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ABSTRACT OF DISSERTATION 

 

 

 

 

NANOSCALE FUNCTIONALIZATION AND CHARACTERIZATION OF 

SURFACES WITH HYDROGEL PATTERNS AND BIOMOLECULES 

 

 

The advent of numerous tools, ease of techniques, and concepts related to 

nanotechnology, in combination with functionalization via simple chemistry has made 

gold important for various biomedical applications. In this dissertation, the development 

and characterization of planar gold surfaces with responsive hydrogel patterns for rapid 

point of care sensing and the functionalization of gold nanoparticles for drug delivery are 

highlighted.  

 

Biomedical micro- and nanoscale devices that are spatially functionalized with 

intelligent hydrogels are typically fabricated using conventional UV-lithography. Herein, 

precise 3-D hydrogel patterns made up of temperature responsive crosslinked poly(N-

isopropylacrylamide) over gold were synthesized. The XY control of the hydrogel was 

achieved using microcontact printing, while thickness control was achieved using atom 

transfer radical polymerization (ATRP). Atomic force microscopy analysis showed that 

to the ATRP reaction time governed the pattern growth. The temperature dependent 

swelling ratio was tailored by tuning the mesh size of the hydrogel. While nanopatterns 

exhibited a broad lower critical solution temperature (LCST) transition, surface 

roughness showed a sharp LCST transition. Quartz crystal microbalance with dissipation 

showed rapid response behavior of the thin films, which makes them applicable as 

functional components in biomedical devices. 

 

The easy synthesis, relative biocompatibility, inertness, and easy functionalization 

of gold nanoparticles (GNPs) have made them useful for various biomedical applications. 

Although ATRP can be successfully carried out over GNPs, the yield of stable solution 

based GNPs for biomedical applications prove to be low. As an alternative approach, a 

novel method of ISOlating, FUnctionalizing, and REleasing nanoparticles (ISOFURE) 

was proposed. Biodegradable poly(β-amino ester) hydrogels were used to synthesize 

ISOFURE-GNP composites. ATRP was performed inside the composite, and the final 

hydrogel coated GNPs were released via matrix degradation. Response analysis 



 

confirmed that the ISOFURE method led to the increased stability and yield of the 

hydrogel coated ISOFURE-GNPs. The ISOFURE protocol was also utilized in 

functionalizing GNPs with enzyme catalase in the absence of a stabilizing reagent. 

Biotin-streptavidin affinity was used as the bioconjugation method. Activity analysis of 

the conjugated enzyme showed that the ISOFURE-GNPs showed enhanced biomolecular 

loading relative to solution based stabilizing reagent passivated GNPs.  

 

 

  

KEYWORDS: Hydrogel, Gold nanoparticle, ISOFURE, Atom transfer radical 

polymerization, Microcontact printing 
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CHAPTER 1 

Introduction 

 

The age of nanoscience and nanotechnology has exerted a greater influence than 

custom macroscopic technology on how researchers understand and design analytical 

nanomaterials to unravel the mysteries of systems biology, thereby delivering novel 

devices for various biomedical applications. Nanomaterials can be simply defined as all 

objects encompassing components with at least one feature at the nanoscale dimension 

(10
-9

 m) [1, 2]. At this scale, quantum mechanical effects begin to emerge, more often 

leading to the invalidation of the governing rules of the macroscopic level, which 

provides various physico-chemical material properties. In addition, the high surface to 

volume ratio that come with size reduction has given rise to increased catalytic, 

electronic, optical, mechanical, and magnetic properties [3-8]. These properties have been 

harnessed to find applications in medicine, semiconductors and opto-electronics, 

aerospace and sports materials, ceramics, consumer products, and environmental 

remediation [9-12].  

 

The transition of semiconductor nanotechnology into producing micro-electro-

mechanical systems (MEMS) and microfluidic lab-on-chip biomedical systems has 

enabled the field of point-of-care medicine to grow leaps and bounds. These biomaterials 

have been used for molecular sensing, diagnostics, sieving, controlled drug release, and 

biomarker guided targeted therapeutics [13-16]. For use of these biomaterial surfaces as 

implantable biomedical devices, their interactions with cells are critical. Both the 
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topography and the chemical composition of the surface at the nanoscale greatly 

influence cell adhesion, mobility, and differentiation [17]. In several instances, either 

polymeric networks or biomolecules have been used to tailor the surface features of a 

biomaterial implant. One common polymeric network system used for biomaterial 

coating is hydrogels. Novel hydrogels, whose polymeric backbones have been tailored to 

provide swelling response behavior to different environmental cues, find interests as 

components of various micro-/nanodevices such as micropumps, microvalves, 

microfluidic channels, microcantilever sensor platforms, etc [18-23]. While the coating of 

surfaces with hydrogels has been well established by methods of conventional 

lithography, precise patterning of hydrogels into three-dimensional structures is at its 

relative inception. Some techniques that have been developed to achieve a fine level of 

control for patterning surfaces include e-beam and ion-beam lithography, nano-imprint 

lithography, dip pen nanolithography, and other novel soft lithographic techniques [24].  

 

Highly sensitive biosensors that detect molecular biomarkers at extremely low 

concentration levels or recognize environmental changes arising from biological 

processes are crucial for the early detection of diseases and prognosis. Also, the need to 

provide a controlled release of the appropriate drug from implanted biomaterials is 

critical for self-regulated therapeutic applications. In the case of hydrogel micro-

/nanodevices, the sensitive and controlled response behavior of the polymer matrix is 

mostly governed by the diffusion of molecules into and out of the polymer matrix. 

Nanoscale thin hydrogel films provide means to accelerate the diffusion process, thereby 

defining the effectiveness of a micro/nanodevice for rapid point of care diagnosis and 
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therapeutics [25]. Synthesis of thin polymer layers covalently bound to a material surface 

is achieved by either „grafting to‟ or „grafting from‟ chemistries [26]. While „grafting to‟ 

approach is most preferred in the case of biomolecules, „grafting from‟ approach 

associated with the ease of monomer accessibility at reactive sites, provides higher 

grafting densities [27, 28]. Both the spatial control and the thickness of the hydrogel 

coating involved in the fabrication of hydrogel nanostructures plays a critical role in the 

development of micro- and nanodevices for their prospective applications in the 

biomedical field. 

 

While the focus of research on using polymeric biomaterials as implantable 

devices offer improvements to existing or traditional biomedical techniques, novel 

multifunctional inorganic nanoparticles are used to overcome some of the inherent 

limitations and issues associated with traditional diagnostic and therapeutic agents. 

Nanotechnology enables a various approaches towards nanoparticle surface modifications 

such as targeting moieties, contrast agents, stealth polymers, and drug cargos. These have 

provided some advantages such as alternative routes of drug administration, improved 

solubility of poorly water-soluble drugs, targeted drug delivery that reduced systemic side 

effects, enhanced in vivo half-life of drugs with reduced immunogenic response, 

increased sensitivity and specificity during magnetic resonance and ultrasound imaging, 

and the release of drugs at a sustained rate or in response to an environmental stimuli [29-

33]. Also, nanoparticles have been used in the realm of tissue engineering for the delivery 

of molecules, drugs, growth factors, and DNA [34]. They are not only used as delivery 

systems, but also exploited as mechanical reinforcements of polymeric scaffolds [35]. 
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While, these polymer-nanoparticle composites prove as scaffolds for constructive tissue 

development, the utilization of the inherent property of certain nanoparticles to heat 

remotely paves way for thermoablative treatment [36]. Although, the synthesis of 

biomolecule and other short molecule protected nanoparticle is well established, polymer 

coated particles are currently receiving considerable attention because the polymers are 

capable of effectively stabilizing nanoparticles by steric effects, controlling the particle 

shell size and monodispersity, thereby providing good stability and uniform properties for 

biomedical applications. Therefore, „grafting from‟ approach of introducing polymer 

networks over nanoparticle surfaces similar to above described implantable devices is of 

great interest.  

 

1.1. Dissertation Overview 

The overall objective of this research was to develop innovative methods for the 

integration of a wide variety of polymer networks, in particular intelligent hydrogel 

systems, and biomolecules over gold surfaces.  These novel materials have great promise 

for application as biomedical point of care micro- and nanodevices. The specific research 

objectives of this dissertation can be summarized as 

 Acquire spatial control (XY control) over planar gold surface by employing a 

suitable soft lithographic technique; 

 Use a surface initiated polymerization technique to achieve thickness control (Z 

control) over the growth of intelligent hydrogel systems over planar gold surface; 

 Characterize the growth and response behavior of the novel intelligent hydrogel 

patterns using various nano-analytical tools; 
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 Develop an innovative strategy to synthesize stable intelligent hydrogel coated 

gold nanoparticles using surface initiated polymerization and the properties of 

degradable hydrogel nanocomposites; 

 Extend the novel ISOFURE strategy of isolating the nanoparticles in a polymer 

matrix, functionalizing them, and finally releasing them via degradation of the 

polymer matrix into producing stable functionalized bioactive gold nanoparticles; 

and  

 Demonstrate the use of hydrogels as functional components of biomedical micro- 

and nanodevices. 

 

Chapter 2 discusses the background on the functionalization of surfaces, in 

particular gold, with biomolecules and polymer networks. Some of the methods of 

patterning and functionalization of surfaces such as „grafting to‟ and „grafting from‟ are 

highlighted. Atom transfer radical polymerization (ATRP), the surface initiated 

polymerization method employed in this research, is emphasized. Chapter 3 focuses on 

the background of hydrogel systems. Additionally, applications of responsive intelligent 

hydrogels in micro- and nanodevices for biosensing, actuation, and drug delivery are 

summarized. The patterning techniques associated with these devices are also 

highlighted, with more focus given to microcontact printing (µCP). 

 

In chapter 4, the viability of achieving precise spatial XY control of patterns on 

gold using µCP and tunable thickness (Z control) of hydrogel structures using ATRP is 

demonstrated. Poly(N-isopropyl acrylamide) (PNIPAAm) hydrogels crosslinked with 
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poly(ethylene glycol) n dimethacrylate (PEGnDMA) hydrogels were synthesized as the 

model hydrogel platform for this experimental chapter. Characterization of the hydrogel‟s 

chemical composition and its structure via patterning and ATRP was carried out using 

optical microscopy, Fourier transform infrared (FTIR) spectroscopy, and atomic force 

microscopy (AFM). Chapter 5 details the effect of crosslinking parameters on 

equilibrium response kinetics of the hydrogel structures at the nanoscale. For this study, 

temperature response behavior of PEGnDMA crosslinked PNIPAAm hydrogels were 

studied using AFM and quartz crystal microbalance with dissipation (QCM-D). 

 

Chapter 6 describes the transition of controlled hydrogel growth into gold 

nanoparticle (GNP) systems, wherein issues associated with agglomeration with hydrogel 

formation is highlighted. A novel strategy called the ISOFURE methodology of 

ISOlating nanoparticles using a degradable hydrogel matrix, followed by 

FUnctionalization of their surface with a surface initiated polymerized hydrogel shell, 

and subsequent RElease of the stable functionalized nanoparticles is discussed in detail. 

Two methods of synthesizing the GNP-degradable hydrogel nanocomposites: one by pre-

synthesizing GNPs and then adding to hydrogel prepolymer solution and the other 

involving in-situ precipitation of GNPs inside the polymerized degradable hydrogel 

matrix is also introduced for comparison purposes. This methodology of isolation of 

GNPs, functionalization, followed by release of stable nanoparticles is extended for 

biofunctionalization reactions in chapter 7. A model biofunctionalization reaction of 

protein immobilization over GNPs is used to study the effectiveness of this strategy in 

enhancing the functional loading of a nanoparticle surface. Both the stability and the 
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activity of the protein tethered to the surface of the nanoparticle is characterized using 

biomolecular assays and compared to that of solution based protein attached 

nanoparticles (synthesized without the use of the degradable entrapping hydrogel matrix). 

The conclusions and potential future work related to this dissertation are presented in 

Chapter 8. 
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CHAPTER 2 

Background on the functionalization of gold with biomolecules and polymeric 

networks 

 

This chapter is based in part on  

 Book chapter published as: 

H.D. Chirra, D. Biswal, J.Z. Hilt, "Gold Nanoparticles and Surfaces: Nanodevices 

for Diagnostics and Therapeutics", in Nanoparticulate Drug Delivery Systems 

(NPDDS) II: Formulation and Characterization, Y. Pathak, D. Thassu, eds., 

Informa Healthcare USA Inc., 2009, 90-114. 

 

2.1. Introduction 

Gold has received much interest in the field of biomedical engineering. The use of 

gold as a key component in diagnostics and therapeutics field has emerged primarily over 

a period of three decades. During the 19
th

 century, the pure form of gold called activated 

gold, due to its inert behavior to harsh environments, was prominently employed for 

catalysis [1]. With the advent of numerous tools, techniques, and concepts related to 

nanotechnology, in combination with the inherent property of gold to form functionalized 

bioconjugates via simple chemistry, gold has found importance in various diagnostic and 

therapeutic applications [2-6]. The unique chemical and physical properties of gold 

render it as effective sensing and delivery systems for pharmaceutical applications [7]. 

Gold is mostly considered inert and non-toxic, and although gold can be directly used for 

biomedical applications, unique applications of this inert metal require functionalization 
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with other biomolecules or biocompatible polymeric systems. Herein, we detail the 

progress made in the functionalization of gold surfaces, both planar and particulates, at 

the nanoscale for diagnostic and therapeutic applications. 

 

Functionalization of gold surfaces, both planar and spherical can be achieved by 

using either „grafting to‟ or „grafting from‟ methods [8]. Figure 2.1 shows the schematic 

representation of functionalizing gold surfaces with polymeric materials. The „grafting 

to‟ method involves the reaction of end functionalized polymers with appropriate surface 

sites. Initially grafted polymer layers over these active sites however, hinder the further 

attachment of polymer chains because of limited availability of more active sites, thus 

limiting film thickness and brush density. In the „grafting from‟ approach, a reactive unit 

on the surface initiates the polymerization, and consequently, the polymer chains grow 

from the surface. Most „grafting from‟ polymerization reactions utilize controlled radical 

polymerization mechanisms. Since monomers diffuse more easily to reactive sites than 

macromolecules, this approach generally leads to higher grafting densities.  A variety of 

functionalization techniques over gold surface are described in the following. 

 

2.2. Conventional ‘grafting to’ method with biomolecules and assembled monolayers 

The various properties of gold nanoparticles (GNP) are mostly size dependant and 

surface characterized, and therefore, the controlled synthesis of GNP is important for 

applications in bionanotechnology. Monodispersed gold nanoparticles (GNPs) are 

relatively easy to form with core sizes ranging from 1 nm to 150 nm. Gold nanoparticles 

with  varying  core  sizes  are  usually  prepared by the reduction of gold salts in aqueous,  
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Figure 2.1. Scheme explaining the difference between grafting to and grafting from 

surface functionalization methods. The polydispersity index of the polymer over the 

surface is high for the „grafting to‟ method and low for the „grafting from‟ technique 

respectively. 
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organic phase, or two phases [9, 10]. However, the high surface energy of GNPs makes 

them highly reactive, and as a result, they undergo aggregation. The presence of an 

appropriate stabilizing agent prevents particle agglomeration by binding to the particle 

surface to impart high stability and also rich linking chemistry if it acts as a functional 

group for bioconjugation [11, 12].  

 

Surface modification of gold particles with stabilizing agents can be achieved by 

many methods. The thiol gold chemistry is used as the key mechanism for grafting small 

biomolecules and short chain end functionalized polymeric stabilizers to gold. The 

„grafting to‟ fabrication of sensor and/or delivery systems based on gold nanoparticles 

bearing functional moieties has been made easy by using the one-pot protocol developed 

by Schriffin et al. in 1994 [10]. These monolayer protected clusters of 1.5 nm – 6 nm are 

prepared by the reduction of HAuCl4 by sodium borohydride in the presence of 

alkanethiol capping agents. Murray and his coworkers extended Schriffin‟s method to 

diversify the functionality of monolayer protected clusters to mixed monolayer protected 

clusters using a place-exchange reaction between the thiols [13]. Table 2.1 gives a list of 

„grafting to‟ surface modified particles, as synthesized by various researchers for bio-

related diagnostic and therapeutic applications. For further information, the reader is 

directed to the respective references of the table for the attachment/reaction chemistry.  

 

Although, the synthesis of biomolecule and other short molecule protected GNP is easy, 

polymer coated GNP are currently receiving considerable attention because the polymers 

are  capable  of  effectively  stabilizing  nanoparticles  by  steric effects and the controlled  
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Table 2.1. Different types of functionalization methods used for the preparation of 

modified bio-diagnostic and therapeutic gold nanoparticles. 

Type of GNP Functional Group 

Attached 

References 

Biomolecule protected Peptide 
108, 109

 

 Phospholipids 
110, 111

 

 Synthetic lipids 
112-115

 

 Microorganism 
114, 116

 

 Viruses 
117,

 
118

 

Natural and degradable Ionic liquids 
119-122

 

 Polysaccharides - chitosan 
123-126

 

 Polysaccharides - sucrose 
127

 

Polymer (dendrimers) Poly(amidoamine) based 
128-131

 

 Other dendrimers 
132-136

 

Polymer (others) Linear polymer 
137, 138

 

 Hyperbranched polymer 
139-141

 

 Amphiphilic polymer 
142, 143

 

 Environmentally responsive 
144, 145

 

 PEG functionalized 
146-149

 

 Bioconjugated PEG 
150-152
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 growth of the polymers provide a control over the particle size thereby providing good 

stability for biomedical applications. „Grafting to‟ approaches for the synthesis of such 

monodispersed particles is not viable. This is due to the effect of steric hindrance on the 

non uniform attachment of polymer chains to the gold surface. To overcome this 

problem, the „grafting from‟ approach is often preferred. 

