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List of abbreviations 

3D     Three dimensional 

8PEG    8arm star-shaped poly(ethylene glycol) with acrylate-end groups  

8PEG-NH3    Hydrogels synthesized by mixing of 8PEG and NH3  

8PEG-UV   The UV-curing 8PEG hydrogels via photopolymerization 

Au NPs    Gold nanoparticles 

AFM     Atomic force microscopy 

APTES    (3-aminopropyl) triethoxysilane 

BC     Before Christ 

BSA     Bovine serum albumin 

CNTs     Carbon nanotubes  

CVD     Chemical vapor deposition 

DTT     DL-dithiothreitol 

DAPI     4’,6‐diamidino‐2‐phenylindole 

DMEM    Dulbecco’s modified eagle’s medium 

DNA     Deoxyribonucleic acid 

e.g.     exempli gratia 

et al.     et altera 

ECM     Extracellular matrix  

FA     Focal adhesion 

FBS     Fetal bovine serum 

FDA     Fluorescein diacetate 
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FN     Fibronectin     

FTIR     Fourier transform infrared spectroscopy 

GO     Graphene oxide  

h     hour 

i.e.     id est 

HA     Hyaluronic acid  

LDH     Lactate dehydrogenase 

MTT             3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide 

Mw     Molecular weight 

NPs     Nanoparticles  

PBS     Phosphate buffered saline solution 

PEG     Poly(ethylene glycol) 

PVA     Poly(vinyl alcohol)  

PAA     Polyacrylic acid  

PI      Propidium iodide 

PLL     Poly(L-lysine)  

PNIPAAm    Poly(N-isopropylacrylamide)  

QDs     Quantum dots 

RPMI     Roswell park memorial institute 

r.t.      room temperature 

RGD    Tripepti acid arginine–glycine–aspartic  

SAMs     Self-assembled monolayers 

SEM     Scanning electron microscope 

https://en.wikipedia.org/wiki/Quantum_dots
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starPEG    Star-shaped poly(ethylene glycol) 

-SH     Thiol 

TEM     Transmission electron microscope 

TCPS     Tissue culture polystyrene 

UV     Ultraviolet 

UV-vis        Ultraviolet-visible 

VN     Vitronectin 

VS     Vinyl sulfone 

V/V     Volume/Volume 

W/V    Weight/Volume 
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Scope and organization of the thesis 

The overall topic of this thesis is Synthesis of Gold Nanoparticle-Hydrogel 

Nanocomposites with Controlled Cytotoxicity and Unique Cell-Adhesive Properties. In 

recent years, the properties and structure of gold nanoparticles (Au NPs) make them useful for 

a wide array of biological applications. However, studies to address their potential cytotoxicity 

and control cell behaviors are few in comparison. In the present work, the cytotoxicity effects 

of Au NPs with different sizes have been firstly studied. Subsequently, these Au NPs have 

been immobilized or patterned on the cyto-compatible hydrogels to synthesize novel 

nanocomposite hydrogels, which have been applied in cancer treatment, and to control cell 

behavior mainly on cell adhesion. 

In Chapter 1, the properties of Au NPs and their chemical assays, biomedical and medicine 

applications are introduced. Different methods for study of cytotoxicity of Au NPs are briefly 

discussed. Secondly, several preparation approaches of nanocomposite hydrogels and their 

biomedical applications are introduced. At last, some factors for controlling cell adhesion on 

the different hydrogels are discussed. 

In Chapter 2, Au NPs with different sizes are synthesized, and their cytotoxic effects to 

murine fibroblast L-929 and murine osteoblastic cell lines MC3T3-E1 are investigated by 

Trypan blue assay, Live/dead staining assay and MTT assay. 

In Chapter 3, based on the results of cytotoxicity of Au NPs, new genipin-crosslinked 

chitosan-gold nanocomposite hydrogels are fabricated, which are applied in killing cancerous 

cells by using Au NPs with small size released from these nanocomposite hydrogels at acidic 

pH environment.  

In Chapter 4, four different PEG-based hydrogels (i.e., 3BC-UV, PEG575-UV, 8PEG-UV and 

8PEG-VS-SH hydrogels) are utilized as substrate to immobilize Au NPs by transferring from 

silicon wafers to hydrogels. The transfer efficiency by this nano-contact transfer method is 

then compared.  
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In Chapter 5, a novel 8PEG-VS-SH hydrogel is selected as a substrate to immobilize Au NPs, 

owing to the strong Au-S bond between Au NPs and 8PEG-VS-SH hydrogel. Au NPs with 

different densities are immobilized on hydrogels to prepare nanocomposite hydrogels, which 

are further applied in controlling murine fibroblasts L-929 adhesion. 

In Chapter 6, a “micro-contact deprinting method” is developed to pattern Au NPs on 8PEG-

VS-SH hydrogels. Cell adhesion is controlled on these hydrogels by the patterned Au NPs 

lines in an ordered way.
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Introduction 

Nanomaterials have been categorized as those materials, which have structured components 

with at least one dimension between 1 and 100 nm.1 Gold nanoparticles (Au NPs) as widely 

used and important nanomaterials have been utilized to combine with hydrogels to fabricate 

novel nanocomposite materials. Owing to unique physical, mechanical and chemical 

properties, these nanocomposite materials are applied in cell behavior studies. Thus, the 

background information about Au NPs and hydrogels is given in this chapter for further 

understanding and evaluating the experimental results obtained in the present thesis.  

In this work, the following questions are tried to be answered. When Au NPs based composite 

hydrogels are incubated with cells, how do these novel composite hydrogels influence the 

cellular behavior? Would the cells directly interact with the surface of these composite 

hydrogels? In addition, would these nanocomposite hydrogels properly mimic Extracellular 

Matrix (ECM), which can adjust cell adhesion and tune the consequent responses such as 

spreading, proliferation and differentiation by tuning the physical and chemical properties of 

surface of the composite hydrogels? 

1. Gold Nanoparticles 

The rapid growth area in nanomaterials is to stimulate research concerning the impacts of 

manufactured nanomaterials, which are materials that have structural components smaller than 

1 micrometer in at least one dimension.2 Nowadays, numerous nanomaterials have been 

reported, including natural materials (e.g. protein, carbon and cellulose)3 and inorganic 

nanomaterials (e.g. graphene, metal nanoparticles, quantum dots and nanogels).4–10 Among 

these nanomaterials, Au NPs exhibit unique advantages such as inert, stable, optical and 

catalytic properties, which is the most important property in the present research of 

nanomaterials.11,12 Au NPs have a rich history in chemistry. Dating back to ancient Roman 

times, Au NPs have already been used to stain glasses for decorative purposes.13 The first 

information on colloidal gold can be found in tracts by Chinese and Indian scientists, who tried 

to attain colloidal gold as early as in the fifth-fourth centuries BC. They utilized it for medical 

https://en.wikipedia.org/wiki/Nanorods
https://en.wikipedia.org/wiki/Quantum_dots
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purposes (Indian “liquid gold”, Chinese “gold solution”) and other functions. In the middle 

ages in Europe, colloidal gold was studied and employed in alchemists’ laboratories.14 With 

the development of nanomaterials, Au NPs have been widely used in the field of chemistry, 

biology and medicine.15,16 

1.1 Au NPs for chemical assay application 

Au NPs with an appropriate size (d > 3.5 nm) can aggregate to induce inter-particle surface 

plasmon coupling, resulting in the solution color changing from red or purple to blue at even 

nanomolar concentration, which can be directly observed by eyes.17 This provides a practical 

platform for absorption-based colorimetric assaying of any target analyte (e.g. metal irons or 

cancerous cells) that directly or indirectly triggers the Au NPs aggregation in a few seconds. 

For instance, Tan et al. used aptamer-conjugated Au NPs to sensitively detect acute leukemia 

cells CCRF-CEM via a simple colorimetric method (Figure 1), which combines with the 

selectivity and affinity of aptamers as well as the spectroscopic advantages of Au NPs.18 

 

Figure 1: Schematic depiction of red-to-blue color colorimetric sensing of metal ions using 
the functionalized Au NPs. Image taken from reference 18. 

1.2 Au NPs for biomedical applications 

For biomedical applications, functionalization of Au NPs with specific ligands is essential in 

most case to specifically interact with cells or biomolecules. A summary of simplified scheme 

for the current biomedical applications of these functionalized Au NPs (GNPs) is shown in 
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Figure 2, which reveals the development of Au NPs in biomedical and medicine applications.14 

In general, Au NPs are an important class of nanomaterials which have already proven to be 

extensively useful in fundamental biological applications. 

 

Figure 2: General scheme for the biomedical applications of Au NPs. Image taken from 
reference 14.  

1.3 Au NPs for medicine application 

Functionalized Au NPs have found their way from detection to therapeutics in today's 

medicine applications based on the functional moieties and their capabilities. An important 

demonstration of the potential of multifunctional Au NPs for drug delivery is the use of 5-

fluorouracil functionalized Au NPs as a delivery vehicle and an active targeting agent for 

leukemic treatment as shown in Figure 3.19,20 By means of the functionalized Au NPs, specific 

cellular targeting and therapy can be achieved in a way that the drug can be targetedly 

delivered and efficiently released. Moreover, Au NPs can be used for the co-administration of 

protein drugs to cure disease by virtue of their ability to cross specific cellular membranes. 

Various kinds of proteins, such as fluorescently labeled heparin, fluorophores, peptides, cell 

adhesion molecules, and antibodies, have been reported to functionalize Au NPs for targeting 

specific tissues, detecting biomolecules or DNA, and tumor imaging.21–25  
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Figure 3: 5-fluorouracil functionalized Au NPs for targeting and killing leukemic cells and 
bacterial cells. Image taken from reference 19. 

Generally, Au NPs can be considered as extraordinary molecular carriers for the targeting, 

intracellular trafficking and delivery of biomolecules, such as DNA, RNA, proteins, peptides, 

drugs, genes and other molecules of therapeutic significance. 

1.4 Toxicity of Au NPs 

In the past few years, the toxicity of nanomaterials, such as Au NPs, quantum dots (QDs), 

nanowires, and nanotubes has been reported.26 Considering the wide usage of Au NPs in many 

fields, knowledge about Au NPs’ potential toxicity and their health impact is essential before 

these nanomaterials are adopted in real clinical settings.27 Simon et al. defined the interaction 

of Au NPs with biological materials in vitro and in vivo as “bioresponse”, as well as the 

illustration of perspectives that arise for the application of Au NPs in biological 

environments.28 Bioresponses of Au NPs are still in the debate, and the interactions  between 

Au NPs and tissue at the cellular, intracellular and molecular levels are remaining poorly 

understood.29,30 Until now, researchers found that Au NPs can enter into cells in a size,31,32 

shape,33 agglomeration34 and surface (ligand/charge/area)35,36 independent manner, causing 

some effects to cells. For instance, Goodman et al. demonstrated that cationic Au NPs were 

moderately toxic, whereas anionic Au NPs were nontoxic.37 
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Nanoparticles could have many adverse effects on a cellular level by interacting with vital cell 

components such as the membrane, nucleus, or mitochondria.38–40 Recently, many researchers 

have focused on the assessment of toxicity of Au NPs in vitro, which is defined as 

cytotoxicity.40,41 Lin et al. showed that Au NPs can be directly adhered to lipid membranes by 

electrostatic interaction and induce structural defects, leading to the penetration of the particles 

into the cells. This open a path for intracellular delivery which bypasses the endocytic 

machinery, meanwhile, causing cytotoxic effects.42 Cell toxicity can be determined by 

MTT/MTS assay, Trypan blue assay, LDH assay, neutral red assay and flow cytometry 

method, which indicate the cellular damage.30,35,43,44  In this thesis, some methods are 

selected to study the cytotoxicity of Au NPs with different sizes, which will be introduced in 

Chapter 2 with more details. 

2.  Biomaterials 

Biomaterials are regarded as material that can be used to treat, enhance or replace any tissue, 

organ, or function in an organism and interact with biological system.45 Most of them are 

polymeric materials.46 Currently, natural and synthetic materials have been extensively 

explored in medical devices, drug delivery systems, and tissue engineering, intended to 

interact with biological systems.45 Materials derived from the natural sources possess the 

biocompatibility, biodegradability, inherent properties of biological recognition properties for 

biomedical applications.47,48 For instance, natural polymers including alginate, collagen, 

pectin,49 hyaluronic acid,50 chitin and chitosan,51 keratin52 and silk (fibrous proteins) from 

silkworms or spiders53 are known to be used for tissue engineering. It should be noted that 

chitosan is the most widely used nontoxic, biocompatible and versatile natural polysaccharide 

after cellulose on earth.54 Li et al. used chitosan-based hydrogel as scaffolds to culture the 

osteoblast cells, and the in vivo study showed that the scaffolds promoted rapid vascularization 

and deposited connective tissue in rats.55 By contrast with natural polymers, synthetic 

polymers offer the potential for improved mechanical properties, repeatability, tunable 

structure, and degradability.56 A broad variety of synthetic polymers, including poly ethylene 

glycol (PEG), poly vinyl alcohol (PVA), polyesters, polyacrylic acid (PAA) and poly N-
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isopropylacrylamide (PNIPAAm), have been designed and synthesized into crosslinked 

networks with molecular-scale control over structure such as crosslinking density and with 

tailored properties (e.g. mechanical strength, and chemical and biological responses to 

stimuli).48,57,58 

2.1 Hydrogels 

Hydrogels comprise the mostly investigated three-dimensional (3D) networks of hydrophilic 

polymers.48 For instance, linear, branched or star-shaped PEG macromonomers (multiarm 

structures) with functional groups, such as methyloxy, carboxyl, amine, thiol, vinyl sulfone, 

acetylene, and acrylate, are versatile for hydrogel formation. Thus, PEG based hydrogels arise 

as a promising tool for promoting tissue regeneration, bone and blood vessel engineering and 

drug delivery systems, due to the controlled mechanical properties, tunable structure and 

degradability, as well as the ability to mimic ECM of tissues.59 In particular, functional PEG 

star polymers are regarded as a particularly interesting class of materials since they represent 

versatile building blocks for structured polymer hydrogels.60 Anseth et al. synthesized a 

peptide- and protein-functionalized four-arm PEG hydrogel to locally influence and promote 

cartilage ECM production over a short period. This functionalized PEG hydrogel is useful in 

applications as a scaffold for in vivo cartilage regeneration.61 In the present study, star-shaped 

PEG molecules (having 8 arms with acrylate end groups; 8PEG) are utilized for preparation 

of hydrogel. 

In this thesis, more detailed information about the PEG hydrogels is presented in Chapter 4 

and Chapter 5. 

2.2 Nanocomposite hydrogels 

Recently, nanocomposite hydrogels, a new class of intelligent material used as biomaterials, 

which are defined as cross-linked polymer networks in the presence of nanoparticles or 

nanostructures, have attracted widespread interests.62 The incorporation of nano-objects into 

hydrogel matrices may lead to extraordinary enhanced mechanical, thermal, electrical, optical 
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and biological properties. As shown in Figure 4, various types of nanostructured building 

blocks such as inorganic/ceramic nanoparticles (silica, silicates, calcium phosphate, 

hydroxyapatite), polymeric nanoparticles (hyper-branched polyesters, cyclodextrins, peptides), 

metal/metal-oxide nanoparticles (gold, silver, magnetic, iron-oxide) and carbon-based 

nanostructures (carbon nanotubes, graphene oxide) can be incorporated into the polymeric 

network to create the reinforced hydrogels.62–67 

 
Figure 4: Nanocomposite hydrogels were created by nanoparticles such as metallic 
nanoparticles and carbon-based nanomaterials combined with the polymeric network. Image 
taken from reference 63. 

The properties of the nanocomposite hydrogels can be easily tailored by manipulating the 

chemical and physical properties of the hydrogel and nanoparticles.67,68 For example, Thomas 

et al. exploited that Ag NPs combined with hydrogels to form functional antibacterial 

nanocomposites, exhibiting excellent antibacterial activity against both Gram-positive and 

Gram-negative bacteria.69 Researchers showed that incorporation of graphene oxide (GO) as 

a nanofiller in PVA hydrogels remarkably improved its tensile strength and thereby provided 

a promising candidate for tissue engineering.70,71 Stegemann et al. reported the addition of 

carbon nanotubes (CNTs) to collagen increased the properties of electrical conductivity, and 

the resultant nanocomposite hydrogels promoted cell viability.72 Volodkin et al. showed that 

after Au NPs incorporated into poly(L-lysine) (PLL) and hyaluronic acid (HA) architecture by 

a chemical crosslinked method, the elastic modulus of these highly swollen polyelectrolyte 
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architectures can be improved by more than 1 order of magnitude, afterwards the composite 

hydrogels have been used as the platform to promote murine fibroblasts L-929 adhesion as 

shown in Figure 5.73  

 

Figure 5: General scheme of the Au NPs HA/PLL hydrogel composites structure for 
controlling cell adhesion; Au NPs (spheres) bind by complexation with PLL (in green) with 
the film. (γ stands for surface concentration of Au NPs). Image taken from reference 73. 

2.3 Methods for preparation of nanocomposite hydrogels  

Several methods have been reported to prepare various kinds of nanocomposite hydrogels. 

The most common methods for preparation of the nanocomposite hydrogels are illustrated in 

the following part: 

2.3.1 Solution mixing method 

A simple technique to prepare polymer nanocomposites is “solution mixing method”. A 

colloidal solution of initiator-functionalized NPs is mixed with aqueous polymer solution 

through mechanical stirring or sonication, followed by solvent evaporation, resulting in the 

entrapment of nanoparticles within the hydrogel networks.74  

2.3.2 In situ method 

Another efficient technique to prepare the nanocomposite hydrogel with uniformly distributed 

nanoparticles is the “in situ” method. After homogeneously mixing the precursor of hydrogels 

in presence of metal ions, the addition of curing agents or the UV free radical for 
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polymerization need to be performed to cure the hydrogel composite. Meanwhile, nearly 

uniformly distributed array of nanoparticles can be obtained within the polymer network.69,75 

2.3.3 Physical or chemical cross-linking method 

The incorporation of nanoparticles in the hydrogel networks can be achieved via physical or 

chemical interactions: the physical interactions are non-covalent in nature and often a result 

of hydrogen bonding, ionic and hydrophobic interactions; the chemical cross-linking is 

permanent due to covalent bonds.76,77 It should be noticed that for this method, the hydrogels 

have to remain in the swollen state.78  

2.3.4 Freeze–drying method 

The polymer composite 3D scaffolds with variable porosity and pore size are usually prepared 

by “freeze-drying method”. Freeze-drying works by freezing the hydrogel composite in the 

swollen state, and then reducing the surrounding pressure to allow the frozen water in the 

material to sublimate directly from the solid phase to the gas phase. During sublimating 

process, pores in the bulk of the gel can be fixed.79,80 

In this thesis, more detailed information about the nanocomposite hydrogels is presented in 

Chapter 3. 

