical properties are essential for cell growth and proliferation (Figure 

3-5), which can be modulated by the incorporation of nanoparticles and polymeric networks 

[40]. For example, immobilization of AuNPs was demonstrated to stabilize enzyme molecules 

on polyurethane surfaces [20]. Mandapalli et al. [126] investigated six types of polymers 

including polyvinyl alcohol, hydroxypropyl methylcellulose, polycaprolactone, alginate, 

chitosan, and zein protein to study how AuNPs altered their physical properties. The results 

indicated that entrapment of AuNPs slightly decreased the porosity and swelling ratio but 

significantly increased the skin adhesion strength of all polymer films. However, contrasting 
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results were reported that the tensile modulus of nanoparticles-alginate composites was slightly 

lower than pure alginate ones, while the overall swelling ratio increased in the long-term [12]. 

 

Figure 3-5: Characteristic physical properties of a biomaterial such as matrix stiffness, porosity, 

or roughness and effects on cell differentiation and proliferation (modified from [40]). 

Except acting as an ion reservoir as described in section 3.2.2, ignoble metal nanoparticles 

influence the interface properties of polymer films. Fe/FeO NPs have been reported to lead to 

a more distinct structural density of fibrin gels in the presence of thrombin, which might be 

used for treating some hemostasis diseases [92]. Machida-Sano et al. [127] confirmed that Fe-

alginate provided an appropriate surface for protein adsorption and cell attachment due to the 

less hydrophilic surface compared to pure alginate cross-linked by Ca2+. Brändle et al. [10] 

have reported that the pore size of PEG hydrogels was around tens of micrometers and not 

affected by the embedded Fe nanoparticles. It is easy to measure the pore size of hydrogels with 

confocal microscopy or scanning electron microscopy after they are freeze dried. A rheological 

method is developed to investigate in situ dynamic polymerization reactions, mechanical 

properties, and even pore size of hydrogels [128, 129]. 

3.3 Bioactive glass in bone tissue engineering 

Despite the remarkable self-healing properties of bone, the trauma or surgical resections 

provoking the emergence of relevant defects remains a critical issue in current clinical practice 

[130, 131]. When bone fails to heal properly, autograft or allograft is an attractive yet extremely 

challenging strategy [130, 132]. However, autografts are limited in supply since they require 

donor sites and also cause chronic pain at donor sites; while allografts are in a low rate of solid 

bony fusion due to lack of osteogenic and osteoinductive properties and have an increased risk 
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of immunologic mismatch and inflammatory reaction [132]. The utilization of synthetic 

scaffolds which support tissue regeneration could be an alternative to overcome these 

limitations. The “gold standard” for an ideal graft should be able to support osteointegration, 

osteoconduction, osteoinduction, and osteogenesis [133]. In recent years, numerous suitable 

bone graft substitutes have been developed. Venkatesan et al. [134] reviewed alginate-based 

composites to prepare artificial bones, including alginate-polymer, alginate-protein, and 

alginate-bioglass. These composites showed excellent biocompatibility, enhanced mechanical 

strength, and supported osteogenic differentiation.  

Among these replacement materials, 45S5-BG with the compositions of 45 wt% SiO2, 24.5 

wt% CaO, 24.5 wt% Na2O, and 6.0 wt% P2O5 initially synthesized by Hench [135] has 

advantages of controllable biodegradability, cell delivery, osteoconductivity and bioactivity 

[34, 133, 136]. As interaction with surrounding tissue or in the stimulated body fluid, the surface 

of 45S5-BG rapidly reacts inducing osteoconductive and osteoproductive effects [133]. Firstly, 

it is the exchange between Na+, Ca2+ cations and H+ or H3O
+, followed by soluble silica and 

calcium dissolution. The generated Si(OH)4 can immediately re-polymerize and form a SiO2-

base layer on the surface. Due to the accumulation of Ca2+ and (PO4)
3-, CaO-P2O5 rich layer 

grows on top of the SiO2-base layer. CaO-P2O5 rich layers continue to crystalize in the presence 

of OH- or (CO3)
2- from the surroundings and form a biologically active apatite layer that is 

believed to bond with the host tissue [45]. 

The evolution and grand challenges of bioactive glasses were well-documented in this review 

[114]. On the present commercial market, the trade melt-derived 45S5 BG particles are far 

larger than 1 µm [114]. Nanosized BG particles bear a larger specific surface area range of 28-

70 m2/g and were reported to exhibit enhanced bioactivity [136]. Flame spray synthesis is 

another method to produce BG nanopowders with a 20-40 nm size distribution at a high 

temperature (1450 oC) [136]. Sol-gel technology is a conventional way to prepare solid or 

hollow spherical BG materials in nanoscale, but with uncontrolled compositions and failed 

doping of metallic ions [35]. It is still a challenge to achieve doped ions and nanosized BG 

particles simultaneously. 

Laser fragmentation is a method to downsize microparticle or even nanoparticle colloids by 

transferring the energy of high-intensity light irradiation into the process [16, 137]. 

Siebeneicher et al. [50] reported a reduced bismuth ferrite particle size from 450 nm to below 

10 nm using an elliptical liquid jet. The thermal mechanism of such flow jet setup was discussed 
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by Waag et al. with Mie theory and divided the cross-section into three main symmetry parts: 

non-irradiation, non-thermal mechanism, and thermal melting [137]. Not only for metals, but 

laser fragmentation was also reported to successfully reduce and narrow the particle size 

distribution (< 3 nm) of Yttrium Iron garnet without changing its stoichiometry [138]. Lau et 

al. [139] provided insights into the laser fragmentation mechanism downsizing zinc oxide and 

boron carbide particles. Charipar et al. [140] suggested photothermal evaporation and Coulomb 

explosion occurring to ZnO nanoparticle formation via laser fragmentation and perhaps 

accompanied with simultaneous laser melting. Recently, Nakamura and co-workers 

successfully prepared calcium phosphate glass spheres in submicrometer and micrometer sizes 

with a laser system at the wavelength of 355 nm, in the presence of metal salts as the light-

absorbing agent [49]. Inspired by these results, laser fragmentation may be suitable for 

generating nanoscopic BG particles with doping metal ions. 

3.4 Nanoparticles-polymer composites generated via laser synthesis in liquids 

To prepare nanocomposites, mixing nanoparticles with polymer solutions is a common way. 

AuNPs can be chemically synthesized with raw material HAuCl4 in the presence of reducing 

agents. Similarly, iron or iron oxide nanoparticles are generated through thermal decomposition 

and chemical reduction with various iron salts and reducing agents [11]. How to get rid of extra 

additives is one of the problems in the chemical synthesis of nanoparticles, which is vital to the 

following biological applications. In addition, the surface properties of polymer matrices are 

sensitive to particle dispersion. The laser ablation in liquid (LAL) method was demonstrated to 

obtain uniformly distributed nanocomposites [16, 141]. 

3.4.1 Laser ablation in liquids 

The processes of LAL have been well discussed, which can be classified into three stages: the 

plasma phase, the cavitation, and dispersed nanoparticles interacting with liquid molecules after 

bubble collapse [16]. These physical processes are distinctly different from pulse duration 

(millisecond, nanosecond, picosecond) [142]. Since we utilized a picosecond laser in this work 

for ablation, we mainly discussed the mechanism of ps laser ablation in liquids. As shown in 

Figure 3-6a, plasma, composed of highly ionized or atomic matters, is generated on the target 

surface when a laser reaches the target through a liquid. A complex nanoparticle formation 

process will last from tens of ns to a few -ms [142]. Laser-induced shock wave occurs in tens 
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of ns and moves away in hundreds of ns. A sharp quasi-hemispherical cavitation bubble forms 

in the liquid microseconds later. The ablated species (ions, atoms, and atom clusters) may 

interact with the surrounding liquid and trigger chemical reactions [142-144]. These cavitation 

bubbles undergo expansion and collapse after hundreds of microseconds. Several laser 

parameters such as laser intensity, fluence, repetition rate, and laser pulse duration, as well as 

liquid properties can affect the final obtained nanoparticles [16]. 

The primary particles (< 10 nm) form the plume expansions during the first ns and at the early 

stage of first bubble expansion and is possible to be ejected from the target. The initial plume 

expansion may cause injection of vaporized atoms into surrounding liquid thus leading to the 

particle formation outside the cavitation bubble. In this initial phase of LAL < 3 ns, a trimodal 

size distribution consists of atom clusters (1-2 nm), nanoparticles (< 10 nm) and large droplets 

(tens of nm) (Figure 3-6c) [145]. Major primary particles gather near the bottom of the bubble 

and density decays toward the top of the bubble [145]. The formation of secondary particles (≥ 

50 nm) is suggested due to the agglomeration of primary particles during the bubble collapse. 

Figure 3-6b shows the evolution of phase states. The authors predict that smaller particles form 

in the liquid–gas region (orange zone) while larger particles originate from the metastable liquid 

(l) zone (yellow) [143].  
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Figure 3-6: (a) Mechanism for laser ablation in liquids [142], (b) time-space phase diagram for 

femtosecond laser ablation of gold in water in simulations performed at the fluence of 0.55 

J/cm-2 [143], (c) snapshot of the atomic structure corlored by local temperature in simulations 

performed for 3 ns after the laser pulse at the fluence of 0.04 J/cm-2 and enlarged view of two 

crystalline nanoparticles located in the upper part of the bubble [145]. 

3.4.2 Fabrication of nanocomposites based on laser ablation in liquids 

Previous findings demonstrate LAL is flexible, chemical clean, and open for the fabrication of 

other innovative nanoparticle-polymer composites. Zhang et al. [16] gave out similar 

explanation about the synthesis of nanoparticle-polymer composites through in situ LAL. The 

size quenching function of macromolecules in the LAL process, probably outside of the bubble, 

was frequently discussed [16, 88]. The liquids in the process of LAL can generally be water as 

well as in organic liquids such as ethyl acetate, ethanol, acetone [144], N-methyle-2-pyrrolidene 

(NMP) [146], monomer solution [147] or even oils [148]; while the targets can be any solids, 

such as noble or ignoble metals and ceramics. These liquids can be suitable solvents for the 

chosen polymers to get polymer solutions at desired concentrations. Three main strategies based 
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on LAL method to fabricate nanocomposites are discussed in reference [149], as shown in 

Figure 3-7:  

(1) The bulk targets are laser-ablated in a solution of typical solvents with small amounts of 

polymer for in situ generation of nanocomposites. With this strategy, nanoparticles can be 

functionalized and stabilized. Moreover, through the evaporation of solvents or addition of 

more polymers, nanocomposites at the desired concentrations can be achieved. 

(2) The bulk targets are laser-ablated in the monomers. Nanocomposites are formed as the 

initiators added for polymerization. 

(3) The NP colloidal solution is firstly generated by LAL. Then the as-prepared solution or dry 

nanopowder is directly mixed with the polymer. However, the stability of obtained composites 

should be further improved. 

A variety of nanoparticle-polymer composites have been produced through LAL, such as 

nanoparticle-TPU [14, 15], -alginate [12], -N-Vinylcaprolactam (VCL) and poly(ε-

caprolactone) (PCL) [147], -PEG [17], -poly(methyl methacrylate) (PMMA) [150], -chitosan 

and starch [151]. Zhang and Gökce well documented the perspectives corresponding to 

nanoparticle-polymer composites’ characterization, downstream processing methods, and 

potential applications [16]. In these studies, control over NP size and distribution are often 

discussed. Compared to other ligand-free method, for example gas-phase method, LAL has 

advantage of small particles uniform dispersion in polymer matrix [149]. However, compared 

to conventional chemical reduction synthesis, the drawback of limited NP productivity of LAL 

cannot be ignored. Million et al. [147] revealed a repetition rate in the range of 10-30 kHz and 

VCL monomer concentration below 0.02 M to gain a high laser efficiency of in situ embedding 

of Zn, Fe, Au NPs in polymer solutions, and the monomer turbidity could significantly reduce 

laser ablation efficiency. It is usually achieved high NP productivity at low polymer 

concentration. In this regard, uniform particle dispersion cannot be guaranteed. At an optimal 

polymer concentration, one can achieve well-dispersed nanocomposites, while using a polymer 

concentration lower or higher than this value will result in particle agglomeration or aggregates 

in the polymer matrices [14]. 
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Figure 3-7: Strategies for the fabrication of nanoparticle-polymer composites based on the laser 

ablation in liquids method [149]. 

It is known that the laser ablation efficiency and productivity depend on the aforementioned 

laser parameters and liquids properties. Usually, the laser ablation rate is higher in water than 

in organic liquid [144]. It is evidenced that there are gas mixtures, such as H2 and O2 in water 

and H2, O2, CO, CO2, CH4, etc. in organic liquids, providing the shielding effect on the incoming 

laser. The slow ascending speed and extended dwell time of persistent bubbles will decrease 

the nanoparticle productivity [144]. However, with respect to polymer solutions, one should 

not only consider inorganic or organic solvents and polymer chains but also characteristics of 

polymer solutions, including viscosity, turbidity, density, and even pH values. Hence, work in 
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this thesis will focus on the effects of as-stated characters of polymer solutions on NP 

productivity, size distribution, dispersion in the polymer solutions and even gelated hydrogels 

or casting polymer films. 

3.5 Gelation of nanoparticles-polymer composites 

Gelation has no clear definition and it remains to be well understood. The transition from a 

system with soluble branched polymer or macromolecular chains to infinite molecules can be 

also called “gelation” and the critical point where gel first appears is called the “gel point” [152]. 

Gelation can also be defined as the formation of a three-dimensional network by chemical or 

physical cross-linking [153]. Physically crosslinking gels are usually weaker than the chemical 

ones because of the strong chemical bonds between polymer chains. Redaelli et al. [152] 

summarized the gelation mechanism of hydrogels for medical applications, as shown in Figure 

3-8. They also described that cross-linking nature affects the properties of hydrogels in terms 

of mass transport, degradation, swelling behaviours, rheological and mechanical properties. 

Kojima et al. [154] added the ovalbumin secretory signal peptide in collagen gels could enhance 

collagen hydrogels’ stiffness and storage modulus and increase the contact angles. The 

formation of oxime cross-linked alginate hydrogels at the variation of pH and temperature can 

change their stiffness and stress relaxation, which has an ideal short-term cytocompatibility 

with the encapsulated cells [55]. Wu et al. [155] studied the mechanism and effects of 

polyphenol derivatives gelated with collagen and found that alkaline-oxidation conditions 

favoured cross-linking strength via covalent bonding. 

 

Figure 3-8: Classification of gelation mechanism (modified from [152]). 

The hydrophilic, porous nature of cross-linked hydrogels contains four different states of water: 

free water, weak bound, semibound and strong bound water to the polymer network [156]. In 

turn, water organization is related to the swelling ratio, matter diffusion, release behaviours in 
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hydrogels. Swelling ability is determined by the interactive forces between polymer chains and 

water in an equilibrium state, which is also related to the pore size. For example, microporous 

alginate contains primarily water, and the swelling mechanism is related to molecular diffusion 

and convection in the water-filled pores [152]. 

3.6 Rheological property of nanoparticles-polymer composites 

Rheological measurement is a primary experimental method to explore the physical, tunable 

mechanical, and viscoelastic properties of hydrogels related to their biological applications [157, 

158]. For example, the mechanical stiffness of gels is essential to support itself as a scaffold to 

promote cell adhesion and growth [99]. To measure mechanical property quantitatively, shear 

rheology experiments are usually performed on the cell-embedded hydrogels [159]. Suitable 

flow properties would make hydrogels to be excellent candidates for injectable therapeutic 

delivery vehicles if they shear-thin upon the application of allowable shear stress and rapidly 

self-heal into solids once the stress is removed [160]. The outcome of the study showed that the 

viscosity of polymer solutions is a key parameter for 3D printing rather than the concentration 

or molecular weight [161]. 

 

Figure 3-9: Storage and loss moduli as a function of (a) oscillatory strain and (b) oscillatory 

frequency for cellulose nanofibrils suspensions at different concentrations (0.5−1.5 wt%), 

measured using Couette geometry [162]. Stress relaxation of the Ca-alginate hydrogel (c) [163]. 

The field of rheology, theoretical and experimental, is well introduced in Thomas G. Mezger’s 

book [164]. Yan and Pochan conducted the rheological characterization of polypeptide-based 

hydrogels, including bulk mechanical properties, gelation mechanisms, and the behaviour of 

hydrogels during and after flow [158]. For hydrogel samples, shear storage modulus (G′), loss 

modulus (G″), and loss factor (tanδ) parameters are critically monitored against frequency, 
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strain, and time, which can be measured with small amplitude oscillatory shear method (Figure 

3-9). Usually, G′ and G″ are characterized for morphological evolution [165]. The mechanical 

parameter, for example, elastic moduli (E) of hydrogels can also be determined from the storage 

modulus (G′) using:  

E = 2 ×G′ (1 + υ)     (3) 

where υ = Poisson’s ratio (0.5 for hydrogels [159]).  

Moreover, the shear-thinning behaviour for non-Newtonian fluids whose viscosity decreases 

under shear strain and sometimes considered synonymous for pseudoplastic behaviour, can be 

defined as excluding time-dependent effects, for example, thixotropy reflected through 

complex viscosity against the shear rate [160, 161]. 
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4 Materials and Methods  

4.1 Chemicals and equipment 

The used chemicals and devices in this work were listed in Table 4-1 and Table 4-2, 

respectively. 

Table 4-1: Chemicals and materials used. 

Chemical and materials Producer Specifications 

 Targets  

Au target Allgemeine Gold- und 

Silberscheideanstalt AG 

Purity ≥ 99.99 %, 0.5 mm 

thickness 

Cu target Sigma-Aldrich, Goodfellow Purity ≥ 99.95 %, 0.5 mm 

thickness 

Fe target Sigma-Aldrich Purity ≥ 99.99 %, 0.25 mm 

thickness 

Zn target Sigma-Aldrich, Goodfellow Purity ≥ 99.95 %, 0.1 mm 

thickness 

 Macromolecules  

Agarose  Carl Roth GmbH   

Bovine serum albumin  Sigma-Aldrich Purity ≥ 96% 

Collagen Type I Sigma-Aldrich  

Sodium alginate Sigma 61% β-D-mannuronic acid 

and 39% α-L-guluronic acid 

TPU Elastogran Elastollan1190A, Shore A=90 

TRITC-coupled albumin Thermo Fisher  

 Chemicals  

45S5 Bioglass SCHOTT AG  

Calcium chloride  AppliChem Purity ≥ 97% 

Coomassie Blue G-250 Sigma-Aldrich  

EDTA Sigma 98.5 % purity 

Ethanol Sigma-Aldrich Purity ≥ 99.8% 

Glacial acetic acid J.T.Baker Purity ≥ 99 % 

Glutaraldehyde  Alfa Aesar 50% w/w, aq-sol 

Iron dichloride tetrahydrate Alfa Aesar 98 % purity 
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Chemical and materials Producer Specifications 

 Chemicals  

Nitric acid Merck Millipore 60%, suprapur 

N-hydroxysuccinimide Sigma-Aldrich Purity ≥ 98 % 

Piperazin-N,N′-bis(2- 

ethansulfonsäure)  

Sigma-Aldrich pH 7.4 

Phosphoric acid AppliChem 85% 

Sodium chloride  Sigma-Aldrich Purity ≥ 99 % 

Thulium standard Merck Concentration:1g/L 

Tetrahydrofuran  Sigma-Aldrich Purity ≥ 99.9 % 

Yttrium standard Merck Concentration:1g/L 

Zinc standard Merck Concentration:1g/L 

1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide  

Sigma-Aldrich Purity ≥ 98 % 

24-well plate Eppendorf AG  

 

Table 4-2: Used equipment or devices in the experiments and analytics. 

Equipment Model Producer Used settings and 

specifications 

  Laser system  

Laser system Atlantic 1064/532 Ekspla  

 

Picosecond  

Wavelength: 1064 nm 

Pulse duration: <10 ps 

Pulse energy (at 100 kHz): 

> 160 μJ 

TERMOTEK  Edgewave Picosecond  

Wavelength: 355 nm 

pulse energy (at 100 kHz): 

> 47 μJ 

Scanner Scancube 10 

Software: Laser 

desk 1.0.3.31189 

Scanlab Scan speed: 

6.0 m / s 

Pulse 

generator 

TGP 110 Aim&Thurlby 

Thandar Instruments 

Frequency range: 0.1 Hz 

10 MHz 
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Equipment Model Producer Used settings and 

specifications 

ADC DC24000 UHR CPS Instruments  405 nm laser 

AFM AFM 5100  Agilent Technologies   

Analytical 

balance 

Precisa 300-

9234/H 

PESAWaagen  

 
 

Readability: 0.01 mg 

Contact angle OCA-15 Dataphysics  Software: SCA20-F 

DLS 380 DLS PSS NICOMP  

 

Measuring range:0.3nm-10 

μm 

Accuracy: ± 2% 

Electrokinetic 

analyzer 

SurPASS Anton Paar Software: VisoLab 

FTIR FT/IR-430 Jasco  

ICP-MS ELAN 6000 Perkin-Elmer Detection range: 1-270 u 

 

LSCM TCS SP8 

 

Leica  White light laser (WLL), 

1.5 mW, 470-670 nm 

Micro-

viscometer 

Lovis 2000M Anton Paar  

pH meter PCE-PHD 1 PCE Instruments  Measuring range: 0-14 pH 

Accuracy: ± 0.02 pH 

Resolution: 0.01 pH 

Rheometer Physica MCR 301 Anton Paar  

Power meter Field Max II TOP Coherent  

SEM XL 30 Philips  

 

 

Apreo S LoVac,  Thermo Scientific  

TEM CM 12 Philips 

 

acceleration voltage 

20-120 kV 

Pressure: 10-6 mbar 
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Equipment Model Producer Used settings and 

specifications 

UV-Vis  Evolution 201 Thermo Scientific Xenon lamp 

Measuring range: 190-

1100nm 

Accuracy: ± 0.8 nm 

XRD DB Bruker Copper kα radiation 

3D-bioprinter  SuperFill – Robo Black Drop   

 

Used equipment not listed here will be considered as standard laboratory equipment. The 

following computer programs were used for data evaluation: (1) OriginPro, version 2018, (2) 

ImageJ, version 1.45s, (3) Gwyddion. 