 

2.3. Surface initiated ‘grafting from’ methods with polymeric networks 

 In the „grafting from‟ approach, a reactive unit on the surface initiates the 

polymerization, and consequently, the polymer chains grow from the surface (Figure 

2.1). This one monomer at a time attachment to the surface of interest leads to a much 

denser and more uniform polymer coated surface when compared to „grafting to‟ 

techniques. While a wide combination of polymeric networks can be obtained via 

„grafting from‟ techniques, the same is not viable by using „grafting to‟ techniques. 

Surface modification with polymer brushes had been widely used to tailor various surface 

properties of gold [14, 15]. Most „grafting from‟ or surface initiated polymerization (SIP) 

reactions, work on the principle of controlled radical polymerizations [16].  A general 

mechanism of how controlled radical polymerization renders a uniform polymer coated 

surface is shown in Figure 2.2. Briefly an initiator and/or a ligand transforms into a 

surface attached radical (R•), that thereby undergoes polymer propagation in a controlled 

manner, while the ligand complex radical (in this case Z• or ZY•) participates in 

controlling the polymerization reaction and finally undergoes termination with the 

remaining free radicals. A few key elements of the reaction molecules are mentioned in 

Figure 2.2. 
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Figure 2.2. Mechanisms of polymerization in living radical and ionic polymerization. 
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 There are different types of surface initiated polymerization (SIP) mechanisms 

utilized on both planar and particulate gold surfaces. The many types of polymerization 

mechanism include, free radical, cationic, anionic, ring opening metathesis 

polymerization (ROMP), atom transfer radical polymerization (ATRP), and  

polymerization using 2, 2, 6, 6,- tetramethyl-1-piperidyloxy (TEMPO) [8]. Though, 

bioconjugation with modified thiols is the most common method for addressing bio-

applied gold surfaces, polymerization via „grafting from‟ techniques affords controlled 

polymer grafting density and composition. This control is vital in the development of 

various biosensors and drug delivery therapeutic systems for precise bio-diagnostic and 

therapeutic applications. A few of these „grafting from‟ methods are addressed as 

follows. 

 

2.3.1. Free radical polymerization 

Surface initiated free radical polymerization (FRP) is used for the polymerization 

of a large variety of monomers [17, 18]. For example, Duner et al. reported the synthesis 

of acrylamide/acrylate polymer brushes from the Au surface using thermal FRP which 

were initially coated with polystyrene-type thin films, derivatized from photolabile 

groups [19]. These acrylamide and acrylate brushes, in general, are sensitive to 

environmental stimuli such as temperature and pH. By encompassing biomolecules 

which lead to a change in the environmental conditions, these materials on gold surface 

can be effectively used as biosensors. Though, FRP can be used over a variety of 

polymers, it is often not preferred due to uncontrolled polymer growth leading to coating 

of varying thickness. The surface initiated polymerization in conjunction with a living 
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radical polymerization (LRP) technique is among the most useful synthetic routes to 

precisely design and functionalize the surface of various materials. Surface initiated LRP 

is particularly promising due to its simplicity and versatility.  

 

2.3.2. Living ionic polymerization 

The use of multiple functionalities on material surfaces enables multiplex usage 

for various biomedical applications. A control over the polymer thickness, the type of 

polymer formed (e.g. block copolymer systems), can be controlled via ionic 

polymerization. Briefly, in this technique, the coinitiator I in Figure 2.2 combines with a 

Lewis acid or Lewis base (considered also as the initiator), to generate the ionic radical 

complex B
+
(IA)

-
 which adds up monomer units (M) in propagation steps to produce the 

polymer.  The Advincula group reported the living anionic surface initiated 

polymerization of styrene and diene homopolymers as well as diblock copolymer brushes 

on gold surfaces [20, 21]. They used 1,1-diphenylethylene self assembled monolayer as 

the immobilized precursor initiator from which anionic polymerization of monomer was 

carried out. Other groups have also reported work related to anionic polymerization on 

gold surfaces [22]. Recently, Ohno et al. synthesized gold nanoparticles coated with well 

defined high density polymer brushes via anionic polymerization [23]. Jordan and 

coworkers have carried out surface initiated living cationic polymerization over planar 

gold substrates and functionalized gold nanoparticles [24, 25]. Using these 

polymerization techniques, dense polymer brushes were prepared in a “one-pot multi-

step” reaction.  
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2.3.3. Reversible addition fragmentation chain transfer polymerization 

Reversible addition fragmentation chain transfer polymerization (RAFT) is a 

versatile, controlled free radical polymerization technique that operates via a 

degenerative transfer mechanism in which a thiocarbonylthio compound acts as a chain 

transfer agent (Figure 2.2) [26]. An advantage of the RAFT polymerization is the 

synthesis of wide range of polymers with narrow polydispersity (PDI, which is defined as 

the ratio of weight average molecular weight to number average molecular weight) and 

controlled end groups. Poly(N-isopropylacrylamide) monolayer protected clusters on 

GNPs were synthesized using RAFT, where a dithiobenzoate was used as the chain 

transfer reagent [27]. Li et al. synthesized poly(styrene-b-n-isopropylacrylamide) with 

dithiobenzoate terminal group which was later converted to thiol terminal group using 

sodium borohydride (NaBH4), resulting in a thiol-terminated polymer (PSt-b-PNIPAAm-

SH). After PSt-b-PNIPAM-SH re-assembled into core-shell micelles in an aqueous 

solution, gold nanoparticles were surface-linked onto the micelles in situ through the 

reduction of gold precursor anions with NaBH4. Thus, temperature responsive core/shell 

micelles of PSt-b-PNIPAM surface-linked with gold nanoparticles (PSt-b-PNIPAM-

GNP) were obtained [28].  

 

2.3.4. Atom transfer radical polymerization 

Among the various controlled radical polymerization methods, atom transfer 

radical polymerization (ATRP) has received high interest, because of its versatility in 

producing controlled polymers with low polydispersity and its compatibility with a 

variety of functionalized monomers [29]. ATRP is relatively tolerant to the presence of 
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water and oxygen, and with the correct choice of catalyst, ATRP can be performed at 

relatively low temperatures [14]. The halogen atom undergoes reversible switching 

between the oxidation states of the transition metal complexes, thereby reducing the 

initial radical concentration and also suppresses the bimolecular termination step. This in 

addition to the suitable catalyst increases the control over the polymer growth in ATRP. 

It has been successfully employed on various surfaces such as gold, silicon, glass, etc. by 

researchers. It has been used to amplify patterned monolayers of assembled initiators 

formed using various lithography techniques, into polymeric brushes [30-33]. For 

example, Huck and co-workers prepared poly(N-isopropyl acrylamide) (PNIPAAm) 

micropatterned domains from mixed SAMs on gold substrates [33, 34]. Recently, ATRP 

has been successfully employed for the synthesis of pH sensitive brushes over gold 

surfaces [35, 36]. The combined synthetic route of microcontact printing and ATRP has 

been effectively used in multicomponent polymeric brush patterning by Huck et al. [37]. 

In this case, various brushes of different monomer systems have been patterned over gold 

surface using repeated microcontact printing followed by ATRP. In addition to these 

surface initiated polymerization techniques, a wide variety of „grafting from‟ techniques 

are available. The reader is directed to books compiled by Odian and Matyjaszewski et al. 

[11, 38]. 

 

2.4. Diagnostic applications of functionalized gold nanoparticles 

Over the past decade, nanotechnology for biomolecular detection has made 

enormous advancements. Nanoparticles, in particular, have been developed for accurate, 

sensitive, and selective biosensing devices due to their unique size-related, ease of 
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functionalization, and unique physical properties (electrical, optical, electrochemical, and 

magnetic) [39]. Gold nanoparticles are mostly used in biomedical field as labels for 

biomolecular detection in the place of conventional molecular fluorophores, where their 

unique size-tuned optical properties are exploited [40]. Some of the biosensing 

applications of GNPs are detailed in the following. 

 

2.4.1. Gold nanoparticles as optical biosensors 

In 1996, Mirkin et al. reported the combined optical and melting properties of 

GNP-oligonucleotide aggregates, which paved way for the development of a plethora of 

biomolecular optical detection strategies [41]. The immediate follow up work done by 

researchers using the colorimetric system, worked on the principle of color change 

observed when a polymer network of nanoparticles was formed specific to the length of 

the oligonucleotide that aggregated to the biomolecule of interest [5, 42]. In addition to 

the color change, the modified GNP-DNA detection probes also exhibited a sharp 

melting transition at the detection limit, which was used to distinguish complementary 

target sequences for one-base-mismatch sequences [43, 44]. While selectivity was 

achieved with the melting property, the sensitivity was improved 100 times compared to 

conventional fluorophores, by carrying out catalytic silver (Ag) deposition on GNP labels 

[45]. Bio-barcode amplification, which is an extension of scanometric nucleotide 

detection of labeling oligonucleotide targets with GNPs and studying their melting 

profiles on an array substrate, employs magnetic microparticles with capture probes along 

with GNPs with both receptor probes and numerous barcode oligonucleotides [46]. The 

presence of a target molecule that matches both the capture and reporter probes forms a 
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magnetic microparticle-GNP sandwich. The scanometric detection of the barcode 

nucleotides via Ag amplification, gives a detection limit of both DNA and proteins as low 

as 500 zM. 

 

The surface-enhanced Raman scattering (SERS) of Raman dye conjugated 

nanoparticles, along with the narrow spectral characteristics of Raman dyes, was used 

with GNPs for multiplexed detection of proteins and nucleic acids [47, 48]. In both 

instances, Raman dyes and detection probes are first attached to the GNPs and then were 

hybridized with the captured targets. A silver coating on the GNP promotes SERS of the 

dye, and the amplified signal is captured by spectroscopy for fM level detection. On a 

similar principle, GNP coupled surface plasmon resonance effect has been reported for 

nucleic acid and protein detection [49-51]. A real-time bioaffinity monitoring system 

based on an angular-ratiometric approach to plasmon resonance light scattering was 

recently developed by Asian and colleagues [52]. The process depends on the basic 

principle that, as the bioaffinity reaction proceeds with the size increase of GNPs, they 

deviate from Rayleigh theory and thereby scatter more light in a forward direction 

relative to the incident geometry. An innovative technique involving a GNP-detector-

fluorophore was employed by Maxwell and coworkers for the optical detection of nucleic 

acids [53]. In this strategy, the target molecule induces a conformational change of the 

detector-fluorophore chain, from arch to stretched form and vice versa, thereby either 

restoring or quenching the fluorophore for optical detection. 
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2.4.2. Biomolecule conjugated gold nanoparticle electrochemical biosensors 

Though direct electrical detection is the simplest method for biosensing, a large 

fraction of the GNP based sensing research involves electrochemical detection for 

bioaffinity, specificity, and improved sensitivity reasons [54]. A summary of the recent 

approaches in the construction of electrochemical biosensors utilizing the various binding 

and electro-enhancing properties of GNPs is best reviewed by Pingarron et al. [55]. 

Research involving GNPs for electrochemical biosensing is largely focused on enzyme 

conjugated electrodes. One of the first electrochemical GNP biosensor was a simple 

enzymatic glucose biosensor that had the glucose oxidase (GOx), covalently attached to a 

GNP-modified Au electrode. A modification of the GOx sensor for increased sensitivity 

and lifetime was then designed by Mena et al. [56]. They used a configuration involving 

colloidal gold, bound to cystamine self assembled monolayer on a gold electrode for 

blood glucose sensing. GNP modified with 4-aminothiophenol, conjugated with Hepatitis 

B antibody was used to detect Hepatitis B virus surface antigen via electrochemical 

impedance spectroscopy (EIS) [57]. 

  

Electrochemical DNA biosensors provide useful analytical tools for the diagnosis 

of sequence-specific DNA strands. The redox property of GNPs forms the key element 

for their widespread use as electrochemical labels for nucleic acid detection, thereby 

assisting in gene analysis, detection of genetic disorders, tissue matching and forensics. 

By measuring the oxide wave current generated from a complementary probe-GNP 

hybridized to an immobilized target DNA on an electrode, Ozsos and coworkers detected 

nucleic acid sequences [58]. In another modified configuration, GNP labels are attached 
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to a single stranded DNA binding protein [59]. When these capture probes are hybridized 

to matching targets, the binding of the labeled proteins is hindered and is indicated by the 

decrease in the Au redox signal. The Au oxide wave technique was modified to a greater 

level by Kerman and coworkers to not only detect the presence of a single-nucleotide 

polymorphism (SNP), but also identify the bases involved in the nucleotide using GNP 

attached monobase nucleotide labels [60]. Particular base-particles attach only in the 

presence of DNA polymerase to its counterpart in the nucleotide strand. This in turn 

establishes a unique gold oxidation wave which is the potential developed at the gold 

oxidation for specific nucleotide, which is detected using the electrode. 

 

2.4.3. Gold nanoparticle composite biosensors 

Electrodes made of composite matrices, encompassing nanoparticles, provide 

improved enzymatic biosensing and better analytical performances. These devices have 

an added advantage of low background currents depending on the type of electrode used 

[55]. A reagentless glucose biosensor, based on the direct electron transfer of GOx has 

been constructed [61]. While immobilization of the enzyme onto the electrode was done 

by mixing colloidal gold with the carbon paste components, a layer-by-layer (LBL) 

technique was used to prepare a GOx amperometric biosensor with a relatively high 

sensitivity [62]. A film, made up of alternating layers of dendrimer modified GNP and 

poly(vinylsulfonic acid), was used as the substrate for immobilizing GOx in the presence 

of bovine serum albumin and glutaraldehyde cross-linker. This was successfully applied 

as a biosensor for the amperometric detection of glucose at 0.0 V.  
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α-Fetoprotein, (AFP) is an oncofetal glycoprotein that is widely employed as a 

tumor marker for the diagnosis of germ cell carcinoma and hepatocellular cancer in 

patients. An immunosensor for AFP detection was prepared by entrapping thionine into 

Nafion matrix into a membrane, which at the amine interface assemble GNP layer for the 

immobilization of AFP antibody. The detection is identified by the linear drop in current 

across the membrane with increasing concentrations of AFP protein [63]. A similar 

matrix was used by Tang and coworkers for the detection of carcinoma antigen 125 as 

represented in various tumors [64].  

 

Other composite materials, such as GNP conjugated carbon nanotube (CNT) 

composite electrodes, has attracted much interest due to their synergistic properties. 

While hybridized GNPs possess properties related to bioaffinity and inertness, CNTs 

improve the electrocatalytic ability of the electrode.  The electrocatalytic ability towards 

the electrooxidation of NADH or H2O2 has been utilitzed for the fabrication of a colloidal 

gold-CNT composite electrode. Significant H2O2 response was observed by Manso et al. 

who then incorporated GOx into the composite matrix for the preparation of a 

mediatorless glucose biosensor with remarkable sensitivity [65]. 

  

2.4.4. Polymer hybridized gold nanoparticle biosensors 

The widely used method for the synthesis of immobilized matrices of 

biomolecules is via electropolymerization. GNPs incorporated in the conductive polymer 

matrix provide enhanced electrochemical activity and conductivity. Further, rapid 

diffusion of biomolecular substrate and product, using small amount of enzyme is 
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achieved in the presence of GNPs [55]. The main advantage of incorporating GNPs is 

that the enzyme degrading electrodeposition process is substituted with a chemical 

polymerization technique. A simple substitution reaction was used for the synthesis of 

GNP-polymer hybrids for glucose biosening and H2O2 detection [66, 67]. Tang and 

coworkers developed GNP-polymer based biosensing electrodes, for the detection of 

Hepatitis B and diphtheria infection. They immobilized the respective antigens on 

colloidal GNPs, associated with polyvinyl butyral polymer on a Nafion-gelatin coated 

platinum electrode by using a modified self-assembling and opposite-charge adsorption 

technique [68, 69]. 

   

Chitosan, a natural polymer exhibiting excellent film forming and adhesion 

ability, together with susceptibility to chemical modification have led to the 

immobilization of various enzymes over conductive electrodes. Self-assembled GNP 

adsorbed chitosan hydrogels, coated on Au electrodes were used as GOx and horse radish 

peroxidase (HRP) biosensors [70, 71]. Zhao et al. carried out layer by layer (LBL) 

assembly of multilayer films composed of chitosan, GNPs and GOx over Pt electrodes 

for amperometric glucose detection [72]. Sol-gel technology a conventional technique is 

used for the preparation of three dimensional networks of hybrid biosensors made up of 

encapsulated biomolecules and GNPs. GNPs immobilized by silica gel act as highly 

sensitive nanostructure electrochemical biosensor and had been used for the construction 

of various polymer based hybrid biosensors [73].  
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2.5. Therapeutic applications of functionalized gold nanoparticles 

The inert and non-toxic property of gold along with the ready addition of 

biological molecules and antibodies capitalizing on the thiol-gold chemistry has rendered 

gold applicable in a variety of therapeutic systems ranging from drug and biomolecular 

delivery, hyperthermia, and active and passive targeting (Figure 2.3). GNPs have recently 

emerged as an attractive platform for the delivery of small drug molecules and large 

biomolecules to specific targets [74]. The release of these therapeutic agents can be 

triggered by cellular chemical (e.g. glutathione GSH) or pH or external (e.g. light) stimuli 

[75-77]. Further, the external stimuli via light can be controlled, by exploiting the 

plasmon resonance effect of GNPs (10-100 nm) for precise drug delivery applications 

and hyperthermia [78, 79]. The various biomedical therapeutic applications of gold 

nanoparticles are detailed in the following. 