3. Cell-substrate interaction 

Biomaterials play key roles in modern strategies in tissue engineering and regenerative 

medicine by mimicking biochemical and biophysical ECM that can direct cellular behavior 

and functions. Especially, biomaterials can perform with an appropriate host response, playing 

an important role in the biomedical applications.45,81 However, we need to know precisely how 

the interactions between biomaterials and cells take place. Thus, the present research work is 

carried out for studying the interactions of living cells with biomaterials (nanocomposite 

hydrogels) in vitro. 

https://en.wikipedia.org/wiki/Freezing
https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Sublimation_(phase_transition)
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With the development of biomaterials, nanocomposite hydrogels can act as substrate, whose 

mechanical and chemical properties can be tuned on the time and length scales of cell 

development, to truly function as the ECM.82,83 When cells are contacting with ECM, the most 

readily observable result of the interaction between cells and the ECM is the cell adhesion.84 

Subsequently, the cells display spreading, migration, proliferation and differentiation.77,78 

Nevertheless, all these activities are very complex. In this thesis, we focus on the initial activity 

(cell adhesion on nanocomposite hydrogels) of the cells when cultured with nanocomposites 

hydrogels. More details are shown in Chapter 5 and Chapter 6. 

3.1 Which factors will influence cell adhesion on substrate? 

Cell adhesion to the ECM depends mainly on the activation of transmembrane receptors such 

as integrin. They are heterodimeric proteins with two membrane spanning subunits, which can 

form the assembly of specialized adhesion sites known as focal adhesions (FA).84,87,88  

Recent studies indicated that, regardless of the chemical specificity of the adhesive receptors, 

many other physical features of the substrate surface, including its geometry, rigidity, and 

precise ligand spacing are critical for guiding receptor-mediated adhesion formation and 

signaling.89,90 

3.3.1 Chemical features 

As is well known, transmembrane adhesion receptors link with the ECM, as well as the 

cytoskeleton.91 Integrins comprise the major receptors for ECM proteins, such as fibronectin, 

laminins, vitronectin and collagens, all of which are rich in the tripeptide arginine-glycine-

aspartic acid (RGD). They can act as their cell recognition site to induce integrin-mediated 

adhesion of cells to ECM.92,93 Thus, different functional groups can be modified on the 

nanomaterials surface, influencing the material protein or charge and the consequent material 

to cell interactions.89 Kehr et al. used periodic mesoporous organosilica (PMO) nanoparticles 

functionalized with chiral-bioactive molecules in the alginate 3D hydrogel scaffold to provide 

simultaneously chemical and configurational information similar to native ECM, and then 
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modulated the affinity of cells with the hydrogel surfaces to control the enrichment of cells as 

well as simultaneous drug delivery in 3D network. 94 

3.3.2 Rigidity 

Not only geometrically defined physical factors are known to influence cell adhesion behavior, 

but also rigidity has an impact on protein adsorption and cell adhesion.95 Schmidt et al. 

demonstrated that due to Au NPs treatment, the HA/PLL film’s stiffness and roughness 

increased, leading to the improved cell adhesion.73 Depending on the shape of the applied 

proteins, in some cases stiffness of substrate surfaces are shown to cause an increase in the 

amount of adsorbed proteins and then to induce cell adhesion.96,97 Although molecular 

pathways are still only partially known, muscle cells, neurons, and many other tissue cells 

have been shown to sense substrate stiffness. These cells cultured on tissue culture plastic or 

glass coverslips are attached to essentially rigid materials.98,99 

The influence of substrate rigidity on adhesion behavior of cells will be further discussed in 

Chapter 3 and Chapter 6. 

3.3.3 Topography 

Surface topography has been known to influence the attachment and orientation of neurons in 

cell culture.100 Schulte et al. investigated the possibility of manipulating fibroblasts cellular 

behavior on an intrinsically non-adhesive material, star-shaped PEG (starPEG), by 

topographic patterning without additional surface chemistry modifications, and this imprinted 

topography enabled cell adhesion and spreading.101 Not only geometrically defined micro‐ and 

nano‐patterns are known to influence cell adhesion behavior, but also random surface 

roughness have an impact on protein adsorption and cell adhesion.95,102–104 
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Abstract 

Gold nanoparticles (Au NPs) have potential applications in drug delivery, gene diagnosing 

and biomedical imaging, but one of the important concerns is about their safety. This chapter 

describes safety issues by evaluating the cytotoxicity of Au NPs with different sizes. Firstly, 

we have successfully synthesized Au NPs with different sizes from 4.5 nm to 60 nm, and then 

it is demonstrated that these Au NPs have different cytotoxicity to two cell lines murine 

fibroblasts L-929 and murine osteoblasts MC3T3-E1 under the same experimental conditions 

(i.e. treatment time and surface chemistry) by using Try blue assay, Live/dead assay and MTT 

test, which are in vitro assay methods. The results indicate that 4.5 nm Au NPs show the 

highest toxicity to the L-929 cells, and the viability of L-929 cells is only 10%. The main cause 

is due to the fact that 4.5 nm Au NPs can impair the cell membrane integrity. With the increase 

of the sizes, the Au NPs are less toxic to cells. Au NPs with a diameter of 60 nm are found to 

be non-cytotoxic to L-929 and MC3T3-E1 cells. 
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1. Introduction 

Gold nanoparticles (Au NPs) are key materials in nanoscience and nanotechnology due to their 

unique optical,1 electrical2 and catalytic properties,3,4 and have been widely applied in the areas 

of optoelectronics, biosensing application, catalysis, drug delivery, gene diagnose and 

biomedical imaging.5–7 Due to the similarity of size with certain cellular components or 

proteins, Au NPs therefore may pass through natural mechanical barriers, then possibly lead 

to adverse tissue reaction.8 For instance, Pernodet et al. found that with the presence of 

intracellular 13 nm Au NPs, actin stress fibers disappeared and adverse effects on cell viability 

were induced.9 Nevertheless, functionalization of Au NPs with biomolecules can decrease 

cytotoxicity. It was demonstrated that Au NPs with 3.5 nm in diameter capped by lysine and 

poly-L-lysine were biocompatible and non-immunogenic.10 

To the best of our knowledge, few systematic studies have been undertaken to clarify the 

cytotoxicity of nanoparticles concerning their size, shape, agglomeration and stability in 

medium and chemistry.11,12 The parameters mentioned above have different trajectory and 

molecular targets when they are incubated with cells.8,13 Considering that Au NPs have already 

been widely used in researches, the knowledge about Au NPs’ potential toxicity and health 

impact is essential before these nanomaterials are applied in the real clinical settings.14,15 

In this work, Au NPs with the sizes ranged from 4.5 nm to 60 nm were firstly synthesized and 

characterized, and then the cytotoxicity of these as-obtained Au NPs were studied. The 

cytotoxicity tests were conducted with murine fibroblasts L-929 and murine osteoblasts 

MC3T3-E1 by using the Trypan blue assay, Live/dead staining assay and MTT test in vitro. 
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2. Experimental Section 

2.1 Materials 

HAuCl4·3H2O, trisodium citrate (99%), sodium borohydride, MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide), fluorescein diacetate (FDA) and Trypan blue solution 

(0.4%) were purchased from Sigma-Aldrich. RPMI 1640, fetal bovine serum (FBS), 1% 

penicillin/streptomycin and Trypsin-EDTA were purchased from PAA Laboratories GmbH. 

Propidium iodide (PI ≥ 94%) and phosphated buffer saline (PBS) containing K2HPO4 and 

KH2PO4 were purchased from Fluka. Ultrapure deionized water was used for all solution 

preparations. All glassware was cleaned with Aqua Regia (VHNO3: VHCl = 1:3).  

2.2 Apparatus 

UV-vis spectra were recorded on a Shimadzu UV-2400 spectrophotometer by Agilent 

Technologies compony with a 1 cm optical path quartz cuvette. The size of Au NPs was 

determined by transmission electron microscope (TEM) JEOL 2100. Optical images were 

obtained using a Carl Zeiss fluorescence microscope (Göttingen Company). Fluorescence 

microscopy Axio Observer Z1 was used to achieve optical sectioning through the fluorescent 

samples. Pictures were taken using an AxioCam MRm digital camera and analyzed using the 

AxioVisionV4.8.1 software package (Carl Zeiss, Göttingen, Germany). Tecan plate reader 

was bought from Tecan Company (Switzerland).  

2.3 Synthesis of Au NPs 

The Au NPs with 4.5 nm in diameter were synthesized according to the method reported 

previously.16 Typically it involved the preparation of a 10 mL aqueous solution containing 

2.5×10-4 M HAuCl4 and 2.5×10-4 M trisodium citrate. To this solution was added with 0.3 mL 

of ice-cold 0.1 M NaBH4 under vigorous stirring. The mixture immediately turned red, 

indicating the formation of Au NPs.  
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The Au NPs with larger sizes were synthesized according to another procedure.17 Briefly, a 

solution of 2.2 mM trisodium citrate in water (15 mL) was heated with a silicone oil bath in a 

25 mL three-neck round-bottom flask for 20 min under vigorous stirring. A condenser was 

utilized to prevent the evaporation of the solvent. After boiling had commenced, 1 mL of 25 

mM HAuCl4 was injected. The color of the solution changed in 10 min. The resulting particles 

were 20 nm Au NPs. Once synthesis was finished, the temperature cooled down to 90 °C and 

2 mL of aliquots was extracted for the further experiments. In order to get next generation of 

Au NPs, 1 mL 60 mM sodium citrate and 1 mL of a 25 mM HAuCl4 solution were sequentially 

injected (time delay 2 min) to the rest of solution, another 2 mL of aliquots was extracted out 

after 30 min. By repeating this process (sequential addition of 0.1 mL of 60 mM sodium citrate 

and 1 mL of 25 mM HAuCl4), up to 5, 9 and 13 generations of Au NPs with the sizes of 20, 

40 and 60 nm, respectively, were progressively obtained. 

2.4 Characterization of Au NPs 

2.4.1 Transmission Electron Microscopy 

Au NPs were visualized using TEM at 80 keV. 10 µL of the dispersion was casted onto a piece 

of ultrathin formvar-coated 200-mesh copper grid (Ted-pella, Inc.) and left to dry at room 

temperature. 

2.4.2 UV-vis spectroscopy 

UV-vis spectra were acquired with a Shimadzu UV-2400 spectrophotometer. 1 mL of Au NPs 

solution was placed in a cell, and spectral analysis was performed in the 200 to 800 nm range 

at room temperature.  

2.4.3 Zeta-sizer Nano ZS, Malvern 

500 µL of Au NPs solution was placed in a cell, and then the measurement was performed at 

room temperature. 
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2.5 Stability of Au NPs in cell culture medium 

For Au NPs stability tests, 500 µL of Au NPs was added to the 500 µL of medium and the 

mixture was incubated for 6 h. Afterwards the mixture was placed in a cell and analyzed by 

the UV-vis spectroscopy. 

2.6 Cell culture 

Two cell lines, murine fibroblasts L-929 were kindly provided by Dr. J. Lehmann (Fraunhofer 

Institute for Cell Therapy and Immunology IZI, Leipzig) and murine osteoblasts MC3T3-E1 

were kindly provided by Prof. Z. Su (Beijing University of Chemical Technology, China). L-

929 cell lines were cultured in 75 cm2 cell culture flasks containing RPMI 1640 supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (PS, 100×, all PAA 

Laboratories GmbH). MC3T3-cells were grown in 75 cm2 cell culture flasks containing 

minimum essential medium (Sigma-Aldrich) supplemented with 10% FBS and 1% PS at 37 °C 

and 5% CO2 in a humidified incubator. The cells were grown until confluence, and washed 

with Dulbecco’s phosphate buffered saline solution and treated with Trypsin-EDTA (PAA 

Laboratories GmbH). After incubation for 2 min for L-929 and 4 min for MC3T3-E1 at 37 °C, 

the detached cells were suspended in cell culture medium. The cell suspension was transferred 

into a falcon tube (VWR International GmbH) and centrifuged for 3 min at 1300 rpm, 4 °C. 

Finally, the cell pellet was resuspended in fresh medium and cells were counted using a 

hemocytometer (Paul Marienfeld GmbH & Co. KG). During the incubation, cell culture 

medium was refreshed every second day. 

2.7 Cytotoxicity assays 

2.7.1 Trypan blue assay 

For Trypan blue assay, 450 µL of a cell suspension containing 40.000 cells/mL L-929 and 

50.000 cells/mL MC3T3-E1 cells were seeded onto each 24-well plates separately and 

incubated at 37 °C, 5 % CO2 atmosphere and 100% humidity. After 24 h, the medium was 



Chapter 2 Synthesis of Au NPs with Different Sizes and Their Cytotoxicity Effects 

 30 

sucked out carefully in order to clean up metabolite. Then a mixture of fresh medium with a 

certain of Au NPs was added to each well and the cells were incubated for another 24 h. 

Following incubation, cells were washed with Dulbecco’s phosphate buffered saline solution 

and treated with Trypsin-EDTA (PAA Laboratories GmbH). After incubation for 3 min at 

37 °C, the detached cells were suspended in 450 μL of fresh medium, and transferred into a 

tube. 50 µL of trypan blue solution was added into the cell suspension. After being mixed well 

for 8 min, the cells were counted by a hemocytometer. The data shown in the thesis is an 

average of three experiments. 

2.7.2 Live/dead staining assay 

For Live/dead assay, 300 µL of a cell suspension containing 40.000 cells/mL L-929 and 

50.000 cells/mL MC3T3-E1 cells were seeded onto each 6-well plates separately and 

incubated at 37 °C, 5% CO2 atmosphere and 100% humidity. After 24 h, the medium was 

sucked out carefully in order to clean up metabolite. Then a mixture of fresh medium with a 

certain amount of Au NPs was added to each well, and the cells were incubated for another 24 

h. Following incubation, cells were washed with Dulbecco’s PBS and then stained with 100 

µL of a vitality staining solution that contains fluorescein diacetate (FDA stock solution 0.5 

mg/mL in acetone, Sigma-Aldrich) and propidium iodide (PI stock solution 0.5 mg/mL in 

DPBS, Fluka). Live and dead cells were analyzed by fluorescence microscope (Carl Zeiss, 

Goettingen, Germany). 

2.7.3 MTT test 

For MTT test, cells were plated in 96-well flat bottom plates at initial densities of 4000 

cells/mL L-929 and 5000 cells/mL MC3T3-E1 cells per well. After allowing 18 h of 

incubation for cell attachment, Au NPs solutions were diluted appropriately in a fresh medium 

and 150 µL of the as-prepared solution was added to wells. After two days of incubation, cell 

viability was determined by MTT assay. After the addition of MTT solution (20 µL, 5 mg/mL 

MTT in sterile PBS), the plate was incubated for an additional 4 h at 37 °C and 5% CO2, 

allowing viable cells to convert the yellowish water-soluble tetrazolium salt to a water-
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insoluble purple formazan product within viable breathing cells as a proxy of cell number and 

viability. Absorption of each sample was measured by a spectrophotometer (Tecan Plate 

Reader, Tecan Company, Switzerland) at 490 nm. The amount of formazan produced is 

directly proportional to the number of living cells in the well. This experiment was carried out 

in triplicate.18 

With regard to the cytotoxicity test, each sample had the same order of magnitudes of Au NPs 

to the cells. 
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3. Results and Discussion 

3.1 Characterization of Au NPs by TEM 

The size and morphology of the as-synthesized Au NPs have been verified by TEM. TEM 

images of five samples used in the present work are shown in Figure 2, as it can be observed 

that all the as-synthesized Au NPs exhibit uniformly spherical shapes. Average size of these 

Au NPs has been measured to be 4.5, 12, 30, 50 and 60 nm in diameter, respectively. 

 

Figure 1: Representative TEM images of the as-synthesized Au NPs with a diameter of 4.5 
nm(A), (B) 12 nm, (C) 30 nm, (D) 50 nm and (E) 60 nm. 

3.2 Characterization of Au NPs by UV-vis spectroscopy  

The optical properties of Au NPs with different sizes depicted in Figure 1 are measured by 

UV-vis spectroscopy, where the observed trend agrees well with the expected changes in the 

optical behavior when increasing the particle size. As Au NPs increase in size, the 

characteristic absorption peaks are red-shifted, which attributes to the dipolar surface plasmon 
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resonance (SPR) of the isolated nanoparticles.19 The initial peak red shifts from 515 to 532 nm 

as the size of the Au NPs increases from 4.5 to 60 nm, indicating that Au NPs with the different 

sizes have been successfully synthesized. 

 

Figure 2: UV-vis spectra of Au NPs with different sizes. 

3.3 Characterization of Au NPs by Zeta-sizer 

Zeta-potential measurements of the as-synthesized Au NPs have been performed by Malvern 

Zeta-sizer. As shown in Figure 3, the surface potential of Au NPs with 4.5 nm, 12 nm, 30 nm, 

50 nm and 60 nm in diameter have been determined to be -60.5 mV, -10.2 mV, -17.8 mV, -

38.8 mV and -54.6 mV, respectively. Au NPs have been prepared by reducing chloroauric acid 

with citrate. The reduction of HAuCl4 occurrs through the transfer of electrons from the citrate 

to the Au3+ ion leading to the formation of Au0, this metallic gold then nucleates and grows to 

form Au NPs. Citrate is the reducing agent and the stabilizer, thus generating negative 

potential on the surface of citrate-capped Au NPs.  
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Figure 3: Surface potential of Au NPs with different sizes.  