4.2 Laser synthesis of nanoparticles in liquids 

4.2.1 Generation of nanoparticle-polymer composites via laser ablation in liquids 

Polymers were firstly dissolved in suitable solvents to get different concentrations. Alginate 

solutions were prepared by dissolving sodium alginate powder in deionized water. 

Thermoplastic polyurethane (TPU) was kindly provided by BASF company, Germany. TPU 

was dissolved in tetrahydrofuran (THF) while collagen type I was dissolved in diluted glacial 

acetic acid under stirring. The concentration of collagen was 0, 1, 2, 4 mg/mL. The acetic acid 

concentration was varied from 5 to 200 mM and pH values were recorded with a pH-meter and 

a microelectrode (Sartorius) at room temperature. The polymer viscosity was measured using a 

microviscometer. The picosecond pulsed laser beam was focused into a Polytetrafluoroethylene 

(PTFE) batch chamber containing the bulk target and 30 mL of the polymer solution. The laser 

parameters are listed in Table 4-3. During the ablation process, the liquid was stirred with a 

motor. The control samples of alginate solutions and TPU were laser-processed in the absence 

of an ablation target. The nanoparticle concentration was determined by the weight difference 

of the targets before and after laser ablation using an analytical balance. All the standard 

deviations in this work were from three-fold samples. 
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Table 4-3: Laser and process parameters used for the fabrication of nanoparticle-polymer 

composites. 

Parameter  

Wavelength 1064 nm 

Pulse duration <10 ps 

Pulse energy 88 μJ 

Nominal laser fluence 1.26 mJ/cm2 

Repetition rate 100 kHz 

Spiral 6 mm 

Working distance (scanner lens to target) 110 mm 

Water column 3 mm 

Liquid volume 30 mL 

 

Characterization of nanoparticle-polymer composites 

Transmission electron microscopy (TEM) was employed to analyze the colloidal dispersion of 

polymer-coated nanoparticles. In case of high concentration of polymers hindering the 

investigation, deionized water was used to dilute them. The statistical analysis of the particle 

size was carried out using the ImageJ software. To determine the number-weighted particle size 

distributions, Feret diameters of at least 400 nanoparticles per sample were counted for 

statistical analysis. The data was plotted as histograms and fitted using a log-normal function 

to obtain the average particle size. The polydispersity index (PDI) was calculated from the 

following equations [166]: 

𝑃𝐷𝐼 =
𝑉𝑎𝑟(𝑥)

𝑥𝑐
2                                              (4) 

𝑉𝑎𝑟(𝑥) = 𝑒2 ln(𝑥𝑐)+𝑤2
(𝑒𝑤2

− 1)              (5) 

where xc and w2 from the Log-normal model representing median value and standard deviation, 

respectively. 

To compare with the particle size from TEM, the number-weight value was used. Meanwhile, 

dynamic light scattering (DLS) and analytical disc centrifugation (ADC) analysis was also used 

to measure the size of particles. DLS measurements were carried out at 25 oC using a disposable 
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U-shaped capillary cell with a sample volume of 750 µL. The obtained hydrodynamic particle 

size can be calculated from Stokes-Einstein equation [167]: 

𝐷 =
𝐾𝐵T

6𝜋𝜂ϒ
                                                   (6) 

kB is Boltzmann constant (1.38∙10-23 J/K); T is the kelvin temperature and η is the liquid’s 

dynamic viscosity.  

ADC measurements employed a saccharose density gradient (24 wt%, 22 wt%, 20 wt%, 18 

wt%, 16 wt%, 14 wt%, 12 wt%, 10 wt%, 8 wt%, each 1.6 mL), a known size and density of 

standard particle solution to achieve particle size distribution based on the principle of detected 

sedimentation time and the absorbance of light. 0.1 mL of sample was injected after the size 

calibration at a centrifugation speed of 24,000 rpm with a lower detection limit set to 5 nm. 

Ultraviolet-visible spectroscopy (UV-Vis) measurements were carried out to detect the specific 

absorbance of the analytes in a 750 µL quartz cuvette with 1 cm of light path length. The 

measuring spectral range was from 190 nm to 900 nm with an interval of 1 nm. Fourier-

transform infrared spectroscopy (FTIR) was employed to characterize the chemical groups 

before and after laser ablation. As 1 mg of dry powder samples directly contact an optically 

dense crystal, the IR beam is internally reflected and recorded as an interferogram signal that 

can be transferred to an IR spectrum. 32 scans were set for each spectrum at the resolution of 4 

cm-1 in the mid-infrared region of 4000-500 cm-1. X-ray powder diffraction (XRD) was used to 

determine the iron phase of laser generated FeNPs in polymer solutions or in water. The freeze-

dried powder was homogeneously spread on a silicon single crystal to minimize scattering. The 

scan was in a 2θ range of 10–90o with a 0.02o step-1 at 4o min-1. 

4.2.2 Nanoscopic bioactive glass prepared via laser fragmentation 

Laser fragmentation of the reaction mixture 

The raw bioglass (BG) powder was purchased from Schott AG with a diameter in the range of 

3.5-4 μm. 89 mM Fe-EDTA solution was prepared with 1.78g FeCl2‧4H2O, 2.62g EDTA, 1.14g 

NaOH, and 400 µL HCl, as reported before [168]. 0.04 g alginate powder was dissolved in 20 

mL Fe-EDTA solution. Prior to laser fragmentation, 5 wt% bioactive glass powder was 
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dispersed in the solutions. The laser fragmentation process was performed on the third harmonic 

(355 nm) of Nd:YAG laser system, details listed in Table 4-4.  

The number of pulses per volume was calculated with the equation [169]: 

𝑁𝑝 =
h·𝑅𝑟

V𝐿
                 (7) 

h indicates laser beam diameter; Rr is the repetition rate and VL is the velocity of the liquid. 

The employed setup is a flow jet controlled by a valve and the laser beam passing through the 

flowing liquid as previously described by Lau et al. [139]. The flow reactor was coupled with 

a power meter to balance laser power during the process (Figure 5-37a). The volumetric flow 

rate V̇ was measured with a timer and graduated cylinder, and the velocity of the liquid was 

calculated using V̇/A (A indicates laser irradiated cross-sectional area). In this process, the 

working distance was 100 mm focal length of the lens so that 86.2 % of the liquid volume was 

illuminated by the laser [137]. 30 irradiation passages were used to obtain the final product. To 

separate small bioglass particles, laser fragmented product was centrifuged at 34 g for 5 min. 

Both supernatant and sediments were separately dried at 60 oC for 48 h and weighed with a 

precision balance to calculate the yield of small particles. All standard deviations are from 

triplicates. 

Table 4-4: Laser parameters used for fragmentation of bioactive glass with a flow jet. 

Laser parameters Nanosecond LFL Picosecond LFL 

power (W) 9.2-10.4 4.6-6.8 

wavelength (nm) 355 355 

pulse duration  < 40 ns 10 ps 

mean volume flow rate (mL/s) 0.54 0.54 

pulse energy (µJ) 231-260 47-70 

repetition rate (kHz) 40 98 

laser fluence (mJ/cm2) 56-63 3-4.5 
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Characterization of the bioglass products 

The absorption spectra of the educts and product dispersion were obtained using UV-Vis 

spectrophotometry. Fourier-Transform Infrared Spectroscopy (FT-IR) was used to identify the 

changes of chemical groups or bonds of bioglass through laser fragmentation. X-ray powder 

diffraction (XRD) was used with a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 

1.54 Å; 40 kV, 40 mA) to determine the crystal structure of BG particles and contained Fe. The 

scan was in a 2θ range of 10–90o with a 0.02o step-1 at 4o min-1. The freeze-dried powder was 

homogenously distributed on a single silicon crystal to minimize scattering. 

The morphologies and particle sizes were measured by scanning electron microscopy (SEM) 

equipped with energy-dispersive X-ray spectroscopy (EDX). The hydrodynamic particle size 

of 0.1 mL samples was measured with an analytical disk centrifuge (ADC) at 12 000 rpm for 

10 min. To further determine the distribution of the elements and iron phases, the prepared 

ultra-thin samples were analyzed using an analytical TEM system operated at 200 kV equipped 

with an energy dispersive X-ray spectrometer. It should be mentioned that the samples 

measured with ADC and TEM were firstly centrifuged at 537 g for 5 min. To detect elements 

in BG samples, the removal of extra ferrous ions was further conducted by centrifugation 

washing three times with MilliQ water at 537g for 10 min and dispersed again in MilliQ water. 

In vitro ion dissolution study 

50 mM Tris buffer (Trizma base, Sigma-Aldrich) solution was used as the incubation medium 

adjusted to pH 7.0 with 1M HCl. Before ion dissolution study, bioglass powder was washed 

with MilliQ water to remove extra Fe-EDTA solution. 45 mg bioglass powders were added in 

30 mL buffer solution and incubated at 37 oC under static conditions. At different time points 

(1h, 4h, 8h, 24h, 48h, 72h), 1 mL solution was taken out of the system and pH was measured. 

The calcium ion concentration was determined with UV-Vis spectroscopy at the wavelength of 

275 nm [170]. Firstly, the calibration line was obtained by combining a series of Ca2+ 

concentrations (25-800 mg/L) with EDTA forming Ca-EDTA complex, shown in Figure S24. 
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4.3 Preparation of composite gels 

 

Figure 4-1: Illustration of hydrogel discs’ preparation. 

Alginate hydrogels were prepared with calcium chloride (CaCl2), as displayed in Figure 4-1. 

Briefly, 500 µL of 25 mg/mL CaCl2 were cast into a 24-well plate and frozen at -20 oC to form 

a base layer. 500 µL of 1.5 % (m/v) alginate solution (pure alginate, nanoparticles-alginate) 

were added on top of this base layer. For complete gelation, the solutions were kept at room 

temperature for 40 min. These gels were immersed in PBS buffer overnight and washed 3 times. 

Various collagen gels were prepared with cross-linkers, glutaraldehyde (GTA) and EDC/NHS 

as listed in Table 4-5. The GTA solutions were prepared by heating slightly and stirring for 15 

min, while the EDC/NHS solutions were prepared by first mixing the EDC and NHS solids and 

then dissolving in water. The pH of collagen and Au-collagen solutions were adjusted with 0.1 

M NaOH. The ionic strength was adjusted using sodium chloride and defined by modulating 

the salt concentration. Collagen gelation was prepared in a two-step procedure. Initially, 500 

µL of the cross-linker solution was poured into a 24-well plate and placed in the fridge to form 

a solid base layer. Subsequently, 500 µL of Au-collagen (or pure collagen) solution was cast 

on top of the base layer. This process lasted for at least 1 hour. The amount of non-cross-linked 

amino groups can be calculated with the Bradford method [171]. The variable protein 

concentrations were used to make the calibration lines as showed in Figure S1. Finally, the 

crosslinking degree can be calculated via the absorbance value before and after cross-linking.  

Table 4-5: Experimental parameters for the preparation of collagen gels. Samples were prepared 

to combine each level of the three factors: pH, ionic strength, cross-linkers, and Au nanoparticle 

concentration. The levels of ionic strength were defined by modulating the salt concentration. 
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Factor Level      

pH 5.5 7.4 10    

Salt Conc. (mM) 0 45 83 166 206  

EDC/NHS NHS 1 2 3 4 EDC 

Glutaraldehyde (v/v) 0.1% 0.5% 1% 2% 4%  

Au Conc.(wt%) 0 0.01 0.02 0.04 0.06  

 

4.4 Characterization and physicochemical determination of nanoparticle-polymer gels 

Laser scanning confocal microscopy (LSCM) for the detection of nanoparticle dispersion 

in polymer matrices 

Laser scanning confocal microscopy (LSCM) is not only a powerful tool to investigate cells, 

but also a high-throughput technique for examining organic-inorganic composites [172, 173] 

and investigating metallic nanoparticles [12, 174-176]. Since 1990, the application of confocal 

microscopy was firstly reported by Knöster and Brakenhoff, studying the microstructure of 

glass fiber reinforced composites [177]. This technique gets popular in observing solid 

materials. Figure 4-2 illustrated the visualization of spatial particle distribution in the polymer 

matrix by LSCM. The LSCM is based on a conventional optical microscope but with a laser 

beam instead of a lamp. The light passing through a semi-transparent mirror is reflected away 

and toward the pinhole aperture, which allows only a small central portion of light through to 

the detection system. With emission/excitation filters, it is also possible to analyze multicolor 

immunofluorescence staining. The filters are used to separate fluorescent light reflected from 

the sample being examined. 
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Figure 4-2: Illustration of spatial particle distribution in the polymer matrices visualized by 

LSCM. 

There are two different modes in LSCM: reflection mode and fluorescence mode. Generally, 

the former is suitable for dry samples containing filler particles, while the latter usually requires 

samples to be stained with fluorescent dyes. All available laser light is used in the reflection 

mode, which is employed in addition to fluorescence imaging. Moreover, images detected from 

reflection mode can show identical features to images captured from fluorescence mode [172, 

178]. 

Confocal microscopy is sensitive to the geometry and polarizability of particles while scattering 

patterns of metal nanoparticles are acquired. Due to the surface plasmon resonance (SPR) 

enhanced scattering, confocal microscopy can be used for the visualization of Au nanoparticles 

[12, 175]. Furthermore, single spots could also be observed in the polymer. Klein et al. [175] 

found that LSCM had a detection limit of gold nanoparticles with an equivalent diameter of 60 

nm. It is well-known that azimuthally and radially polarized doughnut modes render different 

patterns: the signal of particles smaller than the resolution will be observed either as a ring or a 

spot with a weak surrounding ring of contrast, as proved by T. Züchner et al. [174]. Guan et al. 

[173] proposed an aggregation-induced scattering (AIS)-active effect to visualize the 

macrodispersion of inorganic fillers in polymer composites. The polymer matrix can be also 
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easily detected in the bright field mode when transmittance light detector (TLD) mode is chosen, 

and enable the transmitted light through a photomultiplier tube (PMT). 

To investigate the distribution of nanoparticles in TPU, cross-linked alginate, and alginate-

fibrin composites, the excitation wavelength was set at 532 nm for Au nanoparticle composites. 

The emission wavelength was in the range of 538-590 nm. For FeNPs, the excitation 

wavelength was at 470 nm while the emission wavelength in the range of 478-528 nm [12]. To 

visualize the protein coating, tetramethylrhodamine (TRITC)-coupled albumin was diluted 

1:500 with FBS and incubated on the gels prepared as aforementioned. After washing two times 

with PBS the gels were analyzed in LSCM. The detected excitation wavelength was 555 nm 

and the emission wavelength was in the range of 563-620 nm. The obtained confocal 

microscopy images were processed with ImageJ software. 

Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) was used to observe the morphology and relative stiffness of 

alginate, alginate-fibrin or alginate-fibrin-FeNPs hydrogel patches. For the investigation, these 

patches were cut into thin and flat membranes and stuck on a glass slide. It was then placed on 

the sample stage of AFM and AFM experiments were immediately performed. The pyramidal 

silicon nitride probe (Nanoworld AG, Neuchatel, Switzerland) with a nominal spring constant 

of 0.01-1.87 N/m was used for imaging. Images of the gel surface were scan in the tapping 

mode at the scale of 5 μm × 5 μm, and processed using Gwyddion software.  

The analyzed surface roughness of the membranes was reflected by the mean roughness (Ra), 

the root mean square roughness (Rq), maximum distance from peak to valley (Rt). These 

parameters giving a great insight into the hydrogel surface properties, which can be defined 

based on the mean plane Zj or standard deviation of Z values and N is the number of values, as 

shown below [179]: 

𝑅𝑎 =
1

𝑁
∑ |𝑍𝑗|

𝑁

𝑗=1
             (8) 

𝑅𝑞 = √
∑(𝑍𝑖)2

𝑁
                    (9) 

Meanwhile, the force-distance curves were recorded to compare the relative stiffness of 

hydrogels [19]. 
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Swelling and porosity determination 

To determine the hydrogel swelling ratio, the dry (W0) and wet (Wt) weights of gels were 

obtained from the drying samples and immersed in deionized water for 24 h. Here, the dry and 

wet weights were analyzed by analytical balance. The swelling ratio (S) of different samples 

was calculated using the following equations [180]:  

𝑆 =
Wt−W0

W0
                     (10) 

The porosity (P) of the prepared discs of composites was determined using a method established 

in the literature [181]. Briefly, the discs were immersed in ethanol, a solvent that easily 

penetrated the pores without causing shrinkage or swelling [181], as displacement liquid until 

the discs were saturated. The samples were weighed before and after the immersion in alcohol. 

The porosity was calculated using the formula: 

𝑃 =
W1−W2

ρ𝑉1
                (11) 

where W1 and W2 indicate the weight of discs before and after immersion in ethanol, 

respectively. V1 is the volume before immersion in ethanol; ρ is the alcohol density.  

Contact angle measurement 

Nanocomposite films were prepared as described above. For labeling samples, alginate was 

abbreviated into Alg. Contact angles of the samples were measured by a Dataphysics OCA-15 

instrument equipped with a video camera at room temperature by the captive bubble method. 

The contact angles of a captive air bubble and water were measured with a substrate fixed with 

composites films, facing downward in a square transparent glass vessel filled with deionized 

water. Once the air bubble was released from the J-shaped needle using a microsyringe beneath 

the glass substrate, images were captured within 30 seconds and contact angles were recorded 

by the software SCA20-F.  

Surface zeta potential measurement 

To obtain suitable films for measuring the surface zeta potential of TPU composites, TPU 

composite solution was cast into a glass petri dish. After drying, circular samples with 14 mm 

diameter and 0.2 mm of thickness were obtained by punching the thin films of the 

nanocomposites. All measurements were performed at various pH values between 4.5 and 8.5, 
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adjusted by adding 0.1 M KOH to the sample in the volume increment of 0.02 mL. A streaming 

potential was measured by the device SurPASS Electrokinetic Analyzer. According to the given 

measured streaming current, the surface zeta potential of the nanocomposites was calculated 

automatically by the software VisoLab.  

Ion release measurement 

For the ion release measurements, alginate discs and TPU nanocomposite films were placed in 

50 mL tubes of polystyrene, which were previously cleaned by rinsing them in HNO3 (2%) and 

deionized water. Subsequently, 8 mL of 2 mM PIPES buffer, adjusted to pH 7.4, was added. 

The samples were incubated at room temperature. Samples of the supernatant (700 µL) were 

taken at different time points (0.15-100 h) without refilling a fresh buffer medium, and nitric 

acid (1 vol%) was added for the stabilization of ions. The samples were stored at room 

temperature before measurement. The concentrations of metal ions in the sampled aliquots were 

analyzed with inductively coupled plasma mass spectrometry (ICP-MS) operating at 1,000 W 

plasma power, 14 L/min plasma gas flow, and 0.9 L/min nebulizer gas flow. Before the analysis, 

the samples were diluted ten times with 1% HNO3 containing 10 µg‧L-1 of yttrium (Y) and 

thulium (Tm) as internal standards. The washing time between measurements was set to 10 s 

with 1% suprapur HNO3 to avoid contamination and memory effects. A series of 11 dilutions 

in the range of 0.1–100 µg/L standard solution (ICP Multi-element-standard solution) were 

used for the calibration. Metal ion concentrations (µg/L) were calculated according to the 

corresponding calibration lines (correlation factor ≥ 0.99). 

Rheology measurement 

The rheological properties of the hydrogels were measured by using a rotational Rheometer. A 

15 mm parallel plate with a specific measurement gap (4 mm for alginate and 1 mm for collagen 

hydrogels) was used. First of all, strain sweeps in the range of 0.1%-100% at the frequencies of 

0.1-2.0 Hz were carried out to determine the linear viscoelastic range of the samples. The 

following three rheological experiments at 20 oC were adopted to explore the rheological 

properties of samples. The frequency sweep tests over an angular frequency were in the range 

of 0.01–100 rad/s at a constant strain of 1%. The steady-state flow tests were carried out in a 

range of shear rates of 0.5−500 s–1, and the recovery tests were under a low shear rate. The pore 

size of alginate or collagen gels can be calculated using the following equation [182, 183]: 
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𝐷 = (
𝑅𝑇

𝐺′𝑁𝐴
)1/3          (12) 

where R is the gas constant (8.314 J/K‧mol), T is the temperature in Kelvin, G′ is the plateau 

value of storage modulus and NA is Avogadro’s constant (6.022×1023 mol−1). 

4.5 Protein adsorption on composites 

Laboratory protein determination can be performed with the Bradford assay [171]. This protein 

assay can eliminate most of the interference elements and relatively insensitive biuret reactions. 

It is based on the observation that Coomassie Brilliant Blue G-250 (CBB) exists in two different 

color forms: red and blue. The red form is converted to the blue form upon binding with protein, 

which is a high sensitive measurement, as shown in Figure 4-3. The binding of the dye to protein 

is a rapid process (approximately 2 min), and the protein-dye complex remains dispersed in the 

solution for a relatively longer time (about 1 hour), thus making the procedure reliable and yet 

not time consuming. Typically, as the dye binds with the protein, the reaction occurring to form 

a protein-dye complex will cause a shift in the maximum absorbance from 465 nm to 595 nm 

and intensely absorbing light at 595 nm [171, 184, 185]. 

 

Figure 4-3: Formation of a complex between protein and Coomassie brilliant blue G-250 dye 

[184]. 