 

2.5.1. Gold nanoparticles for active and passive in vivo targeting 

The disadvantage of conventional drug administration is that the drug typically 

does not localize to the target site but is systemically distributed. Nanoparticles, on the 

other hand, can aid in the targeted accumulation of drugs. The success of any in vivo 

medical application depends on the ability of a nanocarrier to arrive at the targeted tissues 

after administration into the circulatory system. While passive targeting can be used for 

certain applications (e.g., extravasation through leaky vasculature in tumors), active 

targeting employs the use of ligands on the carrier surface for specific recognition by the 

cell surface receptors [80]. GNPs offer excellent drug delivery systems for in vivo 

applications  due to their  tunable  size  and  versatile surface functionalization properties.  
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Figure 2.3. Various therapeutic applications of gold nanoparticles 
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GNPs can be designed to be big enough to be retained in the liver and spleen, but small 

enough to pass through other organs. Passive targeting with these particles along with 

radiotherapy has been used, for the treatment of liver cancer, where the sinus 

endothelium of liver has openings of 150 nm in diameter. O‟Neal et al. used the fact that 

tumor vasculature is more permeable than healthy tissues to concentrate gold nanoshells 

with diameters of 130 nm for photoablative therapy in mice [81].  

 

Active targeting which employs a ligand or antibody functionalized particle, has 

been successfully used by many researchers to treat certain diseases. Though these 

ligands are specific to target receptors, the presence of the particle in the circulatory 

system provides possibility of normal host immune response. In order to overcome this 

issue, poly(ethylene glycol) PEG-coated stealth particles are widely employed [3]. Pun et 

al. injected PEGylated nanoparticles (PEG-NP), unmodified NP, and galactose attached 

NP of varying sizes to explain the effect of size and functionalization over gold for active 

targeting [82]. They discovered that PEGylation increased blood circulation life time of 

the particles, while galactose coated particles actively targeted liver cells and so had 

higher filtration inside the liver.  

 

More specific active targeting for treatment was shown by Andrews et al. They 

recently employed folic acid (FA) conjugated GNPs (10 nm) with PEG spacer for the 

cellular uptake of tumor cells that exhibit folate receptors [83]. Wu and coworkers 

extended this method by using methotrexate (MTX), another tumor-folate-receptor ligand 

and an anticancer drug for inhibition of lung tumor growth in mice [84]. Once the MTX 
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conjugated particles got bound to the tumor cells, methotrexate was activated via cellular 

uptake and caused programmed cell death. Active targeting using PEGylated gold 

colloids were studied by Paciotti et al, where tumor necrosis factor, TNF was conjugated 

to colloidal Au-PEG. An extended application of this work was also done with the help of 

grafted Paclitaxel, an anticancer drug, onto colloidal Au-PEG-TNF, for the treatment of 

colon carcinoma tumors [74].  

 

2.5.2. Delivery of drug molecules by gold nanoparticles 

One of the main advantages of using gold particles at the nanoscale is its surface 

to volume ratio. Gold nanoparticles can be loaded on their surface to form drug delivery 

systems. These systems can be used for chemotherapeutic delivery to tumor cells. The 

enhanced permeation and retention effect as provided by passive targeting has been used 

for treating carcinogenic tumors. The surface to volume ratio was utilized to prepare 

passive targeting GNPs conjugated with chemotherapeutic Paclitaxel and diatomic 

cytotoxic singlet oxygen (
1
O2), and nitric oxide (NO) GNP reservoirs [85-87]. Triggered 

release of NO was shown by Schoenfisch et al. NO was released from water-soluble 

nanocontainers when a pH stimulus (pH=3) was given to these drug delivery systems 

[76]. Since tumor tissues have mild acidic environment of pH, NO carrying gold 

nanoparticles can be potentially used effectively to treat cancer. While external stimuli 

such as pH and temperature prove effective in triggered release, internal cellular 

signals/chemicals can provide an enhanced control on drug release. Glutathione (GSH), 

an antioxidant that protects the cell from toxins such as free radicals, in its reduced form 

has been used to mediate activated release of prodrugs from gold nanoparticles. The 
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release is caused by a simple difference in the molar concentration of GSH inside the cell 

and that of thiols of glutathione in the blood plasma/outside the cell [88, 89].  

 

2.5.3. Gold nanoparticle based gene delivery 

Gold nanoparticles are easy to tune in terms of size and functionality, and thereby 

contribute as a useful platform for efficient recognition and delivery of biomolecules. 

Their success in delivering peptides, proteins, or nucleic acids (DNA and RNA) is 

introduced in the following. Gene therapy is the treatment of genetic as well as acquired 

diseases by the insertion of genes into the cell or tissues. Although an Adenovirus vector 

vehicle for gene delivery has been successfully used for gene therapy, safety issues 

concerned with unpredictable viral cytotoxicity and immune responses has minimized 

viability of gene therapy [90, 91]. Synthetic DNA delivery vehicles have to be effective 

in protecting the nucleic acid from degradation, efficiently enter the cell, and release the 

functional nucleic acid to the cell nucleus. Small GNPs with high surface to volume ratio 

prove to be successful candidates for gene therapy. Along with maximized 

payload/carrier ratio, GNPs can be functionalized to behave non toxic and hydrophobic 

for efficient transfection. Rotello and coworkers used functionalized GNPs with cationic 

quaternary ammonium groups to show the effective binding of plasmid DNA to the cell, 

protection of DNA from enzymatic digestion, release of bound DNA by GSH treatment 

in cuvettes, and in gene delivery in mammalian 293T cells [92-95]. The increase in 

hydrophobicity of the GNPs enhances its transfection efficiency, thereby contributing to 

better cellular internalization. Klibanov et al, prepared hybrid GNP-polymer transfection 

vectors using branched polyethyleimine (PEI, 2 kDa) and showed that the increase in 
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hydrophobicity increased the potency of the conjugate in monkey kidney (Cos-7) cells, 

by approximately twelve folds than the polymer itself [96]. Recently, Liu et al, fabricated 

β-cyclodextrin end capped oligo(ethylenediamino)-modified GNPs to deliver plasmid 

DNA into breast cancer cells (MCF-7) [97].  

 

Polycationic materials are famous for condensing and transporting DNA inside 

the cell. A recent breakthrough by Mirkin et al, however, showed that DNA loaded GNPs 

carrying a large negative surface potential was successfully internalized for cellular 

uptake and were stable against enzymatic digestion [98]. RNA interference (RNAi) 

mechanism that inhibits gene expressions at the translation or transcription of specific 

genes has revolutionized gene therapy strategy with the help of thiolated nucleic acids. 

RNA-modified GNPs were coated with poly(ethylene glycol)-block-poly(2-(N,N-

dimethylamino)ethyl methacrylate) copolymer for cellular delivery in HuH-7 cells [99]. 

In addition to nucleic acids, GNPs is also used directly as nanocarriers for peptides and 

proteins. Electrostatic interaction between an anionic protein and cationic tetra alkyl 

ammonium functionalized GNPs has been utilized effectively for protein delivery [100, 

101].  

 

2.5.4. Gold nanoparticles for hyperthermia treatment 

Hyperthermia is the process of using heat in a controlled manner for therapeutic 

treatment at elevated temperatures. Plasmon resonance effect of GNPs with light, 

whereby the electrons of gold resonate with that of the incoming radiation causing them 

to both absorb and scatter light, has been used to generate heating. By varying the relative 
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thickness of the core and shell layers, the plasmon resonance effect of the nanoshell can 

be shifted dramatically towards the IR region for introducing plasmon resonance assisted 

heating. This physical property of GNPs to locally heat, when irradiated with light in the 

therapeutic window (800-1200 nm) can be potentially harnessed to either destroy local 

tissue or release payload therapeutics. The plasmon resonance for GNPs is at around 520 

nm, whereas for complex shapes such as nanorods, this can be shifted from visible 

spectrum to near infrared (NIR). This is advantageous because body tissue is semi 

transparent to NIR light and thereby be used for implantable therapeutics [81]. Halas, 

West, and coworkers have utilized the photothermal effect of GNPs for hyperthermia 

treatment [102, 103]. They used PEG-sheathed gold-on-silica nanoshells for passive 

targeting and were able to destroy breast cancer cells via NIR irradiation. El-Sayed et al. 

used citrate-stabilized GNPs of size 30 nm, for photoablative therapy [104]. The EGFR 

(epidermal growth factor receptor) coated particles targeted HSC3 cancer cells (human 

oral squamous cell carcinoma) thereby increasing the viability of the particles available 

for heating the cancer cells.  

 

Photo-activated drug release by plasmonically active particles was performed by 

Caruso and coworkers [105, 106]. Microcapsules (polymer gel matrix) encapsulating 

fluorescein-labeled dextrans and lysozyme, were doped with near infra red light 

responsive gold nanospheres (gold-on-gold-sulfide core-shell particles). When a laser of 

wavelength 1064 nm was applied to these microcapsules, the gold nanoparticles heated 

up and released the fluorescein-labeled dextran and lysozyme via rupture of the shells to 

destroy the bacterium Micrococcus lysodeikticus. Skirtach et al. extended this strategy for 
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cancer treatment via a laser induced release of encapsulated drug inside living cells [78]. 

A remote controlled drug delivery strategy based on nanocomposite hydrogels was 

developed by West and colleagues [107]. Copolymers of NIPAAm and acrylamide 

(AAm) exhibit a lower critical solution temperature (LCST) that is slightly above body 

temperature. As the temperature exceeds LCST, the polymer collapses, which can be 

used to release components soluble in the imbibed water. Gold nanoshells were 

incorporated in such a poly(NIPAAm-co-AAm) matrix and were then loaded with 

proteins of varying molecular weight in which, the triggered release of the proteins was 

done by using a laser of wavelength 1064 nm. 

  

2.6. Conclusions 

It is clear that gold has been an important material in medical applications and 

that it continues to find new and unique applications, especially at the nanoscale. For 

most applications, it is critical that the gold surfaces are functionalized in a controlled 

manner. Here, methods for the functionalization of gold surfaces were highlighted, with a 

focus on „grafting from‟ methodologies built around surface initiated polymerizations. In 

addition, recent research activities in applying gold structures (specifically, nanoparticles) 

in diagnostic and therapeutic applications were presented. Gold has a long history of 

applications at the nanoscale, but only recently applications in medical fields has grown 

exponentially in part due to the development of novel methods for functionalization. The 

history is long, but only the surface of potential applications in nanomedicine has been 

scratched. 
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CHAPTER 3 

Background on hydrogels and their small scale applications 

 

3.1. Hydrogels: Definition and applications 

Hydrogels are crosslinked, hydrophilic, insoluble, polymeric networks that have 

the unique property of swelling to a high degree when placed in an aqueous or biological 

medium [1, 2]. Their elastic swelling behavior is because of their high affinity for water, 

and they are insoluble due to the presence of chemical or physical crosslinks. They 

exhibit an elastic nature once they absorb water and therefore resemble a variety of 

natural living tissues. The various hydrogel materials that are in close resemblance to that 

of natural living tissues are widely employed in various biomedical applications [3, 4]. 

By tailoring the various functional groups along the polymer backbone, hydrogels can be 

designed to be sensitive when subjected to changes in the surrounding ambient conditions 

such as temperature, pH, electric field, or ionic strength. Their unique swelling and 

shrinking capabilities that constitute an actuation process makes them attractive for many 

aqueous applications. In addition, their biocompatibility has promoted their use in 

biomaterials such as contact lenses, sutures, implants, and controlled drug delivery 

systems, etc. [5, 6].  

 

Hydrogels are used as carriers in pharmaceutical formulations for self-regulated 

pulsatile delivery and when functionalized with biospecific molecules they are used for 

site specific delivery. In the field of tissue engineering, they are applied as matrices and 

scaffolds for the repair and regeneration of cells and tissues [7]. They have also been used 
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as absorbers in diapers, as separation media in ion-exchange and size exclusion 

chromatography, in microfluidic devices, in biosensors, and as actuators [8-11]. In 

medical applications, hydrogels find importance as one of the most common material to 

be used. For example, IONSYS
TM

 system uses hydrogels for controlled delivery of an 

opioid agonist for transdermal delivery. Cervidil
®

 is a vaginal insert commonly used for 

the induction of labor among pregnant women. Vantas
®
 is a transdermal hydrogel 

implant used for the systemic delivery of histrelin acetate for prostate cancer control. 

NanoDOX
TM

 and Avogel hydrogels are used for treating burn wounds and scars. 

ProGEL
TM

 is used as a sealant for lung surgical pleural leaks. 

 

3.2. Classification of environmentally responsive hydrogels 

Hydrogels are usually classified as either physical or chemical systems based on 

the kind of crosslinks within the network. Non-covalent forces such as molecular 

entanglements and secondary forces (hydrogen bonding, ionic/hydrophobic interactions, 

etc.) hold together the network of physically crosslinked hydrogels. Since the molecular 

entanglements and secondary forces can be localized, these systems are typically 

heterogeneous in nature. The interactions of physical gels with other compounds can be 

reversible and are easily affected by conditions such as temperature, pH, and ionic 

strength. In the case of the chemically crosslinked hydrogels, the polymeric network is 

held together by crosslinks that are formed via covalent bonds. The crosslink density, 

which is controlled by the amount of crosslinker and the type of crosslinker used, defines 

the equilibrium swelling of the chemical hydrogels [4]. Hydrogels are also classified 
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based on the nature of the side groups in their polymer backbone, which could be either 

neutral or ionic [3].  

 

By tailoring the various functional groups of the monomer – crosslinker system 

and crosslinking ratio, hydrogels can be designed to respond to specific environmental 

stimuli to varying degrees. The environmental stimuli could be pH, temperature, ionic 

strength, light, magnetic field, or even biological cues [12]. The response to stimuli is 

characterized by a dynamic and reversible change to some physico-chemical property of 

the system defined by the various parameters as mentioned above. Also, the behavior of 

the polymer in the immersed solvent is related to the balance between solvent-solvent, 

solvent-polymer, and polymer-polymer interactions which are modulated by the various 

forces such as ionic interactions, hydrophobic-hydrophilic interactions, hydrogen-

bonding, and van der Waals forces. These interactions dictate the hydrogel volume 

swelling response [13]. Some examples of environmentally responsive hydrogels are 

poly(hydroxyethyl methacrylate) and poly(ethylene glycol) (neutral), poly(acrylic acid) 

and poly(methacrylic acid) (ionic/pH-sensitive), and poly(N-isopropylacrylamide) and 

poly(N,N-diethylacrylamide) (temperature responsive).  

 

3.2.1. pH-Responsive hydrogels 

Ionic hydrogels are pH responsive and swell or shrink in response to changes in 

pH. Properties such as ionic content, nature of counter ions, ionization equilibrium 

considerations, and polymer composition and crosslinking ratio affect the swelling 

behavior of these gels. Faster swelling and higher equilibrium swelling ratio is governed 



58 

 

by the increase in the ionic content of the gel and a lower crosslinking ratio. The pKa and 

pKb values in the case of anionic and cationic gels control their swelling behaviors, 

respectively [14]. In the case of anionic gels, ionization of the acid groups that constitute 

the gel occurs when the pH of the medium is above the pKa value of the acid group. 

Deprotonation occurs, and increased charge on the chain results in an electrostatic 

repulsion between the various parts of the chain and thereby an increased hydrophilicity 

of the gel. The difference in the charges that exist between the interior of the gel caused 

by protonation or deprotonation and the outside swelling medium results in an osmotic 

effect which induces water absorption thereby swelling the gel. 

 

3.2.2. Temperature sensitive hydrogels 

Temperature sensitive hydrogels exhibit significant volume-phase transition 

around their lower critical solution temperature (LCST) or upper critical solution 

temperatures (UCST). At these critical temperatures, the hydrogel undergoes its 

reversible transition from a swollen state to a collapsed state and vice versa. Similar to 

that of pH responsive hydrogel, the swelling behavior of these gels depends on the 

components of the gel and the crosslinking ratios. At the critical solution temperatures, 

the hydrogel undergoes a reversible transition that changes the hydrophilic/hydrophobic 

balance of the system. Also, researchers have shown that hydrophilic/hydrophobic co-

monomers and crosslinkers used can modify the critical solution temperature 

significantly [15]. 