3.4 Stability of Au NPs in cell culture medium 

The stability of Au NPs in cell culture medium is monitored by UV-vis spectrophotometry, 

which is very sensitive to the aggregation state of Au NPs.20 As shown in Figure 4, the 

characteristic absorption peak of Au NPs with a diameter of 60 nm is around 532 nm when 

they are dispersed in water. After incubation with cell culture medium, no red or blue shift of 

the SPR peak can be observed, indicating that no aggregates are formed. Similar results have 

been obtained when Au NPs with other sizes are exposed to the culture medium. This indicates 

that the as-synthesized Au NPs show excellent stability in the medium composition, avoiding 

the formation of Au NPs aggregates, which influence the endocytic pathway of cells during 

the incubation. 
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Figure 4: UV-vis absorption spectra of Au NPs with a diameter of 60 nm dispersed in water 
(black line) and in cell medium (red line).  

3.5 Trypan blue assay 

The cytotoxicity of the as-synthesized Au NPs has been firstly tested by Trypan blue assay. 

Logarithmic-phase L-929 and MC3T3-E1 cells have been selected for viability test. After 

incubation with Au NPs, dead cells are distinctively blue in color under the microscope and 

counted using a hemocytometer.21 As shown in Figure 5A, livability of L-929 cells is 15% 

after incubation with 4.5 nm Au NPs, and the livability of L-929 cells increases with the 

increasing of sizes. For 60 nm Au NPs, the livability of L-929 cells can reach as high as 78%. 

This indicates Au NPs with the diameter of 4.5 nm are most toxic to L-929 cells, and the 

cytotoxicity to L-929 decreases as the sizes increase. Au NPs with 60 nm in diameter are less 

toxic to L-929 cells. Figure 5B shows that 12 nm Au NPs are the most toxic to MC3T3-E1 

cells compared to Au NPs with other sizes. When incubated with 60 nm Au NPs, the livability 

of MC3T3-E1 cells can reach as high as 80%, indicating that most of cells are survived and 

60 nm Au NPs show the lowest cytotoxicity. Generally, Au NPs with the same size show 

different cytotoxicity to different cell types. Small-sized Au NPs can destroy cell membrane 

by endocytic way. Au NPs have less damage to the cell membrane with the increase of the 

size. 
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Figure 5: Viability of cell lines exposed to Au NPs with different sizes tested by Trypan blue 
assay. (A) L-929 cells, (B) MC3T3-E1 cells. (Control means cells cultured on TCPs). Data are 
combined from at least three independent experiments. Results are presented as average ± 
standard deviation. P < 0.05. 

3.6 Live/dead staining assay 

To further investigate the cytotoxicity of Au NPs, a Live/dead staining assay has been 

performed via direct contact of cells (L-929 and MC3T3-E1 cells) with different-sized Au NPs 

after 24 h of incubation. In this assay, the live cells are able to convert the non-fluorescent 

FDA into the green fluorescent metabolite fluorescein, and the dead cells with a non-integer 

cell membrane show a red fluorescence due to the incorporation of a second dye PI at DNA 

when observed with a fluorescence microscope.22 Figure 6A shows that the livability of L-929 

after cultured with 4.5 nm Au NPs is 5 %, and the livability of L-929 increases as the sizes 

increase. Au NPs with 12 and 30 nm in diameter also show cytotoxicity to L-929 cells. Figure 

6B shows that Au NPs are less cytotoxic to MC3T3-E1 compared to L-929 cells. It can be 

seen that Au NPs with the smallest size show the highest toxicity to the L-929 and MC3T3-

E1cells. With the increase of the size, the Au NPs are less toxic to cells especially for MC3T3-

E1cells. 
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A 

 

B 

 

Figure 6: Fluorescent images of viability of cells exposed to Au NPs with different sizes by 
Live/dead staining assay (A). Statistical chart of viability of cells according to results of 
Live/dead staining assay (B). (1) untreated cells on TCPs, (2) 4.5 nm Au NPs, (3) 12 nm Au 
NPs, (4) 30 nm Au NPs, (5) 50 nm Au NPs, (6) 60 nm Au NPs. Data are combined from at 
least three independent experiments. Results are presented as average ± standard deviation. P 
< 0.1. 
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javascript:void(0);
javascript:void(0);


Chapter 2 Synthesis of Au NPs with Different Sizes and Their Cytotoxicity Effects 

 38 

3.7 MTT assay 

MTT assay measures the conversion of the yellowish water-soluble tetrazolium salt to a water-

insoluble purple formazan product within viable cells as a proxy of cell viability.23,24 In Figure 

7, the livability of two kinds of cells is 42% and 52% when cultured with 4.5 nm Au NPs, 

respectively. 60 nm Au NPs induce less cell viability compared to 50 nm Au NPs in the MTT 

assay. This difference indicates that 50 nm Au NPs is prone to affect the mitochondrial activity 

of L-929 and MC3T3-E1 cells but show less effect on cell membrane integrity. 

In the present work, as-synthesized Au NPs especially with diameter of 4.5 nm can enter into 

L-929 cells, causing cytotoxicity. The possible explanation is that Au NPs with small size 

damage organelles such as lipids of the cell membrane, proteins and DNA, inducing cell 

death.25,26  

 

Figure 7: Viability of cells exposed to Au NPs with different sizes by MTT assay. (A) L-929 
cell lines, (B) MC3T3-E1 cell lines. (Control means cells cultured on TCPs). Data are 
combined from at least three independent experiments. Results are presented as average ± 
standard deviation. P < 0.05. 
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4. Conclusions 

In this chapter, Au NPs with different diameters from 4.5 nm to 60 nm have been synthesized. 

The as-synthesized Au NPs dispersion shows good stability in cell culture medium, which is 

verified UV-vis adsorption test. Two cell lines (L-929 and MC3T3-E1 cells) have been 

selected to determine the cytotoxicity of Au NPs with different sizes by using Trypan blue 

assay, Live/dead staining and MTT assay. It has been demonstrated that compared with L-929, 

Au NPs are cyto-compatibile to MC3T3-E1 cells. Further, the size of Au NPs shows a great 

impact on cell viability. 4.5 nm Au NPs have been proved to be highly toxic. As the size 

increases, Au NPs are less toxic to L-929 and MC3T3-E1 cells, and 60 nm Au NPs are 

comparatively nontoxic. In comparison with 60 nm Au NPs, 50 nm Au NPs are prone to affect 

the mitochondrial activity of cell but show less effect on L-929 cells membrane integrity. This 

finding suggests that small-sized Au NPs not only interact with cell membrane, but also 

damage mitochondria following endocytosis. These Au NPs could be applied to the 

biomedical applications. 
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Abstract 

The objective of the present study is to develop and investigate novel pH-responsive genipin-

crosslinked chitosan-gold composite hydrogels. Due to their high toxicity to murine fibroblasts 

L-929, Au NPs with a diameter of 4.5 nm have been selected to prepare genipin cross-linked 

chitosan-gold composite hydrogels. The obtained composite hydrogels exhibit pH 

responsivity. Swelling ratio of the chitosan-gold composite hydrogels is as high as 365% at 

acidic pH of 6.4, which is higher than that of the hydrogels at neutral pH of 7.4. Most 

importantly, the obtained composite hydrogels can work as substrate for cell culture. Genipin 

cross-linked chitosan-gold composite hydrogels do not only show good cytocompatibility, but 

also promote adhesion and proliferation of murine fibroblasts L-929. In contrast, the viability 

of human hepatocellular carcinoma Hep G2 (cancerous cell line) has been deeply affected by 

the Au NPs released from the composite hydrogels in the weakly acidic environment, inducing 

the death Hep G2 cells. 
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1. Introduction 

Over the past decades, significant progresses have been made in synthesis of composite 

biomaterials for cancer treatment.1 The unique physicochemical properties of composite 

biomaterials have offered an opportunity to integrate different nanomaterials into a single 

platform for cancer treatment, which can improve the therapeutic efficacy to tumor cells and 

meanwhile avoid toxicity to normal cells.2,3 To achieve such a goal, two prerequisites should 

be met, i.e., controlled release of therapeutic systems and biocompatibility of the composite 

biomaterials.4 Despite extensive efforts launched in this area, the construction of such a 

material that fulfills both requirements, however, remains a challenging task. 

Recently, research on composite biomaterials for cancer treatment has been greatly advanced, 

not only in inorganic materials-based systems, but also in novel polymer-based systems. 

Composite hydrogels have emerged as a promising option in this regard. Hydrogels highly 

hydrated crosslinked polymer networks have emerged as powerful synthetic analogues for 

promising biomaterials in biomedical application.5 For instance, they can serve as scaffolds 

that provide structural integrity to tissue engineering, and can be used to control drug 

delivery.10,11 However, the major determinant factor for its successful functioning is 

biocompatibility,8 as non-compatible materials can elicit inflammatory responses in vivo and 

thus limit their use in living systems.9  

Various natural and synthetic polymers have been used for hydrogels, chitosan is a natural 

cationic copolymer that presents well deal of interests for hydrogel structures.10 Owing to its 

intriguing biological properties, excellent gel-forming ability and the numerous reactive amino 

groups for chemical modifications, chitosan has long been known and used in drug delivery 

and cell culture.11 However, it often needs to be crosslinked in order to modulate their general 

properties and get a material with potential applications.12,13 Genipin, extracted from the fruits 

of Gardenia Jasminoides, exhibits remarkable effects as an anti-inflammatory and anti-

angiogenesis agent, and inhibits lipid peroxidation.14 It reacts with compounds containing 

primary amine groups, such as chitosan to form covalently cross-linked networks.15 Therefore, 

using genipin as a biological cross-linker on the one hand will lead to no adverse effects to 
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hydrogels, and on the other hand will give rise to improvements in the mechanical properties 

and stability of hydrogel films in water.16–18 

Due to the similar size to certain cellular components or proteins, Au NPs may go through 

natural mechanical barriers, then possibly leading to adverse tissue reaction and 

immunogenicity.19,20 Based on our results of cytotoxicity of Au NPs, by controlled release of 

Au NPs in acidic cell environment, the cytotoxicity of Au NPs will open up opportunities for 

applications in cancer treatment.21’22,23  

In this chapter, novel genipin-crosslinked chitosan-gold nanocomposite hydrogels have been 

developed for biomedical applications. Au NPs with 4.5 nm in diameter have been selected, 

owing to their high cytotoxicity to L-929 cells as demonstrated in Chapter 2. pH-responsive 

crosslinked composite hydrogels have been prepared by using chitosan as the base matrix and 

genipin as the cross-linker via a cross-linking method as shown in Scheme 1. Genipin reacts 

with chitosan containing primary amine groups to form covalently crosslinked networks.25,25 

During the gelation, Au NPs are physically entrapped within the hydrogel networks. The 

swelling tests of the chitosan-gold nanocomposite hydrogels have been carried out under 

different pH solution. At pH = 6.4, the Au NPs are released from the nanocomposite hydrogels, 

due to the protonation of chitosan chain at acidic medium, which results from electrostatic 

repulsions between chitosan chains, repelling each other and favoring penetration of the 

hydrogel by water as shown in Scheme 2. At pH = 7.4, most of Au NPs are kept in the 

nanocomposite hydrogels. The influence of the chitosan-gold nanocomposite hydrogels on the 

viability of murine fibroblasts cells L-929 and human hepatocellular carcinoma Hep G2 has 

been investigated, respectively. The present approach combines the advantage of Au NPs and 

pH-responsive hydrogels, providing a platform for applications in sensing, imaging, delivery 

and biomedicine. 
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Scheme 1: Chitosan-gold nanocomposite hydrogels under different pH solution. 

 

Scheme 2: Scheme of protonation of genipin crosslinked chitosan chains at acidic pH. 
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2. Experimental section  

2.1 Materials 

HAuCl4·3H2O, trisodium citrate (99%), sodium borohydride, chitosan (medium weight, were 

originally obtained from chitin of crab shells), genipin, acetic acid (≥ 99%), Dulbecco's 

modified eagle medium (DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), fluorescein diacetate (FDA) and Trypan blue solution (0.4%) were purchased 

from Sigma-Aldrich. RPMI 1640, fetal bovine serum (FBS), 1% penicillin/streptomycin and 

Trypsin-EDTA were purchased from PAA Laboratories GmbH. Propidium iodide (PI ≥ 94%), 

phosphate buffer saline (PBS) containing K2HPO4 and KH2PO4 was purchased from Fluka. 

All chemicals were used as received unless stated otherwise. Solvents were at least analytical 

grade quality. Ultrapure deionized water was used for all solution preparations. 

2.2 Apparatus 

UV spectra were taken using a Shimadzu UV-2400 spectrophotometer. The sizes of Au NPs 

were measured by Transmission Electron Microscope (TEM) JEOL 2100. Fluorescent images 

were obtained using Axio Observer Z1 microscope (Carl Zeiss, Germany). The Fourier 

transform infrared attenuated total reflectance spectroscope was used by a Bruker Optics 

GmbH Equinox 55 in order to qualitatively examine the presence of functional groups. The 

fluorescent images were analyzed using the AxioVisionV4.8.1 software package.  

2.3 Synthesis and characterization of Au NPs 

The preparation of 4.5 nm Au NPs was performed according to the procedure described in 

detail in Chapter 2, section 2.3. The characterization of Au NPs was performed by TEM 

according to the procedure described in detail in Chapter 2, section 2.4. 
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2.4 Cell culture 

For cell culture experiments, two cell lines were used. Murine fibroblasts L-929 were kindly 

provided by Dr. J. Lehmann, Fraunhofer Institute for Cell Therapy and Immunology IZI, 

Leipzig) and hepatoma cell line (Hep G2) were kindly provided by Prof. Dr. Roderich 

Süssmuth, Technical University of Berlin. L-929 cells were cultured in 75 cm2 cell culture 

flasks (VWR Company) containing RPMI 1640 supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (PS, 100X, all PAA Laboratories GmbH). Hep G2 cells 

were grown in 25 cm2 cell culture flasks containing Dulbecco's modified eagle medium 

supplemented with 10% FBS and 1% PS at 37 °C and 5% CO2 in a humidified incubator. Both 

cell lines were grown until confluence, and washed with Dulbecco’s phosphate buffered saline 

solution and treated with Trypsin-EDTA (PAA Laboratories GmbH). After incubation for 3 

min (L-929) or 5 min (Hep G2) at 37 °C, the detached cells were suspended in cell culture 

medium. The cell suspension was transferred into a falcon tube and centrifuged for 3 min at 

1300 rpm, 4 °C. Finally, the cell pellet was resuspended in a fresh medium and cells were 

counted using a hemocytometer (Paul Marienfeld GmbH & Co. KG). Cells culture medium 

was refreshed every second day. 

2.5 Cytotoxicity assays of Au NPs by Live/dead staining assay 

Cytotoxicity tests of 4.5 nm Au NPs were carried out as the procedures described in detail in 

Chapter 2, section 2.7.  

2.6 Preparation of genipin cross-linked chitosan-gold nanocomposite 

hydrogels 

A 1.5% (W/V) aqueous chitosan solution was prepared by dissolving 1 g chitosan powder in 

6.7 mL H2O with 20 µL of aqueous acetic acid. Genipin solution (0.4 wt%) was prepared by 

dissolving 5 g genipin powder into 12.5 ml of water. All prepared solutions were stored in a 

fridge at 4 °C. Chitosan-gold nanocomposite solution was prepared by mixing chitosan 

solution with various amounts Au NPs. 20 µL of 0.4 wt% genipin solution was added into this 

glass vial while stirring for 12 h at room temperature to obtain a uniformly distributed and 
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viscous solution. Chitosan-gold nanocomposite films were prepared by casting 3 mL of 

solution into a plastic vial. They were dried at a drying oven at 40 °C for 24 h. The as-obtained 

nanocomposite hydrogels were stored in a desiccator at room temperature for further 

experiments. All the chitosan films and chitosan-gold nanocomposite films were neutralized 

in a 0.1 M NaOH solution for about 5 min, washed thoroughly with deionized water for 3 

times, and dried again for the future experiments. 

2.7 Characterization of chitosan-gold nanocomposite hydrogels 

2.7.1 UV-vis spectroscopy analysis 

UV-vis spectra were recorded on a Cary 4000 (Agilent Technologies) UV-visible 

spectrophotometer over the 300-800 nm range with 1 nm resolution and background correction 

using a glass slide. Chitosan-gold nanocomposite hydrogels in the swollen state were placed 

on the glass slide. 

2.7.2 FT-IR analysis 

The Fourier transform infrared attenuated total reflectance spectroscopy (FT-IR) spectra of 

chitosan solution, chitosan film, chitosan-gold nanocomposite films were recorded at room 

temperature in the range of 500 to 4000 cm-1. 

2.7.3 Swelling test 

The swelling tests of the chitosan-gold nanocomposite hydrogels were carried out by the 

following method.26 The hydrogel films were cut into 1×1 cm length and measured the dried 

weight (W0). Then, the hydrogel films were immersed in various phosphate buffered saline 

(PBS, pH 6.4 and pH 7.4) at room temperature. After 24 h, 48 h and 96 h, the samples were 

taken out and after blotting with a filter paper to remove the surface water, followed by 

immediate weighing (W1). The swelling ratio (R) was calculated using the following equation: 

Swelling ratio (R)=  𝑊𝑊1−𝑊𝑊0
𝑊𝑊0

 × 100% 
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Each swelling experiment was repeated for three times and the average values were reported. 

2.8 Chitosan-gold nanocomposite hydrogels culturing with Hep G2 

cells  

First, the as-synthesized chitosan and chitosan-gold nanocomposite films were cut into a 

0.6×0.6 cm square film. After spraying ethanol (70 % V/V) on both sides of films, the cut 

hydrogels were washed carefully by deionized water and waited for drying in the sterile bench. 