The adsorption of bovine serum albumin (BSA) on the alginate and TPU composites was 

carried out using the reported method [64, 186]. The surface water on alginate discs or TPU 

films was absorbed with clean filter paper to get the wet weight. Subsequently, samples were 

placed into 24 well plates containing 1 mL of 0.5 mg/mL BSA protein aqueous solution to 

evaluate the dynamic protein adsorption. The whole protein adsorption process last for 1 h, and 

the equilibrium adsorption capacity Qe (mg/g) of each sample was calculated according to the 

following equation [64, 186]:  
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Qe = (C0 - Ce) V/m             (13) 

where m (g) describes the mass of the wet hydrogel or the composites, V (mL) refers to the 

volume of the protein solution, and C0 (mg/mL) and Ce (mg/mL) are the protein concentrations 

of the initial solution and the supernatant solution at equilibrium, respectively. The protein 

concentrations of the supernatant solution at equilibrium were determined by the Bradford 

method [171]. The calibration curves were built from the absorbance at 595 nm measured with 

a UV-Vis spectrometer after mixing standard BSA protein with protein reagent for 2 min in 3 

mL plastic cuvettes. The protein concentration was plotted to determine the protein 

concentration in unknown samples, as shown in Supplemental Figure S2. 

4.6 Demonstration of 3D printable nanoparticle-alginate hydrogel  

The experiment in this part was performed by Jacqueline Stamm and Andreas Bläser, and the 

results have been published in Nanotechnology, 2020, 31, 405703. 

A modified approach of the previously published submerged printing strategy was applied [108, 

187, 188]. Briefly, a 10 mL glass beaker was filled with 10 mL of cross-linker containing gelatin 

slurry. A stock of 10 % (w/v) gelatin (gelatin type A, G2500, Sigma, St Louis, MO, USA) 

dissolved in 5 % (w/v) calcium-chloride solution (CaCl2) was prepared. The gelatin was left to 

soak for 10 minutes at 24 °C until it formed swollen slurry. The printing cartridge was carefully 

rinsed with ethanol and flushed with distilled water before it was loaded with either 1 mL of 

1.5 % (w/v) native alginate (i), iron-nanoparticle containing alginate (ii), or gold-nanoparticle 

containing alginate (iii). The beaker filled with the cross-linker containing, swollen gelatin 

slurry was placed on the printing platform. The printing cartridge was loaded into the printer 

and the tip of the needle was leveled to the bottom of the glass beaker. For the printing process 

the model of a cylinder was sliced into 0.2 mm thick layers (SuperFill - Slicer, Black Drop 

Biodrucker GmbH, Aachen, Germany). According to the previously created data set, the needle 

was moved layer by layer submerged in the gelatin-filled beaker. During the printing process, 

uniform alginate strands were deposited under a pressure of 0.2 bar. In contact with the CaCl2 

containing gelatin, the printed alginate formed a solid gel after a short time. Following the 

printing process, the gelatin slurry was melted at 38 °C. After approximately 25 minutes, the 

printed structures floated towards the surface and could be removed from the beaker with 

tweezers. Three specimens of each native, iron-, as well as gold-laden alginate were printed.  
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4.7 Cell experiments 

The experiment in this part was performed by Alena Richter and the results have been published 

in Adv. Mater. Interfaces, 2021, 2002015. 

Alginate or alginate-fibrin enriched with two different concentrations, 102 µg/mL and 204 

µg/mL (referred to as 100 and 200 µg/mL) was used for hydrogel fabrication. 5 mg/mL or 10 

mg/mL fibrinogen (n=6 each) and 0.5 I.U thrombin (CSL Behring GmbH, Marburg, Germany) 

per 10 mg fibrinogen were added to alginate solutions. Fibrinogen was isolated from human 

plasma obtained from donors after informed consent by cryo-precipitation as described 

previously [189]. Prior to polymerization, alginate solutions with or without iron nanoparticles 

were autoclaved for 30 min. Cell culture tested low melting agarose (1.5% (w/v)) and CaCl2 

(2.5% (w/v)) were dissolved, autoclaved and filled into 96-well-plates (75 µL) or 24-well-plates 

(500 µL) serving as a base-layer delivering the cross-linking Ca2+. The base-layer was allowed 

to polymerize for 30 min before the addition of alginate solution (75 µL in 96-well-plates; n=6 

for each group, 500 µL in 24-well-plates; n=2 for each group). After 45 min of gelation, the 

hydrogels were covered with ultrapure water until cell seeding. 

Alginate hydrogels were used either directly in cell culture experiments or stored before seeding 

to promote formation of degenerative pores. For this, hydrogels covered with ultrapure water 

were kept at 4°C for 8 days. For coating with serum proteins, hydrogels were covered with fetal 

bovine serum (FBS; 100 µL in 96-well-plates, 300 µL in 24-well-plates) for 3 h at 37 °C after 

gelation. Unbound proteins were removed by washing the hydrogels with ultrapure water. 

For cell seeding, unmodified and modified alginate hydrogels were separated from the base-

layer of agarose/CaCl2 and transferred into new tissue culture plates. Human umbilical cord 

vein endothelial cells (HUVEC) (PELOBIOTECH GmbH, Planegg, Germany) of passage 2-7 

were cultured in EBM-2 medium (Lonza, Köln, Germany) and seeded to the hydrogels in 96-

well-plates (7500 HUVEC in 200 µL medium) or in 24-well-plates (47.070 HUVEC in 500 µL 

medium). The medium was changed after 48 h. To quantify the viability of HUVEC on the 

different hydrogels a WST-8-assay (Colorimetric Cell Viability Kit (PromoCell GmbH, 

Heidelberg, Germany) was performed after 72 h in 96-well-plates (n = 9 for each group). Cell 

culture medium was reduced to 100 µL, 10 µL of the dye were added and the well-plates were 

incubated at 37 °C and 5% CO2 for 2 h. 100 µL of the supernatant was then transferred to a 

micro-test plate and absorption at 450 nm was measured at a microtiter plate reader.  
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Live/Dead staining was performed after 72 h in 24-well-plates. For this, the cell culture medium 

was removed and the hydrogels were washed twice with PBS. Hydrogels were incubated with 

300 µL calcein/ethidium-homodimer solution (Life Technologies, Darmstadt, Germany) for 45 

min under light protection. After the staining solution has been removed, hydrogels were 

washed with PBS as before. Hydrogels were transferred to object slides and viability and 

morphology was evaluated by fluorescence microscopy imaging live cells green (calcein) and 

dead cells red (ethidium-homodimer). Graphical editing was conducted with Image J (Image J, 

Maryland, USA). Statistical calculations were performed by Graphpad Prism 5 (GraphPad 

Software, San Diego, California. Statistical calculations were performed by Graphpad Prism 5 

(GraphPad Software, San Diego, California). The mean and standard deviation or standard 

errors of the mean were calculated for all values obtained in this study as indicated. Multiple 

comparisons between groups were performed by one-way ANOVA and Sidak’s post-test. 

Differences were considered significant at p < 0.05. Significance levels were given as follows: 

* p< 0.05 and ** p < 0.01. 
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5 Results and Discussion 

The following part of results and their discussion are presented in five subchapters. Firstly, the 

effects of liquid properties on laser generated nanoparticle-polymer composites are given. Here, 

the effects of polymer solutions such as concentrations, pH, and viscosity on the nanoparticle 

productivities via laser ablation are investigated and their obtained nanoparticle morphology, 

size, and stability are characterized. The polymer degradation during laser ablation is also 

considered. Secondly, the obtained nanoparticle morphology and size are characterized. 

Additionally, the method of confocal microscopy is developed to characterize particle 

distribution in polymer matrices. Nanoparticles altering the physicochemical properties of 

composites are evaluated, including their swelling ratio, porosity, surface roughness, surface 

charge, and elastic modulus. Thirdly, the special Fe ion release behaviour from the alginate 

system is discussed and a mechanism is suggested. The related protein adsorption was assessed 

and the evaluation of viability and endothelial cell proliferation on alginate, FeNPs-alginate, 

alginate-fibrin-FeNPs hydrogels were performed. In the fourth section, the rheological 

properties of nanoparticle-polymer composites are measured. In addition, 3D printability of 

laser prepared nanoparticle-alginate composites is proven. At last, nanoscopic bioglass was 

produced via laser fragmentation and their particle size and yield were determined. 

5.1 Productivity and scalability of laser processing for in-situ nanocomposite generation  

During the ablation, experimental parameters such as viscosity and the optical density of the 

liquid highly influenced the particle size and ablation efficiency [16, 17, 144]. The productivity 

of AuNPs obtained was 1100 ± 44 mg/h with the nanosecond laser [140]. Kohsakowski et al. 

[190] compared the nanoparticle productivities with ps and ns-laser and found noble metal NP 

productivity is higher than ignoble metal nanoparticles. Streubel et al. [191] obtained high 

productivity of 4 g/h for platinum and gold nanoparticles. Dittrich et al. [192] found that higher 

AuNP productivity was obtained at higher fluence, but laser efficiency decreased above the 

threshold fluence value. Million et al. [147] discussed the influence of repetition rate on ZnNPs, 

FeNPs, and AuNPs in an aqueous micro-gel system and found ablation efficiency decreased 

with increasing repetition rate but ablated nanoparticle mass initially increased and then slightly 

reduced. Recently, Waag et al. [193] observed the ablation rate of platinum, Au90Pt10, and gold 

to be 47 mg/(h‧W), 44 mg/(h‧W), and 21 mg/(h‧W), respectively, using polygon-wheel beam 
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guidance. However, significantly reduced values are commonly found in organic solvents [144] 

and few works reported the NP productivity in polymer solutions [147, 150]. 

As shown in Figure 5-1 (lower row), a clear trend of reduced productivity with increasing 

polymer concentration was found. This was in line with the viscosity change of the studied 

polymer solutions, which was highly pronounced within the parameter matrix studied in this 

work (Figure 5-1, upper row). For example, the viscosity of a 1.5% w/v alginate in deionized 

water is 18.8 mPa‧s, while a 3.0% w/v stock solution had a seven times higher viscosity of 136.1 

mPa‧s. At 1.5% w/v alginate concentration, the NP productivity (53 mg Au/h) was around two 

times higher than that in 3.0% w/v solution. And the highest specific nanoparticle productivity 

can be calculated at 5.5±0.4 mg/(h‧W) of Au and 2.1±0.2 mg/(h‧W) of Fe. Nonetheless, the 

correlation between viscosity and productivity is not universal, as verified by a direct 

comparison between the alginate and TPU system. Although the viscosity of TPU/THF solution 

is 1.33 mPa‧s at the concentration of 1 wt%, the productivity of Au and Fe is around 8 mg/h, 

which is approximately 10 times lower than in an aqueous alginate system. In this context, the 

solvent (water vs. THF) seems to have a significantly more pronounced impact on productivity 

than the viscosity alone.  

 

Figure 5-1: Influence of the concentration of alginate dissolved in water (a) and TPU in THF 

(b) on productivity during laser ablation using gold and iron targets.  

The relationship between pH and viscosity of collagen solutions and the AuNPs specific 

productivity are plotted in Figure 5-2. Higher productivity was observed at a higher pH value 
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(Figure 5-2a). At pH 3.5, e.g. collagen in 5 mM acetic acid, the average Au productivity was 

around 6 mg/(h‧W), which is two times more than at pH 2.7. At the lower pH, there are more 

CH3COO- and H+ in the collagen solution. It is reported that the H+ or OH- in the solution 

interact with the surfaces of the crystalline solids and control their growth, which affects the 

final average size of the NPs [194]. Thereto, the larger particles at lower pH have a higher 

absorption cross-section that will decrease the particle productivity [144]. On the other hand, a 

higher concentration of organic solvent like acetic acid generates more gas of CH4 and CO2 and 

this could shield the incoming laser beam producing gas bubbles lowering productivity [144]. 

Similar to the case of NPs in alginate, AuNPs productivity significantly decreased with 

increasing viscosity and concentration of collagen solutions (Figure 5-2b). Due to larger 

persistent bubbles formed in highly viscous liquid, their longer dwelling time has a pronounced 

shielding effect [144]. Another interesting feature of collagen solution is opalescent/turbid 

appearance which can scatter light attributed to collagen chains indicating aggregation and 

therefore affecting the transmittance of the laser [195]. 

 

Figure 5-2: Influences of solution pH with 1 mg/mL collagen concentration (a) and collagen 

concentration in 5 mM acetic acid (b) on laser-ablated AuNPs specific productivity.  

According to previous works in laser-produced nanoparticle-polymer composites, laser ablation 

time should not be less than 4 min to make the laser system to warm up and stabilize [13]. 

Generally, long ablation time contributes to a high nanoparticle concentration but not a high 

laser efficiency. For example, as shown in Figure 5-3b, power-specific productivity derived 

from collagen or TPU significantly decreased with increasing time. Also, in the alginate 

solution, the power-specific productivity of AuNPs decreased after 15 min (Figure 5-3a), while 
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it slightly decreased in the case of Fe nanoparticles. This phenomenon could be attributed to a 

high concentration of NPs in front of the targets generating laser-nanoparticle interactions 

consuming more laser power and eventually hampering subsequent laser pulses reaching the 

target with limited energy. However, the laser efficiency of ablated AuNPs and FeNPs seemed 

stable in TPU polymer solutions (Figure 5-3c,d). 

 

Figure 5-3: Laser power-specific ablation efficiency of nanoparticles at varying time points in 

different polymer solutions.  

We compared power-specific productivities in alginate, TPU, collagen polymer solutions 

(Figure 5-4). The results clearly show that laser efficiency is the highest in alginate, around 3.5 

times higher than in TPU, followed by collagen solutions. Concerning the different materials, 

Au mass productivity is usually higher than Fe in aqueous solution, a fact most likely attributed 

to different densities of Au and Fe. Considering this density effect, the ablated volume of Fe in 

our study is around 1.5 times higher than Au in this situation. Upon calculating the molar mass, 

the ablated Fe atoms is around 0.038 NA, 2.2 times more than Au in 1.5% w/v alginate solution, 

whereas in 1 wt% TPU solution, this value is 0.01 NA that is about 3.3 times more than ablated 
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Au atoms. In the work of Waag et al., they compared the specific ablation rate of platinum [47 

mg/(h‧W)], Au90Pt10 [44 mg/(h‧W)], and gold [21 mg/(h‧W)] and explained from the aspects of 

pulse overlapping and inferences of the metal’s electronic structure causing energy coupling 

and heat conductivity, which seemed to have strong influences in NP productivity [193]. The 

absorption by electrons could transfer energy to the metal lattice, thus affecting the ablation 

behaviour. It indicates that the absorption of laser light depends on the optical properties of 

materials. In this case, the absorption of Au is more efficient than Fe [196]. However, this effect 

was less pronounced in organic liquids. 

 

Figure 5-4: Power-specific productivities obtained for 1 wt% Au and Fe nanoparticles in 

polymer solutions. 

Overall, the low viscous liquid usually results in high nanoparticle productivity in water 

compared to the organic solvents. Because low viscosity and low critical energy barrier are 

beneficial to the formation of a large number of nuclei. Significantly reduced productivities are 

commonly found in organic solvents [144]. The fact that nanoparticles synthesized in THF (> 

60 nm) or aqueous acetic acid with a mean diameter of 68.9 nm as shown in section 5.2.1 are 

larger and hence have higher absorption cross-section, which might explain why the 

productivity of THF or aqueous acetic acid aqueous is lower compared to that of water, as Kalus 

et al. [144] described. They assumed that laser light is absorbed or scattered by the colloid. 

Thereto, the energy can no longer be efficiently transferred to the target. In their work, the 

authors also observed that the ascent speed of persistent gas bubbles in water is much faster, 

and the bubbles’ dwell time is shorter than in organic liquid. This observation also results in 

less shielding of incoming light and, consequently, higher NP productivity in water. Another 

important aspect is the dissolved or dispersed state of polymer chains. For example, as Table 
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5-1 listed, the silk fibroin or collagen contains undissolved substances that largely shield 

incoming laser, leading to lower NP productivity. 

Table 5-1: Summary of laser-ablated efficiency of Au or FeNPs in different polymer solutions. 

The laser parameters were kept the same during ablation. 

Solvent Polymer Properties of polymer solutions Obtained highest specific 

 productivity (mg/h‧W) 

Viscosity 

(mPa‧s) 

Density 

(g/cm3) 

Turbidity 

(NTU1) 

Ref. Au Fe 

Water Alginate 5.4 1.0 0.5 This work 12.0 ± 0.9 5.8 ± 0.5 

 Fibroin 100 - 100 [197] 0.3 0.1 

THF TPU 0.5 0.9 20 This work 2.0 ± 0.3 1.9 ± 0.4 

Acetic 

acid 

Collagen 1.2 1.0 10 This work 6.2 ± 0.8 5.4 ± 1.3 

 Chitosan  16.2 1.2 15 [198] 3.0 ± 1.2 4.8 ± 1.2 

Acetone PLGA 0.3 0.8 0.5 This work 14.0 - 

1Nephelometric Turbidity unit (NTU) is the unit used to measure the turbidity of a fluid or the presence of suspended 

particles in water, which can be measured with turbidity meters. 

 

Table 5-1 summarized the highest power-specific productivity of Au or Fe nanoparticles in 

various polymers or biomolecule solutions. The representative digital photos of generated 

products were displayed in Figure S3. It indicates that laser ablation is a versatile method in 

situ preparing nanoparticle-polymer composite. Several factors were listed in this table. 

Regarding the effects of solvents like water or organic liquids as well as the viscosity of polymer 

solutions, we have discussed hereinabove. Further, polymer solutions’ turbidity also played an 

essential role in NP productivity rather than density. No doubt high turbidity of the solution 
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shields incoming light and unsurprisingly, the lowest turbidity of water and acetone in 0.5 

achieved the highest NP productivity. 

The UV-Vis spectra of NPs in alginate or TPU were displayed in Figure S3. One can see SPR 

peaks of AuNPs featured at around 520 nm, while FeNPs show no typical SPR peaks. Instead, 

the absorption peak of FeNPs solutions was reported at approximately 275 nm, according to the 

calculation with the Mie model [199]. In our case, the absorption peaks were too broad to be 

assigned to pure metal Fe nanoparticles. As stated before, Au has more light absorption 

efficiency than Fe, leading to a higher NP productivity. 

A potential limitation of the in situ fabrication method of nanoparticle-polymer composites by 

lasers is the frequently discussed aspect of polymer degradation, particularly if femtosecond 

laser pulses are applied. This is because of filamentation, liquid ionization, or strong 

nanosecond pulses (heating) [27]. Here, picosecond laser pulse durations may provide a good 

compromise to minimize colloid excitation effects while minimizing target heating. Therefore, 

the heat transfer from the target to the liquid remains low. 

To verify potential degradation or damage of the alginate monomer by laser ablation, we 

examined blank alginate precursor solutions prior to and after laser irradiation via FTIR and 

UV-Vis spectroscopy (Figure 5-5a,b), indicating that degradation was minimal. Compared to 

pure alginate, the absorption spectra of laser-ablated metal particles in alginate significantly 

changed and AuNPs show a typical SPR peak at the wavelength of 520 nm (Figure 5-5b). There 

were presence of functional groups regarding hydroxyl, ether, and carboxylic in the FTIR 

spectra. It showed a wide peak at 3466 cm−1 which is a characteristic peak for stretching 

vibration of the OH group, and a peak at 2917 cm−1 corresponding to the stretching vibration 

of the CH2 group. The band at 1610 cm−1 presented in the IR spectrum of sodium alginate is 

assigned to the stretching peak of carboxylate groups. Additionally, the bands around 1404 cm−1 

(C–H bending), 1294 cm−1 (C–O stretching), and 1029 cm−1 (C–O–C stretching) are attributed 

to its saccharide structure [200]. There was a new peak at 2353 cm-1 that may be attributed to 

the embedding of AuNPs in alginate. 
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Figure 5-5: Fourier-transform infrared spectroscopy (FTIR) spectra (a) and UV-Vis spectra (b) 

of laser or non-laser ablation alginate, nanoparticles-alginate composites; FTIR spectra of raw 

collagen, acid treated collagen and Au-collagen composites (c), and enlarged spectra from 2000 

to 1000 cm-1 (d). 

Figure 5-5c,d display the interactions between Au and collagen macromolecules that were 

characterized by FTIR spectroscopy. It is known that some spectral regions refer to typical 

bands, such as 3050-2800 cm-1 (lipids, fatty, acyl chains), 1750-900 cm-1 (proteins) and 1200-

900 cm-1 (saccharides) [201]. The characteristic peaks of raw collagen, acetic acid treated 

collagen and laser generated Au-collagen composites were found to be shifted or appeared new. 

The peak at 3340 cm-1 was due to the N-H stretching of collagen. 2954 cm-1 was the peak of 

CH3 stretching. The enlarged spectra were showed to precisely recognize peaks changing in the 

range of 1000-2000 cm-1. The peaks at 1637 cm-1 and 1537 cm-1 correspond to the amide I and 

amide II bands [28, 201], while the peak at 1237 cm-1 attributed to the C-N bond, amide III, and 
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N-H in plane bending [202]. There is a slight peak shift from 1456 cm-1 (raw collagen) to 1447 

cm-1, suggesting the interactions with acetic acid or AuNPs. Also, the peak intensities decreased 

along with band broadening. The collagen degeneration was not obvious during the laser 

processing, but the Au nanoparticles were successfully incorporated into collagen. 
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5.2 Particle characterization and distribution in the gel matrix 

5.2.1 Effects of polymer solutions on particle size 

Particle size is critical for understanding the products’ physicochemical properties [78]. The 

LAL-synthesized primary particle sizes could be controlled with the assistance of salt 

quenching, polar organic molecules, biomolecules, or polymer capsulation [14, 16]. As 

Wagener et al. reported, in the presence of polymer chains (0.5 wt%), 50 nm aggregates of the 

unstabilized Ag nanoparticles were significantly reduced to 7 nm [14]. And at the optimal 

stabilization concentration of 0.3 wt% TPU, good particle distribution in the polymer matrix 

was achieved. Similarly, the size quenching effect of polymer chains was also observed in this 

work, as shown in Figure S4 and Figure S5a. 