A positive temperature sensitive hydrogel is one that has an UCST and expands 

when its temperature is raised above the transition temperature, resulting in more 
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swelling. On the other hand, negative temperature sensitive hydrogels tend to shrink or 

collapse as temperature is increased above the LCST and swells upon lowering the 

temperature below the LCST. This reversible swelling response for both the systems is 

shown in Figure 3.1. Poly(N-isopropyl acrylamide (PNIPAAm) is a negative temperature 

sensitive polymer which exhibits phase transition aroun 32 
o
C [16]. Due to this property, 

crosslinked PNIPAAm hydrogels find applications in the fields of drug delivery and 

tissue engineering [17]. PNIPAAm behaves more hydrophilic below LCST thereby 

swelling at temperatures below the LCST and behaves hydrophobic at temperatures 

above LCST causing the collapse of the gel. This can be better explained by comparing 

the isobaric phase diagram (Figure 3.2., adapted from [18]) between uncrosslinked 

PNIPAAm polymer chain and crosslinked PNIPAAm hydrogel in an aqueous 

medium/water. PNIPAAm polymer chain exhibits a LCST at around 32 
o
C, below which 

the polymer chain and water/aqueous medium are completely miscible forming a 

polymer solution. As the temperature is raised, the polymer chain and water are only 

partially miscible leading to the formation of a two phase region made up of water rich 

phase and polymer rich phase. Now in the case of the crosslinked PNIPAAm hydrogel, 

the phase behavior above ~ 32 
o
C is similar to that of the uncrosslinked PNIPAAm chain, 

except that herein, the water rich phase is composed of only pure water. This is because 

the hydrogel cannot partially mix due to the presence of chemical crosslinks that inhibit 

them from dissolving into the water phase. The hydrogel below its gel transition 

temperature/volume phase transition temperature exists either as a homogenous hydrogel 

phase or a swollen hydrogel in equilibrium with excess surrounding water. Below the 

LCST, hydrogen bonding occurs between the amide moieties (–NH and C=O) of the  
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Figure 3.1. Equilibrium swelling of temperature sensitive hydrogels versus temperature 

 

Figure 3.2. A typical phase diagram for uncrosslinked PNIPAAm polymer chain and 

crosslinked PNPAAm hydrogel.  
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PINPAAm backbone and the surrounding water causing the hydrogel to swell. Above the 

LCST, the hydrogen bonds break and polymer-polymer interactions occur via the 

hydrophobicity between the isopropyl acrylamide moieties leading to the collapse of the 

hydrogel, thereby expelling water out of the hydrogel matrix [19]. 

 

3.3. Biodegradable Hydrogels 

 Biodegradable polymeric systems have been frequently used in the development 

of advanced drug delivery systems and tissue engineering scaffolds. Their use in the 

design of drug delivering implants and tissue scaffolds is mainly due to the various 

advantages associated with the degradation of their polymeric matrix. The degradation of 

the drug delivering hydrogel matrix avoids the removal of the device from the body by 

surgery or other means when the device is no longer needed. Also, they provide 

flexibility in the design of delivery systems for large molecular weight drugs, such as 

peptides and proteins, which are not suitable for diffusion-controlled release through 

nondegrdable hydrogel matrices [20]. Further, the ability to tailor the balance of the 

hydrophilicity and hydrophobicity of the hydrogel allows the release of different types of 

drugs [21]. Their polymeric backbone can be modified to suit pH or temperature response 

behavior, thereby using them for self regulative sensing, drug delivery, and subsequent 

biodegradation [22]. Their degradation kinetics and mechanical properties can be tuned 

for systemic delivery of various drugs for a wide variety of biomedical applications. 

  

 One class of biodegradable hydrogels is the poly(β-amino ester) (PBAE) 

polymeric systems developed by Anderson and coworkers [23]. PBAE macromers are 
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synthesized usually by the reaction of a primary or secondary amine with an acrylate as 

found in the combinatorial library of biodegradable crosslinkable biomaterials [23]. 

These polyester systems can be degraded into innocuous by-products via hydrolytic 

degradation. The various advantages of using PBAE systems over other conventional 

biodegradable polymeric systems is that the monomer reagents used for their synthesis 

are commercially available and inexpensive, the macromer synthesis can be completed 

without additional protection/deprotection reagents since the amine readily reacts with 

the acrylate, and no significant by-products are generated resulting in no additional 

purification steps. Also, the library of amines and acrylates can be combined as per need 

to generate PBAE macromers that can be utilized to generate biodegradable hydrogels 

with tuned mechanical strength and degradation kinetics [24].  

 

3.4. Hydrogels as functional components of micro-/nanodevices 

 Novel, intelligent hydrogels are of high interest and have found numerous 

applications in a wide variety of fields. In particular, hydrogels have received high 

interests as components of micro/nanodevices. For example, microactuators were 

fabricated by Beebe [25] and Zhao et al. [26]. In these cases, the responsive hydrogels act 

as the actuator in a microfluidic system where it senses changes in environmental 

conditions and therefore actuates in response. The posts in the microchannel of the device 

were jacketed with a pH responsive hydrogel. The swelling and shrinking characteristic 

of the pH sensitive hydrogel around the posts was used for actuating the fluid flow 

through microchannel. Responsive hydrogel systems were used for controlled pulsatile 

drug delivery in a microdevice. They were used as microactuators for controlled drug 
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delivery applications by Madou and group [27]. They used the artificial muscle concept 

for opening and closing holes in a drug reservoir and designed drug delivery devices of 

sphincter, plunger, and tube configuration. Baldi and his group [28] have synthesized 

micropumps and microvalves using a micro-structured silicon membrane with entrapped 

temperature sensitive hydrogels for environmentally sensitive fluid gating. The stimuli 

sensitive hydrogel coated over the microposts inside the orifice was incorporated using 

thermal polymerization. The valves close when the hydrogel swells and open when the 

gels collapse. Using this system, pulsatile release of a drug can be achieved. 

 

Hydrogels are also being used in microdevices for biosensor applications. 

Biosensing electrodes were patterned with gels containing entrapped enzymes and were 

used for monitoring biospecific analyte-enzyme levels [29]. The concept of dual stimuli 

sensitive hydrogels for biospecific sensing and subsequent drug delivery was discussed 

by Miyata et al. [30]. Optical biosensors were fabricated by using pH responsive 

hydrogels for fluorescence sensing application by Revzin et al. [31]. Peppas and his 

coworkers [32] have patterned poly(ethylene glycol) hydrogels onto polymer surfaces to 

create novel surfaces for possible applications as biosensors. Surface modified 

microcantilevers are widely employed for sensing applications. Hydrogels coated on 

similar microcantilevers provide a variety of sensing applications. Hilt et al. [9, 33] used 

UV photolithography to align and pattern environmentally responsive hydrogels onto 

silicon microcantilevers to develop ultrasensitive microsensors.  
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3.4.1. Conventional lithography of hydrogels over microdevices 

 The ability to generate microstructures with ease and in large numbers has 

brought in various fabrication techniques that have been employed for the development 

of integrated circuit compenents. Although microfabrication has its foundations in 

microelectronics, it is being applied in areas outside of microelectronics like 

microelectromechanical systems (MEMS), microreactors, microanalysis, microsensors, 

microoptics, and biotechnology. Most of the micro/nanodevices such as the Beebe‟s 

microactuator [25], Peppas group‟s microcantilevers [9, 33], Baldi‟s micropumps and 

microvalves [28], and Madou‟s microactuators [27] for drug delivery applications are 

fabricated using photolithography. Lithography is the most successful technology in 

microfabrication. It has been the workhorse of the semiconductor industry. In fact, all 

integrated circuits that are present in electronic equipments are made by using this 

technology. MEMS/NEMS, microarrays, microfluidics, lab on a chip, and other 

micro/nanodevices are currently being widely developed using the principles of 

photolithography. For example, the process involves the photopolymerization of the 

monomers and crosslinkers in the presence of a photoinitiator to give the hydrogel in the 

device. The patterning is usually controlled by the type of photomask involved. Since the 

scales encountered in the field of biology and medicine lie in the micro- and nanometer 

range, novel lithographic techniques such as e-beam and ion-beam lithography have been 

developed to achieve a fine level of control for patterning on surfaces of biomaterials.  

  

 Though photolithography is the most successful technology for microfabrication 

in the electronic era, it has certain disadvantages. As the sizes of the features goes lower 
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and lower, a better illuminating source with shorter wavelength is required. Other 

limitations include the use of a high energy illuminating source, cost and difficulty of 

production, maintenance, and safety considerations. To overcome these problems, the 

field of soft lithography has been demonstrated for fabricating high quality micro- and 

nanostructures, without having the continuous need for the laborious photolithography 

techniques. The most commonly employed soft lithography techniques include 

microcontact printing (μCP), replica molding (REM), microtransfer molding (μTM), 

micromolding in capillaries (MIMIC), solvent assisted micromolding (SAMIM), 

nanoimprint lithography, etc. for fabricating high quality microstructures and 

nanostructures [34-38].  

 

3.4.2. Soft lithography 

 In soft lithography, the key element is an elastomeric stamp or mold which 

transfers the pattern to the substrate. Many such elastomeric stamps can be prepared from 

a single master stamp which is prefabricated using a single photolithographic step. The 

same mold can be used multiple times because of their rigidity, and they enable rapid 

prototyping of similar patterns. Another advantage is that the flexible property of molds 

enables patterning on surfaces which are non planar [37]. Further the amalgamation of 

various soft lithography techniques with self assembled monolayers (SAMs) has led to 

the easy patterning of various functionalities over surfaces with ease [39]. 

 

Polydimethylsiloxane (PDMS) is a widely used polymer for stamps in soft 

lithography. It is usually prepared by replica molding (REM) by casting the liquid 
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prepolymer of PDMS with curing agent against a master that has a patterned relief 

structure in its surface. The advantages of using PDMS for soft lithography are that it is 

chemically inert, does not adhere irreversibly to or react with most surfaces, 

homogenous, isotropic, and optically transparent down to about 300 nm and thus UV 

crosslinking of prepolymers that are being molded is possible [38]. Other materials that 

can be used for stamp making are polyurethanes, polyimides, and crosslinked Novolac 

resins [40]. 

 

Soft lithography has found numerous applications in the field of biology and 

biochemistry. Most mammalian cells are anchorage dependant and therefore must adhere 

to and spread on a substrate in order to live and remain functional. Soft lithography is 

well suited to pattern the composition, topography, and properties of surfaces [38], 

patterning of hydrophilic or hydrophobic molecules or polymers [41], polysaccharides 

[42], stimuli sensitive and responsive materials [43], and proteins or growth factors [44] 

over a wide variety of surfaces. An important application of soft lithography in biology is 

to generate patterns of proteins or cells which in turn are based on patterning the surfaces 

into regions that either promote or resist the adhesion of proteins and cells [45]. By using 

soft lithography, cells were patterned onto specific regions of a surface and their 

migration, and growth was controlled suitably [46]. Of all the soft lithographic 

techniques, microcontact printing is widely used for patterning various SAMs for 

biological applications over various surfaces.  
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3.4.3. Microcontact printing (µCP) 

Microcontact printing is a flexible, non photolithographic method, which is used 

to pattern SAMs containing regions terminated by different chemical functionalities over 

various surfaces. The ability of SAMs to form ordered structures rapidly on suitable 

surfaces is the ultimate factor for the success of μCP [37]. Kumar et al. [40] were the first 

to report the process of µCP. It involves usually an elastomeric PDMS stamp that is used 

to pattern a certain chemical agent (“ink”) onto the surface of a substrate through direct 

contact. A second SAM can be backfilled to the regions that are not stamped by washing 

the surface with suitable solution containing the second SAM molecules. The rapid 

reaction of the various SAMs on the surface of interest and the „autophobicity‟ of the 

resulting SAMs makes µCP an efficient method to develop microstructures over surfaces 

[47]. 

 

Microcontact printing has been used to pattern SAMs over surfaces which are 

used as ultrathin resists in selective wet etching, or as templates to control the wetting, 

dewetting, nucleation, growth, and deposition of other materials [48]. In particular, it is 

useful for chemists, biologists and material scientists for micro- and nanopatterning in 

cases, such as patterning over nonplanar surfaces, where optically based lithography 

simply fails. The process of modifying an underlying surface using µCP has made it 

possible to study biological processes, such as cell adhesion and migration, as well as to 

conduct miniaturized and high-throughput assays [38]. Mrksich and coworkers were able 

to pattern hydrophobic hexadecanethiol onto gold surface that promote the adsorption of 

proteins whereas the remainder of the surface is covered with an alkanethiol that was 
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terminated with (EG)3OH groups which resisted the adsorption of proteins and adhesion 

of cells. Microcontact printing can also be used to transfer proteins on to the surface of 

glass, polystyrene, or silicon. 

 

3.5. Hydrogel functionalized surfaces for biomedical devices 

 Surface modification with thin polymer films or polymer brushes has been a well 

established method to tailor various surface properties for biosensing applications such as 

wettability, biocompatibility, corrosion resistance, and friction [49, 50]. Braun et al. [51] 

used microcontact printing to pattern PNIPAAm brushes over specific regions of 

oxidized silicon wafers using ATRP as the reaction mechanism. Similar amplification of 

SAMs to polymeric brushes has been carried out by Hedrick et al. [52]. 

 

Environmentally responsive hydrogel patterns have several advantages that make 

them attractive over polymeric brushes. Unlike polymeric brushes that have an open 

polymeric structure for free molecular diffusion, the mesh size of a hydrogel matrix, 

which can be tailored by crosslinker constraints such as type and amount, governs the 

transport of molecular species into and out of the hydrogel [53]. This control over the 

hydrogel mesh can be harnessed for cellular entrapment and manipulations and controlled 

drug delivery applications [54-57].  Further, the network structure increases the 

mechanical integrity and stability of the hydrogel, making them more robust than brushes 

made up of the same polymer backbone [58]. These properties of hydrogels along with its 

response behavior make them attractive as alternatives to polymer brushes for certain 

applications.  
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3.6. Need for micro- and nanostructured hydrogels 

The unique property of reversible swelling and shrinking of hydrogels makes 

them attractive for many aqueous actuation applications. The control over the thickness 

and pattern of the various hydrogels in micro- and nanoscale devices is vital for the 

effective use in biomedical applications. Since these systems are placed mostly in an 

aqueous media, the equilibrium swelling process depends on the transport of the fluid 

through the hydrogel mesh. The response behavior of hydrogels in various devices is 

typically diffusion limited. The characteristic diffusion time (θD) is directly proportional 

to the square of the length scale of the element under study (L) and inversely proportional 

to the diffusion coefficient (DAB) [59].  

AB

D
D

L2

  

Therefore, a reduction of thickness from macro- to micro- to nanoscale can lead to 

responsive hydrogels that can respond „instantaneously‟ to external stimuli. This is key 

for the application of hydrogels as sensors and actuators. In addition, smaller means 

portable, handheld, or even implantable devices which have a wider reach in the 

biomedical and pharmaceutical fields. Although, a wide variety of hydrogel pattern 

fabrication methods for surface based applications are already available, the methods to 

prepare hydrogel thin films at the nanoscale for „instantaneous‟ stimuli recognition is still 

at its infancy [60-62].  

 

By amalgamating μCP and ATRP, various hydrogel networks can be patterned 

over various surfaces. The two key goals for the current work are to attain the spatial 
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control over the surface (XY control by μCP and Z control by surface initiated 

polymerization – ATRP). By controlling the spatial patterning of the hydrogels, it is 

possible to synthesize flexible platforms over the surfaces and using the response 

behavior, these gels can be employed as functional components of various biomedical 

micro- and nanodevices. As an example, a temperature sensitive hydrogel pattern 

platform over gold surface and its demonstration as an ultra-fast responsive sensor is 

described in the forthcoming chapters. 
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CHAPTER 4 

Controlled synthesis of responsive hydrogel nanostructures via microcontact 

printing and ATRP 

 

This chapter is modified from the article published as  

Chirra HD, Biswal D, Hilt JZ. Polym. Adv. Tech. 2009, DOI. 10.1002/pat.1576 

 

4.1. Summary 

Surfaces that are spatially functionalized with intelligent hydrogels, especially at 

the micro- and nanoscale, are of high interest in the diagnostic and therapeutic fields. 

Conventional methods of the semiconductor industry have been successfully employed 

for the patterning of hydrogels for various applications, but methods for fabricating 

precise 3-D patterns of hydrogels at the micro- and nanoscale over material surfaces 

remain limited. Herein, microcontact printing (µCP) followed by atom transfer radical 

polymerization (ATRP) was applied as a platform to synthesize temperature responsive 

poly(N-isopropylacrylamide) hydrogels with varied network structure (e.g., different 

molecular weight crosslinkers) over gold surfaces. The XY control of the hydrogels was 

achieved using µCP, and the Z (thickness) control was achieved using ATRP. The 

controlled growth and the responsive behavior of hydrogels to temperature stimuli were 

characterized using Fourier transform infrared (FTIR) spectroscopy and atomic force 

microscopy (AFM). The results demonstrate that this platform allows for the controlled 

growth of hydrogel nanostructures using the controlled ATRP mechanism. It is also 

shown that the molecular weight of the crosslinker affects the rate of hydrogel growth. 
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These PNIPAAm based crosslinked hydrogel patterns were also demonstrated to have a 

temperature dependent swelling response. Using this technique, it is possible to 

synthesize responsive hydrogel patterns over various surfaces for potential applications in 

the biomedical field. 

 

4.2. Introduction 

Surfaces that are spatially functionalized with hydrogels, especially at the micro- 

and nanoscale, are increasingly gaining attention in the field of biology and medicine. 

Over the last several years hydrogels have gained increasing applications as functional 

components in biomedical micro- and nanodevices. For example, pH responsive 

hydrogels were applied for autonomous flow control in microfluidic channels by Beebe 

and coworkers [1]. Additionally, hydrogels have been used as microactuators for 

controlled drug delivery, on microcantilevers as bioMEMS sensor platforms, and in 

micropumps and microvalves [2-4]. For these and other similar devices to be fabricated, 

the ability to integrate hydrogels at the micro- and nanoscale is critical. Here, a simple 

approach for the controlled synthesis of thin responsive hydrogels on surfaces at the 

micro- and nanoscale using microcontact printing and atom transfer radical 

polymerization is introduced. 