Afterwards, they were put into each 8-well plates with 300 µL of a cell suspension containing 

40 000 cells/mL L-929 and 40.000 cells/mL Hep G2 cells separately and incubated at 37 °C, 

5% CO2 atmosphere and 100% humidity. Followed by incubation for 48 h, cells were washed 

with Dulbecco’s PBS and then stained with 100 µL of a vitality staining solution containing 

FDA (stock solution 0.5 mg/mL in acetone) and PI (stock solution 0.5 mg/mL in DPBS). Live 

and dead cells were detected by fluorescence microscope. 
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3. Results and Discussion 

3.1 Cytotoxicity of Au NPs 

Size and cytotoxicity of Au NPs results (TEM images and Live/dead staining assay results) 

can be found in Chapter 2, section 3.7.  

3.2 Preparation of genipin cross-linked chitosan-gold nanocomposite 

hydrogels 

Genipin is known to cross-link only chemically the amino groups of the chitosan chains25,25 

and in this case, Au NPs can be physically entrapped into the chitosan networks during the 

gelation. It can be seen from Figure 1 that the precursor solution is transparent, while the 

precursor solution turns red after the addition of Au NPs, indicating that Au NPs are stable 

and uniformly distributed in precursor solution and no aggregates form, which can be used for 

hydrogel formation. 

 

Figure 1: Optical images of precursor solution of hydrogel (1) before and (2) after addition of 
Au NPs. 

3.2.1 FT-IR analysis 

The successful synthesis of composite hydrogels had been proved by FT-IR spectra shown in 

Figure 2. In the IR spectra of chitosan hydrogel film and chitosan-gold nanocomposite 

hydrogel films, strong adsorption peak appears at 1536 cm-1 (Figure 2a,2b,2c) that is absent 
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from the spectrum of chitosan hydrogel, which can be attributed to vibration of amide N-H, 

verifying the formation of the chitosan hydrogel. The FT-IR spectra of composite hydrogels 

(a and b) are the same as that of pure chitosan hydrogel (c), indicating that the structure of 

chitosan hydrogel is maintained after “in situ” incorporation of Au NPs into chitosan. 

 

Figure 2: FT-IR spectra of genipin-crosslinked chitosan with 3600 µL colloidal gold 
nanocomposite hydrogel film (a), genipin-crosslinked chitosan with 1800 µL colloidal gold 
nanocomposite hydrogel film (b), genipin-crosslinked chitosan hydrogel film (c), chitosan and 
genipin solution (d). 

3.2.2 UV-vis analysis 

Since Au NPs absorb light at characteristic wavelengths in the UV-vis region, this technique 

is applied to identify the presence of Au NPs in nanocomposite hydrogel film. Figure 3a 

exhibits a UV-vis absorption peak centered at 519 nm, a typical surface plasmon resonance 

(SPR) band for Au NPs on chitosan-gold nanocomposite hydrogel film, while no absorption 

is observed for pure chitosan hydrogel film (Figure 3b), indicating the formation of chitosan-

gold nanocomposite hydrogel film. The chitosan-gold nanocomposite hydrogel film appears 

deep-red because of the incorporation of Au NPs, while pure chitosan hydrogel film is 

transparent. This indicates that the Au NPs have been homogeneously incorporated in the 

hydrogels. 
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Figure 3: UV-vis absorption spectra of chitosan-gold nanocomposite hydrogel film (a) and 
chitosan film (b); optical images of chitosan-gold nanocomposite hydrogel film (a1) and 
chitosan film (b1). 

3.3 Swelling test 

To investigate the swelling ratio of chitosan and chitosan-gold nanocomposite hydrogel films 

in aqueous solution, swelling tests have been performed by immersing the as-prepared 

hydrogels in PBS solution of pH 6.4 and pH 7.4 at different time intervals, respectively. 

Swelling behaviors of the hydrogels are presented in Figure 5. As can be observed, the 

swelling ratio of both hydrogels increases with the increase of immersion time and the swelling 

become constant at 72 h. The swell ratio of the hydrogels at pH 6.4 is higher than that at pH 

7.4 at the same time interval. For instance, the swelling ratio of nanocomposite hydrogels is 

as high as 365% of their original weight at pH 6.4 after 72 h of immersion; while at pH 7.4, 

the swelling ratio is only 240%. Similarly, the swelling ratio of the pure hydrogel in the acidic 

solution is higher than that in the neutral one, which can be explained by the protonation of 

chitosan chains at a low pH 6.4, resulting in repelling them from each other and favoring 

penetration of the hydrogel by water. The Au NPs immobilized in hydrogels can promote the 

swelling ratio, benefiting the release of Au NPs from the gel matrix to the PBS when the 

hydrogels are in the swollen state. 
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Figure 4: Swelling tests of genipin-crosslinked chitosan hydrogels and genipin-crosslinked 
chitosan-gold nanocomposite hydrogels in buffer solution at different pH values. 

3.4 Chitosan-gold nanocomposite hydrogels cultured with Hep G2 cells 

Fluorescence-based Live/dead assays have been used to evaluate the viability of the cancerous 

and normal cells after incubation with the as-synthesized pH-responsive nanocomposite 

hydrogels.27 Fluorescein diacetate (FDA) and propidium iodide (PI) have been used to stain 

viable and dead cells, respectively. Simultaneous use of two fluorescent dyes allows a two-

color discrimination of the population of living cells from the dead-cell population. Live cells 

are able to convert the non-fluorescent FDA into the green fluorescent metabolite fluorescein. 

The measured signal serves as indicator for viable cells, as the conversion is esterase 

dependent. In contrast, the nuclei staining dye PI cannot pass through a viable cell membrane. 

It reaches the nucleus by passing through disordered areas of dead cell membranes, and 

intercalates with the DNA double helix of the cell. Thus, dead cells show a red fluorescence 

when observed with a fluorescence microscope.  

As shown in Figure 5A, L-929 cells grow very well on TCPS. In Figure 5B, fewer L-929 cells 

are able to adhere to the chitosan hydrogels, but dead cells were not detected, indicating 

chitosan hydrogels have good cytocompatibility but limited cell attachment property. In Figure 

5C, more green live L-929 cells with a spindle-shaped morphology can be observed on the 
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chitosan-gold nanocomposite hydrogels. This indicates that the nanocomposite hydrogels can 

promote L-929 cellular adhesion and growth. As mentioned above, the chitosan-gold 

nanocomposite hydrogel is pH-responsive. And the extracellular pH of tumorous tissues is 

often acidic (pH = 6.4) while that of normal tissue is neutral (pH = 7.4).28 Therefore, all the 

Au NPs are trapped in the hydrogels at neutral environment created by L-929 cells. The 

existence of Au NPs in nanocomposite hydrogels increases the stiffness of the surface, which 

can benefit cellular adhesion and growth. In addition, the swelling behavior of the hydrogel is 

reported to be crucial for bio-adhesive behavior.29,30 The cell adhesion increases with the 

degree of hydration. Therefore, the high swelling ratio of the nanocomposite hydrogel 

promotes cell adhesion. 

As can be seen from Figure 5D, Hep G2 cells are polygon-shaped and grown on TCPS. In 

Figure 5E, fewer cells adhere to the chitosan hydrogels, which show poor ability to adhere 

Hep G2 cells. In Figure 5F, no qualitative difference in Hep G2 shape can be observed, and 

many Hep G2 cells appear to be red after incubation with the chitosan-gold nanocomposite 

hydrogels, indicating that tumorous Hep G2 cells are dead. The weakly acid environment 

generated by Hep G2 cells during cancer cells growth and proliferation leads to the release of 

4.5 nm Au NPs from pH-responsive nanocomposite hydrogel matrix. Hep G2 cells are thereby 

killed by the released Au NPs with 4.5 nm in diameter, which shows high toxicity to cells as 

already demonstrated in Chapter 2. Because Au NPs with small size can damage the membrane, 

penetrate into Hep G2 cells and then induce cell death. In this case, Au NPs can be employed 

instead of traditional drugs to kill cancerous cells. 

In conclusion, due to the pH responsiveness of the chitosan-gold nanocomposite hydrogels, 

the acidic environment of cancerous cells can be used to modulate the release of Au NPs from 

chitosan-gold nanocomposite hydrogels, selectively killing the cancerous cells or promoting 

growth of fibroblast cells. Au NPs with 4.5 nm in diameter are released from the chitosan-gold 

nanocomposite network in the weakly acid environment created by cancerous Hep G2 cells. 

The death of cancerous cells is caused by Au NPs, which show promising potential to replace 

traditional drugs to kill cancerous cells. Moreover, at neutral environment chitosan-gold 
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nanocomposite hydrogels can promote cell adhesion and growth of normal tissue cells. 

Therefore, these nanocomposite hydrogels are a promising candidate for tissue-engineering 

applications. 

 

Figure 5: Fluorescent images of cells tested by fluorescence-based live-dead staining assays 
after incubation with nanocomposite hydrogels for 48 h. (A) L-929 cells on TCPS, (B) L-929 
cells on chitosan hydrogels, (C) L-929 cells on chitosan-gold nanocomposite hydrogels; (D) 
Hep G2 cells on TCPS, (E) Hep G2 cells on chitosan hydrogels, (F) Hep G2 cells on chitosan-
gold nanocomposite hydrogels. 
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4. Conclusion 

In this chapter, 4.5 nm Au NPs with high cycotoxicity have been selected to prepare genipin 

crosslinked chitosan-gold nanocomposite hydrogels. We present herein the potential 

application of these novel nanocomposite hydrogels in cancer treatment by being cultured with 

murine fibroblasts L-929 and human hepatocellular carcinoma Hep G2. It has been proved 

that Au NPs with 4.5 nm in diameter can be released from the nanocomposite hydrogels due 

to a higher swelling degree of the hydrogel at acidic pH environment, which is generated by 

Hep G2 cells. The released Au NPs are able to kill cancerous Hep G2 cells. In contrast, the 

Au NPs are not expected to be released at the neutral pH environment surrounding normal 

tissue cells. The chitosan-gold nanocomposite hydrogels can thereby act as substrate to 

promote the cell growth and proliferation of normal cells. These novel chitosan-gold 

nanocomposite hydrogels not only provide a platform to promote proliferation of normal cells, 

but also can be used in biomedical applications for selectively attacking cancer tissues. 
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Abstract 

Immobilization of nanomaterials e.g. gold nanoparticles (Au NPs) onto hydrogel supports is 

very useful for biosensor and biomedical applications. In the present work, four kinds of poly 

(ethylene glycol) (PEG)-based hydrogels, i.e. PEG-PPG-PEG-UV (3BC-UV), PEG575-UV, 

8PEG-UV and 8PEG-VS-SH, act as soft support for immobilizing Au NPs by transferring Au 

NPs from the surface of silicon wafers to the hydrogel surface. The transfer efficiency of Au 

NPs was determined from UV-vis spectroscopy and SEM measurements. The amount and 

distribution of Au NPs on hydrogels was studied. It was found that 3BC-UV and 8PEG-VS-

SH hydrogels can serve as efficient supports for immobilizing Au NPs, and the Au NPs 

transferring efficiency can be up to 99.8%. On the contrary, PEG575-UV and 8PEG-UV 

hydrogels were unsuitable to transfer and immobilize Au NPs. Moreover, the stability of Au 

NPs fixed onto hydrogels has been tested. For PEG-PPG-UV and 8PEG-VS-SH hydrogels 

immobilized Au NPs, the Au NPs still remain on the hydrogels after 15 min of ultrasonication. 
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1.  Introduction 

Immobilization of nanomaterials is crucial for many important applications including 

biosensor development,1 biological detection, catalysis,2 biomaterials design3 and 

nanotechnology.4 Gold nanoparticles (Au NPs) are a leading platform as the core structure of 

nano-constructs because they are stable, easy to synthesize, and readily functionalized with 

biomolecules such as DNA or RNA.5,6 Recently, they have been used in sensing applications,7 

and other researchers immobilized Au NPs on the surface of electrospun nanofiber scaffolds 

to encourage a longer outgrowth of neurites.8  

However, the issues of aggregation and non-dispersibility of Au NPs in the desired solvent or 

film need to be solved, and the best way is to immobilize them onto a support.4 In the past two 

decades, many supports have been employed for nanoparticle immobilization, such as gold 

electrode,9 glass,10 carbon,10,11 lipids12 and paper.13 But the problem is that the surface of these 

material has a low porosity with limited surface areas. 

Hydrogels are crosslinked hydrophilic polymer networks. The presence of water in gel matrix 

provide hydrogels with a high porosity, a large surface area, softness, flexibility and 

biocompatibility.14–16 PEG hydrogels are among the most widely studied and extensively used 

polymers as matrix for controlling drug delivery, as well as cell delivery vehicles for 

promoting tissue regeneration. The network properties, swelling and the elasticity of the gels 

can be controlled by tuning the length of polymers and their functionalities. In addition, PEG 

hydrogels are optically transparent, allowing effectively optical detection with minimal 

background.17,18 In the meantime, the properties of preventing unspecific protein adsorption 

and undesired cell attachment also make it as the perfect cell-resistant substrate for biomaterial 

investigation.19 In this chapter, PEG hydrogels have been chosen as the templates for the 

immobilization of Au NPs. 

Au NPs can be immobilized onto hydrogels by entrapment, chemical adsorption or physical 

adsorption.3 Physical adsorption method is one of the most common methods for synthesis of 

nanocomposite hydrogels by mixing nanoparticles with precursors of hydrogels or modifying 
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Au NPs on the surface of hydrogel surface.20,21 As the development of bio-conjugate chemistry 

and nanotechnology progresses, immobilization of Au NPs can be achieved via highly specific 

biomolecular interactions. In this study, both physical adsorption and covalent linkages have 

been adopted to immobilize Au NPs onto hydrogel surfaces. Au NPs were firstly deposited on 

(3-Aminopropyl) triethoxysilane (APTES), which is rich in amino groups, modified silicon 

wafer through the interaction between positive charge from amino groups of APTES and 

negative charge from Au NPs surface. Secondly, the hydrogels were brought into conformal 

contact with the surface of the Au NPs decorated silicon wafers. Lastly, the immobilization of 

Au NPs on the hydrogels was achieved by peeling off the hydrogels from silicon wafers. Au 

NPs are effectively transferred from the silicon wafers to the PEG-hydrogel surface. 
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2. Experimental section 

2.1 Materials 

Silicon wafers (polished on one side) were purchased from Microchemicals. Isopropanol, 

acetone, (3-Aminopropyl) triethoxysilane (APTES), ammonia (25%), hydrogen peroxide 

(H2O2 30%) and concentrated sulfuric acid (H2SO4 98%) were purchased from Carl Roth. 

Acryloyl chloride, 2-iminothiolane hydrochloride, vinyl sulfone, DL-Dithiothreitol (DTT), 2-

hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone, photoinitiator (PI) Irgacure 2959, 

PEG-b-PPG-b-PEG diacrylate and PEG575 diacrylate were purchased from Sigma-Aldrich; 

8arm PEG acrylate was purchased from Jenkem technology. Information of the corresponding 

block copolymers can be found in Table 1. All chemicals were used as received unless stated 

otherwise. Solvents were at least analytical grade quality. 

Table 1: Physicochemical properties of PEG-based precursors: PEG-PPG-PEG (3BC), PEG 

Diacrylate (PEG), 8arm PEG acrylate (8PEG) and 8arm PEG Vinyl Sulfone (8PEG-VS). 

Values are obtained from the manufacturer. R: hexaglycerin core structure, r.t: room 

temperature. 
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2.2 Preparation of hydrogels 

2.2.1 3BC-UV hydrogel 

The liquid precursor of block copolymer (3BC with molecular weight 4400) containing 1% of 

PI (1 wt% with respect to the amount of the precursor) were firstly mixed in a vial. Then the 

vial was put into oven at 60 °C for about 5 min until the mixture became clear. Subsequently, 

80 µL precursor mixtures were deposited on a clean glass slide, capped with a cover glass (18 

mm × 18 mm Carl Roth GmbH & Co KG) and exposed to UV light (λ = 366 nm Vilber 

Lourmat GmbH) for 15 min using a working distance of 10 cm in a nitrogen-filled glovebox. 

The cured transparent hydrogels were peeled off with tweezers, and then the samples were 

kept in water in a petri dish. 

2.2.2 PEG575 hydrogel 

PEG (with molecular weight 575) liquid precursors containing 1% of PI (1 wt% with respect 

to the amount of the precursor) were mixed in a vial. Then the vial was put into oven at 60 °C 

about 5 min until the mixture became clear. Subsequently, 80 µL of the as-prepared mixtures 

were deposited on a clean glass slide, capped with a cover glass (18 mm × 18 mm Carl Roth 

GmbH & Co KG) and exposed to UV light (λ = 366 nm Vilber Lourmat GmbH) for 30 min 

using a working distance of 10 cm in a nitrogen-filled glovebox. The cured transparent 

hydrogels were peeled off with tweezers, and then the samples were kept in water in a petri 

dish. 

2.2.3 8PEG-UV hydrogel 

8PEG-UV hydrogel was synthesized by Dr. Zhenfang Zhang.22 8-PEG, aqueous solutions (50 

wt%) containing 1% of PI (1 wt% with respect to the amount of the precursor) were mixed in 

a vial. Then the vial was put into oven at 60 °C about 5 min until the mixture became clear. 

Subsequently, 80 µL of the as-prepared mixtures were deposited on a clean glass slide, capped 

with a cover glass (18 mm × 18 mm Carl Roth GmbH & Co KG) and exposed to UV light (λ 

= 366 nm Vilber Lourmat GmbH) for 30 min using a working distance of 10 cm in a nitrogen-
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filled glovebox. The cured transparent hydrogels were peeled off with tweezers. And then the 

samples were kept in water in a petri dish.  

2.2.4 8PEG-VS-SH hydrogel 

A certain volume of ammonium solution (30% NH3 in H2O) was added to the powder of 8-

arm PEG with vinyl sulfone (8PEG-VS) with 50% water content at room temperature under 

vigorous magnetic stirring until the solution turned to a viscous liquid. Then the viscous liquid 

was deposited on the glass slide, covered with a thin glass coverslip and left curing for 60 min. 