The obtained nanoparticle size was characterized using ADC or TEM (Figure 5-6). In this work, 

Au and Fe particle size prepared in water was shown in Figure 5-6a. By adding 0.15% (w/v) 

alginate molecules, there was no size reduction of Au particle (Figure 5-6b) due to the limited 

molecule size quenching effect. The average nanoparticle size was in the range of 6.3-7.5 nm. 

While Fe particle size was minorly reduced from 10.6 nm to 9.9 nm. In the 1.5% (w/v) alginate 

solution, Au and Fe particle size both were largely reduced. AuNPs derived from alginate 

solutions showed an average diameter of 3.3 ± 0.4 nm, whereas FeNPs had an average diameter 

of 8.0 ± 0.1 nm (Figure 5-6c). In previous studies on the synthesis of AuNPs in alginate using 

chemical reduction, the obtained particles were 5 ± 2 nm in diameter [203]. For comparison, 

our nanoparticles generated by the laser ablation method are smaller and uniformly dispersed, 

without any chemical additives. Nanoparticles generated in THF in the absence of TPU 

polymers turn out to have an average size of more than 60 nm, as shown in Figure 5-7a. 

Considering the work of Amendola et al., they reported average size of Au and Fe nanoparticles 

in THF via laser ablation was 4.5 nm [204] and 20 nm [199]. It should be noted that 

aggregations and large particles around 50 nm can also be observed in their TEM images. 

However, with addition of TPU polymers, the obtained Au nanoparticles had average diameters 

of 5.3 ± 0.4 nm, while the average size of FeNPs was 12 ± 2.9 nm (Figure 5-7b). The results 

were comparable with the work of Lentz et al. [205], they used chemical reduction method to 

produce AuNPs with a size in the range of 5-20 nm, and then infused the AuNPs into TPU. In 

the unsteady state infusion process, different particle size distribution on the TPU surface was 

observed, which was not found in our work. 
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Figure 5-6: Analytical disc centrifugation (ADC) analysis of laser-generated Au and Fe in water 

(a). The calculated mass, number, and surface-weighted size distributions are shown. Particle 

size distributions and representative TEM images of Au and Fe nanoparticles generated in 0.15% 

(w/v) (b) and 1.5 % (w/v) (c) alginate aqueous solution. Parameters of the log-normal fitting 

and the calculated PDI are given in the diagrams. 

The smaller particle size of Au compared to Fe may result from the laser ablation process. As 

stated in the nanoparticle productivity part, more ablated Fe atoms may have facilitated the 
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particle growth before it was quenched by the stabilizing polymer chains. Furthermore, stronger 

interactions between the polymer chains and the gold nanoparticles are conceivable in contrast 

to iron, which induces a more efficient size quenching. 

 

Figure 5-7: (a) DLS analysis of nanoparticles in THF; (b) Particle size distributions and 

representative TEM images of nanoparticles generated by the laser ablation of metal plates in 

0.5 wt% TPU polymer solutions. Parameters of the log-normal fitting and the calculated PDI 

are given in the diagrams. 

Furthermore, metal nanoparticles revealed a uniform spherical morphology without the 

formation of aggregates, even though particle agglomeration can be frequently found [12]. The 

PDI describes the width of the particle size distribution. A narrow size distribution had a PDI 

of 0.1-0.2, while polydisperse size distribution exceeded a PDI of 0.5 [166]. The PDI value of 

nanoparticles in alginate was 0.05 (Au) and 0.18 (Fe) in 0.15% (w/v) alginate, while it was 0.16 

(Au) and 0.07 (Fe) in 1.5% (w/v) alginate. The PDI value of nanoparticles in TPU was 0.7 (Au) 

and 0.56 (Fe), respectively. 
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Figure 5-8: Preparation of Au, Fe-collagen composites by the laser ablation of bulk targets in 2 

mg/mL collagen solutions in 5 mM acetic acid and their related particle size distributions and 

representative TEM image. Parameters of the log-normal fits are given in the diagrams.  

AuNPs generated in other organic liquid like acetic acid was investigated as well. As shown in 

Figure 5-8a, AuNPs derived from 2 mg/mL collagen solutions in 5 mM acetic acid showed an 

average diameter of 4.5 ± 0.01 nm and revealed a uniform spherical morphology. The PDI value 

of Au nanoparticles in collagen was 0.2, which indicates a narrow size distribution. In the digital 

photos of Au-collagen composites (Figure S3e), we can see AuNPs concentrations increase 

with the decreasing collagen concentrations, which could be further reflected by the UV-Vis 

spectra indicating a decreasing intensity of AuNP SPR peaks (Figure S6c,d). 

Laser-ablated Fe nanoparticles in the presence of collagen solution were characterized by TEM 

along with derived size distributions displayed in Figure 5-8b. Fe nanoparticles also revealed a 

uniform spherical morphology as in polyethylene glycol (PEG) [10], alginate, and TPU 

polymer. However, the corresponding average particle size in collagen is 68.9 nm ± 2.6 nm far 

larger than previously stated polymers (alginate, TPU). It seems that the polymer chain size 

quenching effect disappeared in this case. The laser-ablated Fe species such as ions, atoms or 

atom clusters interact with the surrounding media including acetic acid solvent (pH in the range 

of 3.0-3.6) and collagen protein. The primary particles remaining in the plasma continue 

reacting with liquid media and grow into large particles. In the TEM images, one can clearly 

identify that FeNPs were arranged in rows or rings (Figure 5-8b and Figure S6b). FeNPs self-

assembled structures may due to the magnetic nature of Fe oxides particles, which is a 

dominated by the arrangement of dipolar couplings [206]. As depicted in Figure S6a, there is a 

broad absorption band in the wavelength range of 350-380 nm in the UV-Vis spectra of the Fe-
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collagen sample. It is believed that obtain detailed information is concerning the formation of 

magnetite Fe3O4 nanoparticles. 

 

Figure 5-9: Summarized average diameters and PDI for Au and Fe nanoparticles in 1.5 % (w/v) 

alginate, 0.5 wt% TPU and 2 mg/mL collagen. 

Figure 5-9 summarizes various particle sizes and related PDI derived from different samples. 

Overall, average size of AuNPs is slightly smaller than FeNPs, and largest average size of 

FeNPs are generated in the solvent of acetic acid. As described in section 3.4.1, nanoparticle 

formation is a complex process. Theoretically, particle formation mechanism may be attributed 

to condensation of clusters from the target material vapor [89]. Smaller AuNPs mainly originate 

from their primary particles during LAL while the larger FeNPs (> 60 nm) come from 

secondary particles.  

It is also known that the AuNPs have a surface plasmon resonance effect. This may in turn lead 

to a photofragmentation process. The photon energy is readily converted to heat into the internal 

modes of some larger NPs inducing their fragmentation [207], even though the energy 

absorption by AuNPs is very weak. This interaction between AuNPs and photons can still be 

achieved in white light broad supercontinuum spectrum (400-1,200 nm) [194]. We have shown 

molecules or polymer chains that have a size quenching effect on NP in the laser ablation 

process. However, this quenching effect seemed vanished as FeNPs generated in the acetic acid 
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and the particle size could be larger than 100 nm (Figure 5-8b). Their average hydrodynamic 

particle size is around 7 times larger than that in water or THF. This result may be explained 

by the acidic pH destabilized nanoparticles formed on Fe target in 5 mM acetic acid. Narrow 

size distributions and smaller PDI value of Au, FeNPs can be found in water rather than in THF 

or acetic acid. That is to say, heterogeneous nucleation may form in THF or acetic acid solvents 

and they also have different growth rates. Nucleation and growth of nanoparticles are two 

inseparable processes but occurring at different speeds. The subsequent growth processes may 

result in broad size distribution and the phenomenon frequently occurs in lower supersaturation 

liquids [208]. Such a circumstance may occur in the equilibrium system that a low concentration 

of NPs was laser-generated in THF or acetic acid solvents. 

5.2.2 Method development of confocal microscopy technique to identify nanoparticles in 

polymer matrices 

Embedding metal nanoparticles into a polymer matrix may alter the roughness of the surface 

[28] and change their physicochemical properties [15], which may in turn influence protein 

interaction and cellular proliferation. Therefore, it is necessary to investigate the nanoparticle 

distribution in the polymer matrix. The nanoparticle-polymer composites were rotated in the z-

axis to acquire “live” images to verify the nanoparticle distribution in the whole volume. During 

the laser ablation of a metal target in a polymer solution, the generated nanoparticles are 

immobilized by macromolecules and embedded in situ embedded into the polymers.  

As shown in Figure 5-10 (c-f), the 3D images confirmed this point. The results showed that 

most nanoparticles were homogeneously distributed in alginate and TPU. However, small 

particle agglomeration also took place, which was in agreement with previous findings [12]. As 

stated in 5.2.1, there were also large particles (> 60 nm); hence, these detected spots cannot be 

differentiated from aggregates or large particles.  

The laser-generated FeNPs alginate composites blending with fibrin fibres were also 

investigated with LSCM (Figure 5-11). In the bright field mode, fibrin fibres were observed. 

Moreover, FeNPs were distributed in both alginate and fibrin fibres as the overlay image 

displayed (Figure 5-11). It should be also pointed out that there are nanoparticle agglomerates 

in the hydrogel matrix after the gelation process. As section 4.4 described, this agglomeration 

or aggregation may be the reason that induced scattering active effect to visualize inorganic 

particle dispersion in polymer composites.  
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Figure 5-10: Laser scanning confocal microscopy images of gelated alginate and TPU filled 

with nanoparticles. Image reveals the particle distribution within the polymer matrix. Au 

nanoparticles (0.043 wt.%) in alginate (a), Fe nanoparticles (0.03 wt.%) in alginate (b) are 

shown. And left images represent the polymer matrix, middle means the nanoparticles and right 

is the overlays of nanoparticles and matrix. 3D images of gelated Au alginate composites (c), 

Fe–alginate composites (d), Au-TPU (0.069 wt.%) (e), and Fe-TPU (0.085 wt.%) (f) are shown. 
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Figure 5-11: Surface characterization of alginate-based hydrogels by confocal laser scanning 

microscopy: additional blending with 10 mg·mL−1 fibrin showing the matrix structure (left), 

Fe-NP scattering at the wavelength of 488 nm (middle), and the overlay of both channels (right). 

As alginate modified with fibrin fibres, FBS serum, and FeNPs, is there a correlation between 

NPs and protein? Are they co-localized? We hypothesized that the albumin labeled TRITC 

fluorophore preferred staining on the regions particularly where FeNPs were distributed. As 

shown in Figure 5-12, we can see the fibrin fibres and the signal of FeNPs and fluorescence of 

TRITC fluorophore-labeled serum proteins were detected under different observation channels. 

Meanwhile, we detected the overlay of the signals from Fe particles and TRITC fluorophore on 

the matrix and fibrin fibres. Therefore, we assumed that FeNPs have influence on the protein 

adsorption process. 

There is an issue of whether these signals are the reflection from the alginate-fibrin matrix or 

not. To rule out this suspicion, a series of controls were measured with confocal microscopy as 

well. As displayed in Figure 5-13, we cannot detect any signals at the Fe channel. However, 

there are weak reflections in the TRITC channel, which may also result from the matrix of 

alginate as the detectable wavelength is overlapping [12]. Therefore, we can conclude that the 

abovementioned signals are from the particles or fluorophore. 
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Figure 5-12: Serum protein deposition on alginate hydrogels. Confocal microscopy images of 

alginate hydrogels blended with 10 mg·mL−1 fibrin and enriched with 200 mg·mL−1 iron 

nanoparticles (Fe-NP) after incubation with TRITC fluorophore-labelled albumin in FBS 

solution: detected Fe-NP at 488 nm, detected albumin at 555 nm, matrix, and overlay picture. 

In conclusion, we can identify various signals with different channels of LSCM. Due to 

aggregation scattering effect, it is possible to detect the dispersion of nanoparticles in the 

polymer matrix. Furthermore, nanoparticles can absorb proteins if they are labelled with typical 

fluorophores at suitable concentration, nanoparticles can be detected at the wavelength of this 

fluorophore and found them to be co-localized. According to this finding, if we fluorophore-

labelled nanoparticles, this kind of particles may be detected at two channels: one is at the 

wavelength of aggregation scattering; another one is at the wavelength of fluorophore. Or, we 

can differentiate various types of nanoparticles.  
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Figure 5-13: Serum protein deposition on alginate hydrogels. Confocal microscopy images of 

alginate hydrogels blended without (a) or with (b) 10 mg·mL-1 fibrin after incubation with 

TRITC fluorophore-labeled albumin in the FBS solution. (c) Control for autofluorescence of 

alginate-fibrin gels plus fetal bovine serum without fluorophore. Shown are matrix images, 

detected albumin at 555 nm, and overlaid pictures. 

  



5 Results and Discussion 

65 

 

5.3 Physicochemical properties of nanoparticle-polymer composites gels and the 

interaction with biological systems 

5.3.1 Effect of embedded nanoparticles on the rheological property of hydrogels 

The rheological and mechanical properties of the hydrogel are important for the application of 

tissue engineering [160]. The rheological evaluation should be also taken into account before 

3D printing [109]. Li et al. [128] conducted rheological measurements to select the ratio of 

alginate and graphene materials for 3D printing. Since the incorporation of metal nanoparticles 

with hydrogel may enhance the mechanical properties [157], which we expected this to occur 

in the alginate composites as well. Furthermore, the laser-generated alginate composites are 

suitable bioinks for 3D printing. 

Two main rheological parameters, storage or elastic modulus (G‵) and loss or viscous modulus 

(G‶), not only provide the general information regarding the progress of polymerization 

reactions, but they also show correlations between reaction kinetics and resulting mechanical 

properties [182]. Oscillatory rheological measurements can be performed by recording the 

moduli G‵ and G‶ within a wide range of angular frequencies. The modulus and stiffness were 

often reported to increase with increasing embedded nanoparticle concentrations until gels 

break down at a critical strain [209]. 

Figure 5-14 displayed the dependence of storage modulus G‵ and loss modulus G‶ on angular 

frequency for the gelated alginate and nanoparticles alginate composites. It should be noted that 

G‵ is larger than G‶, indicating a characteristic of a solid-like material. That is, damping factor 

tanδ, e.g. the proportion of G‶and G‵, should be below 1 (Figure S8). G‵ and G‶ of nanoparticle-

alginate gels were significantly greater than pure alginate as displayed (Figure 5-14a-d). Overall, 

the storage modulus and loss modulus was dependent on the nanoparticle loading amounts in 

alginate. At minimum nanoparticle concentration of 0.01 wt%, the enhancement of rheological 

property was significant. But at concentrations above 0.5 wt%, the enhancement was not 

continued. This phenomenon may relate to the different binding ways of Au or FeNPs with 

alginate chains. As elaborated in the section 5.3.2, the polymer showed shrinkage and turned to 

a tight structure due to the increasing bondage of Fe ions with alginate. Another explanation 

may go to the water content. 
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Figure 5-14: Dependence of G' (a, c, e) and G‶ (b, d, f) on angular frequency for pure alginate, 

nanoparticle-alginate composites, Fe-alginate hydrogels cross-linked with various 

concentrations of CaCl2 solution. 
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Figure 5-15: Calculated shear modulus of alginate, Au-alginate, Fe-alginate (a) and Fe-alginate 

cross-linked by various concentrations of CaCl2 solution (b) at different angular frequencies in 

100 rad/s. 

To investigate the gel transition process, five different CaCl2 concentrations were added to 

crosslink 1.5% (w/v) alginate. With increasing CaCl2 concentrations, G‵ and G‶ of gels 

increased and increased along with the frequency (Figure 5-14e,f). The results were confirmed 

from the findings of Li et al. [128]. There was an apparent gap between the curves between 5 

mg/mL and 10 mg/mL CaCl2. At 5 mg/mL concentration, G‵ and G‶ were of the same value 

indicating insufficiency to accomplish the gelation process. But at the 10 mg/mL concentration, 

G‵ is much higher than G‶, meaning the gelation process was complete. These results indicated 

all the laser prepared alginate-nanoparticle composites are anticipated to be printable in CaCl2 

solutions with a concentration of more than 10 mg/mL.  

According to equation 3, the calculated shear modulus of alginate gels with/without Au and Fe 

nanoparticles was compared in Figure 5-15. With embedded nanoparticles, the modulus was 

slightly enhanced. For the Fe-alginate hydrogels, the effects were more pronounced. The 

highest modulus was around 12.4 kPa. Moreover, a pronounced modulus increase was also 

found with the increasing CaCl2 concentrations. The results indicate a rising stiffness of alginate 

hydrogels. Matrix stiffness can affect the cell morphology, mechanotransduction and 

behaviours. For example, monocyte adhesion to endothelial cells on stiff matrix (⁓ 20 kPa) is 

less than on soft surface (⁓ 8 kPa) [74]. Alginate based composites with tunable stiffness and 

elastic modulus can be suitable biomaterials for the vascular grafts. 
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5.3.2 Specific Fe ion release from alginate composites and their protein adsorption 

This part of the results has been published in Nanotechnology, 2020, 31, 405703. 

Swelling behavior, porosity, and wettability of alginate composites 

Protein adsorption has a strong correlation with the physicochemical properties of biomaterials. 

Firstly, swelling experiments were carried out in distilled water at room temperature, and the 

evaluation of the porosity was performed for alginate composites by using ethanol. Since the 

TPU-based nanocomposites are without pores, they have no swelling ability. SEM images 

(Figure S9) also confirmed that the native TPU polymer is not porous and the NPs have no 

impact on porosity. The porous nature of the alginate can be crucial for absorbing protein, 

transporting ions [181], analyzing mechanical properties, and cell migration [210]. The 

swelling ratio analysis revealed that pure alginate featured a swelling of 10%. The embedding 

of AuNPs induced a steep increase of the swelling ratio up to an Au mass load of 0.1 wt%, 

while saturation was observed for higher mass loads (Figure 5-16b). On the other hand, the 

embedment of Fe nanoparticles into alginate leads to a significantly higher swelling up to 50% 

at a mass load of 0.7 wt%, though the total slope of the curve was lower than in the case of gold 

(Figure 5-16a). Furthermore, a pronounced decrease in the swelling ratio was discovered for 

higher Fe mass loads, which could not be observed in the case of Au.  

 

Figure 5-16: Swelling behaviour of alginate hydrogels with different loading amounts of Fe 

nanoparticles (a) and Au nanoparticles (b). 
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Although it is a fact that Fe or Au NPs altered the weight of composites, the mass of 

nanoparticles was negligible in contrast to the alginate weight. The fact that an increasing 

amount of nanoparticles enhanced the swellability of hydrogel composites is in accordance with 

previous reports [211, 212]. This could be attributed to the fact that embedded nanoparticles 

may have caused the enlargement of alginate hydrogel networks [212], which enhances 

swelling capability. The pronounced difference between the swelling rates for gold and iron 

could be that iron, due to its lower density, would fill a higher volume of the gel at an equal 

mass dose. In other words, iron-loaded gels contain a higher number of particles at the same 

mass load. Additionally, the Fe nanoparticles were reported to possess a significantly higher 

diameter in comparison to their Au analoga. Another interesting phenomenon is the shrinkage 

of the gel network at higher iron loads, which could not be observed for gold. The reason could 

be iron nanoparticles are soluble and release iron ions. At high iron mass loading, these ions 

could exceed a critical concentration where they interact with the alginate chains and induce 

further polymerization of the chains. This correlation will be discussed in more detail in 

conjunction with ion release studies. 

 

Figure 5-17: Porosity evaluation of different loadings of Au and Fe nanoparticles in alginate 

(a); and water contact angles of native alginate and nanoparticle-alginate composites (b). 

Concerning the polymers’ porosities, it was found that the porosities of pure alginate and that 

of composite did not show any significant variations, both for embedding with Au or Fe 

nanoparticles up to mass loads of 0.9 wt%, respectively (Figure 5-17a). All samples showed 

porosities in the range of 17%-23%, which was consistent in the literature [85]. To gain insight 

into the wettability of alginate nanocomposites, contact angle measurements by the captive 

bubble method were carried out. An air bubble was attached to the surface of samples as shown 
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in the insert Figure 5-17b. The angle measured using the captive bubble method is between the 

air bubble and surface, i.e., θair, using the Laplace-Young fit. The water contact angle should be 

recalculated as 180° -θair. As known a low water angle indicates a more hydrophilic material. 

The surface of pure alginate and the nanocomposites showed an extremely high degree of 

hydrophilicity. The contact angle of pure alginate (17o) was reduced from 14° to 7° in the 

presence of nanoparticles, indicating a slight increase in wettability. The contact angles of 

different nanoparticle loadings showed no significant differences (Figure S10), probably 

attributed to the low differences in mass loads used here. 

Table 5-2: Calculated pore size of nanoparticle-alginate hydrogels. 