 

Hydrogels are a class of crosslinked, hydrophilic polymer systems which possess 

a high affinity towards water or other physiological fluids and therefore swell to resemble 

natural living tissue [5]. They find applications as biomaterials in contact lenses, sutures, 

dental materials, linings for artificial hearts, materials for artificial skin, and tissue 
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engineering [6, 7]. By tailoring the various functional groups along the hydrophilic 

polymer backbone, intelligent environmentally responsive hydrogels have been 

synthesized. They sense and exhibit responsive behavior, when triggered by changes in 

the surrounding environmental conditions, such as pH, temperature and ionic strength [8]. 

This unique ability of hydrogels to reversibly swell and shrink to external stimuli makes 

them attractive for use as a key component of novel biomedical micro- and nanodevices. 

Though conventional methods of the semiconductor industry, especially UV 

photolithography, have been employed for the patterning of such networks in devices, 

methods for fabricating precise 3-D patterns of hydrogels (at the micro- and nanoscale) 

over material surfaces and devices remain limited. In the last few years, various novel 

lithography techniques such as electron-beam and ion-beam lithography, nanoimprint 

lithography, dip pen nanolithography, and a wide variety of soft lithography techniques 

have been developed to achieve a fine level of control for patterning on surfaces of 

biomaterials [9]. The introduction of microcontact printing (µCP), a flexible soft 

lithography technique, has revolutionized the way patterned surfaces can be generated 

with ease [10]. The rapid preparation of the various self assembled monolayers (SAMs) 

introduced by µCP on the surface of interest and the functionality of the resulting SAMs 

make µCP an efficient method for developing micropatterned surfaces and to study 

biological processes [11, 12].  

 

„Grafting from‟ or surface initiated polymerization (SIP) reactions are commonly 

used to modify surfaces with thin polymer films or polymer brushes [13-16]. Among the 

various controlled radical polymerization methods, atom transfer radical polymerization 
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(ATRP) gains special interest, because of its versatility in producing controlled polymers 

with low polydispersity and its compatibility with a variety of monomers [17, 18]. ATRP 

accepts water as the solvent in many formulations, and with the correct choice of catalyst, 

ATRP can be performed at relatively low temperatures [19]. ATRP has been successfully 

employed on various surfaces and to amplify patterned monolayers of SAM formed using 

various lithography techniques into robust polymeric brushes, temperature sensitive 

poly(N-isopropyl acrylamide) PNIPAAm brushes, and pH responsive brushes [20-28]. In 

contrast to the above examples where either a fully coated initiator surface or initiator 

patterns introduced via expensive lithography techniques were used, easy patterning of 

responsive brushes from initiator SAMs was obtained via simple µCP and ATRP by 

Braun et al, and Huck et al [29-31]. 

 

Environmentally responsive hydrogel patterns have several advantages that make 

them attractive over polymeric brushes. Hydrogel coated surfaces are widely used in 

micro- and nanodevices for microfluidic, sensing, and therapeutic applications [32, 33]. 

Unlike polymeric brushes that have an open polymeric structure for free molecular 

diffusion, the mesh size of a hydrogel matrix, which can be tailored by crosslinker 

constraints such as type and amount, governs the transport of molecular species into and 

out of the hydrogel [34]. This control over the hydrogel mesh can be harnessed for 

cellular entrapment and manipulations and controlled drug delivery applications [35-38].  

Further, the network structure increases the mechanical integrity and stability of the 

hydrogel, making them more robust than brushes made up of the same polymer backbone 

[39]. These properties of hydrogels along make them attractive alternatives to polymer 
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brushes for certain applications. Further, for diffusion limited processes, the characteristic 

transport time is directly proportional to the square of the length scale [40]. Therefore, a 

reduction of thickness from macro- to micro- to nanoscale makes responsive hydrogels 

respond „instantaneously‟ to external stimuli. Although, a wide variety of hydrogel 

pattern fabrication methods for surface based applications are already available, the 

methods to prepare hydrogel thin films at the nanoscale for „instantaneous‟ stimuli 

recognition is still at its infancy [41-43]. ATRP, which has been successfully employed 

for the synthesis of polymeric brushes over surfaces, can be potentially employed to 

obtain nanoscale thin hydrogel films for „instantaneous‟ biosensing and drug delivery 

applications. 

 

In this chapter, the viability of achieving precise spatial XY control of patterns on 

gold using µCP and tunable thickness (Z control) of hydrogel structures using ATRP is 

demonstrated. PNIPAAm has been used as the functional monomer with ethylene glycol 

dimethacrylate (EGDMA), and poly(ethylene glycol) n dimethacrylate (PEGnDMA; n = 

200/400), as the different crosslinkers for preparing hydrogels over gold surfaces. 

Specifically, PNIPAAm is interesting as a model responsive hydrogel system because it 

is thermoresponsive exhibiting reversible swelling behavior across its lower critical 

solution temperature (LCST) near 32 
o
C [44-46]. This unique property of being 

temperature sensitive has enabled PNIPAAm to be used widely for controlled drug 

delivery applications. EGDMA, PEG200DMA and PEG400DMA, which possesses many 

unique physical and biochemical properties, such as biocompatibility and miscibility with 

many solvents were applied as crosslinkers with different molecular weights for the 
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model hydrogel systems [42]. Characterization of the hydrogel structures was carried out 

using optical microscopy, AFM, and FTIR spectroscopy. With various temperature, pH, 

and biomolecule sensitive hydrogels finding an ever-expanding range of biomedical and 

industrial applications, this modified patterning and controlled growth technique provides 

a model platform for the incorporation of hydrogel systems into various point of care 

diagnostic and therapeutic devices. 

 

4.3. Experimental Section 

4.3.1. Materials 

All chemicals were purchased from Sigma Aldrich and used as received, unless 

noted otherwise. The thiol used for patterning and initiator for ATRP were 1-

octadecanethiol (ODT) and bromoisobutyrate-terminated undecyl disulfide (Br-Ini, 

Asemblon Inc), respectively. The temperature sensitive monomer was N-

isopropylacrylamide (NIPAAm), and the different crosslinkers used to form the various 

hydrogels were ethylene glycol dimethacrylate (EGDMA), poly(ethylene glycol) 200 

dimethacrylate (PEG200DMA), and poly(ethylene glycol) 400 dimethacrylate 

(PEG400DMA), (Polyscience Inc.). Fluorescein dimethacrylate (Fluor 511) was used for 

fluorescent tagging of the hydrogel (Polyscience Inc.). Copper (I) bromide (CuBr) was 

used as the catalyst and 2,2‟-dipyridyl was used as the ligand during the ATRP reaction. 

Dimethyl formamide (DMF) and methanol were used as solvents. Copper powder of size 

less than 425 microns was also used in the reaction. The gold wafers used in this process 

were purchased from Platypus Technologies.  
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4.3.2. Instrumentation 

Chemical characterization of the various steps involved in the synthesis of 

hydrogels over gold surface was performed using a Varian 7000e Fourier transform 

infrared (FTIR) spectrophotometer. The attenuated total reflectance, ATR-FTIR spectra 

were collected between 800 and 4000 cm
-1

 for 32 scans at a resolution of 8 cm
-1

. The 

hydrophobic effect of the patterned SAMs and the XY control achieved via µCP was 

analyzed using a Nikon Eclipse ME600 optical microscope. The surface morphology of 

the patterned thiols, thickness of the hydrogel patterns, and temperature sensitive 

responsive behavior of the hydrogel patterns were observed using an atomic force 

microscope (AFM, Agilent Technologies Inc.). The temperature sensitive analysis was 

performed in liquid cell set up of the AFM using an autotunable temperature controller 

(Lake Shore). 

 

4.3.3. Microcontact printing (μCP) and assembly of initiator for spatial XY control 

The details of the procedure involved in the fabrication of the master chips using 

UV photolithography and polydimethylsiloxane PDMS by replica molding is given in 

appendix A [47]. For microscale spatial XY control of the hydrogel patterns over gold 

surface, μCP was employed. The PDMS stamp with square microstructures (as pits) was 

initially inked with 1 mM solution ODT in ethanol, air dried for 10 seconds, and then, the 

stamp was brought in contact with the cleaned gold substrate for 45 seconds (μCP step of 

schematic in figure 4.1). The gold surface modified with ODT patterns (outside square 

regions), was subsequently washed with ethanol and finally dried. After the patterning of 

hydrophobic ODT SAMs on the gold substrate, the hydrophilic bromo disulfide initiator  
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Figure 4.1. Schematic diagram showing the various steps involved in the synthesis of 

thin hydrogel micropatterns by microcontact printing (μCP) followed by atom transfer 

radical polymerization (ATRP), and the stimuli sensitive behavior of the patterned 

hydrogel. 
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(Br-Ini) SAM was assembled inside the square regions by immersing the substrate in a 2 

mM solution of initiator in ethanol for 24 hours (initiator backfill step of schematic in 

figure 4.1). After 24 hours, the substrates containing precise square patterns of initiator 

and ODT were washed with ethanol, and were subsequently used for hydrogel pattern 

formation. In addition to these substrates, half coated and non-patterned fully coated 

initiator substrates were also prepared for ATR-FTIR characterization needs. 

 

4.3.4. Preparation of temperature sensitive hydrogel patterns using ATRP 

Surface-initiated atom transfer radical polymerization (ATRP) was used for the 

preparation of temperature sensitive hydrogel patterns over the gold substrate (ATRP step 

of schematic in figure 4.1). First, a solution made up of 0.2 mM CuBr catalyst, and 0.6 

mM of the ligand dipyridyl were prepared in solvent DMF. The catalytic cycle involves a 

reversible switching of the halogen atom between the two oxidation states of the 

transition metal complex thereby controlling the amount of free radicals available for 

hydrogel growth. A 90:10 molar ratio of hydrogel ingredients made up of 22.50 mM of 

the monomer NIPAAm and 2.50 mM of crosslinker EGDMA was added to the above 

solution. Water (1:10 volume% w.r.t solvent) was also added to the solution. The 

presence of water is important for rapid ATRP at room temperature [48]. Pure copper 

powder was also added to the ATRP solution (0.1 wt% with respect to NIPAAm) in order 

to generate the Cu(I) species, by reducing the deactivator Cu(II) species obtained during 

the initiation step of the ATRP reaction [49]. For the EGDMA system, 0.01 wt% of Fluor 

511 was also added to the system for fluorescent tagging and qualitative observation of 

the growth. The substrate containing the thiols was immersed in the ATRP solution, 
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purged with nitrogen, and allowed to react at room temperature for 24 hours. The 

resultant hydrogel patterned substrate was washed with methanol and dried. The hydrogel 

patterned substrates were stored in a desiccator until used for the various analyses. In the 

case of the higher molecular weight PEG200DMA and PEG400DMA crosslinked 

hydrogel patterns, methanol was used as the solvent. 52.5 mmol of NIPAAm and 22.5 

mmol of PEG200DMA or PEG400DMA were used to prepare the 70:30 hydrogel 

patterns. 

 

Stamped gold substrates with 500, 250, 50, 25, and 10 µm squares were created 

using μCP. The samples were verified using the optical microscope and AFM imaging. A 

half patterned gold substrate with ODT and the other half assembled with the Br-Ini thiol 

was also prepared for stepwise attenuated total reflectance (ATR) FTIR analysis. The 

ATRP reaction was then carried out on the patterned sample, and it was used as such for 

characterizing the hydrogel grown over the gold substrate. The presence of monomer 

NIPAAm and crosslinkers in the hydrogel pattern was analyzed using the ATR-FTIR 

spectroscopy. In order to compare the hydrogel grown via ATRP, pure NIPAAm brush 

patterns and pure EGDMA patterned substrates were synthesized using previously 

published procedures [50, 51]. The controlled growth of the hydrogel via ATRP was 

identified using non contact AFM analysis in dry state. The swollen state analysis and 

subsequent temperature sensitive behavior of the hydrogel network was analyzed using 

the liquid cell setup of AFM with a temperature controller. 
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4.4. Results and Discussion 

4.4.1. Characterization of SAMs for XY control by μCP 

Silicon master chips with 500-250 μm and 50-25-10 µm square features were 

fabricated using UV photolithography and were subsequently used for the synthesis of 

PDMS stamps with reverse features via replica molding. The detailed results and 

discussion of the features obtained in the master chips and PDMS stamp were described 

in our previous publication [52]. Briefly, by using atomic force microscopy (AFM), the 

thickness of both the master chips and PDMS stamp was found out to be 1.9 μm. Using 

this PDMS stamp, self assembled monolayers of ODT with square features were 

successfully patterned over gold surface via μCP. The patterned ODT monolayer was 

characterized using AFM and the thickness of the thiol was determined to be 2.2 nm.  

 

The patterned gold substrate with hydrophobic ODT was then treated with the 

initiator, Br-Ini. Since the head moiety of the initiator is comparatively hydrophilic than 

the linear alkyl hydrophobic chain of ODT, it occupied only the square regions not 

patterned with hydrophobic thiol. Since ATRP initiates from those sites assembled with 

bromine initiator, the growth of the hydrogel occurs only in the hydrophilic initiator 

assembled square regions, which are surrounded by the hydrophobic ODT.  

 

4.4.2. Characterization of hydrogel patterns 

ATR-FTIR was used to verify every step of the hydrogel synthesis process via 

μCP followed by ATRP. Specific characteristic functional groups involved in each layer 

were identified to confirm the growth of the hydrogel. A half coated ODT sample was 
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analyzed first. Then it was immersed in Br-Ini to assemble the initiator thiol, and the 

FTIR spectrum of the initiator attached to the other half of the sample was obtained. The 

samples were then polymerized via ATRP for 24 hours to produce the various hydrogels, 

and the characteristic FTIR spectrums of the hydrogels were obtained. Figure 4.2 shows 

the ATR-FTIR spectra of the thiols, hydrogels, and the pure brushes in the range of 1000-

1800 cm
-1

. 

  

From figure 4.2, it is observed that the characteristic peaks of monomer NIPAAm 

(brown dashed lines) at 1653 cm
-1

 and 1540 cm
-1

 which corresponds to the –C=O 

stretching and the –N–H bending, respectively, are observed in the hydrogels. These 

peaks are characteristic of the amide I and amide II groups, respectively, of PNIPAAm. 

The characteristic peaks of EGDMA (blue solid lines) at 1733 cm
-1

 (– C=O) and 1144 

cm
-1

 (–C–O–C–) are also observed in the hydrogel case. A slight shift in the –C–O–C– 

peak is noticed in the case of the PEG400DMA crosslinked hydrogel. This shift may be 

attributed to the increase in the number of ethylene glycol units to nine in comparison to 

just one for the EGDMA crosslinker, which produced more inter- and intramolecular 

hydrogen bonding. From the FTIR analysis, it is clear that the hydrogel structures are 

made up of a network comprising of both NIPAAm and EGDMA or PEG400DMA. Also 

observed from figure 4.2 are the characteristic –C–H peak of ODT in the finger print 

region at 1103 cm
-1

 and the characteristic bromine peak of the initiator at 1053 cm
-1

 

confirming the monolayer formation of both the thiols over the gold surface. The 

presence of the residual bromine peak (1053 cm
-1

) in both the hydrogels is due to the non 

bimolecular termination of a few chains during ATRP.  
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Figure 4.2. An expanded ATR-FTIR profile in the 1800-1000 cm
-1

 range showing the 

characteristic peaks of NIPAAm (brown dashed lines at 1540 and 1653cm
-1

) and 

EGDMA (blue solid lines at 1144 and 1733 cm
-1

) respectively occurring in the EGDMA 

and PEG400DMA crosslinked hydrogel profiles. 
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4.4.3. Controlled Z/thickness growth of the hydrogel via ATRP 

The effectiveness of surface initiated ATRP in producing patterned hydrogels 

over material surfaces was verified by measuring the height of the hydrogel networks 

grown over the Br-Ini assembled squares using non contact mode AFM imaging. The 

various heights of the hydrogel samples were measured in dry condition. The drying of 

the µCP patterned hydrogels was done overnight in a desiccator. Figure 4.3 shows the 

normalized 3-dimensional images of some of these patterns in dry state. We observed XY 

control in the hydrogel patterns that were tagged with fluorophore before AFM analysis 

using optical microscopy and scanning electron microscopy (results not shown). From 

figure 4.3, we observed that the hydrogels grew only in those regions where the initiator 

Br-Ini was present confirming the control on the XY plane achieved using µCP. We also 

observe that the patterned hydrogels grew only in the Z direction as the XY plane was 

localized by the presence of hydrophobic ODT. To confirm the effectiveness of 

controlled growth at the nanoscale by using ATRP, different gold patterns were 

immersed in the same ATRP solution over varying periods of reaction time for the 

various systems under study. The respective heights measured in dry state using AFM 

were then plotted as a function of the type of crosslinker used (EGDMA, PEG200DMA, 

and PEG400DMA) and the crosslinking density employed (10 mol% or 30 mol%) versus 

reaction time (figures 4.4 and 4.5). 