After gel formation, the transparent polymeric film with an inverse relief to that on the glass 

slide was peeled off mechanically. The stand-alone films (250−300 μm in thickness) were 

handled with tweezers. These hydrogels were immersed in DTT solution (5 mg/mL) for 60 

min. Afterwards, these hydrogels were washed thoroughly with water for several times and 

kept in water overnight before use. 

2.3 Silanization of silicon wafer surfaces by Chemical Vapor Deposition 

(CVD) 

After ultrasonication in a mixture of acetone and water (V/V = 1:1) for 20 min, the silicon 

wafers were immersed in piranha solution (mixture of H2SO4 and H2O2 with V/V = 7:3) for 

30 min. They were thoroughly washed with Milli-Q water and isopropanol, and then dried 

under a stream of pure nitrogen gas. Afterwards, the silicon wafers were placed inside a small 

Teflon chamber filled with a solution of APTES (100 µL). The aminosilane APTES was then 

introduced into the sealed chamber with raising the pressure of the deposition chamber. The 

reaction time of the surface with the gas phase adsorbate was 2 h, and then wafers were washed 

with anhydrous toluene (3×), isopropanol immediately and dried with nitrogen followed by 

evacuation. In order to measure silicon wafers, an atomic force microscopy (AFM) 

Nanowizard II (JPK instruments, Germany) was used. Imaging was done in contact mode 

using silicon nitride cantilevers (PNP TR, k ≈ 0.08 N/m, f0 ≈ 17 kHz; Nano world Innovative 

technologies) with a chromium-gold coating. Images were edited with Nano Wizard IP 

Version 3.3a (JPK instruments). 
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2.4 Deposition of Au NPs onto silicon wafers 

A drop of 100 µL homogeneously dispersed Au NPs with diameter 42 nm was placed on 

APTES modified silicon wafers. After 60 min of incubation, the silicon wafers were washed 

thoroughly with deionized water for 8 times, and then dried under the flow of nitrogen to 

obtain Au NPs modified silicon wafers. 

2.5 Transfer of Au NPs from silicon wafer to hydrogels 

The as-prepared hydrogels were brought to firmly contact with the Au NPs modified silicon 

wafers for about 15 s before they were withdrawn from their surface. At last, the hydrogels 

were washed for 3 times with deionized water gently in order to remove the residual adsorbent 

Au NPs. They were kept in water as a swollen state for further experiments, and other samples 

were kept at room temperature for 12 h as a dried state for SEM measurements. 

2.6 Characterization of Au NPs by UV-vis spectroscopy 

Au NPs nanocomposite hydrogels in hydrated state were placed on a glass slide. Spectra were 

recorded on a Cary 4000 (Agilent Technologies) UV-vis spectrophotometer over the 300-800 

nm range with 1 nm resolution. For the stability tests of Au NPs adhered to the surface of 

hydrogels were analyzed by UV-vis spectroscopy after the same hydrogels were ultrasonicated 

for 15 min by a ultrasonic cleaner (VWR Company). 

2.7 Characterization of Au NPs by scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was performed on LEO 982 from Zeiss Company, the 

optical parts of the microscope from GEMINI Optics. The samples were firstly coated by 

carbon to improve the contrast prior to measurements, and the measurements were performed 

using Inlens detector operating at 20 kV.
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3. Results and Discussion 

3.1 Characterization of silicon wafer after deposition of APTES through 

CVD method 

 

Scheme 1: General scheme of the immobilization of Au NPs on the hydrogels. 

APTES with hydrolysable ethoxy groups to ensure a robust anchoring of the silane deposited 

on the surface of silicon wafer, whereas the amino groups remain available for further reaction, 

as shown in Figure 1A.23 Chemical Vapor Deposition (CVD) is the most potentially 

reproducible method for producing high density, homogeneously functionalized silane 

assemblies on silicon substrate surfaces.24 They can be uniformly modified on the silicon 

surface, and introduce the primary amino groups on the silicon by silanization. It is a well-
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developed method employed to decorate the silicon substrate, yielding amino groups. In 

Figure 1B, AFM images reveal that no interfacial roughness for the silicon wafers can be 

observed before and after deposition of APTES. The surface of the treated silicon wafer is 

very smooth, because APTES is uniformly modified onto the silicon wafer.  

 

 
Figure 1: Reaction between APTES and the silicon wafer (A). AFM topography images and 
corresponding cross sections of the surface of silicon wafers before (B1) and after (B2) 
functionalization with APTES. 

3.2 Characterization of Au NPs deposited on silicon wafers by SEM 

Figure 2 shows SEM images recorded after the deposition of Au NPs on APTES modified 

silicon surfaces. It can be seen that Au NPs are uniformly distributed on the surface of silicon 
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substrate. The electrostatic interactions between the citrate-stabilization of negatively charged 

Au NPs and the positively charged APTES self-assembled monolayers (SAMs) result in the 

adsorption of Au NPs onto the surface silicon wafer.25 It can be used as the transfer substrate 

for further experiments. 

 

Figure 2: SEM images of Au NPs on the surface of silicon wafers. 

3.3 Characterization of Au NPs immobilized on the surface of hydrogels 

by UV-vis spectroscopy 

After being transferred the Au NPs to the four different hydrogels, the as-obtained 

nanocomposite hydrogels have been characterized by UV-vis spectroscopy as shown in Figure 

3. Absorption peaks at 530 nm can be observed for the 3BC-UV and 8PEG-VS-SH hydrogels 

immobilized Au NPs, which is the characteristic peak of Au NPs.26 This indicates that the Au 

NPs have been successfully immobilized on the hydrogel surface, corresponding to the color 

change of the hydrogels from colorless to red color before and after Au NPs are transferred to 

the surface of 3BC-UV and 8PEG-VS-SH hydrogels. Whereas the absence of absorption peak 

at 530 nm in the spectra of PEG575-UV and 8PEG-UV hydrogels indicates that Au NPs are not 

successfully transferred to these two hydrogels. 



Chapter 4 Surface Immobilization of Au NPs onto Different Type of PEG-based Hydrogels 

 72 

 

Figure 3: UV-vis spectra of the as-synthesized gold nanocomposite hydrogels. 

3.4 Characterization of immobilized Au NPs on the surface of hydrogels 

by SEM 

In order to investigate the transfer efficiency of Au NPs from silicon wafers to hydrogels via 

this novel method, SEM is utilized to characterize and count the number of Au NPs on the 

silicon before and after transferring procedure. Please note that the area of hydrogel in SEM 

images is actually more than 4 times larger than the silicon wafer, since they are in dried state 

for SEM measurements, therefore there are many more Au NPs on surface of hydrogel than 

on silicon wafer under the same view with same magnification. SEM images shown in Figure 

4 provide a direct observation for the distribution of Au NPs on the hydrogels. As can be 

observed from Figure 4a1 and Figure 4d1, a monolayer of Au NPs is deposited on the surface 

of 3BC-UV and 8PEG-VS-SH hydrogels after the hydrogels were peeled off from silicon 

wafers. Only few Au NPs are left on the silicon wafers shown in Figure 4a2 and 4d2. The 

transfer efficiency of Au NPs from silicon wafers to these hydrogels is 99.8% and 98% (Table 

2), respectively, indicating that almost all the Au NPs are transferred from silicon wafers onto 

the surface of 3BC-UV and 8PEG-VS-SH hydrogels. In contrast, Au NPs can hardly be found 

on the PEG575-UV and 8PEG-UV hydrogels shown in Figure 4b1 and Figure 4c1. The transfer 

efficiency of Au NPs from silicon wafers to these hydrogels is less than 1 % (Table 2). 
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Figure 4: SEM images of Au NPs on the surface of (a1) 3BC-UV hydrogels, (b1) PEG575-UV 
hydrogels, (c1) 8PEG-UV hydrogels, (d1) 8PEG-VS-SH hydrogels and silicon wafers (a2-d2). 
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Table 2: Transfer efficiency of Au NPs from silicon wafers to 4 different hydrogels 

Hydrogels  Transfer efficiency (%) 

3BC-UV 99.8 ± 0.1 

PEG575-UV 0  

8PEG-UV 0  

8PEG-VS-SH 98 ± 1.8 

The huge difference between the transfer efficiency of the different gels is very remarkable. 

In order to understand this, we have to consider several physicochemical properties that differ 

between the 4 different hydrogels. 

We hypothesize that the difference in the transfer efficiency could be due to the different 

porosity of these hydrogels. As can be observed from Table 1, 3BC-UV, PEG575-UV and 

8PEG-UV hydrogels are formed through the same crosslinking method, but the chemical 

structure of 3BC is different with PEG575 and 8PEG. 3BC is found to be more hydrophobic in 

comparison to PEG575-UV and 8PEG-UV hydrogels,27 which may result in the porosity 

difference of the hydrogels. 

The flexibility of hydrogels might also influence the transfer efficiency. In comparison with 

PEG575-UV and 8PEG-UV hydrogels, 3BC-UV hydrogels are more flexible. Thus, the contact 

area between 3BC-UV hydrogels and Au NPs modified silicon is therefore larger due to the 

ease of deformation of 3BC-UV hydrogels, leading to higher adhesive force between Au NPs 

and hydrogels, thereby guaranteeing the Au NPs transfer to the hydrogels. For 8PEG-VS-SH 

hydrogels, both physical interaction and covalent bonding are responsible for immobilization 

of Au NPs. The -SH linker molecules, which covalently attached to the Au NPs by Au-S bond, 

and the interaction between Au NPs and relatively flexible PEG polymer chains, can couple 

the Au NPs to the hydrated PEG-VS-SH hydrogels. Au NPs are therefore supposed to be 

transferred from silicon wafers to the surface of 8PEG-VS-SH hydrogels. 
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Surface elasticity could be another factor to induce the difference in transfer efficiency. As can 

be seen from Table 1, the elastic modulus of 3BC-UV, PEG575-UV and 8PEG-UV hydrogels 

is 1.20 ± 0.03 MPa, 0.44 ± 0.05 MPa and 0.27 ± 0.05 MPa, respectively. No big difference in 

elasticity can be found among these hydrogels. Thus, the difference in transfer efficiency might 

be not affected by surface elasticity. 

More experiments need to be performed in future to prove these hypotheses. 

 

Figure 5: UV-vis spectra of Au NPs on (A) 3BC-UV hydrogels and (B) 8PEG-VS-SH 
hydrogels. (solid lines represent Au NPs on the hydrogels before ultrasonication treatment; 
dashed lines represent Au NPs on the hydrogels after 15 min of ultrasonication treatment.) 

UV-vis spectroscopy has been used to characterize the stability of Au NPs bound on the 3BC-

UV and 8PEG-VS-SH hydrogels. As shown in Figure 5a and b, an obvious absorption peak at 

~530 nm can be observed before and after ultrasonication treatment of Au NPs immobilized 

on the 3BC-UV and 8PEG-VS-SH hydrogels, which is the characteristic peak of Au NPs. This 

indicates that Au NPs are firmly immobilized on the hydrogels. 
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4. Conclusions 

In this study, after uniform deposition of Au NPs on the surface of silicon wafers 3BC-UV, 

PEG575-UV, 8PEG-UV and 8PEG-VS-SH hydrogels have been employed to immobilize Au 

NPs by transferring them from silicon wafers to the surface of the hydrogels. UV-vis 

spectroscopy and SEM analysis have revealed that that 3BC-UV and 8PEG-VS-SH hydrogels 

can efficiently immobilize Au NPs, and the transfer efficiency is as high as 98%. In contrary, 

PEG575-UV and 8PEG-UV hydrogels cannot immobilize any Au NPs. 

Considering that the 8PEG-VS-SH hydrogel is cell-repellent, and the Au NPs can be 

efficiently immobilized on the hydrogel surface, these composite hydrogels can be applied as 

substrate for cell culture, and for the investigation of the interactions between Au NPs and 

cells. Therefore, we develop a soft and stable substrate for efficient immobilization of Au NPs, 

which is a useful material for next part of my research work. 
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Abstract 
Cell adhesion is a crucial process for the assembly of individual cells into functional tissues, 

which depends on the environmental parameters, such as rigidity, topography, chemistry and 

porosity of the substrate or scaffold. Herein, we show that a novel poly(ethylene glycol) 

(PEG)-based hydrogel (8PEG-VS-SH) can be synthesized and further functionalized by 

amine Michael-type addition reactions – first with ammonia and then with Dithiothreitol (DTT) 

– to yield hydrogels with high affinity for gold. Consequently, gold nanoparticles (Au NPs) 

can be firmly bound and immobilized on the surface. This nanoparticle-hydrogel architecture 

has a great potential as a substrate for advanced cell engineering. In this chapter, Au NPs (20 

nm and 42 nm, respectively) with different densities are transferred from silicon wafers to the 

surface of hydrogels, with a transfer efficiency of up to 98 or even 100%. Electron microscopy 

was employed to analyze the novel nanocomposite gel surfaces and the silicon wafers before 

and after the transfer process. Optical microscopy studies of cell culture reveal that the amount 

of murine fibroblasts L-929 adhering to the substrate increases with the increase of the density 

of Au NPs, with no cell adhesion on the hydrogels with the lowest density of Au NPs. 

Apparently, the Au NPs on an anti-adhesive PEG-background serve as anchoring points for 

cell adhesion. We propose that protein adsorption is enabled and this in turn results in the cell 

adhesion. 
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1. Introduction 

Functionalized nanostructured materials, such as self-assembled monolayers (SAMs) of 

nanoparticles (NPs), play an increasingly important role in many applications, such as 

biosensor development,1 biological detection, catalysis,2 biomaterials design3 and 

nanotechnology.4,5 Due to the chemical stability as well as facility to synthesize and 

functionalize their surface with biomolecules (e.g. proteins), gold nanoparticles (Au NPs) have 

become a leading platform as the core structure of nano-constructs.6,7 However, the issues of 

aggregation and non-dispersibility of Au NPs in the desired solvent or film need to be solved, 

which can be achieved via immobilization of Au NPs onto a support in a controlled manner.8 

In the last two decades, many hard inorganic supports, such as gold electrodes,9 glass,10 

carbon11 and silicon12 have been employed for nanoparticle immobilization. Nevertheless, 

polymer-based supports are significantly more advantageous than inorganic supports in certain 

hindsights. Usually, polymeric substrates are more flexible, yet offering a wider range of 

rigidity, can be stretched dynamically, and may adopt different shapes. Moreover, the 

properties of polymer materials may be tailored to specific purposes, either by chemically 

modifying the polymers or by varying the polymerization and/or crosslinking conditions.13 

Polymeric supports, especially those consisting of a highly hydrated material such as 

poly(ethylene glycol) (PEG)-based hydrogels, exhibit a number of advantageous properties 

such as being transparent, deformable, cytocompatible, and permeable to nutrients, solutes and 

gases.14 

The initial nonspecific adsorption of proteins and cells usually need to be avoided in tissue 

engineering, biosensor systems and other biomedical applications.15 PEG hydrogels, which 

possess an inert and protein-repellent surface, have demonstrated to be especially useful as a 

background platform for the in vitro investigation of cell behavior. In addition, the network 

properties, the swelling and the elasticity of the gels can be controlled by tuning the length of 

the polymer chains and their functionalities.16–18 In our work, multivalent, 8-arm star shaped 

PEG macromonomers (having a hexaglycerol core and a molecular weight of ~ 15,000 Da; 

8PEG) have been utilized for hydrogel preparation, offering some significant advantages over 
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their linear counter-parts, specifically 1) increased functionality (i.e. 8 instead of only 2 

functional end-groups), and 2) more variable physicochemical properties. 

UV radiation and sulfur-type Michael-type addition crosslinking polymerization are two 

typical methods to crosslink PEG with functional C=C double bonds to prepare hydrogels. 

However, all functional groups of PEG precursors are usually consumed through these 

methods.19,20 Considering that the remaining functional C=C double bonds can be further used 

for photoinitiated crosslinking and/or chemical functionalization with other functional groups, 

a new class of PEG-NH3 hydrogels formed by a modified amine Michael-type addition 

reaction between acrylate and amine functional groups has been developed in the Lensen 

Lab.21 This crosslinking reaction of acrylate terminated 8PEG-macromonomers with NH3 

allows the formation of hydrogels with mechanical properties and up to 70% of residual 

acrylate end-groups for further (bio)chemical functionalization of the partly crosslinked gels.21 

These unreacted functional groups provide the sites for biomolecule modification. However, 

due to the hydrolysis of ester groups, it was found that such hydrogels formed via crosslinking 

reaction between acrylate and amine groups may degrade within one day during incubation, 

making them not suitable for cell adhesion tests. 

In the present work, in order to avoid the degradability of hydrogels that are crosslinked by 

acrylate and amine groups, and to provide stable substrates for further cell tests, instead of 

acrylate groups, vinyl sulfone groups have been utilized to form hydrogels, and after gelation, 

the residual functional groups can be converted to thiol groups with the ability of binding with 

Au NPs. By a soft lithographic procedure, coined “nano-contact transfer”, Au NPs with 

diameters of 20 nm and 42 nm are transferred from silicon to 8PEG-VS-SH hydrogels, 

displaying variable densities (surface coverage). 

To mimic the cellular environment of the soft tissue analogs, a transfer technique was utilized 

to convey gold nanostructures from a solid substrate to PEG-based hydrogels, which is 

considered to be the platform for investigating in vitro cellular responses, such as cell 

adhesion.22 Cell adhesion is crucial for the assembly of individual cells into three-dimensional 

tissues, which are regulated by the extracellular matrix (ECM).22–24 Many other cell 
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parameters, such as migration, proliferation and morphogenesis, are initiated by cell 

adhesion.25–27 The most commonly used method to control cell adhesion is fabricating 

functional substrates linked with arginine-glycine-aspartate (RGD) or fibronectin.28–30 

Therefore, PEG-based hydrogels decorated with Au NPs assemblies functionalized with 

biomolecules, are excellent substitutes of natural ECM with hierarchically organized 

nanostructures for cell adhesion. SEM and UV-vis spectroscopy confirm that the Au NPs are 

immobilized on the surface of hydrogels. These materials as substrate are cultured with cells, 

and the influence of different densities and diameters of Au NPs on fibroblasts adhesion and 

cytocompatibility has been investigated. 
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2. Experimental Section 

2.1 Materials 

Silicon wafers (polished on one side) were obtained from Microchemicals. Isopropanol, 

acetone, (3-Aminopropyl) triethoxysilane (APTES), ammonia (25 %), hydrogen peroxide 

(H2O2 30%), concentrated sulfuric acid (H2SO4 98%) and toluene were purchased from Carl 

Roth. Acryloyl chloride, sodium hydride (NaH), 2-iminothiolane hydrochloride, vinyl sulfone, 

DL-Dithiothreitol (DTT) and fluorescein diacetate (FDA) were purchased from Sigma-

Aldrich. RPMI 1640, fetal bovine serum (FBS), 1% penicillin/streptomycin and Trypsin-

EDTA were purchased from PAA Laboratories GmbH. Propidium iodide (PI ≥94%) and 

phosphate-buffered saline (PBS) containing K2HPO4 and KH2PO4 were purchased from Fluka. 