Fe-alginate hydrogels 

FeNP conc. (wt%) 0 0.02 0.05 0.09 0.5 1 

G′ (kPa) 2.8 5.5 4.6 5.9 4.7 5.0 

Average pore size (nm) 11.3 9.0 9.6 8.8 9.5 9.3 

Au-alginate hydrogels 

AuNP conc. (wt%) 0 0.01 0.02 0.05 0.5 1 

G′ (kPa) 2.8 3.8 4.2 3.1 3.8 3.6 

Average pore size (nm) 11.3 10.2 9.9 10.9 10.2 10.4 

0.09 wt% Fe-alginate hydrogels gelated by various CaCl2 concentration 

CaCl2 conc. (mg/mL) 5 10 15 20 25 

G′ (kPa) - 3.1 3.2 5.2 5.9 

Average pore size (nm) - 10.9 10.8 9.2 8.8 

 

The calculated pore size of alginate hydrogels was listed in Table 5-2. As equation 12 described, 

a greater G′ value indicated a denser network. Since the concentration of 5 mg/mL CaCl2 is not 

sufficient for the complete gelation of solid-like alginate gels, their pore size cannot be 



5 Results and Discussion 

71 

 

calculated. Not surprisingly, a denser hydrogel network was formed with more calcium ions. 

The pore size of reference alginate hydrogels was ranging from 8.8 to 11.3 nm. In the presence 

of embedding nanoparticles, pore size was slightly smaller. The pore size was in the range of 

the reported alginate hydrogels (5-200 nm) [213]. The surface charge of embedding 

nanoparticles increases the degree of hydration, contributing to greater storage modulus and 

smaller calculated pore size. Thus it may explain the swelling ratio curves. Moreover, the pore 

size of Fe-alginate hydrogels was somewhat smaller than that of Au-alginate, which may due 

to more FeNPs existing in the network as loading the same weight of Au nanoparticles inside. 

Fe ion release kinetics of nanoparticle-alginate hydrogels 

Figure 5-18 illustrated the time-dependent Fe ion release from Fe-loaded alginate 

nanocomposites. Ion releasing curves from a series of different mass loadings of FeNPs in 

alginate were plotted in Figure S11. The general trend of these curves was similar to other metal 

ion releasing profiles, which followed the pseudo-first-order equation [12, 214]. The 

accumulated ion release from Fe nanoparticle composites was obviously higher than the 

unloaded controls (Figure 5-18a). The release of ions from pure alginate was probably induced 

by Fe impurities. After an initial increase within the first 10 h, the release profiles entered a 

plateau. Comparable release kinetics of Fe ions were also found for other nanocomposites in 

literature [111]. A diffusion-driven mechanism would slow down release in case of higher total 

ion concentrations in the medium, reducing the relative release under static experimental 

conditions. Irrespective of the expectations, the highest total amount of Fe ions was released 

from the alginate samples with lower nanoparticle loadings, such as 0.05 wt% and 0.1 wt% 

(Figure 5-18a). And the absolute maximum Fe ion concentration clearly decreased with the 

increasing load of nanoparticles embedded within the alginate matrix, even though high 

deviations between the individual samples were found (Figure 5-18c). The normalized (to the 

total mass of loaded Fe) curves of released Fe ions showed a much more pronounced trend, 

indicating an exponential decrease of the relative ion release with nanoparticle mass load, which 

saturates below 10% for mass loads > 0.5% (Figure 5-18b and Figure 5-18d).  

These findings for the alginate-iron system are in contrast to findings on other release systems 

previously described in the literature, where the total release typically increased with 

nanoparticle loading. In contrast, we here find an optimum ion release at low NP loading and a 

lower total ion release at higher nanoparticle loading. In the following section, we aim to 

explain this phenomenon by discussing frequently reported effects like ion diffusion and 
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element solubility, but also solubility of formed metal oxides as well as interactions between 

the ions and the polymer matrix, which are mostly neglected in the literature. 

 

Figure 5-18: Long-term Fe ion release kinetics in the air-saturated buffer: (a) released Fe ion 

concentration of Fe-alginate composites, (b) released mass percent of different amounts of Fe 

nanoparticles in alginate, (c) the maximum Fe ion release, and (d) the corresponding ion release 

percent of Fe-alginate composites. 

Our initial hypothesis to explain this counter-intuitive phenomenon was that it may be related 

to a peculiarity of the alginate gel itself. To further investigate this correlation between the ion 

release and the loaded nanoparticle mass, control experiments with Zn and Cu nanoparticles in 

alginate were conducted by following the identical experimental procedure (Figure S12). The 

obtained results showed that the total concentration of released metal ions increased with the 

mass of Zn and Cu particles in alginate, while the total concentrations of Zn were much higher 

than for copper, which is in accordance with the more negative redox potential of Zn. The 

relative ion release slightly increased for Zn and decreased for Cu, however, the trends were far 
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less pronounced than in the case of iron. Based on this, we can conclude that the iron-alginate 

gel system seems to have special release properties, where higher concentrations of particles in 

the gel seem to inhibit the release of iron ions or particularly pronounced burst release occurs 

at low mass load. 

Figure 5-19 illustrates the individual mechanistic steps involved in the release of ions for Fe 

compared with Zn. The release of ions from nanoparticle-loaded gels is initially influenced by 

the diffusion of the solvent into the composite followed by the diffusion of the solvated ions 

out of the gel. The ions diffuse through channels that consist of the already existing pores of 

the network structure of the polymer or are migration paths of already released ions and 

corroded nanoparticles [215]. Diffusion clearly explains the shape of the release curves in all 

samples as depicted in Figure 5-18. The initial burst release is probably related to the high 

concentration gradient between the vicinity of the nanoparticle and the outside of the gel as well 

as the fact that nanoparticles situated close to the gel surface have shorter diffusion paths and 

therefore induce a faster release. After about 10 h, the release saturates because the 

concentration gradient, which is the driving force for diffusion, levels, as concentrations inside 

and outside of the gel reach a steady state under static release conditions.  

 

Figure 5-19: Schematic diagram of special Fe ion release behavioural mechanism compared 

with Zn. 
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However, as the diffusion coefficients of solvated Fe2+/Fe3+, Zn2+ and Cu+/Cu2+ ions are not 

significantly different (the literature values are shown in Table 5-3), diffusion cannot account 

for the peculiar behaviour of the iron system, where higher absolute iron mass is released at low 

particle mass load. The ion release is further influenced by the dissolution of the embedded 

metal particles. The oxidation ability of metal can be estimated using the electrochemical 

standard potentials (E°). E° for the oxidative formation of Zn2+, Fe2+ and Cu2+ from the 

corresponding metals is -0.762, -0.447 and 0.342V, while the strongest release is expected for 

the most negative standard redox potential. Based on this we would expect a trend for the 

highest release rate and final ion concentration Zn > Fe > Cu. This trend can be clearly 

confirmed for higher particle mass loads. For example, at the 1.2 wt% loading of Zn and Cu 

and 0.5 wt% of Fe, this trend can be observed as the resulting total ion concentration of Zn, Fe 

and Cu was 550, 300 and 110 µg/L (Figure 5-18 a and Figure S12a). However, the trend is 

significantly different at lower loads. For example, at 0.3 wt%, the total released mass of iron 

ions is 4-5 times higher. These findings cannot be explained by the redox potential of the 

corresponding metal nanoparticles.  

Table 5-3: Literature values of ions diffusion coefficients at infinite dilution. 

Ion T(K) D (10-6 cm2/s) Ref. 

Fe2+ 293 6.3 [216] 

 298 7.2 [217] 

Fe3+ 293 5.8±0.2 [216] 

 298 6.0 [217] 

Zn2+ 293 6.1 [216] 

 298 7.0 [217] 

Cu+ 293 6-8 [218] 

 298 7.3 [218] 

Cu2+ 293 5.0 [218] 

 298 7.1 [217] 

 

Next to the direct oxidation of the pure metals in an aqueous medium, it is highly likely that the 

iron nanoparticles, laser-fabricated in aqueous medium are at least partially oxidized. Using 

picosecond lasers, oxides are frequently obtained by the ablation of elemental targets in liquids, 
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such as ZnO, CuO, FeO, Fe3O4 [219]. The formation of possible Fe3C species can also not be 

excluded in case ablation is conducted in organic solvents. In addition, it is known that laser 

ablation of ignoble metals in an aqueous solution may lead to suboxide nanoparticles, or 

elemental core- oxide shell nanoparticles [220]. Based on the Pourbaix diagram in aqueous 

solution at 298K and pH 7.4, oxides like ZnO, Cu2O, CuO, FeO, Fe2O3 and Fe3O4 are likely to 

form. This shows that in the case of several different iron oxides could be formed. However, 

there are some indications in literature that FeO may be the predominant oxide under these 

conditions [221].  

 

Figure 5-20: XRD pattern of laser-generated FeNPs in DI water. 

It is difficult to directly measure FeNPs phase in alginate because the alginate highly affected 

the determination even at a high nanoparticle amount (Figure S13). Due to the hydrogen 

bonding among alginate chains, alginate is usually crystalline showing two diffraction peaks at 

around 13.5o corresponding to the reflection of (110) plane from polyguluronate unit and 22o 

due to (200) plane from polymannuronate, and a broad peak at 39o indicating the amorphous 

structure [222]. These characteristic peaks disappeared through laser ablation. Although there 

is some similar peaks position with pure FeNPs, we still cannot distinguish which kinds of Fe 

or Fe oxides phases in alginate. Without alginate, Fe phases can be detected as the XRD patterns 

shown in Figure 5-20. XRD pattern shows that there are peaks of the known structure of Fe3O4 

crystals (JCPDS No. 74-0748), FeO structure (JCPDS No.73-2144) and Fe0 (JCPDS No. 87-

0722). For the Fe3O4 phase, many characteristic peaks were observed at 2θ=18.4°, 30°, 35.5°, 

37°, 43.2°, 47°, 53.5°, 56.8°, 62.7°. For the FeO, peaks were at 36.3°, 42.4°, 61.2°, 73.3°and 

77.4°, while the main peak in the XRD pattern of Fe0 appeared at 2θ= 44.7°, 65.2°, and 82.4°.  
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During the particle dissolution reaction in water, these oxides will initially form hydroxides that 

can dissolve to form metal ions. As a consequence, the solubility of these oxides may be an 

important contributing factor to the ion release mechanism [223]. For metal oxides, the 

following essential reactions occurred in water at pH 7.5, as Mudunkotuwa described for ZnO 

NPs [223]. Thereto, we compared the solubility product constants Ksp of Zn, Cu and Fe 

hydroxides listed in Table 5-4. 

MO(s) + H2O(l) ↔ M(OH)2(s)                     (14) 

M(OH)2(s) ↔ M(OH)+(aq) + OH-(aq)         (15) 

M(OH)+(aq) ↔ M2+ (aq) + OH-(aq)            (16) 

The values reveal that the Ksp value of FeO/Fe(OH)2 is the highest followed by ZnO/Zn(OH)2, 

which is considerably higher than CuO/Cu(OH)2. The solubility constant for the system 

Fe3O4/Fe(OH)3 cannot be directly compared to the others due to deviating reaction 

stoichiometry. Based on this we can conclude that the higher solubility of the iron oxides may 

be a contributing factor to a stronger release of iron ions, however, it does not explain the 

peculiar particle mass load dependency of the release kinetics. 

Table 5-4: Calculated solubility product constant (Ksp) for metal oxide nanoparticles in DI water 

at 25 oC. 

 Ksp  Ref. 

Cu(OH)2 4.2×10-21 [224] 

Fe(OH)2 2.0×10-15 [224] 

 4.9×10-17 [217] 

Fe(OH)3 1.6×10-39 [224] 

 2.8×10-39 [217] 

Zn(OH)2 7.6×10-17 [224] 

 3.0×10-17 [217] 

 

Thereto, one final aspect which needs to be considered concerns the interactions of the metal 

ions with the alginate matrix. The order of binding affinity of ions for alginate was: Fe2+ > Fe3+ 

> Cu2+ > Zn2+ [225, 226]. Jodra and Mijangos proposed an ion-exchange model between metals 
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and calcium gelated alginate gels [227]. According to this equilibrium model, the process was 

described by the next reactions (17) and equation (18) [227]: 

R2Ca + M2+ ↔ R2M + Ca2+                           (17) 

𝐾𝐶𝑎
𝑀 = 

(𝑞𝑀/𝐶𝑀)

(𝑞𝐶𝑎/ 𝐶𝐶𝑎)
                                                (18) 

where K is the corresponding equilibrium constant, q (mol/kg) is the metal mass in alginate, C 

(mol/L) is the metal concentration. Based on this we can conclude that the strong affinity of the 

iron ions for the alginate chains would shift the dissolution equilibrium of the FeO to the side 

of the soluble Fe2+, while furthermore the solubility of the FeO is higher than that of CuO and 

ZnO. The combination of these two factors may account for the irregular burst release of iron 

ions at low loadings. However, why is the release inhibited at higher iron mass loads? In this 

context two factors could contribute. Firstly, high iron ion concentrations may favour the 

formation of low solubility oxides like Fe3O4 according to reaction 19. 

2Fe3+ + Fe2+ + 8OH-→Fe3O4 + 4H2O          (19) 

Furthermore, Fe ions have the highest affinity for alginate which may further influence the 

alginate network by inducing additional gelation processes and reducing pore diameters in the 

gel network. This assumption is backed by the measurements of the swelling rates, which 

tended to slightly decrease for iron nanoparticle loads exceeding 0.7 wt% (Figure 5-14a). 

Hence, the higher ion concentration contributes to the decreasing porosity of alginate gels, 

which will inhibit the release at the higher Fe mass loads [228]. Considering the described 

factors, it is not the redox potential of the metals and diffusion of metal ions, but most likely 

the solubility of nano metal oxides and affinity of metal ions for alginate that lead to the special 

release behaviours of iron ions from alginate gels. 
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Figure 5-21: Protein adsorption on pure alginate, and corresponding composites as a function 

of nanoparticle concentration at pH 7.4 and room temperature. 

The comparison of the protein adsorption capacity of Au- and Fe-alginate composites as well 

as of pure alginate is summarized in Figure 5-21. There is a clear trend revealing an elevated 

protein adsorption capacity compared to pure alginate (1.93 ± 0.3 mg/g). Apparently, minute 

loadings of the composites with iron (0.02 wt%) have a strong effect on protein adsorption, 

increasing the protein mass by a factor of 2.8 (5.4 ± 0.9 mg BSA/g composite). Interestingly, 

this steep increase in protein adsorption occurs in the same concentration regime where highly 

pronounced ion release is reported. This is in good accordance with cell culture experiments on 

similar systems where Bläser et al. indicated that 0.01wt% Fe-alginate gels strongly favor cell 

adhesion [12]. For higher Fe nanoparticle loads there is a slight decrease in protein adsorption 

capacity, however, the values are still higher than the pure alginate control. For the case of Au-

alginate composites, there is no steep increase of protein adsorption at low mass load but a 

constant increase with a local maximum at 5.0 ± 0.5 mg/g at the concentration of 0.1 wt%. It 

was assumed that the type of embedded nanoparticles (Fe or Au) had no observable impact on 

protein adsorption. For further clarification and to rule out cross effects from different protein 

concentrations studied, the relative amount of adsorbed protein was plotted versus the 

nanoparticle loading in the composites (Figure 5-21b). Nanoparticle-alginate composites 

adsorbed more BSA than pure alginate, and the adsorption was approximately 1.7 times that of 

pure alginate. This phenomenon was also found in the collagen I protein adsorption as shown 

in Figure S14. As a control, collagen I in contrast to BSA, is positively charged at pH 7.4 as 

indicated in the literature [229]. Our results also showed that the integration of minute amounts 

of nanoparticles has a universally beneficial effect on protein adsorption, both for albumin and 

collagen I. This seems to indicate that the net charge of the protein alone is not the dominant 

factor driving the adsorption process. 

The adsorption of proteins on a surface is a complex process, which is affected by the 

morphology, the ion-exchange, the surface charge, hydrogen bonds, van der Waals interaction 

and electrostatic interactions [68, 230]. The first step of protein adsorption is a fast direct-

attachment to the surface, while the second step is slow and the thickness of the protein layer 

gradually increases with the increasing amount [68]. Generally, protein preferred hydrophobic 

surface to hydrophilic ones. However, there is also evidence about protein adsorption on 

hydrophilic surfaces. In an aqueous environment, the available possibilities for hydrogen 
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bonding involve the residual amide molecules which form water-amide hydrogen bonds [230]. 

According to the experimental results, there is protein adherent on the alginate hydrophilic 

surface. But we still cannot name alginate surface as “protein-adsorbed” or “non-protein 

adsorbed”. The possible explanation could be that hydrophilic surface sites would attract 

proteins by electrostatic interactions. Moreover, porous structure of alginate gels provides the 

channel for protein adsorption. Another important factor is the presence of Au and Fe 

nanoparticles, which can alter the morphology. Nanoparticles have a high affinity to amine and 

cysteine groups of proteins, especially for AuNPs. And the increasing ionic strength resulting 

from the Fe ion release was proved to adsorb larger amounts of protein [230]. Therefore, the 

hydrophobic or hydrophilic surface was not a significant parameter. The porous structure of the 

alginate composites and the stronger release of ions play a prominent role in this situation. This 

demonstrates the high application potential of composites as only minute amounts of NPs in 

the concentration range; significantly improve protein adsorption known to facilitate cell 

adhesion and growth. 

5.3.3 Iron nanoparticles and fibrin blending promote serum-mediated endothelialization 

on alginate hydrogels 

The physicochemical properties and special ion release profiles from pure alginate hydrogels 

embedding with iron nanoparticles were clarified in section 5.3.2. Given metal ions could 

improve protein adsorption, we triple modified alginate gels with Fe-NPs, fibrin, and serum 

protein coatings (SPCs). Here, we were particularly interested in the synergetic effects of these 

three modifications and how fibrin blending and NP incorporation alter the physicochemical 

and mechanical properties of the alginate surface and the resulting endothelium cell behaviours. 

Part of the results has been published in Advanced Materials Interfaces, 2021, 2002015. And 

the cell experiment was performed by Alena Richter. 

Firstly, the surface roughness of hydrogels was determined with AFM as well as the detailed 

topography was imaged (Figure 5-22). AFM is a powerful technique to observe the topography 

and understand the mechanics of diverse surfaces as well as biological interactions between 

different biomolecules, cells, and materials. With the help of special AFM tips for soft 

materials, we can successfully obtain the surface topography and force-distance curves. In 

addition, the force-distance curve could provide information such as surface interactions, elastic 



5 Results and Discussion 

80 

 

determination [231]. Of note, the surface roughness information was read from the AFM 

images. 

 

Figure 5-22: AFM (2D and 3D) images of alginate (a), alginate-Fe 200 µg/mL (b), alginate-

fibrin 10 mg/mL (c), and alginate-fibrin-Fe 200 µg/mL (d). Scale bars are 1 µm. 

In table 5-5, it is clear to show the roughness parameters of each sample, which were elucidated 

in section 4.4. We can conclude that the surface of all gels was bumpy. The sample of Alginate-

Fibrin was the roughest (Ra = 44.1 nm), followed by Alginate gels (Ra = 38 nm). With the 

embedment of FeNPs, the roughness of the hydrogel surface decreased, especially in the 

absence of Fibrin. This finding may be because the capping effect of nanoparticles tends to fill 

the rough surface of hydrogels. 
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Table 5-5: Roughness parameters of native alginate, alginate-Fe 200 µg/mL, alginate-fibrin 10 

mg/mL, and alginate-fibrin 10 mg-Fe 200 µg/mL composites. 

Samples Ra (nm) Rq (nm) Rt (nm) 

Alg 38.0±0.1 47.3±0.5 269.7±24.9 

Alg-FeNPs 19.5±0.3 26.0±0.4 235.2±0.3 

Alg-Fibrin 44.1±1.8 64.5±2.2 485.4±9.8 

Alg-Fibrin-FeNPs 26.1±0.1 32.0±0.1 192.5±1.7 

 

Stiffness is a term indicating the tendency to return to its original form after being subjected to 

a force. A stiffer surface can be achieved at a lower strain and obtained a higher elastic modulus 

[232]. It is known that the stiffness of the hydrogel surface can affect cell motility, 

differentiation, and proliferation [22, 233]. There are two common methods to indicate the 

stiffness of hydrogels, including atomic force microscopy [234], or oscillatory shear testing [22, 

159, 235]. Comparing force-distance curves of soft sample surfaces can reveal relatively the 

deformation of soft samples, reflecting the stiffness or elasticity [236]. The slope of the falling 

linear regime can be fitted to estimate the sensitivity and stiffness of samples [19]. The modulus 

can be easily calculated using the Sneddon model [237]: 

𝐹 =  
𝐸

1−𝜈2  
2 𝑡𝑎𝑛𝛼

π
 𝛿2                     (20) 

F is the force and E is Young’s modulus; δ denotes indentation; α and ν is half-angle of tip and 

Poisson's ratio, respectively. 

If there are fillers or embedding particles, the inhomogeneities cannot be appropriately 

described with the Sneddon model. However, if dividing data into segments, the slope could be 

obtained from the force Fi and indentation δi, which means each segment’s stiffness [238]. The 

steeper slope indicates higher sensitivity, less or no deformation and a stiffer surface, as shown 

in Figure 5-23. It is suggested a higher stiffness of hydrogel embedded with Fe nanoparticles 

than pure alginate or alginate-fibrin gels, which was in agreement with the rheological 

properties in section 5.3.1. 
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Figure 5-23: Force-distance curves of approach and retraction of alginate-10 mg fibrin-200 µg/ 

mL Fe (a), alginate-200 µg/mL Fe (b), alginate-10 mg/mL fibrin (c), and alginate gels (d). The 

slope (V‧nm-1) in the approach touching regime has been calculated with falling linear 

regressions. 