 

Both figures 4.4 and 4.5 illustrate a well defined and controlled Z/thickness 

growth of the hydrogel patterns using ATRP in the various systems. The concentrations 

of the monomer NIPAAm and crosslinkers were kept in excess, so that the growth of the 
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Figure 4.3. Normalized AFM images of patterned 25 µm PNIPAAm crosslinked with 

EGDMA (90:10 mol%) hydrogels grown for (a) 25, (b) 36, and (c) 48 hours respectively; 

50 µm PNIPAAm crosslinked with PEG400DMA (70:30 mol%) hydrogels grown for (d) 

5, (e) 16, (f) 20 hours respectively; and 50 µm PNIPAAm crosslinked with PEG400DMA 

(90:10 mol%) hydrogels for (g) 4.5, (h) 16, and (i) 36 hours respectively. 
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hydrogel continued over longer reaction periods. The effect of the crosslinker used 

(constant crosslinking amount at 10 mol%) on the rate of controlled growth can be 

deduced from figure 4.4. It is observed that the reaction rate or hydrogel growth increased 

from EGDMA to PEG200DMA and subsequently to PEG400DMA. The crosslinkers 

PEG400DMA and PEG200DMA is composed of approximately 9 units and 4.5 EG units, 

respectively, of ethylene glycol (EG), while EGDMA has a single EG unit. This increase 

in crosslinker molecular weight with EG units resulted in the increased growth rate from 

EGDMA to PEG400DMA. This increasing reaction rate with increasing EG units in the 

crosslinking system has been observed in previous studies [53]. 

 

The application of ATRP to produce PNIPAAm brushes of high thickness in short 

reaction periods is well known. Wang et al. produced PNIPAAm brushes of thickness 

100 nm in 3 hrs [54], while Kaholek et al. produced PNIPAAm brushes of thickness 250 

nm in 1 hr [24]. In the case of EGDMA thin film formation via ATRP, Huang et al 

showed that it took 37 hrs of ATRP to obtain a 100 nm EGDMA film [48].  Further, a 

combined ATRP approach to prepare PNIPAAm-co-PEGMA copolymer (1% PEGMA 

used) gave a thickness of 33 nm in 10 hrs of ATRP reaction [45].  From figure 4.4 we 

noticed that our EGDMA crosslinked PNIPAAm hydrogel achieved a thickness of 100 

nm over a period of 12 hrs, while PNIPAAm crosslinked with PEGxDMA (where, x = 

200 or 400) hydrogels required about 5 hrs of reaction time. Considering the results as 

reported from other ATRP work, it appears that the addition of EGDMA crosslinker 

decreases the thickness of the hydrogel grown when compared to that of pure linear 

PNIPAAm  brushes.  This  is  because  of the formation of the crosslinked mesh network, 
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Figure 4.4. Controlled growth of 90:10 mol% crosslinked PNIPAAm hydrogel patterns 

in nanometer scale with increasing polymerization time, showing the dependence on the 

type of crosslinker used (dry state). 
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which is absent in the case of linear grafted PNIPAAm brushes. While pure PNIPAAm 

brushes grow linearly perpendicular to the surface, crosslinked hydrogels grow in all 

directions forming links between adjacent growing chains. This compact mesh formation 

decreases the apparent mobility of growing radical chains and also decreases the 

availability of free monomer in solution for further thickness growth. As the crosslinker 

molecular weight/length increases, the mesh size increases providing an improved 

mobility of the growing radical chains, thereby increasing the thickness of the hydrogel 

(as observed in figures 4.4 and figure 4.5). Although, the average rate of thickness growth 

for EGDMA, PEG200DMA and PEG400DMA is in the order of 6.2, 14.1, 17.5 nm/hr, 

this nanometer level controlled growth achieved using ATRP is critical in fabricating 

biomedical devices with thin film responsive hydrogels for point of care „instantaneous‟ 

applications. 

 

The effect of the amount of crosslinker on hydrogel growth was studied by using 

PEG200DMA and PEG400DMA crosslinkers at 10 mol% and 30 mol% crosslinking 

densities. From figure 4.5 (a), we noticed that only a slight increase in thickness is 

obtained from the 90:10 crosslinked PEG400DMA hydrogel pattern than the 70:30 

crosslinked PEG400DMA system. No significant change in thickness with respect to 

crosslinking density is noticed in the case of PEG200DMA systems (figure 4.5 (b)). It is 

to be noted that these thicknesses were measured in dry state. Crosslinking density of a 

hydrogel plays a significant role in the swelling behavior of a hydrogel [55]. As the 

crosslinking density of the hydrogel increases, the mesh size of the hydrogel matrix 

decreases, thereby decreasing the volume swelling ratio of the hydrogel. While our 
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Figure 4.5. Dry state thickness growth of the hydrogels of (a) PNIPAAm crosslinked 

with PEG400DMA and, (b) PNIPAAm crosslinked with PEG200DMA with 

polymerization time, showing the effect of crosslinking density (90:10 mol% and 70:30 

mol%) used. 
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current observation on the effect of crosslinking density on controlled growth via ATRP 

(dry thickness) does not indicate an effect, it is expected that the crosslinking density 

(e.g., amount of crosslinker used) plays a significant role in the swelling behavior of the 

hydrogel structure. A detailed study on the effects of crosslinking density on reaction rate 

and responsive behavior are reported in chapter 5. 

 

4.4.4. Temperature sensitive hydrogel surfaces 

The responsive behavior of the temperature sensitive PNIPAAm based hydrogel 

network was studied using the liquid cell set up mode of the AFM with an autotunable 

temperature controller. For this work, only the results obtained for the 90:10 mol% 

PNIPAAm crosslinked with PEG400DMA hydrogel system are highlighted. The 

temperature of water in the chamber was maintained with a measured deviation of <±0.05 

o
C. For the temperatures chosen for imaging, the hydrogel pattern was allowed to 

equilibrate for at least 5 minutes with the water to ensure stability during imaging. Figure 

4.6 (a) and (b) show the 3-dimentional topography images of a single 25x25 μm 12 hour 

ATRP reacted pattern at 25
o
C (room temperature and below LCST of PNIPAAm 

brushes) and 40 
o
C respectively (above LCST of PNIPAAm brushes), while figure 4.6 (c) 

shows the thickness profile of the respective hydrogel states.  

 

From figure 4.4, we observed that the average dry thickness of the 10 mol% 

PEG400DMA crosslinked hydrogel was around 260 nm at room temperature. This gel 

was then placed at room temperature in the liquid cell set up of the AFM. While the 

presence  of  water  typically  swells  the  hydrogel in all three dimensions simultaneously 
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Figure 4.6. Normalized 3-D AFM images showing the temperature sensitive behavior of 

the 25 μm square made up of 90:10 mol% of NIPAAm crosslinked with PEG400DMA 

hydrogel at (a) T=25 
o
C, and (b) T=40 

o
C. The thickness profile depicting the responsive 

behavior, (c) where the red and green curve represents the thickness at 25 
o
C and 40 

o
C 

respectively. (d) Bar graph showing the volume swelling ratio (Qt) calculated from 

change in thickness of the responsive hydrogel, at dry state, swollen state in water at 25 

o
C, and collapsed state in water at 40 

o
C. 
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[56], the swelling in these surface-tethered hydrogels is spatially confined, and the 

hydrogel swelling is restricted mainly to the direction perpendicular to the substrate [25, 

57]. At equilibrium, the average thickness of the gel was determined to be 385 nm (figure 

4.6 (c)). Assuming, hydrogel formation over the entire 25 x 25 µm2 area, the volume 

swelling ratio (Qt) measured from the change in thickness with respect to dry state is 

around 1.48 (figure 4.6(d)). The water medium around the hydrogel pattern was then 

heated to 40 
o
C, and the thickness of the pattern was again determined after equilibrium. 

We observed that the hydrogel collapsed in thickness having an average thickness of 299 

nm and a volume swelling ratio of 1.15. While PNIPAAm brushes swell with response to 

changes in temperature, limited control over the swelling behavior is possible. In the case 

of hydrogel systems, it is well-known that the crosslinking density determines the extent 

of swelling of the hydrogel [34].  Further, it is well known that the addition of 

hydrophobic or hydrophilic co-monomers/crosslinkers decreases or increases the 

transition temperature of PNIPAAm brushes [58]. Therefore by changing the type of 

crosslinker employed one can tune the transition temperature of PNIPAAm hydrogels for 

a variety of applications. This tunable responsive behavior along with the controlled 

growth of the hydrogel at the nanometer scale can be successfully utilized for biomedical 

diagnostic and therapeutic applications. 

 

4.5. Conclusion 

 In the present study, the development of a flexible platform for the controlled 

growth of hydrogel nanostructures on gold surfaces has been presented. Temperature 

responsive hydrogel systems were synthesized using ethylene glycol based crosslinkers 
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of various molecular weight. Microcontact printing proved to be a useful soft lithographic 

tool to provide precise 2-dimensional XY planar control at the microscale. ATRP was 

used to successfully produce various hydrogel structures with controlled thickness at the 

nanoscale. A considerable difference in the controlled thickness was observed over the 

various hydrogels using AFM imaging for variations in the type of crosslinker employed. 

The addition of EGDMA decreased the thickness rate of the hydrogel achieved via ATRP 

as compared to pure PNIPAAm brushes. The PNIPAAm based hydrogels were also 

characterized for its responsive behavior using the liquid cell setup of AFM. The 

hydrogel was in a collapsed state at higher temperatures and in swollen state at lower 

temperatures.  The synthesis of several tunable intelligent hydrogel platforms at the 

nanometer scale holds significant promise for sensing and actuation in diagnostic and 

therapeutic applications, where hydrogel thin film actuators may manipulate the 

transportation, diffusion, entrapment, reaction, and detection of a multitude of 

biomolecules. 
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CHAPTER 5 

Nanoscale characterization of the equilibrium and kinetic response of hydrogel 

structures 

 

This chapter is modified from the article published as  

Chirra HD, Hilt JZ. Langmuir 2010, 26, 11249-11257. 

 

5.1. Summary 

The use of hydrogel nanostructured patterns and films in biomedical micro- and 

nanodevices requires the ability to analyze and understand their response properties at the 

nanoscale. Herein, the thermo-response behavior of atom transfer radical polymerization 

(ATRP) grown poly(ethylene glycol) n dimethacrylate (PEGnDMA) crosslinked poly(N-

isopropyl acrylamide) (PNIPAAm) hydrogel thin films over gold was studied. By 

controlling the mesh size of the hydrogel matrix through tuning the crosslinking density 

(i.e. using different molecular weight crosslinker and/or various amounts of crosslinker), 

the hydrogel volume swelling ratio was tailored for response applications. Thermo-

responsive patterns exhibited a broad lower critical solution temperature (LCST) swelling 

transition, while RMS roughness analysis of the hydrogel surface showed a sharp LCST 

transition. Mass and visco-elastic property change were monitored using quartz crystal 

microbalance with dissipation (QCM-D), and the rapid response behavior of the thin 

hydrogel films was observed. The tunable response behavior along with the controlled 

growth of the hydrogel achieved via ATRP at the nanoscale make them applicable as 

functional components in diagnostic and therapeutic devices. 
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5.2. Introduction 

Hydrogels have gained interest as functional components in biomedical devices 

such as, microfluidic channels, drug delivery microactuators, biosensing 

microcantilevers, microlens, and micropumps [1-5]. The key element that influences the 

use of hydrogels for such applications is their unique ability to respond to environmental 

stimuli in a pre-programmed, intelligent manner [6]. Poly(N-isopropyl acrylamide) 

(PNIPAAm), which has a lower critical solution temperature (LCST) of around 32
o
C, is 

used as the paradigm polymer for various thermo-response studies [7]. The unique 

property to swell in response to temperature changes has enabled PNIPAAm to be used 

widely for controlled drug delivery applications [8, 9]. PNIPAAm and other responsive 

hydrogels have been patterned at specific locations of device surfaces using conventional 

yet cumbersome UV photolithography. Recently, for applications related to devices, 

tethering of PNIPAAm over surfaces has been carried out using soft lithography of an 

initiator from which PNIPAAm is grown bottom-up via a surface initiated polymerization 

technique. Using microcontact printing (µCP) and atom transfer radical polymerization 

(ATRP) several responsive polymeric brushes including PNIPAAm have been 

successfully amplified from patterned monolayers of initiators [10-15].  

 

The majority of the prior PNIPAAm and other brush studies have focused on the 

synthesis and the response behavior by elucidating how the brush thickness is dictated by 

ATRP and the change in structural conformation by the surrounding environment. 

However, the synthesis of spatially controlled, crosslinked responsive hydrogels over 

surfaces has been relatively unexplored. Unlike polymeric brushes, the transport 
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properties of molecular species into and out of the hydrogel mesh network can be tailored 

by the type, molecular weight, and amount of crosslinker used. Cells can be entrapped 

inside the hydrogels mesh network and manipulated for therapeutic reasons [16]. In 

addition to the loading of hydrogels with drug molecules [17], hydrogel nanocomposites 

can be synthesized by in-situ precipitation of nanoparticles inside their matrix. These 

advantages, along with the increased mechanical integrity and stability provided by the 

crosslinked matrix, make responsive hydrogels a better alternative to polymeric brushes 

for a variety of biomedical diagnostic and therapeutic applications. 

 

We recently reported the synthesis of controlled thin patterns of poly(ethylene 

glycol) n dimethacrylate (PEGnDMA; n=200/400/600; n denotes the average molecular 

weight of the PEG chain and corresponding approximately to 4.5, 9, and 13.5 repeating 

units) crosslinked PNIPAAm hydrogel over gold via microcontact printing (µCP) 

followed by ATRP [18]. In various studies, researchers have shown that the swelling 

behavior of a hydrogel can be tuned by varying the crosslinking density used [19, 20]. 

Therefore, the swelling response of PNIPAAm hydrogel nanopatterns synthesized via 

ATRP can be tuned by changing the crosslinking density. In figure 5.1, a schematic of the 

temperature dependant swelling response of a nanoscale hydrogel pattern is shown. This 

schematic also illustrates the potential for a different response at the surface of the 

hydrogel as compared to the bulk of the pattern. This phenomenon and the general 

response properties of hydrogel patterns are discussed in the following. Since the kinetics 

of hydrogel swelling responses are typically diffusion limited, the size of the hydrogel 

structure  can  dramatically  impact  its response time. It is expected that the response will 
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 Figure 5.1. (a) AFM images showing the temperature sensitive behavior of a 25µm 10 

mol% PEG400DMA crosslinked PNIPAAm square pattern at the 25
o
C and 40

o
C, and (b) 

Zoomed in schematic representation of the differences in the rate of response between the 

„bulk‟ crosslinked matrix (Δx) and tethered free PNIPAAm chains at the surface of the 

pattern (Δy). Also shown are the response transition profiles of free PNIPAAm chain in 

solution and hydrogel in solution/tethered PNIPAAm over a surface. 
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become instantaneous as the size of the hydrogel structures are decreased to the 

nanoscale due to the direct proportionality between the characteristic diffusion time and 

the square of the length scale [21]. There have been prior studies investigating the 

response time of micro- and macro-scale hydrogel structures, but minimal prior 

experimental work has been done in studying the response properties of nanoscale 

hydrogel films or patterns [22]. Also, the authors are not aware of any previous studies 

related to the differences in surface response to that of bulk response.  

 

A detailed understanding of the tunable response properties of hydrogels is crucial 

for their applications in biomedical micro- and nanodevices. Our primary aim in the work 

reported here was to understand in detail the response properties of tethered, thermo-

responsive PNIPAAm hydrogels on gold. Atomic force microscopy (AFM) 

measurements were completed for direct visualization of the hydrogel phase transitions. 

The difference in the surface and bulk response was also investigated using AFM 

analysis. In addition to AFM, quartz crystal microbalance with dissipation (QCM-D) 

analysis was performed to obtain a fundamental understanding of the effect of 

crosslinking amount and type on the response kinetics and hydrogel equilibrium stability.  

 

5.3. Experimental methods 

5.3.1. Synthesis of temperature responsive hydrogel patterns using µCP and ATRP 

The various crosslinked PNIPAAm hydrogel square patterns of controlled thickness were 

synthesized using µCP followed by ATRP as detailed in a previously published paper 

[18]. Briefly, 1-octadeacne thiol (ODT; Sigma) was patterned over the gold surface as a 
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hydrophobic thiol outside the required square patterns (50-25-10µm) via µCP. The 

PDMS stamp used for patterning is made up of square pits of sizes 50x50, 25x25, 10x10 

µm. The square pits are separated from each other by 25 and 10 µm. There are four rows 

of fifty squares with the respective spaces making a single square size zone. There are six 

such zones in the PDMS stamp (zone 1: 50x50 µm with 25 µm spacing, zone 2: same 

squares with 10 µm spacing, zone 3 and 4 for 25x25 µm squares, and zones 5 and 6 for 

10x10 µm squares). The hydrophilic initiator bromoisobutyrate undecyl disulfide (Br-Ini; 

ATRP Solutions) thiol was then backfilled in the non ODT patterned gold squares from 

which ATRP of the respective hydrogels was carried out under nitrogen atmosphere for 

different reaction times (12 hours in this work). Poly(ethyleneglycol)n dimethacrylate (n 

= 400/600; Polyscience. Inc) were used along with PNIPAAm (Sigma) as the different 

crosslinkers and monomer respectively. A mole ratio of 90:10 mol% and 70:30 mol% 

(PNIPAAm:PEGnDMA) were used to study the effects of the amount of 

crosslinker/crosslinking density employed for response studies. For studying the response 

behavior effects between the bulk versus surface, half coated gold surfaces were first 

synthesized, then scratched, and finally characterized for thickness along the scratch. 