Ultrapure deionized water was used for all solution preparations. All glassware was cleaned 

with Aqua Regia (VHNO3:VHCl = 1:3). 

 

2.2 Apparatus 

Silicon wafers (polished on one side) were purchased from Microchemicals. Raman spectra 

were measured using a confocal Raman spectrometer (LabRam HR 800, Jobin Yvon) coupled 

to a liquid nitrogen-cooled CCD detector. The spectral resolution was 1 cm−1 with an 

increment per data point of 0.28 and 0.15 cm−1 using 512, 597 and 649nm laser excitation line, 

respectively. The laser power on the sample was 1.0 mW. The laser beam was focused onto 

the sample by a Nikon 20× objective with a numeric aperture of 0.35. Accumulation times of 

the SERR spectra were between 1 and 12 s. For SEM observation, the hydrogels were carbon-
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coated prior to the measurements, which were performed using an Inlens detector operating at 

15.0 KV. UV spectra were recorded on a Cary 4000 by Agilent Technologies 

spectrophotometer with a 1 cm optical path quartz cuvette. Optical images were obtained using 

a Carl Zeiss fluorescence microscope (Göttingen Company). For fluorescence microscopy 

Axio Observer Z1 was used to achieve optical sectioning through the fluorescent sample. 

Pictures were taken using an AxioCam MRm digital camera and analysed using the Axio 

Vision V4.8.1 software package (Carl Zeiss, Goettingen, Germany). 

2.3 Synthesis of 8arm PEG-vinyl sulfone (8PEG-VS) macromonomers 

8arm PEG-vinyl sulfone (8PEG-VS) hydrogel was synthesized by Dr. Zhenfang Zhang of 

Lensen Lab following the method developed by Lutolf et al.31 PEG-OH (ca. 5 g) was used as 

received and dissolved directly in 300 mL of anhydrous dichloromethane (previously dried 

over molecular sieves). To the PEG dissolved in dichloromethane, NaH was added under 

nitrogen, at a 5-fold molar excess over -OH groups. After hydrogen evolution, divinyl sulfone 

was added very quickly at 50- to 100-fold molar excess over -OH groups. The reaction was 

carried out at room temperature for 3 days under nitrogen atmosphere with constant stirring. 

Afterwards the reaction solution was neutralized with concentrated acetic acid, filtered 

through paper until clear, and reduced to a small volume (ca. 10 mL) by rotary evaporation. 

PEG was precipitated by adding the remaining solution dropwise into ice-cold diethyl ether. 

The polymer was recovered by filtration, washed with diethyl ether, and dried under vacuum. 

The dried polymer was then dissolved in 200 mL of deionized water containing ca. 5 g of 

sodium chloride and extracted three times with 200 mL of dichloromethane. This solution was 

dried with sodium carbonate, and the volume was again reduced by rotary evaporation. Finally, 

the product was reprecipitated and thoroughly washed with diethyl ether to remove all 

remaining vinyl sulfone. The final product was dried under vacuum and stored under argon at 

-20 °C. Derivatization was confirmed with 1H NMR (CDCl3): 3.6 ppm (PEG backbone), 6.1 

ppm (d, 1H, =CH2), 6.4 ppm (d, 1H, =CH2), and 6.8 ppm (q, 1H, -SO2CH=). The degree of 

end group conversion, as shown by NMR, was found to be at least 95%. 
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2.4 synthesis of 20 nm and 40 nm Au NPs 

The different-sized spherical Au NPs were synthesized following the protocol of Bastús et. 

al.32 First of all, Au NPs seeds were synthesized. In the next step, the seeds were continuously 

grown to bigger particles; hereby spherical particles from 25 nm to 200 nm were obtained. For 

the seed synthesis 150 ml of aqueous solution of sodium citrate (2.2 mM) were boiled for 

15 min. Then 1 ml of HAuCl4 solution (25 mM) was injected immediately. The color of the 

solution was changed from yellow to bluish-grey and then finally to soft pink within 10 min. 

For growing of bigger-sized particles (up to 200 nm) the solution was cooled down to a 

temperature of 90 °C. Into that solution 1 ml sodium citrate (60 mM) and 1 ml HAuCl4 

solution (25 mM) were injected. After 30 min the reaction was completed and again HAuCl4 

solution (25 mM) was added. After another 30 min the solution was diluted via taking out 

27.7 ml of the Au NPs solution (20 nm) and adding 27.6 ml water. By repeating this process 

(sequential addition of 1 mL of 60 mM sodium citrate and 1 mL of 25 mM HAuCl4), up to 4 

generations of Au NPs were progressively performed. The Au NPs with diameter of 20 nm 

and 42 nm were obtained. 

2.5 Synthesis and characterization of 8PEG-VS-SH hydrogel  

Different amounts of ammonium solution (30% NH3 in H2O) were added to the precursor 

solution of 8-arm poly(ethylene glycol) vinyl sulfone (8PEG-VS) with 50% water content at 

room-temperature under vigorous magnetic stirring until the solution turned to a viscous liquid. 

Compositions were set in order to receive 20%, 10%, 5% and 2.5 wt% NH3-8PEG by weight. 

The resulting liquids were deposited on a glass slide and covered with a glass cover slip. After 

30 min, the 8PEG-VS hydrogel were formed. After gel formation, the colorless polymeric 

films formed with 5% NH3 were peeled off mechanically. The stand-alone films (250−300 µm 

in thickness) were handled with tweezers. These hydrogels were immersed in DTT solution 

(5 mg/mL) for 60 min. Afterwards, these hydrogels were washed thoroughly with water for 

several times and stored in water before use. 
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2.6 Preparation of triethoxysilane (APTES) modified silicon wafer by 

Chemical Vapor Deposition (CVD) method 

After ultrasonication in a mixture of acetone and water (V/V = 1:1) for 20 min, the silicon 

wafers were immersed in Piranha solution (mixture of H2SO4 and H2O2 with V/V = 7:3) for 

30 min. They were thoroughly washed with Milli-Q water and isopropanol, and then dried 

under a stream of pure nitrogen gas. Afterwards, the as-prepared silicon wafers were placed 

inside a small Teflon chamber filled with a solution of APTES (100 µL). APTES was then 

introduced into the sealed chamber as raising the pressure of the deposition chamber. The 

surface reacted with the gas phase adsorbate for 2 h, then the wafers were washed with 

anhydrous toluene (3 times), isopropanol immediately and dried with nitrogen followed by 

evacuation. 

2.7 Deposition of Au NPs onto silicon wafers 

The concentration of Au NPs was tuned by diluting original dispersion of 20 nm Au NPs 2×, 

4×, 8× and 16× with water, and 42 nm Au NPs with 2×, 4×, 8 ×, 16 ×, and 32× of water, 

respectively. A drop of 100 µL homogeneously dispersed Au NPs was placed on APTES 

modified silicon wafer. After incubation for 60 min, the silicon wafers were washed 

thoroughly with deionized water for 8 times and then dried with nitrogen gas. They were kept 

in a glove box to avoid oxidization before use. 

2.8 Transfer of Au NPs in different densities from silicon wafers to 

hydrogels 

The as-prepared 8PEG-VS-SH hydrogels were firmly contacted with the silicon wafers for 

about 30 s before they were withdrawn from their surface. At last, they were washed gently 

for 3 times with deionized water in order to remove the residual adsorbent Au NPs. They were 

kept in water in swollen state for cell culture, and other samples were kept at room temperature 

for 12 h in dried state before measurements. The Au NPs density (D) on sample is given by: 
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D = N·Acs = N·π·r2   

where N is the number of Au NPs on 1 μm2 area of sample, which is counted from 6 randomly 

selected regions. Acs stands for the maximum cross-sectional area of spherical Au NPs and r 

is given by the radius of Au NPs which has been estimated by SEM observation. 

2.9 Incubation hydrogels with fibroblasts L-929 

After spraying ethanol (70 % V/V) on both sides of hydrogels, they were washed carefully by 

deionized water and waited for drying in the sterile bench. Afterwards, they were put into each 

8-well plates with 300 µL of a cell suspension containing 30 000 cells/mL L-929 cells 

separately and incubated at 37 °C, 5% CO2 atmosphere and 100% humidity. After following 

incubation for 24 h, the adhered cells were observed by microscopy. Viability staining of the 

cells was carried out according to protocol with a LIVE/DEAD® staining kit, cells were 

washed with Dulbecco’s PBS and then stained with 100 µL of a vitality staining solution 

containing FDA (stock solution 0.5 mg/mL in acetone) and PI (stock solution 0.5 mg/mL in 

DPBS). Live and dead cells were detected by fluorescence microscope (Carl Zeiss, Goettingen, 

Germany). 
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3. Results and Discussion 

3.1 8PEG-VS-SH synthesis  

 

Figure 1: Schematic representation of novel hydrogels prepared through amine Michael-type 
addition chemistry. 

In the present work, PEG hydrogels are used because of the renown bio-inertness and 

biocompatibility. Novel hydrogels composed of star-shaped PEG molecules (having 8 arms 

with vinyl sulfone end groups; 8PEG-VS) are readily formed in situ by mixing of two aqueous 

solutions: 8PEG-VS with 50% water content and an ammonium hydroxide solution (5%, 

compared with 8PEG-VS) via amine Michael-type addition between vinyl sulfone and amine 

groups (Figure 1). In this reaction, NH3 molecule acts as the cross-linker, which at the same 

time acts as a catalyst because of its very basic nature. The advantage of using NH3 as cross-

linker is the ease to remove its excess after the reaction by evaporation. Moreover, due to the 

inefficient chemical reactivity of NH3 with vinyl sulfone in aqueous solution, partial vinyl 

sulfone groups are left for further functionalization. 
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Figure 2: Schematic presentation for the synthesis of 8PEG-VS-SH hydrogel (a), Raman 
spectra of residual vinyl sulfone groups of 8PEG-VS hydrogels with different amount of NH3 
addition (b) and Raman spectrumof 8PEG-VS-SH hydrogel (c). 

The Raman spectra shown in Figure 2b are normalized according to the intensity of the peak 

at 1480 cm-1 that corresponds to the C-O vibrations, because the content of C-O groups in the 

hydrogels is constant. As can be observed, the intensity of the peak at 1612 cm-1, which is 

attributed to the C=C vibrations of the unreacted vinyl sulfone groups, decreases with 

increasing the amount of NH3. 20% of the unreacted vinyl sulfone groups are left after the 

formation of hydrogels when 20% of NH3 is used. After the addition of DTT, the absence of 

the peak at 1612 cm-1 shown in Figure 2c indicates complete consumption of vinyl sulfones 

due to Michael addition chemistry between thiols and vinyl sulfones. As reported, the two 

reactants in a 1:1 ratio will result in the complete consumption of vinyl sulfones, implying that 

thiol groups are more reactive than amine groups.20 After addition of excess amount of DTT, 

the peak at 1612 cm-1 is absent from the Raman spectrum shown in Figure 2c, implying that 

the corresponding C꞊C bonds from the gel have been totally consumed and fully reacted with 

thiols from DTT, and thereby a novel 8PEG-VS-SH hydrogel has been successfully 

synthesized. 
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3.2 Transfer Au NPs from silicon wafers onto PEG-VS-SH hydrogels 

The approach of transferring Au NPs from silicon wafers onto PEG-VS-SH hydrogels is 

schematically depicted in Figure 3. Au NPs deposited on silicon wafer via electrostatic 

interactions between positively charged amino groups on silicon wafer and negatively charged 

citrate-stabilized Au NPs. As shown in Figure 3a, amino groups are introduced onto silicon 

wafer through silanization of APTES via Chemical Vapor Deposition (CVD), which is the 

most potentially reproducible method for producing high density, homogeneously 

functionalized silane monolayer on silicon substrate surfaces. Due to electrostatic interactions, 

Au NPs with the diameters of 20 nm and 42 nm can be homogeneously deposited on silicon 

wafers, respectively. 

 
Figure 3: General scheme of transferring Au NPs with different densities from APTES 
modified silicon wafer to the surface of 8PEG-VS-SH hydrogels. 

Next, the structured surface is firmly contacted with thiolated hydrogels (PEG-VS-SH) for 30 

s (Figure 3b). The -SH linker molecules that are covalently attached to the Au NPs as well as 
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the interaction between relatively flexible PEG polymer chains can couple the Au NPs to the 

hydrated PEG-VS-SH hydrogels. Separation of the hydrogel from the original support (Figure 

3b) results in a gel surface decorated with the structures originated from the silicon wafer, in 

essence transferring the inorganic structures from the silicon wafer to the hydrogel support. 

 

Figure 4: SEM images of Au NPs transferred from the surface of silicon wafers onto 
hydrogels. (a) 20 nm Au NPs, (b) 42 nm Au NPs. 

In order to investigate the transfer efficiency of our novel method, SEM is utilized to 

characterize and count Au NPs on the silicon before and after transferring. Please note that the 

area of hydrogel in SEM images is actually more than 4 times larger than the silicon wafer, 

since they are in dried state during SEM measurements, therefore there are many more Au 

NPs on surface of hydrogel than on the silicon wafer under the same view with same 

magnification. In Figure 4b, 42 nm Au NPs can hardly be observed on the silicon wafer, 

indicating that the vast majority of Au NPs, up to 98%, have been transferred from silicon 

wafer to hydrogel through Au-S covalent bond by the nano-contact transfer method. In 

comparison, the transfer efficiency of Au NPs with diameter of 20 nm from silicon to hydrogel 
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can reach 83% (Figure 4a), implying that the smaller Au NPs cannot fully contact with 

hydrated hydrogels during the transferring process, possibly because of less contact areas.  

3.3 Characterization of different density of Au NPs on hydrogels 

 

Figure 5: Representative SEM images of Au NPs deposited onto APTES modified silicon 
wafers and thiolated hydrogels (same scale in all images). 1/2, 1/4, 1/16 and 1/21 stand for the 
concentration of Au NPs. 

Due to the high transferring efficiency and strongly covalent Au-S bonds, Au NPs with 

different densities on 8PEG-VS-SH hydrogels can be obtained. Firstly, Au NPs in suspension 

with different concentration are deposited on APTES modified silicon wafer, leading to Au 

NPs with different densities adsorbed on silicon as shown in Figure 5 and 6. After transfer 

lithography, Au NPs with different densities are immobilized onto PEG-VS-SH hydrogels. 

Samples obtained from different diluted Au NP solutions are denoted as 1/2, 1/4, 1/8, 1/16 and 

1/32 of the concentration of 20 nm or 42 nm Au NPs on silicon or gel. The densities 

(number/μm2) of Au NPs are shown in Figure 6. As the concentration of Au NPs deposited on 

silicon increases, the corresponding density of Au NPs on silicon and hydrogels increases 

accordingly. 



Chapter 5 Facile Transfer of Gold Nanoparticles onto Functional Hydrogels and the Effect on Cell Adhesion 

 95 

 

Figure 6: Quantitative results of 20 nm and 42 nm Au NPs deposited onto APTES modified 
silicon wafers and thiolated hydrogels. 

In order to distinguish the optical difference between various densities of Au NPs on the 

surface of 8PEG-VS-SH hydrogels, UV-vis spectroscopy has been used to characterize 

hydrogels with different densities of Au NPs. In Figure 7a from top to bottom, the 

concentration of Au NPs is 1 C, 1/2 C, 1/4 C and 1/8 C, respectively. As the density of Au 

NPs deposited on the hydrogels decreases, the intensity of the peak for Au NPs 

correspondingly decreases as well. In addition, the SPR peaks of Au NPs on hydrogels are 

blue-shifted, due to the enlarged inter-particle distance, leading to degeneration of plasmon 

coupling between the neighboring Au NPs.  

 

javascript:void(0);
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Figure 7: (a) UV-vis spectra of different density of 42 nm Au NPs on the surface of 8PEG-
VS-SH hydrogels. (b) UV-vis spectra of 42 nm Au NPs on hydrogels (red lines) and glass 
(blue lines) (solid lines represent Au NPs on the substrate before sonication, dotted lines 
represent Au NPs on the substrate after sonication treatment for 5 min). 

After Au NPs are transferred onto hydrogels, UV-Vis spectroscopy is utilized to characterize 

the stability of Au NPs binding with the hydrogels. Due to the transparency of glass, Au NPs 

modified on glass prepared by the same procedure is used for UV-vis absorption test. In Figure 

7(b), solid lines stand for the immobilized Au NPs on hydrogel (red line) and glass (blue line), 

and dotted lines stand for the corresponding samples after sonication treatment for 5 min. After 

the hydrogels are ultrasonicated for 5 min, the same characteristic peaks at ~535 nm can be 

observed from UV-vis spectra, indicating Au NPs are still bound on the surface of hydrogels. 

In comparison, the characteristic peak is absent in the spectra of glass with Au NPs after 

ultrasonication for 5 min, which means Au NPs are detached from the glass. The results reveal 

that the attachment of Au NPs to the PEG-VS-SH hydrogel is strong and stable. This substrate 

for immobilizing Au NPs is very useful in our further experiments when incubated with L-

929 cells in aqueous solution. 