As alginate blending with fibrin, porosity was still in this range of 17%-23% as above alginate 

samples while it decreased slightly to 13.4% in the presence of FeNPs (Figure 5-24c). Contact 

angles (α) of the triple alginate-fibrin-FeNPs hydrogels were also measured with the captive 

bubble method. As shown in Figure 5-24a,b, it was not surprising that all the hydrogel surfaces 

were hydrophilic. The contact angles were in the range of 12o-38o. However, the embedment 

of Fe nanoparticles and the combination of fibrin in alginate significantly influenced the contact 

angles. But the effect of these two FeNPs concentrations of 100 and 200 µg/ml seemed no 

different. They both decreased the contact angles compared to pure alginate (*p ≤ 0.05), as 

reported before. In contrast, the fibrin fibres largely increased the contact angle from 20o of 

pure alginate to 38o (**p ≤ 0.01). Van Oss described the hydrophobic surface property of fibrin 

layers and measured the contact angles of 63.3o-73.6o [239], indicating blending with fibrin 

fibres contributed to a more hydrophobic surface. Bialkower et al. [240] found that the 
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hydrophilic cellulose films converted to hydrophobic ones as blending with fibrin. The 

hydrophobic surface is assumed to be beneficial to protein adsorption. Furthermore, the coating 

FBS inclined to adhesion on the less hydrophilic surfaces of alginate-fibrin or alginate-fibrin-

Fe complex contributed to subsequent cell proliferation. 

 

Figure 5-24: (a) Contact angles of air bubble droplets in the water on the surface of biomaterials 

at room temperature. (b): Bar diagram of summarized contact angles. (c) Porosity of alginate-

fibrin hydrogels. Shown are means ± SEM measured in duplicate and analyzed by 1-way 

ANOVA and Tukey test (*p ≤ 0.05 and **p ≤ 0.01). 

Rheological properties of hydrogel samples were shown in Figure 5-25. It showed that the 

examined hydrogel samples were only minimally strain-dependent within the testing range 

(Figure 5-25a). The incorporation of fibrin in alginate had no strong influences on the stiffness 

and their elastic modulus was around 5.1 kPa (Figure 5-25b). It is worth noting that the 

embedding Fe nanoparticles enhance the stiffness of both pure alginate and alginate-fibrin 

matrix. Moreover, the elastic modulus is concentration-dependent. That is to say, high loading 
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amounts of FeNPs into hydrogels resulted in a slightly stiffer matrix, which was consistent with 

the force-distance results (Figure 5-23). 

 

Figure 5-25: Storage moduli G‵ measured over a decade of oscillation strain in the range of 

0.4%-2% (a), and representative elastic modulus E calculated from G‵ at 1% strain. 

To evaluate the impact of these material properties on living cells, EC viability after seeding 

them onto alginate hydrogels with or without embedded iron nanoparticles in concentrations of 

100 µg/mL and 200 µg/mL was assessed after 72 h by WST-8-assays. Only low absorption at 

a wavelength of 450 nm could be measured on alginate hydrogels (Figure 5-26), which indicates 

low overall viability. Live/dead staining showed extremely few cells with spherical morphology 

on pure alginate gels and a slightly increased number of cells with an occasional more 

physiological shape on the FeNPs embedded gels (Figure 5-27a-c). Nevertheless, high numbers 

of dead cells indicate insufficient biocompatibility. The blending of alginate hydrogels with 

fibrin in both concentrations and combination with FeNPs did not result in higher absorption in 

the viability assay (Figure 5-26). Interestingly, live-dead staining revealed the majority of 

survived cells were with a physiological spindle-like shape (Figure 5-27d-i).  
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Figure 5-26: Endothelial cell viability on alginate hydrogels blended with 5 or 10 mg/mL fibrin 

and enriched with 100 or 200 µg/mL iron nanoparticles assessed by WST-8 assay. Shown are 

means ± SEM of three independent experiments measured in duplicate and analyzed by 1-way 

ANOVA and Sidak’s post test. No significant differences were calculated. 

To test a putative beneficial effect of serum proteins, gels were coated with FBS for 3h prior to 

endothelial cell seeding. The assessment of WST-8-assays showed that the poor viability of EC 

seeded on pure alginate gels with or without FeNP was not improved by FBS coating (Figure 

5-28a). In the case of alginate-fibrin gels without FeNP, FBS coating did not result in a 

significant increase in absorption as well. In contrast, the combination of fibrin plus FeNPs in 

both concentrations resulted in a significant 2.9- and 2.6-fold increase for 5 mg/mL fibrin 

(p<0.01) and in a 3.0- and 2.4-fold increase for 10 mg/mL fibrin (p<0.05 and <0.01; Figure 5-

28b-c). 

Live/dead staining of the respective groups confirmed the supporting effect of FBS coating on 

alginate-fibrin gels enriched with FeNPs (Figure 5-29). The combination of all three 

components resulted in an almost confluent endothelial layer with physiological cell 

morphology (Figure 5-29g,h,k,l). The effect was most obvious for the 10 mg/mL fibrin blending 

enriched with 200 µg/mL FeNPs (Figure 5-29l), suggesting a concentration-dependent 

influence of fibrin and FeNPs in combination with serum proteins. 
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Figure 5-27: Endothelial proliferation and morphology on alginate hydrogels blended with 5 or 

10 mg/mL fibrin and enriched with 100 or 200 µg/mL FeNPs assessed by live-dead staining. 

Shown are typical images of two independently stained gels.  

Cell types respond differently to varying degrees of matrix mechanical characteristics stiffness 

[241]. For example, fibroblasts have been reported to preferentially move towards stiffer 

substrates [242]. Zhang et al. [243] found different responses of endothelial cells to stiff or soft 

substrates, observing that endothelial-to-mesenchymal transition happened on a stiff matrix 

while keeping the original phenotype on the soft matrix. In this study, the non-fouling effect 

became apparent on alginate hydrogels resulting in a high rate of dead HUVEC in live/dead 

staining and low viability in WST-8-assays. As cellular adhesion is the initial mechanism in the 

interaction between cells and substrate surfaces, it is essential for subsequent proliferation to a 

confluent cell layer and vice versa the cause for “Anoikis” (homelessness)-induced apoptosis 

[244]. In this work, samples with fibrin and FeNPs exhibited a stiffer surface than alginate alone 

(Figure 5-23). 
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Figure 5-28: Effect of FBS coating on endothelial cell viability on alginate hydrogels blended 

with 5 or 10 mg/mL fibrin and enriched with 100 or 200 µg/mL FeNPs assessed by WST-8 

assay. Shown are means ± SEM of three independent experiments measured in duplicate and 

analyzed by 1-way ANOVA and Sidak’s post test. *p ≤ 0.05 and **p ≤ 0.01 vs control. 

Fibrin exposes RGD peptides [245] favouring integrin clustering and formation of focal 

adhesions [246, 247] and therefore served as an adhesive molecule in the inherent alginate 

structure by promoting endothelial cell adhesion, proliferation and migration via integrin 

receptor αvβ3. This effect was visible by live/dead staining depicting a reduced amount of dead 

endothelial cells and a physiological spindle-like morphology of living cells (Figure 5-27). 

Besides this biochemical effect, a topographical effect of fibrin fibres is also imaginable since 

LSCM revealed a considerably rougher surface structure with single visible fibres in alginate-

fibrin hydrogels (Figure 5-11 and Figure 5-12). Moreover, AFM results showed that fibrin 

clearly increased roughness parameters of alginate gels (Table 5-5). The observed reduced 

wettability of alginate-fibrin gels may have contributed to this effect as well (Figure 5-24b). 



5 Results and Discussion 

88 

 

Less hydrophilic surfaces enable the development of dehydration forces being essential for 

protein binding [248]. However, since colorimetric assay did not show enhanced viability 

(Figure 5-26), the effect of fibrin on endothelial cell adhesion appears to be limited to focal 

fibrin fibres and does not affect the whole surface structure.  

 

Figure 5-29: Effect of FBS coating on endothelial proliferation and morphology on alginate 

hydrogels blended with 5 or 10 mg/mL fibrin and enriched with 200 µg/mL iron nanoparticles 

assessed by live-dead staining. Shown are typical images of two independently stained gels. 

It seems that endothelial cell growth prefers stiffer substrates of FeNPs embedding in alginate-

fibrin blends. Moreover, on the more rigid matrix, a large number of ECs showed a cobblestone-

like shape, and most of the cells displayed an elongated, spindle-shaped morphology on 

alginate-fibrin gels. With more Fe loadings, cobblestone-like cells were more. Prolong the 

cultured time at 8 days, this kind of shape transformed into elongated-spindle (Figure S15), 

which was consistent with the previous study [243]. Additionally, the incorporation of FeNPs 

as a source for sustained ions release was able to promote cellular compatibility also for 

endothelial cells displaying a lower proliferative potential [12]. Interestingly, in our study none 

of these effects became noticeable. FeNPs increased wettability (Figure 5-24a,b) which may 

have caused the poor attachment and limited survival of endothelial cells on alginate gels filled 

with FeNPs (Figure 5-26, Figure 5-27a-c). 
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In triple modification hydrogels, LSCM visualized agglomerating FeNPs along the fibrin fibres 

(Figure 5-12). Therefore, a direct interaction between iron nanoparticles and fibrin can be 

supposed. In physiological environments, nanoparticles have been shown to build a protein 

corona [249]. Interestingly, in our study iron nanoparticles agglomerated on fibrin fibres also 

seemed to attract serum albumin since LSCM clearly showed that albumin deposition followed 

the structure of FeNPs-covered fibrin fibres (Figure 5-12). Thus, both alginate modifications 

and serum protein coating synergize most likely to a triple adhesive complex for endothelial 

cell adhesion promoting proliferation and viability.  

As aforementioned, protein adsorption is the first process in the interaction between cells and a 

given surface and thus its quantitative and qualitative protein adsorption capacity determines 

essentially its biocompatibility [61]. The primary interaction between cells and adhesion 

proteins occurs via integrins being activated by the exposed binding sequences. Integrins are 

transmembrane receptors to transduce surface characteristics represented by the adsorbed 

protein profile into basal cellular responses comprising cellular adhesion, morphology, motility, 

and proliferation [250]. The absence of integrin activation results in cellular apoptosis 

emphasizing the significance of adequate protein adsorption and following integrin activation 

[244]. Since increasing protein concentrations in solution are known to accelerate surface 

protein adsorption [248], the effect of serum protein coating on cellular adhesion seems to be 

consequential. Though serum proteins were present in lower concentrations in all cell culture 

experiments (EBM-2 medium contains 2% FBS), obviously a higher concentration was 

necessary to achieve this effect (Figure 5-27). Extrapolating our result to a clinical scenario, 

alginate modified by fibrin and FeNPs will encounter sufficiently high serum albumin 

concentrations after implantation by the bloodstream and thus will provide a promising surface 

for rapid and stable endothelialization. 

5.3.4 Influence of laser-generated Au nanoparticles on the physicochemical properties of 

collagen gels 

To enhance the mechanical property of collagen gels, gelation by chemical crosslinking with 

EDC/NHS or glutaraldehyde (GTA) was performed at different pHs, ionic strength, embedding 

AuNPs concentrations. The gelation state was evaluated by Bradford assay and UV-Visible 

spectroscopy, with an absorbance at 310 nm. A higher absorbance can be related to faster 

gelation kinetics [251]. Damink et al. [30] calculated the primary amine group content of cross 
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linked and non-cross-linked collagen samples to describe their kinetics. As stated in section 4.5, 

the reaction of formation of a complex between Bradford dye and protein will cause a shift in 

the maximum absorbance from 465 nm to 595 nm which is proportional to the concentration of 

protein present in the sample. 

With the calibration lines (Figure S1) and the ungelated proteins, gelation percentages in 

different conditions can be obtained, as shown in Figure 5-30. It should be mentioned that the 

collagen gelation at room temperature was not proceeding at an insufficient concentration (< 7 

mg/mL), and hence the results were not reported. Figure 5-30a displayed the effects of GTA 

concentration on collagen gelation at 14 mg/mL collagen and 0.04 wt% loading of AuNPs. At 

the concentration of 2% GTA, the maximum gelation was around 40%. Damink also 

demonstrated a slight decrease in gelation when exceeding the concentration of 1 % GTA [30]. 

When combining GTA with AuNPs, GTA seemed to dominate the gelation process. It can be 

concluded that Au nanoparticles, in this case, have no positive influences on the gelation 

process. 

 

Figure 5-30: Gelation percentage of collagen at different conditions: glutaraldehyde contents 

(a), EDC/NHS mole ratio (b), Au nanoparticles loadings in collagen (c), ionic strength 

concentration (d), pH effect on collagen and 0.06 wt% Au-collagen with the crosslinker 

EDC/NHS (e), and pH effect on 0.06 wt% Au-collagen with the crosslinker 2% glutaraldehyde 

(f). 
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1-ethyl-3-(3-dimethylaminopropyl-carbodiimide hydrochloride (EDC) and N-hydroxy 

succinimide (NHS) are widely used chemicals to crosslink collagen based on the formation of 

stable esters. Figure 5-30b displayed the gelation efficiency of collagen and Au-collagen 

composites at various molar ratios of EDC/NHS from 1 to 4. As reported earlier, neither EDC 

nor NHS alone has a positive effect on gelation. However, combining them with AuNPs may 

promote the gelation process [98, 252]. One can see that the gelation percentage of collagen 

increased with increasing molar ratio of EDC/NHS. It reaches its maximum (55%) at an 

optimum EDC/NHS molar ratio of 3:1. 

Duan et al. [249] showed that EDC/NHS cross-linked collagen gels had better thermal stability 

than the gels cross-linked using glutaraldehyde. Further, we compared the results of 

crosslinking efficiency between 2% GTA and (3:1) EDC/NHS. The results indicated that 

EDC/NHS presented around 18% higher gelation efficiency than GTA (Figure 5-30c). It is a 

positive outcome as glutaraldehyde is frequently reported toxic in in vitro and vivo experiments.  

The kinetics of gels as a function of ionic strength has been discussed by other researchers [251, 

253]. They demonstrated that collagen’s mechanical property and molecular flexibility strongly 

depended on its ionic strength. Other authors pointed out that the higher the ionic strength, the 

larger the collagen fibre diameter and faster the self-assembly at lower ionic strengths [254, 

255]. But they hold disagreement with the ionic strength effects on the gelation rate. In this 

situation, we performed the gelation process at different NaCl concentrations. As Figure 5-30d 

shows, the highest gelation percent at the concentration of 83 mM NaCl was found to be 

approximately 50% with AuNPs and 42% without AuNPs. However, high ionic strength may 

prevent the bonding between electrostatically charged amino acid chains [251]. 

By adjusting the pH of the collagen solution, the gelation percentage remained stable in the 

presence of EDC/NHS cross linker (Figure 5-30e). But with the addition of 2% GTA, the 

gelation percentage showed a clear decreasing trend with increasing pH (Figure 5-30f). 

Diamantides et al. [256] also reported the pH-dependent gelation kinetics and observed a more 

significant polymerization rate of collagen gels cross-linked with glutaraldehyde at a higher pH 

value [257]. Overall, AuNPs may have no significant influence on collagen gelation with both 

EDC/NHS and GTA. 
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Figure 5-31: Physicochemical properties of collagen and Au-collagen composites gelated by 2% 

GTA or 3:1 EDC/NHS: swelling ratio (a), porosity (b), contact angles (c). 

Figure 5-31a shows the physicochemical properties of AuNPs-collagen composites. As stated 

in section 3.5, swelling is due to the amount of water content relating to four different water 

states: free water, associated water, semibound, and bound water, which can be influenced by 

temperature, pH, ionic strength, etc. [156]. One gram of collagen sponges with a size ranging 

from 20-200 µm macrospores can retain 0.12-0.47 g of water [156]. The collagen hydrogels 

were lyophilized to obtain the dry weights. The swelling ratios of collagen sponges were in the 

range of 130%-150%. 

Table 5-6: Calculated pore size of collagen hydrogels gelated with cross linker EDC/NHS (3:1) 

and 2% glutaraldehyde. 

Au conc. (wt%) 0 0.01 0.02 0.03 

Average pore 

size (nm) 

EDC/NHS (3:1) 16 25 28 20 

2% Glutaraldehyde 18 16 22 23 

 

The porous microstructure is one factor contributing to the swelling process. SEM images 

confirmed the existence of pores in gelated Au-collagen (Figure S16). The porosity of collagen 

hydrogels was around 33.3%-38.5% (Figure 5-31b). The 3:1 EDC/NHS and GTA crosslinkers 

along with the incorporation of AuNPs did not alter the porosity. The calculated pore size of 

collagen hydrogels was listed in Table 5-6, in the range of 16-28 nm. As shown in Figure 5-

31c, the contact angle of pure collagen was around 70°. The obtained average contact angles of 

collagen+Au (0.01 wt%), collagen+Au (0.02 wt%), and collagen+Au (0.04 wt%) composites 

were about 60°, 55°, and 54°, respectively. The combination of AuNPs with collagen slightly 
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enhanced the hydrophilicity of collagen, as Hsieh et al. stated [28]. The effect of two different 

cross-linkers GTA or EDC/NHS on the wettability were not significantly different. 

 

Figure 5-32: Illustration of Au-collagen gelated patches (a), and angular frequency dependent 

oscillatory shear rheology of collagen and Au-collagen composites gels gelated by 3:1 

EDC/NHS and 2% GTA at 20 oC. The number 0, 1, 2, and 3 refers to collagen, 0.01wt% Au-

collagen, 0.02 wt% Au-collagen, and 0.04 wt% Au-collagen, respectively. Rheological 

characterization of collagen hydrogels: Cross-linker effects on the storage modulus G‵  (b), loss 

modulus G‶ (c) of collagen gels; damping factor tanδ (d) of collagen and Au-collagen 

composites gels at different angular frequencies 10 rad/s and 1% strain. 

Rheological measurement is also a way to analyze the gelation process. Holder et al. [91] 

reported the gelation point for typical collagen at approximately 280 s. In this work, the 

rheological properties of collagen gels were depicted in Figure 5-32a. The results showed that 

G‵ and G‶ of collagen without embedding AuNPs gelated by GTA were significantly higher 

than other samples (Figure 5-32b,c). In the case of crosslinker EDC/NHS, G‵ and G‶ of AuNP-

collagen composites showed a minor decrease compared to native collagen gels. It could be 

explained that the AuNPs may enlarge the hydrogel network leading to a loose and weak system. 

Damping factor tan δ (ratio of G‶/G‵), indicates the gel state. A solid-like materials has a tan δ 
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value below the threshold of 1 [128, 157, 164]. As observed in Figure 5-32d, the tanδ value was 

below 0.14, demonstrating a complete gelation process. Moreover, a lower tanδ indicates more 

elastic nature [258]. Due to the interaction between nanoparticles and collagen cross-linked by 

EDC/NHS and GTA, the mechanical properties of collagen gels could be improved [209]. 

5.3.5 Physicochemical properties of nanoparticle-TPU composites and their protein 

adsorption capacity 

The results in this part have been published in Nanotechnology, 2020, 31, 405703. 

As TPU composite films are non-soluble in water, it is easy to study the surface charge under 

the flowing solutions with varied pH. Corresponding studies with alginate were not possible 

under these experimental conditions as the alginate gels disintegrated. Figure 5-33a depicts the 

surface zeta potential of TPU, Fe (0.09 wt%) or Au (0.17 wt%) TPU composite films as a 

function of pH. The surface charges of films result from bound dissociable groups or adsorbed 

charge carriers from the environment [259]. In general, materials’ isoelectric point (IEP) 

indicates their electrical properties and application potentials, e.g., cellular adhesion [260]. The 

TPU control showed positive surface zeta potentials in the pH range of 4.5-8.2 with an IEP at 

pH 8.2. In particular, at pH 7.4, TPU was positively charged (23 mV), which confirmed the 

experiments of Yu et al. who demonstrated the zeta potential of TPU was 23 mV at pH 7.4 [7]. 

In contrast, the surface zeta potential for Fe- and Au-TPU was consistently negative at pH above 

4.6. And films with nanoparticles were negatively charged between -55 mV and -58 mV, as 

previously reported for TPU modified with Pt and Au nanoparticles [15]. Laser-generated metal 

nanoparticles are usually negatively charged [166], which seems to affect the surface of 

untreated TPU. These nanoparticles have a higher concentration of adsorbed oxygen or ion 

adsorption. 
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Figure 5-33: (a) Surface zeta potentials of TPU, Fe (0.09 wt%), Au (0.17 wt%) derived from 

streaming potentials of TPU composite films at the variation with pH are shown. The plots were 

fitted with a polynomial function. (b) Water contact angle of TPU and nanoparticle-TPU 

composites. 

The wettability of TPU nanocomposites was shown in Figure 5-33b, with a higher contact angle 

of approximately 43°-60°, which was in good agreement with previously reported results [15]. 

The contact angles were approximately 60° for reference TPU and 43° for Fe-TPU composites, 

indicating that Au and Fe nanoparticles improved the wettability of TPU. The contact angles of 

different nanoparticle loadings showed no significant differences (Figure S17), probably 

attributed to the low differences in mass loads used here. These results were in accordance with 

other findings, where a more hydrophilic surface was obtained through embedding Pt or Au 

nanoparticles into TPU [15] or surface modification [261]. The observed change of the 

wettability proved that the incorporated nanoparticles altered the surface properties of the 

polymers. This finding is in good agreement with the zeta potential measurements, where 

particles embedded in TPU were shown to reverse the charge and increased the overall net 

charge of the composites by a factor of >2. 
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Figure 5-34: Long-term Fe ion release kinetics: (a) released Fe ion concentration of Fe-TPU 

composites and the TPU control, (b) released mass percent of different amounts of Fe 

nanoparticles in TPU, (c) the maximum Fe ion release, (d) the corresponding ion release percent 

of Fe-TPU composites. 