 

 For the scratch sample analysis, half of the gold substrate was stamped with the 

hydrophobic ODT. To the other non stamped half, hydrophilic Br-Ini was introduced for 

24 hours after which ATRP was done for the respective reaction time periods (5, 8, 12 

hours). Using a diamond pen, a scratch was done laterally across the sample so that the 

scratch extends across the two halves of the sample. Non-contact mode AFM imaging 

was then done across the scratch in both the hydrogel grown initiator attached half and 
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the ODT coated no hydrogel grown half and subsequent subtraction of the depth of the 

scratch was done to get the exact thickness of the grown hydrogel.  

 

5.3.2. Synthesis of thermally responsive hydrogel films over gold coated quartz 

crystals 

The various hydrogel thin films were also grown over gold coated QCM-D 

crystals using ATRP. The crystals were chemically pre-treated using ammonium 

peroxide solution for 10 minutes followed by UV-ozone treatment for 20 minutes to 

remove impurities. The resulting clean gold crystals were then used in the QCM-D setup 

for obtaining its fundamental resonant frequencies. Ethanol was initially passed to obtain 

the stable frequency and dissipation base line. A 3 mM solution of Br-Ini was then passed 

through the cells (except the blank cell) at a flow rate of 300 µl/min for about an hour. 

The crystals were functionalized with Br-Ini for 24 hours equivalent to the patterned 

samples. A post initiator attachment cleansing was done with ethanol to remove any 

unattached initiator thiol. A „no catalyst‟ ATRP monomer-crosslinker solution devoid of 

catalyst copper bromide and ligand 2,2‟-dipyridyl was then passed through the cells to 

neutralize the frequency and dissipation baseline shift caused by differences in the ATRP 

solutions density and viscosity. Once baseline correction was carried out, a nitrogen 

purged ATRP solution containing the catalyst and ligand was passed through the 

respective cells for about an hour. ATRP of PEGnDMA crosslinked PNIPAAm 

hydrogels was allowed to proceed in the respective cells for 12 hours. The reaction was 

stopped by a DI water purge step, and the hydrogel grown cells were used as such for 
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thermo-responsive studies. A blank cell with water passed instead of initiator and ATRP 

solution was also used for comparative reasons. 

 

5.3.3. AFM Imaging 

In-situ imaging of the tethered hydrogel patterns in aqueous solution was 

performed using the liquid cell set up, non contact mode AFM imaging (Agilent 

Technologies Inc.) with a BS-TAP300 tapping mode cantilever (Budget Sensors; force 

constant of 40 N/m). The AFM scans delineating the response behavior of the 

temperature sensitive PEGnDMA crosslinked PNIPAAm hydrogel patterns, was 

performed at different temperatures using an autotunable temperature controller (Lake 

Shore). The temperature of water in the chamber was maintained with a measured 

deviation of <±0.05
o
C. For the temperatures chosen for imaging, the hydrogel pattern 

was allowed to equilibrate for at least 5 minutes with the water to ensure stability during 

imaging.  

 

5.3.4. QCM-D Measurements 

A commercial Q-Sense E4 system was used for measuring the shifts in frequency 

(Δf) and dissipation (ΔD). Optically polished, AT-cut gold coated quartz crystal of 

diameter 1.4 cm and fundamental resonance frequency of 5 MHz was used for all QCM-

D measurements (Q-Sense). The Saurbrey constant (C) of the crystal used is 17.8 

ng/cm2.Hz. The solution temperature was controlled within ±0.02
o
C. All results obtained 

in this current work were from the measurements of frequency changes in the third 

overtone (n=3) although higher overtones were also measured. This is because the third 
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overtone shear wave senses one layer of liquid over the crystal corresponding to the 

grown hydrogel thickness, unlike the fundamental frequency which senses two layers of 

liquid. Moreover the third overtone values are reproducible and stable as compared to 

higher overtones [23]. All data were measured dynamically with changes in temperature 

to analyze the response kinetics. The crystal as such had very low resonance and 

dissipation changes with respect to applied temperature changes, but necessary 

corrections were made for this effect. 

 

5.4. Results and discussion 

5.4.1. Effect of the molecular weight and amount of crosslinker on response 

behavior 

The response behavior of temperature sensitive PNIPAAm hydrogels of varying 

crosslinker molecular weight and amount was studied at different temperatures using 

AFM and QCM-D. Figure 5.1 (a) shows the 3-dimensional response AFM topography 

images of a 25 x 25 µm, 12 hour ATRP reacted, 10 mol% PEG400DMA crosslinked 

PNIPAAm hydrogel pattern at 25
o
C and 40

o
C respectively. For the system shown here, 

we observe that the hydrogel pattern has a higher thickness at 25
o
C than at 40

o
C, which is 

the expected transition behavior of PNIPAAm-based polymers responding to the varying 

temperatures below and above its LCST. A similar analysis was performed over the 

10/30 mol% PEG200DMA/PEG400DMA crosslinked PNIPAAm hydrogel pattern 

combinations at increasing temperatures of 25, 30, 35, and 40
o
C, and their thicknesses are 

plotted as a function of temperature (figure 5.2). The initial dry thickness of the gels was 

also  measured,  before performing the response analysis. The dry thickness values for 10  
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Figure 5.2. Thermo-responsive AFM thickness of the various hydrogel patterns obtained 

with increase in solution temperature. The effect of the type and the amount of 

crosslinker employed on the response behavior is clearly observed. (Initial dry thickness 

data: 10 mol% PEG600DMA – 293nm; 30 mol% PEG600DMA – 268nm; 10 mol% 

PEG400DMA – 260nm; 30 mol% PEG400DMA – 221nm). 
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mol% crosslinked PEG600DMA, 30 mol% PEG600DMA, 10 mol% PEG400DMA, and 

30 mol% PEG400DMA crosslinked PNIPAAm patterns were 293, 268, 260, and 221 nm, 

respectively. 

 

The effect of crosslinking density modified by the amount of crosslinker and the 

molecular weight of crosslinker used on swelling response is observed in figure 5.2. An 

increase in molecular weight of the PEGnDMA crosslinker from n = 400 to 600 increased 

the change in swelling greatly (ethylene glycol chain length increased from 9 to 13.5 

units). We observe from figure 5.2 that for both the PEG400DMA and PEG600DMA 

systems, the 10 mol% crosslinked hydrogels swell more than the 30 mol% crosslinked 

hydrogels at 25
o
C (room temperature). This is due to the fact that the 10 mol% 

crosslinked hydrogel has a larger mesh size than the 30 mol% crosslinked hydrogel [24].  

As the temperature increased, the polymer - polymer interactions between the hydrogels 

PNIPAAm backbone increased over the polymer-water interaction, thereby collapsing to 

a lower thickness state. Although PNIPAAm in solution has a sharp LCST, we observed 

a broad transition of about 10-13
o
C along the measured temperatures from figure 5.2. 

This broadened transition has been reported by Frimpong et al. in the case of PNIPAAm 

based hydrogels in solution and is commonly observed in crosslinked hydrogel systems 

(figure 5.1 (b) – transition profile of hydrogel in solution) [24]. 

 

The swelling dependence on the type and amount of crosslinker used can be 

characterized using the volume swelling ratio measured from the change in thickness 

with respect to dry state thickness (Qt). The two assumptions used in this calculation are: 
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1) the swelling and collapse of the surface-tethered hydrogel pattern is spatially confined 

and therefore the swelling is restricted primarily to the direction perpendicular to the gold 

surface, and 2) the hydrogels are formed evenly over the entire patterned 25 x 25 µm2 

square area. With these assumptions, Qt is defined as the ratio of the average thickness of 

the swollen hydrogel pattern at a particular temperature to its average thickness in the dry 

state. Table 5.1 shows the Qt values for the different hydrogel patterns of varying 

crosslinker molecular weight and density at different temperatures. The volume swelling 

ratio decreases as the amount of crosslinker increases. The Qt values for the collapsed 

state at 40
o
C were observed to be independent of the crosslinking density. At 40

o
C, all 

patterns collapse to similar Qt values (i.e., 1.13-1.18), implying that at higher 

temperatures all PEGnDMA based PNIPAAm hydrogels behave similarly. Here, tuning 

the crosslinking parameters/mesh size of the hydrogel was shown to control the extent of 

swelling change from the swollen to the collapsed state. 

 

5.4.2. Thermally transforming surfaces 

There have been several reports to date concerning the structural visualization of 

the response behavior of PNIPAAm brushes with AFM imaging [12, 13, 25-27]. 

However, no prior significant work was done to establish a fundamental understanding of 

the crosslinking effect on the response behavior and the transition temperature of 

PNIPAAm based hydrogels on gold. We carried out surface roughness analysis over the 

different hydrogel surfaces by performing non contact mode AFM scans at smaller areas 

of the patterns as shown in figure 5.3. It shows the non contact mode AFM topography 

images of the 10 mol% PEG600DMA crosslinked PNIPAAm hydrogel pattern surface in 
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Table 5.1. Volume swelling ratio (Qt) of the different hydrogel patterns at different 

temperatures, measured from the change in thickness with respect to dry state 

respectively. 

T (
o
C) Qt (Dry state at 25

 o
C = 1) 
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35 

40 
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PEG400DMA 
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PEG600DMA 
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PEG400DMA 

30% 
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1.37 

1.22 
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1.69 
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1.35 

1.18 
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Figure 5.3. a) 2D non contact mode AFM image showing the surface of a 10 mol% 

PEG600DMA crosslinked PNIPAAm hydrogel square pattern in aqueous conditions at 

34
o
C. b) Sections of the topography images (from original 2 x 2 µm

2
) of the same surface 

at different temperatures in an aqueous media. The features of the surface become 

significantly evident with temperature, indicating that the hydrogel collapses into a 

relatively rigid polymer as compared to the swollen state at 25
o
C. 
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wet conditions at increasing temperatures (original scan area was 2 x 2 µm
2
). At 27

o
C, 

the topography of the hydrogel has only weak structural features, which are a result of the 

soft swollen gel. At 30
o
C and 33

o
C the topography images of the hydrogels surface 

showed the formation of non uniform structural features, which correspond to the partial 

collapse of the surface with temperature. When the temperature is increased further to 

34
o
C and beyond, the frequency of non uniformity increased drastically and became 

clearly visible as sharp features. Biggs et al. also observed similar transformation of a 

PNIPAAm brush grafted silicon surface with increasing temperatures [25, 26]. They 

observed from their AFM images that the domain-like structures became sharper with 

temperature. This is consistent with the continued collapse of the hydrogel as the features 

became more rigid with temperature. 

 

A better understanding of the different surface transformations to solution 

temperature changes can be better represented as numerical values of RMS (root-mean-

square) roughness. A plot of RMS roughness of the surface with temperature for 10 

mol% PEG400DMA, 30 mol% PEG400DMA,  10  mol%  PEG600DMA, and 30  mol%  

PEG600DMA crosslinked PNIPAAm hydrogel is shown in figure 5.4 (a-d). At and near 

room temperature, the RMS roughness values obtained were usually low due to the flat 

topography corresponding to the soft swollen state of the hydrogels. As the temperature is 

increased to and above the critical transition temperature, the RMS value abruptly 

increases with the formation of sharp features. The RMS roughness flattened out at 

higher temperatures, indicating the end of the LCST transition. Here, a relatively rigid 

hydrogel surface is formed by thermo-responsive collapsing.  



123 

 

 

 

 

 

 

Figure 5.4. Change is RMS roughness of the AFM topography images as a function of 

temperature for (a) 10 mol% PEG400DMA, (b) 30 mol% PEG400DMA, (c) 10 mol% 

PEG600DMA, and (d) 30 mol% PEG600DMA crosslinked PNIPAAm hydrogel surfaces. 

The surface RMS roughness data shows a transition zone for the respective hydrogel 

systems. 
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The start and end temperatures of the LCST transitions for the different systems 

were then determined. The different start and end temperatures are shown in figure 5.4 

(a-d). Lutz et al. showed that as the fraction of oligo(ethylene glycol) methacrylate was 

increased in a copolymer system, it led to the increase of the LCST temperature of the 

copolymer [28]. We observed a similar but slight shift in the LCST of our systems 

towards a higher temperature with the increase in the amount of ethylene glycol (EG) 

units along the crosslinker used (start temperatures: 32.2 to 33.4
o
C for the 10 mol% and 

32.6 to 33.7
 o

C for 30 mol%; end temperatures: 35.5 to 37.2
 o

C for the 10 mol% and 35.6 

to 37.2
 o

C for 30 mol%). As the EG molecular weight of PEGnDMA chain increased 

from 400 to 600, the number of EG units increased from 9 to 13.5 units. This leads to 

increased stabilizing H-bonds between the ether oxygen of PEG and the surrounding 

water. Therefore hydrogels synthesized of short PEG400DMA crosslinker is less 

hydrophilic/more hydrophobic than the longer PEG600DMA crosslinker, which has a 

higher transition temperature than PEG400DMA.  

 

5.4.3. Surface versus bulk temperature dependent swelling response 

The surface response behavior analyzed by the RMS roughness (figure 5.4) is 

clearly quite different than the response behavior of the entire hydrogel pattern (figure 

5.2). The surface or the skin of the hydrogel pattern shows a sharper response transition 

over about 2.5–3
o
C. The entire pattern behaves similarly to a macro-scale crosslinked 

polymer in solution exhibiting a swelling transition of >10
o
C. This difference between 

the presence of a transition temperature over the hydrogel surface and a much broader 

transition in the case of the entirety of the pattern is hypothesized to be a result of 
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PNIPAAm chains at the surface being only partially crosslinked into the network and, 

thus, able to respond closer to free PNIPAAm chains or PNIPAAm grafts. This 

phenomenon poses interesting questions about the dependence of hydrogel response 

behavior on the thickness of the patterns. For this reason, we synthesized 10 mol% 

PEG400DMA crosslinked hydrogels over gold surfaces with shorter ATRP reaction 

periods and studied their response characteristics. The response behavior by thickness 

change is represented as Qt in figure 5.5. The lines in the plot are only to assist in guiding 

the eye.  

 

He et al reported a broad transition similar to that of bulk hydrogels in solution for 

tethered PNIPAAm chains (figure 5.1(b) – transition profile of tethered PNIPAAm) [11]. 

In figure 5.5, the swelling appears to become sharper around 32.5
o
C, as the thickness of 

the tethered hydrogel decreases. The error in the data and the limited data points do not 

currently enable a conclusion, but a general trend appears to be present. We hypothesize 

that those portions of the PNIPAAm backbone present at the surface or the „skin‟ of the 

pattern are not fully crosslinked with the adjacent chains and behave similarly to that of 

tethered polymeric brushes (figure 5.1(b) – zoomed in scheme). The bulk or „body‟ of the 

crosslinked gel matrix lies between the tethered chains at the top of surface („skin‟) and 

the gold substrate at the bottom, and this matrix „body‟ is filled with the surrounding 

fluid. It appears that the swollen matrix behaves closer to that of free solution than to that 

of the rigid gold surface, and this result in a different transition behavior than the broad 

transitional behavior of the non-crosslinked surface grafted chains observed by He et al.  
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Figure 5.5. The effect of nanoscale on the response behavior of the entire hydrogel 

similar to that of „skin‟ response behavior. Qt for the 10 mol% PEG400DMA crosslinked 

PNIPAAm systems grown for 5, 8, and 12 hours. 
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This surface response is similar to that of pure PNIPAAm in solution (figure 5.1(b) – 

transition profile of free PNIPAAm in solution).  

 

5.4.4. Rapid response behavior of thin film hydrogels 

Complimentary QCM-D data was also collected to study the thermo-responsive 

behavior of PEGnDMA crosslinked PNIPAAm hydrogel thin films. With the gel to be 

evenly grown over the QCM-D crystal, the change in mass of the hydrogel tethered 

crystal (Δm) is directly proportional to the negative change in frequency shift of the 

crystal (–Δf) as per the Sauerbrey equation [29]. Figure 5.6 (a, b) shows the temperature 

dependence of frequency and dissipation shift of 10 mol% PEGnDMA crosslinked 

PNIPAAm hydrogels for three heating and cooling cycles (25-45-25
o
C; 12 hour ATRP). 

For all three cycles indicated in figure 5.6 (a) we observed that Δf increased as 

temperature increased from 25
 o

C to 45
o
C. Δf decreased as temperature decreased from 

45
o
C to 25

o
C. In terms of Δm, a mass loss with heating and a mass gain with cooling 

were observed. The mass loss during heating was due to the collapse of the hydrogel, 

whereas the mass gain was due to the swelling of the hydrogel. The PEG600DMA 

crosslinked hydrogel showed more mass change than the PEG400DMA system at the two 

change temperatures. This is due to the decreased crosslinking density of PEG600DMA 

relative to PEG400DMA complementing the results from figure 5.2.  