3.4 Cells adhesion and spreading on hydrogels 

It is well-known that the surface of gold may bind to cell adhesion controlling proteins and 

thus facilitate the adhesion of cells.27 Au NPs with two different diameters of 20 nm and 42 

nm with a series of densities on the 8PEG-VS-SH hydrogel have been prepared to investigate 
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L-929 cell adhesion. The representative bright-field micrographs shown in Figure 8 reveal that 

L-929 cells adhere to and spread on Au NPs/PEG-VS-SH hydrogels after incubation for 24 h. 

 

Figure 8: Optical images of L-929 cells and number of L-929 cells on the surface of TCPS, 
pure hydrogel and Au NPs/PEG-VS-SH hydrogels. 

Based on the properties of anti-adhesive PEG-VS-SH hydrogel as well as the Au NPs without 

any specific functionalization, cell adhesion can hardly be expected on the as-synthesized 

composite hydrogels. However, remarkable cell adhesion can be observed on these hydrogels 

from Figure 8. The cells are spindle-shaped when cultured with high density of Au NPs, while 
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they are round-shaped when cultured with low density of Au NPs. The overall number of cells 

adhered to the substrate decreases with the decrease of the densities of Au NPs immobilized 

on the surface of hydrogel. The number of adhered cells on Au NPs composite hydrogels (dAu 

= 20 nm, concentration of 1/2 Au NPs) is two times more than that on the TCPS. In addition, 

the cells can proliferate on the hydrogels with high density of Au NPs compared to the control 

on TCPS during the cultivation.  

We consider a number of possible explanations for such remarkable cell adhesion on Au NPs 

composite hydrogels (8PEG-VS-SH): 

(1) The surface hydrophilicity has been found to be an important factor for cell adhesion. For 

instance, Dowling et al. concluded that cell adhesion decreased with an increase in 

hydrophobicity of the fluorinated PS surfaces, and optimum cell adhesion was observed at the 

water contact angle of 64˚.33 The water contact angle for 8PEG hydrogels is 48 ± 6˚. After 

incorporation of Au NPs onto the surface of hydrogels may result in an increase in the water 

contact angle, thereby favoring the cell adhesion. 

(2) It is well known that the variation of the stiffness properties and surface roughness correlate 

with the changes in the cell adhesion.34 Fibroblasts prefer to adhere on the surface with 

increased stiffness and larger roughness. After incorporation of Au NPs onto the surface of 

hydrogels, an increase in the stiffness and roughness of composite hydrogels may induce cell 

adhesion, whereas the TCPS substrates exhibit a very smooth surface. 

(3) Cell adhesion is also influenced by surface topographies in the micrometer and nanometer 

range.35 As reported, cells can align along microgrooves or similar topographical features on 

a surface. Arnold et al. investigated the cells adhesion on the Au-nanodot-patterned interfaces 

with different spacing distance, and found that local dot–dot separation is critical for inducing 

cell adhesion and focal adhesion assembly. Separation of ≤ 58 nm between the dots allows 

effective adhesion.36 By measuring the distance between the Au NPs from SEM image shown 

in Figure 5, the inter-Au NPs distances on the as-synthesized composite hydrogels are 
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determined to be around 40 nm. Thus, this is an appropriate length scale for effective cell 

adhesion, which is in good agreement with literature report.36 

(4) Besides the aforementioned factors, another physical parameter which can influence cell 

adhesion is the surface elasticity. Most cells are in close contact to a much softer surface in 

vivo conditions in comparison with standard in vitro substrates. And PEG hydrogels with an 

elastic modulus of 0.27 ± 0.05 Mpa is significantly softer than TCPS (E > 1 GPa).37 Thus, the 

possible discrepancies in cell adhesion might be more likely caused by differences in other 

factors rather than the substrate elasticity. 

However, more experiments need to be performed in future to prove our hypotheses. For 

instance, the surface wettability, stiffness, roughness and topographies of the nanocomposite 

hydrogels need to be investigated in future. 

In general, these factors in combination might result in an environment, where proteins from 

the medium can accumulate and accommodate themselves on or between the nanoparticles, 

slightly be embedded in the soft surface of PEG chains. Thus, we propose that protein 

adsorption is enabled and this in turn results in the observed cell adhesion. In order to verify 

this, protein adsorption must be quantified. Finally, the remaining -SH groups on the 

functional gels might interact chemically with proteins, or even bind them covalently. 

3.5. Cytocompatibility of Au NPs/PEG-VS-SH hydrogels 

Figure 9 shows the representative fluorescent images of Live/dead staining assays of L-929 

cells after cultured Au NPs/PEG-VS-SH hydrogels with different densities of Au NPs. In 

Live/dead staining assay, dead cells appear red, whereas living cells appear green when 

observed with a fluorescence microscope. Red dead cells can hardly be observed on any of the 

hydrogels, demonstrating that no cytotoxicity to L-929 cells originates from 8PEG-VS-SH 

hydrogels with either high or low density Au NPs on the surface. Thus, these cyto-compatible 

hydrogels are very promising for tissue engineering. 
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Figure 9. Live-dead assay indicating viable (green) and dead (red) L-929 cells on TCPS, pure 
PEG-VS-SH hydrogels and Au NPs/PEG-VS-SH hydrogels after 24 h of incubation. (same 
scale in all images) 
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4.  Conclusion 

In this study, novel 8PEG-VS-SH hydrogels have been synthesized and further functionalized 

by amine Michael-type addition reactions – first with ammonia and then with DTT – to yield 

hydrogels with high affinity for gold. Furthermore, Au NPs with different densities have been 

transferred from silicon wafers to the surface of hydrogels with a transfer efficiency of up to 

98% through the strong Au-S bond between Au NPs and hydrogels. The stability of the Au 

NPs on the hydrogels has been proved by UV-vis spectroscopy after sonication treatment for 

5 min; the Au NPs still remain on the surface of hydrogels. More importantly, nanocomposite 

PEG-VS-SH hydrogels offer a substrate to control the cell adhesion and spreading of fibroblast 

L-929 cells. The results implied that Au NPs played an important role in cell adhesion, with 

more Au NPs on hydrogels, inducing more cell adhesion. Therefore, Au NPs could act as a 

controllable substance in tissue engineering and biomedical applications. 
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Abstract 

In this work, we develop an approach to micro-pattern gold nanoparticles (Au NPs) on 8-arm 

poly(ethylene glycol)-vinyl sulfone thiol (8PEG-VS-SH) hydrogels, and these patterned Au 

NPs stripes have been applied in controlling cell adhesion. Firstly, the Au NPs were patterned 

on silicon wafers, and then transferred onto 8PEG-VS-SH hydrogels. The patterned, 

micrometer-sized Au NPs stripes with different spacing distances (20 μm and 50 μm, 

respectively) were created by a micro-contact deprinting method. After transferring these 

micro-patterns Au NPs stripes onto 8PEG-VS-SH hydrogels, they have been used for cell 

adhesion of the murine fibroblasts L-929. The cells can adhere to and spread on those patterned 

stripes in an ordered way. 
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1.  Introduction 

In recent decades, due to the unique electronic and photonic properties as well as easy 

functionalization, gold nanoparticles (Au NPs) have been utilized in physical1,2 and 

biomedical fields.3,4 With the increasing development of nanotechnology, the ability to 

generate patterns of Au NPs on substrate is important for biosensor,5 optics,6 catalysis,7 and 

biomaterial applications.8 

To control cell behavior by designing the appropriate environment is very important to 

understand biological systems.9 Control of cell adhesion is crucial for tissue engineering and 

fundamental studies in cell biology like cell–cell, cell–substrate and cell–medium 

interactions.10 Biomaterials modified by cell recognition motives (e.g. fibronectin protein) are 

used to control the interaction between cells and synthetic substrates. Besides biochemical 

functionalization, cell behavior can be influenced by the stiffness, nanoscale topography and 

microscopic surface patterning of the substrate.11,12,13 For example, Ding et al. showed that 

micropatterns of peptide via micropatterned Au NPs enable cell localization on the 

background of poly(ethylene glycol) (PEG) hydrogels.14 It is highly interesting to assemble 

nanoparticles to create desired regions for cell adhesion.10,15  

As research continues, many methods to pattern nanoparticles have been successfully 

developed. All these methods can be generally categorized as “top-down” and “bottom-up” 

methods. However, some of them are time consuming and require expensive devices, and the 

obtained patterns consist of unordered, agglomerated, or densely compacted Au NPs.16 

Most efforts in cell micropatterning have focused on microfabrication techniques that are 

based on silicon or glass substrates, which limit applications to tissue engineering. PEG 

hydrogels, which possess an inert and protein-repellent surface have demonstrated to be 

especially useful as a background platform for the in vitro investigation of cell behavior, when 

applied in biosensor systems and tissue engineering.17,18 In this chapter, we report a novel 

technique to pattern regularly arranged Au NPs on silicon wafers, and the Au NPs patterns can 

be transferred to the 8PEG-VS-SH hydrogel by a “micro-contact deprinting method”. These 

http://onlinelibrary.wiley.com/doi/10.1002/jbm.a.32116/full
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micro-patterned Au NPs composite hydrogels enable us to control cell adhesion of murine 

fibroblasts L-929 in an ordered way following the patterned Au NPs stripes. 
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2.  Experimental Section 

2.1 Materials 

Isopropanol, acetone, (3-aminopropyl) triethoxysilane (APTES), ammonia (25%), hydrogen 

peroxide (H2O2 30%), concentrated sulfuric acid (H2SO4 98%) and toluene were purchased 

from Carl Roth. PEG-PPG-PEG (block polymer), acryloyl chloride, 2-iminothiolane 

hydrochloride, vinyl sulfone, DL-dithiothreitol (DTT) and fluorescein diacetate (FDA) were 

purchased from Sigma-Aldrich. RPMI 1640, fetal bovine serum (FBS), 1% 

penicillin/streptomycin and Trypsin-EDTA were purchased from PAA Laboratories GmbH. 

Propidium iodide (PI ≥ 94%) and phosphate buffer saline (PBS) containing K2HPO4 and 

KH2PO4 were purchased from Fluka. 8-arm PEG with a molecular weight of 15 KDa was 

purchased from Jenkem technology USA. Silicon wafers (polished on one side) were obtained 

from Microchemicals, and silicon masters were purchased from Amo GmbH (Aachen). 

Ultrapure deionized water was used for all solution preparation. All glassware was cleaned 

with Aqua Regia (VHNO3:VHCl = 1:3). 

All chemicals used as received unless stated otherwise. Solvents were of at least analytical 

grade quality. Ultrapure deionized water was used for all solution preparation. 

2.2 Apparatus 

Silicon masters were made by Amo GmbH in special sizes. The UV lamp (λ = 366 nm, Vilber 

Lourmat GmbH) was used for UV curing. SEM measurements were performed on DSM 982 

offered by ZEISS Company, the optical parts of the microscope from Gemini Optics. The 

hydrogels were carbon coated prior to measurements, which were performed using an Inlens 

detector operated at 20 KV. Optical images were obtained using a Carl Zeiss fluorescent 

microscope (Göttingen Company). Fluorescence microscopy Axio Observer Z1 was used to 

achieve optical sectioning through the fluorescent sample. Images were taken using an 

AxioCam MRm digital camera and analyzed using the Axio Vision V4.8.1 software package 

(Carl Zeiss, Göttingen, Germany). 
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2.3 Synthesis of 8PEG-VS-SH hydrogel 

8PEG-VS-SH hydrogel was successfully synthesized, and the synthesis process has been 

introduced in Chapter 5, section 2.5. 

2.4 Fabrication of micro-patterned block polymer hydrogel replicas 

PEG-PPG-PEG (block polymer, 4400Da, Sigma–Aldrich) replica with micropatterns of lines 

were prepared by replication from silicon masters (width × distance × height = 20 × 10 × 5, 

50 × 10 × 5 µm) as shown in Figure 1, which comprise patterned stripes constructed into 

microscale lines. Silicon wafers were rinsed with acetone, water, and isopropanol and dried 

under a mild stream of nitrogen before use. Prior to the replication the cleaned silicon masters 

were fluorinated with trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane 97% (Sigma-Aldrich). 

The viscous liquid of block polymer was dispensed on the silicon master (Figure 1), covered 

with a thin glass coverslip and exposed to UV light (λ = 366 nm Vilber Lourmat GmbH) for 

15 min using a working distance of 10 cm, in a nitrogen-filled glovebox. After formation of 

polymeric film, it was mechanically peeled off from silicon master by tweezers.  

 

Figure 1: Schematic of a patterned silicon master. 

2.5 Transfer the patterned Au NPs from silicon wafer to 8PEG-VS-SH 

hydrogels 

After ultrasonication in a mixture of acetone and water (V/V = 1:1) for 20 min, the silicon 

wafers were immersed in Piranha solution (mixture of H2SO4 and H2O2 with V/V = 7:3) for 
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30 min. They were washed thoroughly with Milli-Q water and isopropanol, and then dried 

under a stream of pure nitrogen gas. Afterwards, the as-prepared silicon wafers were placed 

inside a small Teflon chamber filled with a solution of APTES (100 µL). APTES was then 

introduced into the sealed chamber with raising the pressure of the deposition chamber.19 After 

2 hours of reaction, the silicon wafers were washed with anhydrous toluene (×3) and 

isopropanol (×1), and immediately dried with nitrogen followed by evacuation. Then, 

deposition of Au NPs onto silicon wafers was carried out as the procedure described in details 

in Chapter 5, section 2.7. 

The patterned block polymer stamp was contacted with the Au NPs on silicon wafers for about 

60 s, and then withdrawn carefully to create Au NPs patterns on silicon wafers. Subsequently, 

8PEG-VS-SH hydrogel was placed to contact with the silicon wafers with patterned Au NPs 

for 30 s. Afterwards, it was peeled off carefully and immediately, and then put into a petri dish. 

The hydrogel was washed for 3 times with deionized water in order to remove the non-

adsorbing Au NPs. The final samples were kept in water in swollen state for cell culture, and 

other samples were kept at room temperature for 12 h in dried state for SEM measurements.  

2.6 Cell culture 

Murine fibroblasts L-929 were kindly provided by Dr. J. Lehmann (Fraunhofer Institute for 

Cell Therapy and Immunology IZI, Leipzig). L-929 cells were cultured in 75 cm2 cell culture 

flasks containing RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (PS, 100×, all PAA Laboratories GmbH) at 37 °C and 5% CO2 in a 

humidified incubator. The cells were grown until confluence, washed with Dulbecco’s 

phosphate buffered saline solution and treated with Trypsin-EDTA (PAA Laboratories 

GmbH). After incubation for 2-5 min at 37°C, the detached cells were suspended in cell culture 

medium. The cell suspension was transferred into a falcon tube (VWR International GmbH) 

and centrifuged for 3 min at 1300 rpm, 4 °C. Finally, the cell pellet was resuspended in fresh 

medium and cells were counted using a hemocytometer (Paul Marienfeld GmbH & Co. KG). 

Cell culture medium was refreshed every second day. The cells were taken out from incubator 

at 3 h, 24 or 96 h for taking images in microscopy. 
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2.7 Incubation with L-929 cells 

After spraying ethanol (70 % V/V) on both sides of hydrogels, they were washed carefully by 

deionized water and waited for drying in the sterile bench. Afterwards, they were put into each 

8-well plates with 300 µL of a cell suspension containing 20 000 cells/mL L-929 cells, and 

incubated at 37 °C, 5% CO2 atmosphere and 100% humidity. The adhered cells were detected 

by optical microscopy after incubation for 3 h, 24 h and 96 h, respectively.  
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3.  Results and Discussion 

3.1 Synthesis of 8PEG-VS-SH hydrogel with patterned Au NPs  

 

Scheme 1: Schematic diagram of patterning Au NPs on the surface of 8PEG-VS-SH hydrogels 
in an ordered stripe. 

The strategy to prepare micro-patterns of Au NP arrays on the surface of PEG-VS-SH 

hydrogels is shown in Scheme 1. Firstly, APTES that is rich in amino groups, is chemically 

modified to the silicon wafers by Chemical Vapor Deposition (CVD) method. Au NPs are 

then immobilized on the surface of silicon wafers due to the electrostatic interactions between 

amino groups and negatively charged Au NPs. As studied and introduced in Chapter 4, block 

polymer hydrogel can efficiently transfer Au NPs from silicon wafers. Therefore, block 

polymer stamp has been subsequently fabricated and used to create patterned Au NPs stripes 

on the surface of silicon wafer. Because the block polymer stamp is in a patterned way, only 

the regions where the stamp directly contacts with the substrate, the Au NPs can be taken off. 
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After peeling off the stamp, the remaining Au NPs thus represent a patterned array on the 

surface of the silicon wafer. At last, the patterned Au NPs are transferred from silica wafers 

onto the surface of the 8PEG-VS-SH hydrogels. This strategy is successful, because the 

flexibility of the block polymer stamp makes large contact area between block polymer stamps 

and Au NPs modified silicon via this nano-contact transfer method, leading to higher adhesive 

force between Au NPs and hydrogels, thereby guaranteeing the patterned Au NPs on the 

silicon wafer. Then, Au-S bond between Au NPs and 8PEG-VS-SH hydrogels is stronger than 

the electrostatic interactions between positively charged amino groups on silicon wafer and 

negatively charged citrate-stabilized Au NPs. 

 

Figure 2: SEM images of patterned Au NPs on the surface 8PEG-VS-SH hydrogels. Scale bar 
(a) 100 µm; (b) 30 µm; (c) 7 µm; (d) 400 nm; (e) 200 nm. The size of Au NPs is 20 nm, and 
the distance between patterned stripes is 20 µm in the swollen state. 

Two types of patterned Au NPs on the hydrogels have been obtained by using this approach. 

Au NPs with different sizes (20 and 42 nm) and silicon masters with different width (20 and 

50 µm) have been applied in this work. SEM has been used to characterize the as-obtained 

patterned structure on hydrogels.  
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When Au NPs with 20 nm in diameter and silicon wafers with 20 µm in width have been used, 

patterned Au NPs stripes are formed on the hydrogels, which can be recognized as straight 

grey lines from Figure 2a-c. These patterned Au NPs stripes consist of a densely packed Au 

NPs without formation of multilayers (Figure 2d and e). 