The obtained absolute Fe ion concentration in the case of Fe-TPU composites increased with 

the nanoparticle loading (Figure 5-34a and Figure 5-34c). On the other hand, the ion release in 

percent was found to decrease with increasing nanoparticle loads (Figure 5-34b and Figure 5-

34d). This behaviour is in line with previous findings [111] and expectations, as a more total 

release of ions is expected at higher particle loadings. On the other hand, a diffusion-driven 

mechanism would slow down release in case of higher total ion concentrations in the medium, 

reducing the relative release under static experimental conditions. Compared to the case of 

alginate matrix, Fe ion releases from TPU were lower, which was attributed to the hydrophobic 

nature of TPU lowing the water uptake leading to low ions diffusion. 



5 Results and Discussion 

97 

 

 

Figure 5-35: Protein adsorption on TPU, and corresponding composites as a function of 

nanoparticle concentration at pH 7.4 and room temperature. Statistical significance levels were 

evaluated with a single factor analysis of variance (ANOVA) and significance levels were p < 

0.05 (*) and p < 0.01 (**). (% refers to adsorbed protein vs. deployed protein.) 

Protein adsorption on nanoparticle-loaded TPU composites was studied in the same 

experimental approach with alginate composites. As shown in Figure 5-35a, the adsorption of 

BSA slightly increased with embedding nanoparticles in TPU compared to the pure TPU films. 

The maximum Qe was 2.33 ± 0.17 mg/g in the sample of Fe-TPU composites which was far 

lower than alginate hydrogels. On the other hand, the type of embedded nanoparticles (Fe or 

Au) had no observable impact on protein adsorption. For further clarification and to rule out 

cross effects from different protein concentrations studied, the relative amount of adsorbed 

protein was plotted versus the nanoparticle loading in the composites (Figure 5-35b). NPs 

impact on TPU was less pronounced than alginate as shown in Figure 5-21 of section 5.3.2, as 

indicated by the adsorption rate of Fe-TPU composites at 17%, while the value was 14% for 

the TPU control. The nonporous nature of TPU may explain this result. 
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5.4 3D printability of alginate composites 

The experiment in this part was performed by Jacqueline Stamm, Andreas Bläser and the results 

have been published in Nanotechnology, 2020, 31, 405703. 

The printability of the alginate-nanoparticle composite and its potential applicability as bioink 

were tested following a novel 3D-bioprinting approach. Using a modular, compact 3D-

bioprinter a modification of the previously published methods for FRESH or submerged 

bioprinting was applied [107, 108, 187, 188]. Briefly, a microextrusion bioprinting process was 

conducted submerged in calcium-chloride doped gelatin slurry (Figure 5-36a,b). Defined 

strands of native, iron-, or gold-nanoparticle-laden alginate were printed to form hollow 

cylinders measuring 7 mm in diameter and up to 13 mm in height (Figure 5-36e). The gelatin 

slurry did not only support the built-up mechanically but also provided the crosslinker to form 

a stable gel within seconds after printing. To remove the printed parts, the slurry was heated to 

38 °C for 25 minutes (Figure 5-36c,d). 

 

Figure 5-36: Submerged bioprinting of 3D-hydrogel scaffolds made of alginate composite 

bioinks. The printing process is illustrated schematically (a) as well as in overview and close-

up images (b). To stabilize and crosslink the printed alginate constructs, the bioprinting process 

is conducted submerged in a gelatin-CaCl2 slurry. After successful printing, the slurry is heated 

up to 38 oC to melt the gelatin and enable gentle removal of the printed object. The two slurry 

https://pubmed.ncbi.nlm.nih.gov/?term=Stamm+J&cauthor_id=32434157
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states (swollen and melted) are illustrated schematically (c) as well as with recorded images (d). 

Images of the bioprinted 3D-cylinders (e) are shown in side view (left) as well as in top view 

(right). 

The results of the printing test indicate that the integration of laser-ablated metal 

nanocomposites does not hamper the process- and printability of alginate hydrogels. Instead, 

the composite was shown to be an ideal bioink for the submerged fabrication of versatile 3D 

constructs with relatively high strength that can support its weights during printing. In Figure 

5-36e, the coloration of the mesoscopic 3D parts by the nanoparticles is clearly observable.  
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5.5 Nanoscopic bioglass doped with iron produced by iron slat-sensitized laser 

fragmentation 

The bioactive glass (BG) educts suspension exhibited a negligible light absorption in the visible 

spectral region (Figure S19a), whereas the Fe-EDTA solution exhibited a pronounced 

absorption at the laser wavelength (Figure 5-37b). As described in the introduction, there are 

reports that the ferrous or ferric ions can act as a light-absorbing agent [49, 51, 262], as a 

consequence, more pronounced fragmentation was expected for BG particles in Fe-EDTA 

solution. 

The flow jet is a frequently used reactor for laser fragmentation of suspensions [137] or colloids 

[50] and was initially characterized and adapted to BG processing in the presence of Fe ions. 

Using this setup, the liquid layer was minimized to avoid possible side products by limiting the 

beam path to the 100 mm focal length [139]. With the power meter, arranged behind the liquid 

jet, laser power balances can be easily acquired by measuring attenuated laser energies in 

comparison to a reference beam in air. Results indicate that the laser energy attenuated by the 

suspension significantly increased with ferrous ions and reached 67%, 1.5 fold higher than the 

absorbance measured for raw BG suspension in water or EDTA solution (Figure 5-37c). This 

clearly demonstrates that the light-absorbing properties of iron ion solution could enhance the 

absorbance during the process of laser fragmentation in liquids (LFL). 

The higher viscosity of alginate solution could slow down liquid flow rate compared to water, 

thus increasing the irradiated pulse number. Waag et al. [134] presented a raytracing model to 

calculate the laser energy density distribution as suspension through the liquid jet and 

mentioned 13.8% of the jet cross-section cannot be laser irradiated due to refraction effects at 

the air-jet boundary. The distribution of laser energy in the irradiated colloid can be manipulated 

using circular to elliptical orifice and elliptical jet can decrease the unilluminated area to a 

simulation value of 2.8% [50]. Importantly, it should be considered that illuminated fragmented 

volume is not homogeneous with this setup. Therefore, it is necessary to carry out more than 

one laser passage to ensure that every particle in the volume is hit. Next to the attenuated laser 

energy it is also important how many laser pulses are directed at a corresponding volume 

element, a variable affected by the flow rate and the viscosity of the used media. Hence, we 

calculated the flow rates as described in section 4.2.2 and the corresponding numbers of 

pulse/volume element for different BG mass loads and in the presence of alginate (Figure 5-
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37d). Our findings revealed a significant reduction of the flow rate with increasing bioglass 

concentration and especially upon addition of the alginate, which was caused by a change in 

viscosity in the range of 1.0-2.3 mPa·s (XZ direction), together with a maximum of 79% 

attenuated laser energy. As a consequence, the number of laser pulses per irradiated volume 

(XY direction) significantly deviated in the corresponding experimental design, with 330 

pulses/volume element for diluted BG dispersions and 470 pulses/volume element in the 

presence of alginate. However, Au nanoparticles (53 nm) can be reduced to 2.9 - 3.9 nm only 

with 1 - 4 pulses per volume [263].  This may attribute to the beam diffraction and attenuation 

of BG particles. In the following paragraphs these deviations in total attenuated laser power, 

beam illumination and number of pulses/volume elements will be conjointly used to discuss the 

fragmentation results.  

As the ferrous ion solutions play a key role in the laser fragmentation process their pH stability 

and potential interactions with BG are critically discussed. Fe-EDTA complexes also called 

“Jacobson solution”, are stable in the acidic pH range of 3.6-5.6 where they show an absorption 

maximum at 254 nm [264]. Freshly prepared, the pH value of our Fe-EDTA solution was 

around 2.7 and slightly increased to 3.0 after 12 h of mixing. After the addition of 1 wt% BG 

powder, pH value sharply increased to 7.0 and was even higher at 9.8 when 20 wt% BG particles 

were added (Figure S18). Hence, the formation and precipitation of iron oxide can be expected 

under these conditions and the formation of hydroxide was indicated at the absorbance 

wavelength of 205 nm in the UV-Vis spectra as shown in Figure S19a [265]. However, alternate 

reactions may also occur in the presence of BG. It is well known from the literature how 45S5 

bioactive glass interacts with water. Here, Si-O-Si bonds are dissociated and transformed into 

Si-OH or P-O-Si groups, while modifier ions Ca2+ or Na+ are immediately exchanged with H+ 

or H3O
+ from solution (especially Na+) [266]. Furthermore, it is well known that Na+ and Ca2+ 

ions can be replaced in the network of silica glass by heavier elements [37]. In this context, Fe-

EDTA, which is unstable at this pH may be partially involved in an ion exchange process, 

probably further emphasized by the fact that Ca2+ has a high affinity towards EDTA compared 

to Fe ions at pH values of more than 7.0 [267]. We expect that Fe-doped bioactive glass can be 

obtained through these reactions and we also expect a more pronounced ion-exchange upon 

laser irradiation, as verified in the consecutive paragraphs. 
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Figure 5-37: Illustration of the laser fragmentation setup including a reactor with a valve to 

control the liquid flow and laser beam focused onto the liquid jet; (b) UV-vis spectra of EDTA, 

Fe-EDTA solution, and liquid after laser fragmentation; (c) Attenuated laser power energy of 

BG suspension with or without ferrous ions; (d) Volumetric flow rate and calculated pulses per 

volume in the picosecond laser-irradiated samples. Fe-EDTA solution without bioglass powder 

was taken as control. Alg is abbreviation for Alginate. 

The average particle size of raw BG powder is in the range of 3.5-4 µm, as shown in DLS- 

analyzed number-weighted size distribution (Figure S19b). However, there are much smaller 

or bigger particles in the SEM images, in a wide range of 200 nm-11 µm (Figure 5-38a). As 

shown in Figure S19c, bimodal particle size distributions were plotted with peaks at 2.0 µm and 

6.3 µm.  
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Figure 5-38: SEM images and EDX spectra of raw BG (a), separated particles centrifuged at 

537 g for 5min from BG dispersed in Fe-EDTA solution (b) via laser fragmentation, (c) size 

distribution of laser processed BG particles. 

To further confirm the size reduction due to the laser-irradiated, the educts were centrifuged in 

the same way and a small fraction of particles was obtained (Figure S19a). ADC results in 

Figure S20a indicated small particles at around 87 nm in the raw BG after centrifugation at 134 

g for 5 min but in low mass intensity. It should be noted that with increased centrifugal force, 
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the small particle concentration was below the detectable threshold. As expected, the particle 

size was significantly reduced via laser fragmentation after 30 passages in a flow-through jet 

reactor, and a pronounced change in morphology could be observed. While large particles 

dominated the unirradiated samples, the irradiated structure exhibits a sponge-like morphology 

with aggregates (insert SEM image of Figure 5-38b), composed of smaller particles in a size 

range of 30-190 nm  (Figure 5-38c). 

Analytical disc centrifugation (ADC) confirmed these results and showed BG nanoparticles, 

with mass-, surface- and number-weighted hydrodynamic size distributions of 28 nm, 27 nm, 

and 26 nm, respectively (Figure 5-39a). The reduced particle size was further evaluated using 

TEM and the results displayed a particle size range of 20-50 nm (Figure 5-39b insert TEM 

image). Similar size-reduction phenomena also occurred in laser fragmentation experiments of 

alginate-Fe-EDTA solutions (Figure S20b). Thus, we confirm a significant size reduction of 

raw bioglass through laser fragmentation at a laser wavelength of 355 nm. 

 

Figure 5-39: Analytical disc centrifugation (ADC) analysis (a), EDX spectra (b) of bioactive 

glass particles laser-irradiated in Fe-EDTA solution (insert TEM image) washed before 

analysis. 

The elemental composition of the bioglass before and after fragmentation was further 

investigated by EDX and XRF. The typical 45S5 bioglass formulation has 45 wt% SiO2-24.5 

wt% Na2O-24.5 wt% CaO-6 wt% P2O5, which is based on the unit of [SiO4] tetrahedron 

forming a network via –Si-O-Si- bridging oxygen bonds where sodium and calcium disrupt as 

modifiers crating non-bridging oxygen bonds [133]. The chemical composition containing Si, 

Ca, P, Na, O of raw bioglass powder was measured and is depicted in Figure 5-38a and S21a. 
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Here we found a good correlation between the nominal and the measured compositions as 

compared to the values listed in Table S1. The products after laser irradiation in the presence 

of Fe-EDTA were found to be doped with Fe ions as the marks in Figure 5-38b, as well as in 

Figure 5-39b and Figure S21b. 

Figure 5-40 shows the individual element variations of exemplary samples as weight and atom 

concentration based on EDX analysis. The irradiated samples were found to be significantly 

depleted in Na and Ca concentration, with a 5.6-14 and 1.7-1.9 fold loss in atomic composition, 

respectively. However, they were enriched with iron up to 25 wt%. Based on these findings, 

we may conclude that Fe ions replace the network modifier ions (Na, Ca) during laser-

irradiation process. The ratio of Ca/P slightly decreased in the laser-irradiated samples from 8.6 

to 11.5; however, it is still far higher than the proportional component in hydroxyapatite (Ca/P 

= 1.67) [133]. Even though we observe a very pronounced increase in iron loading, based on 

the current experimental design, we cannot differentiate whether the iron was incorporated by 

laser irradiation or chemically introduced as previously discussed. Thereto, we analyzed a 

control sample where raw bioglass was just mixed with Fe-EDTA (without irradiation) and 

consecutively washed similar to the irradiated sample. These samples also exhibited a 

significant iron doping up to 3 at. % and 11 wt.%. However, it was around 50% lower than that 

of the irradiated sample. Based on this, we may conclude that both chemical and laser 

irradiation contributed to the observed Fe doping in the BG particles. 

 

Figure 5-40: Energy-dispersive X-ray spectroscopy (EDX) analysis showing the atomic (a) and 

weight (b) concentration for each element present in BG educts, BG directly mixing with Fe 

ions solution. 
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We further analyzed the crystallinity of the BG particles by XRD in order to probe whether the 

predominantly amorphous BG structure would be affected by the laser treatment and the 

presence of the high amounts of iron. In literature, magnetite phases (Fe3O4), maghemite (γ-

Fe2O3) in addition to FeO phase are frequently found in calcium phosphate particles doped with 

iron [49, 51]. Furthermore, there are two commonly reported crystalline phases, Na6Ca3Si6O18 

and Na2Ca4(PO4)2SiO4, frequently found in raw 45S5 bioglass during sintering or heat-

treatment [268, 269]. The measured XRD diffractograms of 45S5 BG before and after laser 

treatment is dominated by a broad band at 32o, while no potential reflexes associated to common 

crystalline phases were observable (Figure 5-41a). Based on these findings it may be concluded 

that the BG retained its amorphous structure following laser irradiation. 

The FTIR spectra of raw and laser-irradiated BG powders are presented in Figure 5-41b. The 

bioglass educts exhibit peaks at 1000 cm-1 and 908 cm-1, which could be corresponding to the 

groups of Si-O-Si or PO4
3-, and vibration of Si-O nonbonding oxygen (NBO), respectively 

[270]. The peak at 1440 cm-1 can be assigned to symmetric stretching vibration of P-O [43]. It 

should be noted that the peak intensity at 1000 cm-1 was stronger and the peak at 908 cm-1 was 

shifted to 874 cm-1 in the laser processed BG-Fe-EDTA. The new peak at 1646 cm-1 may be 

attributed to the replacement of phosphorous with another ion, like Fe [43]. 

 

Figure 5-41: XRD spectra showing four crystalline phases from literature as cited above (a) and 

FTIR spectra (b) of BG educts powder and BG in Fe-EDTA solution processed via laser 

fragmentation. Samples were washed before analysis. 

The scaling up of nanoscopic bioglass productivity is still a challenge. In previous experiments 

we could verify that laser fragmentation in liquid can reduce BG particle size and incorporate 

foreign elements like iron, however, the yield of bioglass particles smaller than 1 µm is equally 
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important for potential applicability. Therefore, BG particles after laser fragmentation were 

separated at different centrifugation parameters and the particle size of the obtained supernatant 

was measured using DLS (Figure S22). Based on these findings it may be concluded that 

centrifugation at 34 g for 5 min resulted in a quantitative separation of particles smaller than 1 

µm. Supernatant and pellets obtained under these conditions were consecutively used for 

gravimetric yield evaluation. 

In an initial approach, we evaluated the yield of small particles (< 1 µm) in correlation with the 

number of passages Figure S23. We found a steep increase of the fragmentation yield within 

the first 10 passages and saturation after the 30th passage at a yield of 5%. Therefore, 30 

passages were used in all fragmentation experiments unless otherwise stated. It should be noted 

that the yield value is 0.04% without adding Fe ions as light-absorbing agent. Cu2+ was taken 

as light-absorbing agent control, one can see no significant absorption peak at 355 nm and the 

resulting yield is around 0.036%, which is not enhanced much compared to the raw educt in 

water (Figure 5-37b). As mentioned above, this low yield was due to the inefficient absorption 

of laser energy. The efficiency was however improved in the presence of Fe ions due to the iron 

ions’ absorption capability as Figure 5-37c shown. Hence, laser energy absorbing ions are a 

prerequisite for successful fragmentation. Furthermore, as Figure 5-42 reveals, the yield 

enhancement of small BG particles after laser fragmentation was around 8%. It should be 

mentioned that the weight of final BG products was subtracted from the initial gravimetric 

weight of alginate. The results may be attributed to the 79% increase in laser energy absorption 

(Figure 5-37c). Another factor is the increased number of pulses per volume resulting from the 

decreased volume flow rate (Figure 5-37d). As BG particles downsized from micrometers to 

50 nm, the increased surface area (44 m2/g) of the samples would lead to a high reactivity of 

glass surface and accelerate their interaction with tissue [136]. The yield of BG nanoparticles 

is measurable and the obtained products can be considered as a promising material for bone 

tissue engineering. 
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Figure 5-42: Yield of bioactive glass particles smaller than 1 µm in water, Cu2+ solution controls 

and Fe-EDTA solution as light-absorbing agent processed by nanosecond or picosecond laser. 

In a final experimental series, we compared the influence of different lasers with ps and ns pulse 

durations on the yield of particles smaller than 1 µm. Figure 5-42 compares the yield of 

picosecond (4%) and nanosecond laser sources (5%). The used laser parameters are listed in 

Table 4-4. The nanosecond laser is with high power at moderate repetition rates and has high 

laser fluence. Further, laser fluence of nanosecond laser is around 9 times higher than that of 

the picosecond laser. Given all these information, we suppose the high fluence of nanosecond 

laser contributed to a slightly higher yield. 

Even though the size reduction of BG microparticles can be achieved with both pico- and 

nanosecond laser, the mechanism could be different. SEM images of the fragmentation products 

reveal (Figure 5-43b) that the morphology of BG particles produced by picosecond laser is 

dominated by irregularly shaped particles. On the other hand, when nanosecond lasers were 

used (detailed information was shown in Table 4-4), most morphology was similar. However, 

some melting of the edges occurred, as shown by the red-circle markings in Figure 5-43. In 

both cases, the particles were highly aggregated, which is a frequently found phenomenon for 

BG [8, 136]. 

As described previously, the size reduction during LFL is a complex process and well 

understood for metal particles, though under explored for low-density amorphous structures 

like BG. Based on previous findings for metal particles, fragmentation is believed to be either 

the consequence of photothermal evaporation or Coulomb explosion, which depends on the 

pulse duration (τp), laser energy density and electron-phonon coupling time (τe-p) [271]. In case 
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of τp>>τe-p, it is mainly heating and melting, while at τp≈τe-p, it is partial evaporation and 

fragmentation, and for τp<<τe-p. Coulomb explosion is predicted to be the dominant mechanism. 

However, there is no reported τe-p value of 45S5 bioglass. Here a thermomechanical shockwave 

induced mechanism is conceivable (Figure 5-43a). It would start with local heating of the BG 

particles, particularly in the vicinity of adsorbed ion precursors. This would initiate a thermally-

induced shockwave, which can propagate into the solid particle and would be reflected at the 

corresponding particle edges. The result would be a mechanically-induced particle 

fragmentation of the brittle BG particles. Similar processes may also occur in the case of 

nanosecond pulses, however, the higher optical penetration depth and the longer lifetime of the 

laser pulse may initiate the observed melting artifacts. 

 

Figure 5-43: (a) Proposed mechanism of nanosized bioglass fragmented by pico or nanosecond 

laser; (b) SEM images of bioactive glasses produced by pico- or nanosecond laser. 

In vitro dissolution is vital to investigate the therapeutic ion release from bioglass and predict 

their bioactive responses since metal ion release could trigger osteogenic gene expression [39, 

272]. A number of factors such as bioglass type, dissolution medium, particle size would 
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influence dissolution. Sepulveda et al. [273] compared 45S5 and 58S bioglass with fine (5-20 

µm), medium (90-300 µm), coarse sizes (90-710 µm) in different culture medium and not 

surprisingly the highest dissolution rate was found in fine powders. Arango-Ospina et al. [274] 

investigated the dissolution process of ICIE 16 bioglass in simulated body fluids or Tris 

solutions under static or dynamic conditions. In both the media, there was similar ion 

dissolution and pH increase. With increasingly doped boron amounts in the bioglass, they 

obtained a faster dissolution rate in all media. 

Consequently, we analyzed the dissolution of Ca2+ ions from unprocessed and laser-processed 

bioglass samples and observed a steep increase in pH for all the samples, more pronounced for 

the raw bioglass in contrast to the irradiated sample which is partially substituted with iron 

(Figure 5-44a). In the unprocessed BG educts pH increased to 7.85, while the pH for the laser-

irradiated suspensions remained below 7.5 after 144 hours. 

 

Figure 5-44: Ca2+ ion dissolution profiles of various bioglass powders (45 mg) in 30 mL of 50 

mM Tris-HCl buffer as a function of incubation time at 37oC under static conditions. 