 

Figure 3: SEM images of patterned Au NPs on the surface of 8PEG-VS-SH hydrogels. Scale 
bar (a) 100 µm; (b) 40 µm; (c) 10 µm; (d) 7 µm; (e) 400 nm. The size of Au NPs is 42 nm, the 
width of stripe is 10 µm and the distance between patterned stripes is 50 µm in the swollen 
state. 

When Au NPs with 42 nm in diameter and silicon wafers with 50 µm lines have been used, 

similar results are obtained. Straight grey lines with lines of 10 µm in width (distance between 

stripes is 50 µm) can be recognized from Figure 3 a-c, indicating that patterned Au NPs stripes 

are formed on the hydrogels. At higher magnification, it can be seen that the Au NPs are well 

distributed on the hydrogels.  

In general, for this patterning fabrication method some problems such as broken or collapsed 

patterns as well as partly missing patterns that are peeled-off together with the mold can be 

avoided. Moreover, this versatile strategy may also be used for patterning heterogeneous 



Chapter 6 Surface Patterning of Au NPs on 8PEG-VS-SH Hydrogel Surface to Control Cell Adhesion 

 116 

nanoparticles for various applications.  

3.2 Cellular behavior on the patterned Au NPs hydrogels 

The ability to culture cells on substrates with control over their size and spatial arrangement 

has facilitated fundamental studies in cellular research. To pattern cells is ideal to address 

fundamental issues like cell to cell interactions and cell to ECM interactions. When cells are 

placed on the substrate, the shape of the cells will largely depend on the size and shape of the 

adhesive patterns. In this way, the degree of cell extension or spreading can be manipulated. 

In the present work, the cells are expected to be adhered on the patterned Au NPs stripes in an 

ordered way after incubation for a certain time (Scheme 2).  

 

Scheme 2: General scheme of the patterned Au NPs stripes on the surface of 8PEG-VS-SH 
hydrogels to control cell adhesion and spreading. 

3.2.1 Cell adhesion and cell spreading 

Cell adhesion process comprises three stages: attachment, spreading, and formation of focal 

adhesions and stress fibers.20,21 At the first stage, cells are very sensitive to the environmental 

conditions. Any variation in the environment will result in their attachment or detachment 

from the substrate.22,23 For instance, the variation of the rigidity properties and surface 

roughness correlates with the changes of cell adhesion.24,25  

In order to investigate the influence of the incubation time on the cell adhesion and spreading, 

different incubation times have been applied. The cellular behavior of L-929 cells on the 

surface of 8PEG-VS-SH hydrogels with patterned 20 nm Au NPs stripes (10 µm in width and 

20 µm in distance) has been firstly investigated. As can be observed from Figure 4a, the L-

929 cells tend to adhere to the patterned Au NPs stripes after incubation for 3 h (Figure 4b), 

whereas cells can hardly be observed on the surface of the pure hydrogel without Au NPs 



Chapter 6 Surface Patterning of Au NPs on 8PEG-VS-SH Hydrogel Surface to Control Cell Adhesion 

 117 

(Figure 4a). With increasing the incubation time to 24 h, the cells start to spread along the 

patterned Au NPs stripes (Figure 4c). After incubation for 48 h, cells cover the whole pattern 

lines (Figure 4d), while the morphology of cells changes from round to spindle-like, indicating 

that the patterned Au NPs on 8PEG-VS-SH hydrogels have a great impact on the murine 

fibroblasts L-929 cell adhesion and spreading. 

 

Figure 4: Optical images of L-929 cells after incubation with patterned Au NPs (d = 20 nm) 
on the surface hydrogels (20 µm in distance of the inter-stripes) for different incubation time: 
(b) 3 h, (c) 24 h and (d) 48 h, respectively. Red circles refer to L-929 cell growing on the 
patterned Au NPs stripes. 

The cellular behavior of L-929 cells on the surface of 8PEG-VS-SH hydrogels with patterned 

42 nm Au NPs stripes (10 µm in width and 50 µm in distance) has been further investigated. 

Figure 5a shows that the cells adhere to the patterned Au NPs lines after 3 hours of incubation. 

This phenomenon is distinctly different from L-929 cells cultured on TCPS, where the cells 

grow with random distribution. Similarly, the cells tend to grow along the direction of the 

patterned Au NPs stripes after incubation for 24 h (Figure 5b). With increasing the incubation 

time to 48 h, cell proliferation leads to a slight increase in cell number. Cells agglomerate and 

form clusters consisting of several individual cells along the direction of the patterned Au NPs 
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stripes (Figure 5c). The patterned Au NPs stripes, indeed, induce cell alignment and promotes 

cell adhesion, spreading and proliferation along the patterned direction.  

 

Figure 5: Optical images of L-929 cells incubated with patterned Au NPs (d = 42 nm) on the 
surface of hydrogels (50 µm in distance of the inter-stripes) for different incubation time: (a) 
3 h, (b) 24 h and (c) 48 h, respectively. Red circles refer to L-929 cell growing on the patterned 
Au NPs stripes. 

The result demonstrates that the patterned Au NPs stripes can be transferred to the 8PEG-VS-

SH hydrogel to promote cell adhesion and spreading in an ordered way. After incorporation 

of Au NPs onto the surface of hydrogels, an increase in the stiffness and roughness of 

composite hydrogels may induce cell adhesion. In addition, surface topographies in the 

micrometer and nanometer range may also induce cell adhesion. The present study shows that 

the patterned Au NPs stripes can be used for controlling a cellular response, and affect the 

morphology, adhesion of the fibroblasts cells. More importantly, patterning cells on the 

substrate is useful for the development of tissue engineering and fundamental studies in cell 

biology. 
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3.2.2 Cell viability 

 

Figure 6: Fluorescent images of L-929 cells after being cultured on the surface of 8PEG-VS-
SH hydrogel with patterned Au NPs (d = 42 nm) stripes (50 µm in distance of the inter-stripes) 
for 24 h. Straight lines were drawn to represent the patterned Au NPs below the cells. 

Live/dead staining assay has been used to study the cell viability after incubation with 

patterned Au NPs stripes for a certain time. In Live/dead staining assay, dead cells appear red, 

whereas living cells appear green when observed with a fluorescence microscope. As shown 

in Figure 6, all the cells appear to be green, indicating that the patterned Au NPs stripes are 

non-cytotoxic to L-929 cells. This is due to the fact that all the Au NPs are firmly immobilized 

on the surface of hydrogels without entering the cells.  
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4.  Conclusions 

In the present study, a simple, time-saving and cost-effective protocol has been developed to 

create micropatterned Au NPs on the surface of functional PEG hydrogel. This “micro-contact 

deprinting method” provides a new way to pattern Au NPs onto hydrogel. On this hydrogel 

with patterned Au NPs, L-929 cells can adhere to and spread on the patterned Au NPs stripes 

in an ordered way. Therefore, these cyto-compatible hydrogels with patterned Au NPs stripes 

can be applied for controlling cell adhesion, and they are a very promising candidate for 

applications in tissue engineering. 
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Summary and Outlook 

The general objective of this thesis is to exploit the cytotoxicity of gold nanoparticles (Au NPs) 

in cell-biological applications. Owing to the cyto-compatibility of hydrogels, novel Au NPs-

based composite hydrogels have been designed and investigated as substrate for biomedical 

applications in cell adhesion and spreading. The present thesis is organized as follows: 

In chapter 2, spherical Au NPs with diameters of 4.5, 12, 30, 50 and 60 nm, respectively, have 

been synthesized and characterized. Trypan blue assay, Live/dead staining assay and MTT 

assay methods have been selected to test their cytotoxicity for murine fibroblasts L-929 and 

murine osteoblasts MC3T3-E1, respectively. Among the as-synthesized Au NPs, Au NPs with 

4.5 nm in diameter have been proved to be highly toxic to L-929 cells since the viability of L-

929 cells is around 15%. It has been observed that Au NPs not only destroy the cell membrane 

integrity, but also damage mitochondria. In contrast, the Au NPs show lower toxic effects to 

MC3T3-E1 cells than that of L-929 cells. In addition, the toxicity of Au NPs decreases with 

the increase of the size, especially for 60 nm Au NPs, which are comparatively nontoxic. In 

general, the toxicity of Au NPs strongly depends on their size. 

In Chapter 3, novel pH-responsive genipin-crosslinked chitosan-gold nanocomposite 

hydrogels have been developed incorporating 4.5 nm Au NPs due to their high cytotoxicity. 

At acidic environment (pH 6.4), the swelling ratio of as high as 365% can be reached for these 

pH-responsive composite hydrogels, resulting in the release of 4.5 nm Au NPs from the 

nanocomposite hydrogels. The released Au NPs cause harm to cancer cells (i.e. 

human hepatocellular carcinoma Hep G2), which has been confirmed by fluorescence 

microscopy in vitro. While the Au NPs are well kept in the nanocomposite hydrogels at neutral 

environment (pH 7.4), they can act as substrate for promoting cell adhesion and proliferation 

of the L-929 cells. These chitosan-gold nanocomposite hydrogels can be used in biomedical 

applications (e.g. cancer treatment). 
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The work presented in Chapter 4 focuses on immobilization of Au NPs onto hydrogels. Au 

NPs have been firstly distributed on silicon wafers, and then been transferred to 3BC-UV, 

PEG575-UV, 8PEG-UV and 8PEG-VS-SH hydrogels by soft lithographic method, respectively. 

98% of transfer efficiency can be achieved for immobilizing Au NPs on 3BC-UV and 8PEG-

VS-SH hydrogels. A monolayer of Au NPs is formed and homogeneously distributed on the 

surface of 3BC-UV and 8PEG-VS-SH hydrogels. These nanocomposite hydrogels show an 

excellent stability; even if the composite hydrogels are ultrasonicated for 15 min, the 

detachment of Au NPs from these composite hydrogels can hardly be observed. In contrast, 

the other two hydrogels PEG575-UV hydrogel and 8PEG-UV cannot immobilize any Au NPs 

on their surface by this direct transfer method.  

As explained in chapter 4, Au NPs on PEG-VS-SH hydrogels have been immobilized due to 

the strong Au-S bond. In chapter 5, owing to the cyto-compatibility and high transfer 

efficiency of Au NPs of 8PEG-VS-SH hydrogels, the nanocomposite hydrogels have been 

investigated as novel substrates to control L-929 cell adhesion. It was found that the overall 

number of L-929 cell adhered on the composite hydrogels can be well controlled by the density 

of Au NPs on the hydrogel; increasing the density of Au NPs leads to the increase of cell 

adhesion. Such performance can be mainly attributed to the following features. Au NPs 

immobilized on the hydrogels provide stiffness and roughness to adhere cells, facilitating the 

cell adhesion. Thus, these novel nanocomposites represent a promising biomaterial for 

controlled cell adhesion in tissue engineering and biomedical application. 

In Chapter 6, a “micro-contact deprinting method” has been developed for designing a new 

type of patterned nanocomposite hydrogels (Au NPs on 8PEG-VS-SH hydrogel), on which 

Au NPs were patterned in an organized way (10 µm in width and 20 or 50 µm in distance of 

the inter-stripes). The obtained patterned Au NPs stripes on the hydrogels have been 

investigated for their ability to induce localized cell adhesion and spreading of L-929 cells. It 

has been observed that cells not only adhere to these micro-patterned nanocomposite 

substrates, but also spread in an ordered way along the patterned Au NPs stripes. The present 

work provides a facile and effective method for transferring patterned Au NPs from silicon 
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wafers to hydrogel surface. Most importantly, the novel composite hydrogels can act as a 

useful platform for biotechnological research, making it a promising candidate for the design 

of tissue engineering substrates, in particular for nerve regeneration substrate where the 

guidance of axons regenerating over large distances is of vital importance.  
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Abstract 

Gold nanoparticles (Au NPs) play an important role in chemistry, biology, engineering and 

medicine due to their unique optical properties, ease of synthesis, and flexibility of 

(bio)chemical functionalization. Knowledge about their potential toxicity is essential before 

these nanomaterials can be used in real clinical settings, particularly, if they are incorporated 

into hydrogels as nanocomposite hydrogels for advanced biomedical applications. The main 

goals pursued in this thesis are the development synthesis of Au NPs with variable size, their 

controlled immobilization on poly(ethylene glycol)-based hydrogels, and the investigation of 

cellular responses to these nanocomposite hydrogels. 

In the present work, Au NPs with different sizes are synthesized and characterized. The 

cytotoxicity of these as-obtained Au NPs are conducted in vitro with murine fibroblasts and 

osteoblasts using Trypan blue assay, Live/dead staining assay and MTT assay, respectively. 

Au NPs with 4.5 nm in diameter show significant cytotoxicity, while larger NPs are less 

cytotoxic. These small Au NPs have consequently been selected to fabricate novel pH-

responsive hydrogel systems, i.e. genipin cross-linked chitosan-gold nanocomposite hydrogels 

that could release the toxic substances at lower pH values. The novel nanocomposite hydrogels 

indeed are found to feature a higher swelling degree at pH 6.4 as compared with that at pH 

7.4. It has been demonstrated that the 4.5 nm Au NPs are released from the gels when cultured 

with human hepatocellular carcinoma Hep G2 (acidic environment), inducing cell death. 

Meanwhile, they can work as substrate to promote adhesion and proliferation of murine 

fibroblasts in neutral environment. 

Besides the incorporation of Au NPs into genipin-crosslinked chitosan hydrogels, the 

immobilization of Au NPs on the surface of PEG-based hydrogels has been investigated. To 

that end, a soft lithographic method was developed (“nanocontact transfer lithography”) to 

transfer Au NPs from silicon wafers to soft hydrogels. A correlation between the density of 

the immobilized Au NPs on the surface of 8PEG-VS-SH hydrogel and the cell adhesion of 

murine fibroblasts is observed.  
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In addition to the random distribution of Au NPs on PEG-hydrogels, patterned Au NPs on 

hydrogels are fabricated by another soft lithography method (i.e. “micro-contact deprinting”). 

These patterned Au NPs on PEG- hydrogels are also used to control cell adhesion. Cell 

adhesion can be directed following the patterned Au NPs lines in an ordered way. 

These gold nanocomposite hydrogels provide a useful platform to further develop the control 

of cellular behavior on new materials for biomedical and tissue engineering applications. 
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Zusammenfassung 

Gold Nanopartikeln (Au NPs) spielen eine bedeutende Rolle in Chemie, Biologie, 

Ingeieurwesen und Medizin aufgrund ihrer einzigartigen optischen Eigenschaften, leichten 

Synthese und Flexibilitat in der (bio)chemischen Funktionalisierung. Kenntnis über ihre 

potentielle Toxizität ist notwendig bevor diese Nanomaterialien in realen klinischen 

Einstellungen angewendet werden, insbesondere wenn sie inkorporiert werden in Hydrogele 

als Nanokomposite Hydrogele für neue biomedizinische Anwendungen. Die Hauptziele, die 

in dieser Arbeit verfolgt werden, sind die Entwicklung der Synthese von Au NPs mit 

verschiedenen Größen, ihre Immobilisierung in Polyethylenglykol-basierte Hydrogele und die 

Untersuchung der zellulären Reaktionen zu diesen Nanokompositen Hydrogelen. 

In der vorliegenden Arbeit werden Au NPs mit verschiedenen Größen synthetisiert und 

charakterisiert. Die Zytotoxizität der erhaltenen Au NPs sind ausgeführt in vitro mit murinen 

Fibroblasten und Osteoblasten jeweils mittels Trypanblau Analyse, Lebend/Tot Färbung 

Analyse und MTT Analyse. Au NPs mit einer Durchmesser von 4.5 nm zeigen eine 

signifikante Zytotoxizität, während größere Au NPs weniger toxisch sind. Diese kleinen Au 

Nps sind folglich  ausgewählt um neue, pH-responsive Hydrogelsysteme zu bilden, z.B. 

Genipin quervernetzte Chitosan-Gold Nanokomposite Hydrogele, die die toxischen 

Substanzen bei kleineren pH Werten freilassen. Diese neuen Nanokomposite Gele weisen 

höhere Schwellungsgrade bei pH 6.4 im Vergleich zu pH 7.4 auf. Es wird gezeigt, dass die 

4.5 nm großen Au NPs aus den Gelen freigesetzt werden wenn sie mit humanen 

Hepatomzellen Hep G2 (saure Umgebung) kultiviert werden, die den Zelltod verursacht. 

Inzwischen können sie als Substrate verwendet werden, die die Zelladhäsion und Proliferation 

von murinen Fibroblasten in natürlicher Umgebung fördert. 

Zusätzlich zu der Inkorporation von Au NPs in Genipin-quervernetzte Chitosan-Gold 

Nanokomposite Hydrogele ist die Immobilisierung von Au NPs auf die Oberfläche von 

PEG-basierten Hydrogelen untersucht worden. Hierzu ist eine softlithographische Methode 

entwickelt („Nanokontakt Transfer Lithography“) um die Au NPs von Siliziumwafern auf 
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weiche Hydrogele zu transferrieren. Eine Beziehung zwischen der Dichte der immobilisierten 

Au NPs auf der Oberfläche von 8PEG-VS-SH Hydrogelen ond der Zelladhesion von murinen 

Fibroblasten wird beobachtet.  

Zusätzlich zu der zufälligen Verteilung von Au NPs auf PEG-Hydrogele, werden strukturierte 

Au NPs auf Hydrogele mittels weiterer softlithographischer Methode (z.B. „Mikrokontakt 

Rückdrucken“) erzeugt. Diese strukturierten Au NPs auf PEG-Hydroglen sind ebenfalls 

benutzt um Zelladhäsionen zu kontrollieren. Es wird gezeigt, dass die Strukturen die 

Zelladhäsion steuern indem sich die Zellen regelmäßig den strukturierten Au NPs Linien 

folgen. 

Diese Gold Nanokomposite Hydrogele bieten eine brauchbare Plattform für die weitere 

Entwicklung bei der Kontrolle von zellulären Verhalten gegenüber neuen Materialien für 

biomedizinische und gewebetechnische Anwendungen. 
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