During the normal dissolution process of BG in aqueous media, Ca2+, Na+ ions are exchanged 

with H3O
+ protons from the buffer. For this reason, the pH increases, especially during the first 

few hours. The acidic conditions in the case of laser-fabricated BG spiked with Fe addition and 

could be attributed to the fact that there are significantly less sodium ions present in this sample 

(Figure 5-40) and hence the replacement reaction with H3O
+ is less pronounced. It is well 

known from literature that this reaction is dominated by Na+ and not Ca2+ [275]. This kind of 

sodium “pre-wash” may enhance in vitro biocompatibility, considering sodium not being 

necessary for glass bioactivity [276]. Another reason might be the parallel release of iron ions 



5 Results and Discussion 

111 

 

from the laser-processed hydrogel, which would make the aqueous medium more acidic, as 

specified previously. Of note, the released Ca2+ concentration is relative. The Ca2+ release 

kinetics, on the other hand, showed a burst release after 1 h (first point in Figure 5-44b), which 

is slightly more pronounced in the laser-irradiated sample while both samples reach a similar 

saturation concentration after 10 h. This stronger Ca2+ burst release in the laser-irradiated 

sample may be attributed to the higher surface area and hence the higher solubility of the BG 

particles due to smaller particle sizes. This effect seems to be dominant as a quicker release in 

a diffusion-based mechanism would be expected for the unprocessed sample, as it possesses a 

higher calcium content according to Figure 5-40. 
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6 Summary 

Designing of tissue engineering scaffolds for different organs is intricate, and the interaction 

with trigger factors and cells makes it more complicated. Nanoparticle-polymer composites 

hold great potentials in application of scaffold development, due to their biodegradation, 

biocompatibility, easy processing, and fabrication. Laser-based synthesis has already been 

proven to be a versatile technique in nanotechnology. This work was mainly focused on the 

systematic design, fabrication, and characterization of Au, Fe, bioactive glass nanoparticles, 

and Au/FeNPs -TPU, collagen, alginate polymer composites. This work tried to contribute to a 

better understanding of their relationship between nanoparticle effects and physicochemical and 

mechanical properties of polymers. In particular, the triple network of alginate-fibrin, FeNPs, 

and serum protein coatings were investigated for endothelialization. 

In this thesis, firstly nanoparticles’ power-specific productivity in various polymer solutions 

was evaluated (chapter 5.1). It turns out that this technique enables to produce a measurable 

level of NPs. The highest laser-specific productivity of AuNPs and FeNPs obtained in the 

alginate solution were around 12 mg/h‧W and 5.8 mg/h‧W, respectively. Compared to FeNPs, 

the productivity of laser-ablated AuNPs was higher due to the high density and efficient light-

absorption of the Au target. Low NPs productivity was usually found in organic solvents that 

could generate gases such as CH4 and CO2 and these bubbles could shield the incoming laser 

beam. Apart from solvents, the viscosity and turbidity of polymer solutions also play a key role 

in NP productivity rather than density. The high viscosity and turbidity of liquids usually lower 

the laser efficiency. Importantly, polymers have a minor degradation level during the laser 

ablation process, as the results of FTIR displayed. The obtained AuNPs had no adverse effects 

on the gelation of collagen molecules (chapter 5.3.4). 

In addition, polymer chains induced a size quenching effect that was observed (chapter 5.2.1). 

The average AuNP and FeNP sizes obtained in water was 6.3 nm and 10.6 nm, respectively. 

While in organic solvents like THF and acetic acid, there were larger particles (> 60 nm) 

obtained. In the presence of polymer molecules, AuNP and FeNP sizes were reduced to 3.3 nm 

and 8 nm, respectively. Fe oxides particles with a dominated dipolar coupling arrangements 

were also found in the liquid of acetic acid. The XRD patterns demonstrated the existence of a 

certain amount of Fe oxides. 
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The dispersion of particles in the polymer matrix is associated with the properties of composites. 

Accordingly, we utilized laser scanning confocal microscopy to characterize the particles in the 

polymer matrices and demonstrated that they were well-distributed, although agglomerations 

were frequently found. We have further developed this method to measure the co-localization 

of FeNPs and TRITC-labeled serum proteins at separate and typical channels. And it turned out 

that there was an overlay of the detected signals from FeNPs and FBS proteins on the matrix 

and fibrin fibres (chapter 5.2.2). 

Moreover, the embedding of nanoparticles was found to affect the rheological properties of 

alginate and alginate-fibrin hydrogels (chapter 5.3.1). The highest elastic modulus of 12.4 kPa 

was achieved in the sample of 0.09 wt% FeNP loadings in alginate samples cross linked with 

25 mg/mL CaCl2 solution. Such high strength could support the own weights of laser generated 

nanoparticle-alginate composites during 3D printing (chapter 5.4). Furthermore, nanoparticles 

have influences on the physicochemical properties such as wettability, surface charge, porosity, 

and roughness of composites as well (chapter 5.3.2 and 5.3.3). The surface of TPU was 

modified with nanoparticles and it became more negatively charged and hydrophilic. And the 

total ion release concentration from Fe-TPU composites was proportional to the NP mass 

loading (chapter 5.3.5). 

Interestingly, specific Fe ion release kinetics that had a higher relative and total release of Fe 

ions were detected at a relatively low mass loading of Fe nanoparticles, specifically in the 

alginate polymer (chapter 5.3.2). This peculiar behaviour is probably attributed to the high 

affinity of the released Fe ions towards the alginate network in contrast to its Zn and Cu analog. 

It constitutes a finding highly relevant for the understanding of ion release processes of 

nanocomposites and could significantly improve the design of medically relevant ion release 

systems where less is more and low loadings can lead to higher impact. As these biologically 

relevant nanocomposites are quite effective at low loadings far below 0.1 wt% (e.g. as low as 

1000 ppm for Fe-alginate), laser ablation in liquid can be efficiently used for large-scale 

production of these materials. Hence, we further studied the triple modification of alginate 

hydrogels with FeNPs, fibrin, and FBS coatings (chapter 5.3.3). It was demonstrated that the 

synergistic effect of fibrin, Fe-NPs, and serum proteins contributed to a confluent 

endothelialization and displayed a promising material for stent coating. 

Finally, we have successfully downsized and Fe doped 45S5 bioactive glass from micrometers 

(3.5 -11 µm) to below 50 nm by applying laser fragmentation method using Fe ions as light-
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absorbing agent (chapter 5.5). 45S5 bioactive glass acts as an attractive biomaterial in bone 

regeneration. Nanosized particles with a large surface area (44 m2/g) could enhance and support 

the healing process of bone defects (chapter 3.3). The mechanism of laser-irradiated nanoscopic 

bioglass depended on the laser duration: thermally-induced shock wave was dominated when 

using picosecond laser and its thermal effects and melting that dominated with nanosecond laser. 

This fabrication process is simple, rapid, and incorporates metallic ions into the bioglass 

composition in one step. The laser processed 45S5 glass sample shows a rapid Ca2+ dissolution 

in the pH range of 7.0-7.4, indicating faster apatite formation. Apatite is an essential constituent 

for bone regeneration. 

In conclusion, a series of experiments has been performed to provide a fundamental 

understanding on the behaviours of nanocomposites. This work demonstrates that the laser 

ablation method is a promising strategy to produce metal nanoparticle polymer (alginate 

hydrogel, collagen and thermoplastic polyurethane) composites with efficient productivity, 

while laser fragmentation is powerful to downsize the BG particles. Metal nanoparticles can 

alter the physicochemical and mechanical properties of composites. Moreover, nanoparticle-

alginate composites are capable of being 3D printable educts for biological applications. A 

potential application for the triple network of FeNPs, fibrin, FBS in alginate is in the stent 

coatings. With promising results, the presently prepared composites reveal a great potential for 

applications in tissue engineering and bioactive ion delivery, where a controlled release of metal 

ions could induce beneficial effects on the cellular response. 
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7 Outlook 

Despite the remarkable progress made in this work, further scaling up of NP productivity in 

polymer solution remains a challenge. Notably, neither increasing the laser power nor the 

scanning speed is ideal for a higher productivity and it is costly. However, NP productivities 

were found higher in the pure solvents such as water and THF. Therefore, we could firstly 

produce NPs in pure solvents and then mix them with various polymers to obtain composites. 

Thus, the particle stability, distribution, and effects on the properties of the final composites are 

to be further investigated. 

Regarding the production of nanoscopic bioglass in much higher productivity, manipulation of 

the laser energy profile, and other types of jet geometries, for example, flat jet, might be an 

option. Another drawback in this part work is the lack of experiments on angiogenic and 

osteogenic properties of BG. However, the initial step of in vitro cell viabilities was conducted, 

as illustrated in Figure S25. This result underlines that even higher particle content does not 

have a toxic impact on cell viability. Overall, all samples have high viability of over 80% 

compared to the control. 

With the scope of our presented work, we hypothesized that the Fe ion release played a key role 

in the protein adsorption process and the following biological response. But there is no direct 

proof. Therefore, to characterize the interaction between metal ions and proteins is a tricky 

problem. Although the fragment transformation method can be used to predict the metal ion-

binding sites of proteins [277], its accuracy needs improving. Recently researchers utilized 

atomic force microscopy and standalone software AFMech Suite to describe the interface 

bonding between bacteria and supporting surface of poly(N-isopropylamide) (PNIPAM) 

hydrogels [278]. This technique has a scope to investigate the bonding between ions and 

proteins or cells. 
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9 Appendix 

9.1 Supporting information 

 

Figure S1: Calibration line of Bradford assay to determine unknown collagen concentration. (a) 

Bradford reagent and collagen are 1.3 mL and 0.2 mL. (b) Bradford reagent and collagen are 

1.4 mL and 0.1 mL.  

 

Figure S2: Calibration curves (b) for standard BSA protein plotted from the absorbance at 595 

nm of UV-Vis spectra (a). This calibration line is to calculate the unknown protein 

concentrations.  
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Figure S3: (a-d) UV-Vis spectra of nanoparticle-alginate, nanoparticle-TPU composites 

solutions; (e) Digital photographs of laser-ablated nanoparticles in collagen and PLGA 

polymers. 
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Figure S4: Dynamic light scattering (DLS) analysis of laser-generated Au and Fe in the various 

alginate solutions. The calculated surface-distributed particle size was summarized. 

 

Figure S5: Dynamic light scattering (DLS) analysis of Au collagen composites generated as the 

variation of collagen amounts (a) and acetic acid concentrations (b). Number-weighted 

distributions was used here. 

Characterization of Au/Fe nanoparticles in collagen soultions 

SPR peak of different solutions is constant at 526 nm in varying acetic acid concentrations 

(Figure S6c). Primary-particle-index (PPI) was firstly proposed by Rehbock et al. and defined 

as the ratio of interband absorption at λ = 380 nm and the scattering signal of aggregates, 

agglomerates and larger particles at λ = 800 nm to quantify the degree of aggregation of the 

NPs [279]. The PPI is by far largest at 100 mM acetic acid (about 10). In the range of pH 5-10, 

the PPI value increased with the increasing pH contributing to the decreased aggregation and 

enhanced stability of the examined Au colloids [279]. When collagen concentrations went 
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higher which affected UV-Vis spectra and PPI value is not suitable to evaluate particles' 

stability any longer. 

 

Figure S6: (a) UV-Vis spectra of Fe-collagen composites, (b) representative TEM images of 

FeNPs laser generated in collagen solutions; UV-Vis spectra of Au-collagen composite 

solutions as a function of acetic acid (c) and collagen concentration(d); Primary particle index 

(PPI), maximum SPR peaks as a function of acetic acid (e) and collagen concentration (f). 
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Confocal images of Au/Fe nanoparticles in collagen gels 

Similar to the alginate hydrogels, there are also AuNP agglomerates in collagen composites. 

The detectable Fe signals are weaker compared to AuNPs. Moreover, in the fluorescence mode, 

AuNPs can be also observed as shown by circles in Figure S7c. However, it is impossible to 

measure FeNPs in fluorescence mode. This may not only due to the surface plasmon resonance 

of AuNPs but also the weak Fe signals. 

 

Figure S7: Confocal microscopy images of gelated Au-collagen (a), Fe-collagen composite gels 

(b) measured in reflection mode, and observed Au-collagen gels in fluorescence mode (c). 
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Damping factor (tanδ) of Au/Fe nanoparticles alginate hydrogels 

Samples in Figure S8a, b were cross-linked with 25 mg/mL CaCl2 solution. It seemed that the 

embedding of Au or FeNPs significantly affected the damping factor of pure alginate but not 

their quantity. In contrast, this value climbed up with increasing Ca2+ concentration. It is 

predicted that the concentrations of cross linkers have influences on the printing quality, more 

than that of nanoparticle loadings in alginate [128].  

 

Figure S8: Dependence of tanδ of alginate, Au-alginate (a), Fe-alginate (b), and Fe-alginate 

cross-link with various CaCl2 solutions (c) at different angular frequencies in rad/s. 
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Figure S9: SEM images of alginate (a), TPU (b), Fe-alginate (c), and Fe-TPU (d). The 

microstructure of samples was characterized by scanning electron microscopy. 

 

Figure S10: Water contact angles of different loadings of Au and Fe nanoparticles in alginate. 
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Figure S11: Long-term Fe ion release kinetics in the air-saturated buffer: (a) released Fe ion 

concentration of Fe-alginate composites and the controls, (b) released mass percent of different 

Fe nanoparticles amount in alginate. 

 

Figure S12: Long-term ion release kinetics in the air-saturated buffer: (a) released Zn and Cu 

ion concentration of nanoparticle-alginate composite, (b) ions released percent of different 

nanoparticles amount in alginate, (c) maximum ion concentration, and (d) maximum ion 

released percent of different nanoparticles amount in 1.5% m/v alginate. 



9 Appendix 

145 

 

 

Figure S13: XRD patterns of alginate and 22.8wt% Fe-alginate. 

 

Figure S14: Collagen I protein adsorption percentage on the nanoparticle-alginate gels. 
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Figure S15: Typical images of endothelial cell proliferation and morphology on various alginate 

hydrogel films after storage for 8 days assessed by live-dead staining. Scale bars are 100 µm. 



9 Appendix 

147 

 

 

Figure S16: SEM images of raw collagen (a) and gelated Au-collagen composites (b).  

 

Figure S17: Water contact angles of different loadings of Au and Fe nanoparticles in TPU.  
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Figure S18: pH values of the as-prepared reaction mixtures with respect to bioactive glass 

concentration. 

 

Figure S19: (a) UV-Vis spectra of raw BG supernatant centrifuged at 4000 rpm for 5 min; (b) 

Number- size distribution of raw bioglass detected by dynamic light scattering (DLS). Number- 

(c) and mass- (d) size distribution of BG educts measured from SEM images. Spherical BG 

particles were assumed in this case. 



9 Appendix 

149 

 

 

Figure S20: ADC resulted size distribution of raw BG educts (a) and laser irradiated bioactive 

glass particles in Fe-EDTA solution mixing with 0.2% alginate (b). 

Table S1 Energy-dispersive X-ray spectroscopy (EDX) analysis showing the value of weight 

and atomic concentration for each element present in samples. We compared Fe contents in the 

sample of BG with Fe ions solution via laser irradiation and the control was directly mixing 

with Fe ions solution.  

Element BG educts Laser irradiated BG  unirradiated control 

Wt. (%) At (%) Wt. (%) At (%) Wt. (%) At (%) 

O 41.1±0.3 56.6±0.4 41.8±0.3 63.1±0.4 32.9±0.9 50.9±1.2 

Na 14.1±0.1 13.5±0.1 2.5±0.1 2.7±0.1 12.2±0.3 12.6±0.3 

Si 21.2±0.1 16.6±0.1 18.6±0.1 15.9±0.1 27.3±1.2 23.2±1.0 

P 1.9±0.1 1.4±0.1 1.0±0.1 0.8±0.1 2.2±0.2 1.7±0.1 

Ca 21.7±0.3 11.9±0.2 11.5±0.2 6.9±0.1 14.5±0.3 8.6±0.2 

Fe - - 24.6±0.6 10.6±0.3 11.0±0.7 3.0±1.5 
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Figure S21: X-ray fluorescence (XRF) spectrum of raw bioglass powder (a) and laser 

fragmentation bioglass dispersed in iron ions solution after washing (b).  
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Figure S22: DLS analyzed the hydrodynamic diameter of BG particles at different centrifuged 

speed.  

 

Figure S23: Yield of BG particles smaller than 1 µm in the condition of different laser irradiated 

passages. 
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Figure S24: Calibration line for determining the Ca2+ ion release from bioglass powders. 

In vitro biocompatibility 

In vitro characterization of cell-loaded hydrogels was performed to determine the 

biocompatibility of the incorporated BG particles. For cell culture studies MG-63 osteoblast-

like cells (Sigma-Aldrich, Germany) as an adequate model for bone cells were used. DMEM 

culture medium (Dulbecco’s modified Eagle’s medium, Gibco Germany) was supplemented 

with 10% (w/v) fetal bovine serum and 1% (w/v) penicillin-streptomycin. The cells and cell 

samples were incubated at cell culture conditions (37°C, 5% CO2, humidified conditions). The 

cell density was set to 1 x 106 cells/ml hydrogel. 100 µl of the cell-loaded hydrogel 

compositions was pipetted into each 48-well and cross-linked with 0.1 M CaCl2 for 10 min. As 

a control pure (particle-free) alginate 1.5% (w/v) was prepared. All samples were covered with 

the culture medium and incubated for up to 7 days. Culture medium was changed every two 

days.  

To assess the viability of cells, live staining was performed with Calcein AM after 1 and 7 days 

of cultivation, and nuclei were visualized by blue nucleic acid stain, DAPI. The images of 

Calcein-DAPI stained cells were taken by fluorescence microscope (Axio Scope A.1, Carl Zeiss 

Microimaging GmbH, Germany). Fluorescence images were used for cell counting, which was 

performed using ImageJ software. Statistical analysis of cell viability was accomplished by 

one-way analysis of variance (ANOVA, Bonferroni’s test.  

In Figure S25a, fluorescence microscope images of Calcein/DAPI staining of MG-63 osteoblast 

like cells incorporated in different hydrogel compositions are shown.  The cell viability 
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percentage of investigated samples are visible (Figure S25b). Slightly higher cell viability for 

samples 4, 6 and 7 for day 1 could be observed. However, the results are not significantly 

different. Thus, an increase of particles concentration from 0.1% (w/v) to 0.5% (w/v) seems not 

to change the cell viability. This result underlines that even a higher particle content does not 

have a negative impact on cell viability and seems not to have a toxic influence. Overall, all 

samples have high viability of over 80% compared to the pure alginate 1.5% (w/v) control 

sample.  

 

Figure S25: Cell viability percentage on the investigated samples. For all samples, n=9 technical 

replicates were prepared. The results are calculated as mean values ± standard deviation. No 

statistically significant difference was found by one-way analysis of variance (ANOVA). This 

experiment was carried out by coworker Faina Bider, Institute of Biomaterials, Department of 

Materials Science and Engineering, University of Erlangen-Nuremberg. Supervisor: Prof. Dr. 

Aldo R. Boccaccini 
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9.2 List of abbreviations and physical variables 

List of abbreviations 

AIS aggregation-induced scattering 

ADC analytical disc centrifugation 

AFM atomic force microscopy 

AuNPs gold nanoparticles 

BG bioactive glass 

BSA bovine serum albumin 

CBB Coomassie brilliant blue G-250 dye 

Conc. concentration 

DLS dynamical light scattering 

EC endothelial cells 

ECM extracellular matrix 

EDC 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide 

EDTA Ethylenediaminetetraacetic acid 

EDX energy-dispersive X-ray spectroscopy 

FBS fetal bovine serum 

FeNPs iron nanoparticles 

FTIR Fourier-transform infrared 

G α-L-guluronate 

GTA glutaraldehyde 

HAP hydroxyapatite 

HUVEC human umbilical cord vein endothelial cells 

ICP-MS inductively coupled plasma mass spectrometry 

IEP isoelectric point 

LAL laser ablation in liquids 

LFL laser fragmentation in liquids 

LSCM laser scanning confocal microscopy 

 
M β-D-mannuronate 

MSCs mesenchymal stem cells  

NHS N-hydroxysuccinimide 

NP nanoparticle 

PA polyalanine 
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PBS phosphate-buffered saline 

PDI polydispersity index 

PGA polyglycolic acid  

PIPES piperazin-N,N′-bis(2- ethansulfonsäure) 

PLGA poly(lactic-co-glycolic acid) 

PMT photomultiplier tube 

PPI primary-particle-index 

PTFE polytetrafluoroethylene 

rpm revolution(s) per minute 

SEM scanning electron microscopy 

SPC serum protein coating  

SPR surface plasmon resonance 

TE tissue engineering 

TEM transmission electron microscopy 

THF tetrahydrofuran 

TLD transmittance light detector 

TPU thermoplastic polyurethane 

TRITC tetramethylrhodamine 

UV-Vis ultraviolet visible 

XRD X-ray diffraction 
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Physical parameters used in this thesis  

 

Symbol Description Unit 

δ indentation  

ε strain  

θ angle o 

σ stress Pa 

λ wavelength  m 

C concentration mg/mL, mol/L 

D pore size m 

E elastic modulus Pa 

F force N 

G′ storage modulus Pa 

G″ loss modulus Pa 

Ksp solubility product constant  

NA Avogadro number 6.02×1023 mol−1 

ρ density g/cm3 

p significance levels  

P porosity  

q metal mass in alginate mol/kg 

Qe adsorption capacity mg/g 
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Symbol Description Unit 

R gas constant  

S swelling ratio  

Ra mean roughness m 

Rq root mean square roughness m 

tanδ loss or damping factor  

Rt maximum peak to valley height m 

T temperature in Kelvin K 

υ Poisson’s ratio  

V volume m3 

W weight kg 

w2 standard deviation  

ω angular frequency rad/s 

xc average particle diameter m 
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