 

In recent years, the extended application of using dissipation signal available from 

the resonance decay has made QCM a more useful tool for real-time measurements of 

macromolecule adsorption in liquid-phase research applications [30-32]. The dissipation  
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Figure 5.6. Changes in (a) frequency, Δf of 10 mol% PEG400DMA and PEG600DMA 

crosslinked PNIPAAm hydrogel systems respectively, showing thermo-responsive 

behavior for three temperature change cycles.  
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Figure 5.6. Changes in (b) dissipation, ΔD of 10 mol% PEG400DMA and PEG600DMA 

crosslinked PNIPAAm hydrogel systems respectively, showing thermo-responsive 

behavior for three temperature change cycles.  
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factor (D), is defined as the measure of ratio of dissipated energy to stored energy in a 

material during one oscillation. Rodahl et al. showed that the structure of the visco-elastic 

polymer layer on a piezoelectric resonator influences the change in dissipation [33]. A 

collapsed rigid or glassy polymer layer has a small dissipation of energy, whereas a 

loosely swollen or rubbery polymer layer exhibits a larger dissipation of energy. ΔD in 

figure 5.6 (b) decreased with temperature increase, and vice versa. This indicates that as 

heating was introduced, the films collapsed into a more rigid state, whereas under 

cooling, they became more flexible due to water intake. It is also worth remarking here 

that while AFM provided insight on the material property of the hydrogel via surface 

roughness measurements, QCM-D gives information of the hydrogels visco-elastic 

properties by measuring ΔD. Further, we observed that at 45
o
C both the PEG400DMA 

and PEG600DMA crosslinked hydrogels collapsed to an equilibrium rigid state, where 

both their ΔD measured had similar values. At 25
o
C, the PEG600DMA hydrogel had 

more water content than the PEG400DMA hydrogel. This associated increased water 

content in the PEG600DMA system increased the dissipation energy/ΔD value more than 

the PEG400DMA system at 25
o
C.  

 

Figure 5.7 shows the AFM measured Qt data of a 12 hour reacted 10 mol% 

PEG400DMA crosslinked PNIPAAm pattern at different temperatures and the Δf for the 

same system on a QCM crystal (Δf of 25-40
o
C from cycle #2 is normalized and inverted 

for the sake of comparison). The Δf is monitored continuously as the temperature is 

ramped over this temperature range. Since the normalized Δf values exhibit the same 

temperature dependence as the equilibrium Qt values, we can conclude that the Δf values  



131 

 

 

 

 

 

Figure 5.7. AFM analyzed Qt (points) and QCM-D measured Δf (line) of the 10 mol% 

PEG400DMA crosslinked PNIPAAm hydrogel showing the rapid response to changes in 

temperature. (** – The frequency change showed here has been inverted and normalized 

for the sake of comparison) 
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are also at equilibrium.  Thus, the rate at which a responding thin hydrogel pattern 

achieves equilibrium must be significantly higher than the rate at which the temperature 

is being ramped in the QCM-D set-up (1.2
o
C /minute). This equilibrium response with 

temperature change observed in the kinetic QCM-D analysis demonstrates the rapid 

response behavior of ATRP grown thin hydrogel patterns. These nanoscale patterns with 

rapid response behavior are attractive for point of care, rapid/instantaneous diagnosis, and 

therapeutic applications. 

 

5.4.5. Response equilibrium state of hydrogels 

Figure 5.8 (a, b) shows the relation between ΔD and Δf for the three heating-

cooling cycles for the 10 mol% PEG400DMA and PEG600DMA crosslinked PNIPAAm 

hydrogels. We observed from the ΔD versus Δf plot that during the first temperature 

cycle (heating and cooling), both the hydrogels traced a loop characteristic of water loss 

and rigidity during the heating stage, followed by water intake and flexibility during the 

cooling stage. At the end of temperature cycle 1, both the hydrogels had a different ΔD 

and Δf value as compared to the start of the cycle (origin, in the case of start of cycle 1) 

indicating an irreversible response transition similar to the hysteresis loop of PNIPAAm 

brushes [33]. With subsequent temperature cycles (2 and 3), we observed that the loop of 

the curve extended in area on both directions (area 1-1‟ < area 2-2‟ < area 3-3‟ for 

PEG400DMA; area a-a‟ < area b-b‟ < area c-c‟ for PEG600DMA). Further, with each 

temperature cycle, the rate of area increase decreased (noticed by the distances 1-2, 2-3, 

1‟-2‟, 2‟-3‟ for PEG400DMA; a-b, b-c, a‟-b‟, b‟-c‟ for PEG600DMA). The increase in 

area with each cycle is due to the increased response behavior of the hydrogels. Initially,  
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Figure 5.8. ΔD versus Δf plot showing the hysteresis loop ends of the 10 mol% 

PEGnDMA crosslinked PNIPAAm hydrogel systems at (a) 25
o
C. The hydrogels try to 

reach an equilibrium response state at the particular temperatures in subsequent cycles. 

PEG600DMA crosslinked hydrogel tries to reach equilibrium faster than that of the 

PEG400DMA system. 
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Figure 5.8. ΔD versus Δf plot showing the hysteresis loop ends of the 10 mol% 

PEGnDMA crosslinked PNIPAAm hydrogel systems at (b) 40
o
C. The hydrogels try to 

reach an equilibrium response state at the particular temperatures in subsequent cycles. 

PEG600DMA crosslinked hydrogel tries to reach equilibrium faster than that of the 

PEG400DMA system. 
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the hydrogels are in a thermodynamically stable complex state, where the knotting and 

entangling of the networked polymer matrix occurs due to the various intrachain and 

interchain polymeric interactions. With each temperature cycle, the disentanglement of 

the various polymeric chains continues, thereby contributing to the increasing area along 

the ΔD-Δf curve. But with subsequent disentanglement over each temperature cycle, the 

need for further disentanglement/rate of disentanglement decreases thereby decreasing 

the rate of area increase. This phenomenon of the hydrogels increased response with each 

temperature cycle continues until the hydrogel reaches the final thermodynamic response 

equilibrium state, after which there is no significant change in the ΔD-Δf profile. Since 

PEG600DMA crosslinked hydrogel has his molecular weight polymeric chains, they 

should exhibit increased mobility and disentangle faster than the PEG400DMA hydrogel 

for the same temperature cycle number. The difference between distances b-c, b‟-c‟ of 

PEG600DMA and 2-3, 2‟-3‟ of PEG400DMA confirms this effect. For cycle 3, 

PEG600DMA crosslinked hydrogel disentangles much closer to its final equilibrium 

response state than the PEG400DMA crosslinked hydrogel. Once the final response 

equilibrium state is reached, the hydrogel thin films can be effectively used for precise 

sensing applications for multiple cycles.  

 

This study confirmed the potential of hydrogel patterns at nanoscale for rapid 

sensing applications. Functionalized hydrogel thin films at the nanoscale can become the 

key feature of the future point-of-care biomedical devices because their mesh network 

have significant advantages over linear polymeric brushes such as entrapping 
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biomolecules, controlled drug release, tunable response behavior, and better mechanical 

integrity. 

 

5.5. Conclusion 

Herein, we used AFM to visually observe the structural and thickness changes 

that originated from the thermo-responsive property of the PNIPAAm hydrogels. As the 

crosslinking density of the hydrogel increased, the mesh size of the hydrogel matrix 

decreased, thereby decreasing the volume swelling ratio of the hydrogel. The „bulk‟ 

nanoscale patterns were demonstrated to exhibit a broad swelling transition over about 

10-13
o
C. The surface of the nanoscale patterns were observed through RMS roughness 

analysis to exhibit a sharper swelling transition over about 2-3
o
C. QCM-D monitoring of 

the response kinetics of the different hydrogels complemented the results obtained from 

AFM. PEG600DMA crosslinked hydrogels had more water content than the 

PEG400DMA crosslinked hydrogels. For the same response cycle, longer PEG600DMA 

crosslinked hydrogels had a faster equilibrium response state than the shorter 

PEG400DMA crosslinked hydrogels. The fundamental understanding of the response 

properties of surface tethered hydrogel thin films is significant and holds promise in 

augmenting the various biomedical applications that require „instantaneous‟ sensing and 

controlled drug delivery. 
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CHAPTER 6 

Stable hydrogel coated gold nanoparticles using the ISOFURE methodology 

 

6.1. Summary 

Polymer coated inorganic nanoparticles are widely studied as carrier systems for 

various biomedical applications. For their translation into clinical applications, it is 

critical that they remain in a stable, non-agglomerated state and are also produced at a 

high yield with ease. In this communication, we introduce a novel methodology called 

the ISOFURE (ISOlate-Functionalize-RElease) strategy to synthesize stable hydrogel 

coated nanoparticles in the absence of a stabilizing reagent. As a model platform, we 

isolated and functionalized gold nanoparticles (GNPs) in a degradable poly(beta amino 

ester) (PBAE) hydrogel composite. Isolation was done either by adding GNPs to the 

PBAE hydrogel precursor solution or via in-situ precipitation of GNPs inside the pre-

synthesized PBAE hydrogel. Atom transfer radical polymerization (ATRP) was used as 

the model reaction to grow a temperature responsive poly(ethylene glycol) 600 

dimethacrylate crosslinked poly(N-isopropyl acrylamide) hydrogel shell over the GNP 

core. Release of the temperature responsive hydrogel coated GNPs was done by 

degrading the PBAE ISOFURE matrix in water. Characterization of the various 

nanoparticles was done using dynamic light scattering and UV-visible spectroscopy. UV-

vis confirmed in-situ precipitation of GNPs as well as ATRP over the GNPs. Light 

scattering also confirmed the presence of the temperature sensitive hydrogel shell over 

the GNP surface. Aging studies showed that the ISOFURE method based crosslinked 

hydrogel coated GNPs showed higher stability and yield than that of the solution-based 
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functionalized GNPs. The use of ISOFURE strategy shows promise as a simple tool for 

enhanced functionalization and stabilization over various nanocarriers under flexible 

experimental conditions. 

 

6.2. Introduction 

In the past decade, research on inorganic nanoparticles for the design and 

development of drug delivery devices and sensors has gained significant attention due to 

their various optical, electrical, magnetic, heating, and catalytic properties [1, 2]. Noble 

metal nanoparticles, gold in particular, show relative non-toxicity, easy synthesis and 

control over size, and the ability to readily conjugate with various reagents and 

biomolecules through simple gold-thiol chemistry or electrostatic binding, which make 

them important for biosensing and therapeutic applications [3-5]. In the absence of 

passivation, the high surface energy of the reduced gold nanoparticles (GNPs) renders 

them extremely reactive and results in their aggregation [6]. To develop multifunctional 

nanoparticle systems, it is often necessary to functionalize inorganic nanoparticles with 

polymer systems for providing both in vivo stealth and particle passivation.  Of particular 

interest, polymer brushes or networks that can respond to their environment can allow for 

the development of advanced nanodevices (e.g., responsive delivery of therapeutic 

agent).    

 

Environmentally responsive hydrogels with adaptive properties such as surface 

roughness [7], biocompatibility [8], and optical appearance [9] have been widely used for 

sensing [10] and controlled drug delivery applications [11]. While the use of drug loaded 
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hydrogel composites embedded with nanoparticles for biomedical applications is well 

studied, the use of ultrathin hydrogel coated core-shell nanoparticles for controlled drug 

release or biosensing is a newer field. Although methods of nanoparticle coating with 

polymers such as surface initiated polymerization [12, 13] and surfactant free emulsion 

polymerization [14, 15] are well established, there are often significant limitations in 

these methods due to agglomeration issues during processing steps.  The processing steps 

often include purification that involves washing, centrifugation, and/or evaporation, and 

these can result in low yields of stable hydrogel coated nanoparticles [16, 17].  In 

addition, the nanoparticles can aggregate during the polymerization of a coating when 

there is interparticle interaction of the growing polymer chains/networks [18]. 

 

Herein, we report a novel strategy that increases the stability of hydrogel coated 

nanoparticles, eradicates the use of additional stabilizing reagents, and eliminates the 

various purification steps that are usually involved in their synthesis. The strategy called 

the ISOFURE methodology involves the isolation, functionalization, and release of 

nanocarriers using a composite of the nanocarrier entrapped in a flexible polymer matrix 

such as a hydrogel. The hydrogel matrix provides the physical stabilization and isolation 

of the entrapped nanoparticles, thereby eliminating the need for a stabilizing reagent or 

the requirement of dilute reaction conditions. Solution-based polymer functionalization of 

the nanoparticle is done inside the swollen nanocomposite matrix, thereby inhibiting any 

interactions between the adjacent neighboring particles (figure 6.1). The 

washing/purification of the functionalized particles at different steps of nanoparticle 

coating  is  done  by  simply  soaking  the  ISOFURE  composite  in  a  swelling medium, 
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Figure 6.1. Schematic representation of the various steps involved in the novel approach 

towards increased stabilization of polymer coated nanoparticles in the absence of 

stabilizing reagents using the degradable ISOFURE system. The system used in this 

communication consists of ATRP grown crosslinked PNIPAAm responsive hydrogel 

coated GNPs using the hydrolytically degradable PBAE ISOFURE system. 
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where-in diffusion of the unreacted components occur. The entrapping ISOFURE 

hydrogel is chosen in a way that at the end of functionalization, the release of the 

polymer coated nanoparticle is done by simply degrading or dissolving the matrix. The 

added advantage  of  this  strategy  is  that  the  ISOFURE  hydrogels‟  swelling,  matrix  

mesh  size, composition, and degrading properties can be pre-tuned to suit any reaction 

condition and/or any sized nanoparticle, thereby making them universally applicable to 

functionalize a multitude of nanocarriers.  

 

As a proof of concept of the ISOFURE strategy, we have used biodegradable 

poly(β-amino ester) (PBAE) hydrogel matrices entrapping GNPs. Based on prior 

experience with PBAE hydrogels, hydrolytic degradation of the ester bonds was chosen 

as the matrix dissolving trigger [19]. Degradable PBAEs were also chosen since they 

imbibe and transport waste and other fluids similar to that of natural soft tissue, making 

them applicable for a wide variety of bioconjugation techniques [20]. The main objective 

of our investigation was to examine whether this novel approach could effectively 

increase the yield and stability of surface initiated atom transfer radical polymerization 

(ATRP) grown hydrogel coated GNPs. For this, we have synthesized three different 

varieties of GNPs coated with temperature sensitive poly (N-isopropyl acrylamide) 

(PNIPAAm) crosslinked with poly (ethylene glycol) 600 dimethacrylate (PEG600DMA) 

hydrogels. The first set of samples was a standard approach for the polymerization of 

hydrogels on GNPs (S-GNPs) that are not entrapped within a polymer matrix. These 

systems were simply assembled with the initiator followed by ATRP [21]. The second set 

of samples was the GNP entrapped ISOFURE composite hydrogel (ISOFURE-GNPs) 
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(figure 6.1). Since the GNPs synthesized are in aqueous medium that degrades the PBAE 

matrix, they were centrifuged, resuspended in DMSO, and used as such for free radical 

redox polymerization of the ISOFURE composite. The third set of samples involved the 

in-situ precipitation of GNPs inside the pre-synthesized degradable PBAE hydrogel 

matrix (IS-ISOFURE-GNPs). Initiator assembly and ATRP were then carried out on the 

entrapped nanoparticles. Characterization of the particle size, response behavior of the 

hydrogel shell, and stability of the particles as compared to solution based GNPs was also 

carried out. 

 

6.3. Experimental methods 

6.3.1. Synthesis of monodispersed gold nanoparticles 

Monodispersed gold nanoparticles were prepared using the citrate reduction of 

gold salts. Briefly, a 1 mM aqueous solution of chloroauric acid (HAuCl4; Sigma) was 

boiled under stirring. To this solution, 3 mM trisodium citrate (Sigma) in water was 

added to reduce HAuCl4 to produce GNPs of sub-nanometer size. GNPs were then 

concentrated by centrifuging at 12,500 rpm for 10 minutes using an Accuspin centrifuge 

(Fisher Scientific), resuspended in dimethyl sulfoxide (DMSO; Sigma), and used as such 

for preparing the ISOFURE composite. 

 

6.3.2. Synthesis of H6 macromer 

The macromer used for synthesizing the degradable hydrogel matrix was 

synthesized in accordance to Anderson et al‟s paper. Based on the time frame of ATRP 

reaction over GNPs and the swelling ratios of the ISOFURE matrix needed, the system 
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chosen specifically for this study from the combinatorial library of PBAE degradable 

materials [22] was the poly(ethylene glycol) 400 diacrylate (Polyscience Inc.; 

PEG400DA; represented by the letter „H‟ from the library) and isobutyl amine (Sigma; 

IBA; represented by the number „6‟ from the library) mixed in the molar ratio of 1.2:1 

respectively, heated at 85
o
C for 48 hours, cooled to room temperature, and stored at 4

o
C.  

 

6.3.3. Synthesis of degradable ISOFURE-GNP and IS-ISOFURE-GNP composite 

The hydrolytically degradable GNP entrapped ISOFURE-GNP composite was 

synthesized using free radical redox polymerization between glass plates separated by 1.5 

mm thick Teflon spacers. The vinyl groups of the H6 macromer is reacted to obtain the 

hydrogel system. For the ISOFURE-GNP composite system, approximately 1 g of the H6 

macromer was mixed with 50 wt % of the above prepared GNPs in DMSO. To this, 1 wt 

% of tetramethyl ethylene diamine (Sigma; TEMED) was added and the solution was 

vortex mixed. To this solution, 1.5 wt % of ammonium persulfate (Sigma; APS) 

dissolved in 3 wt % water was added, vortex mixed for approximately 15 s, and then 

transferred into the glass plate assembly. The plates were allowed to sit at room 

temperature for 24 hours to ensure complete polymerization. In the case of the IS-

ISOFURE-GNP composite, the above mentioned procedure of redox polymerization was 

performed except that only DMSO was used instead of GNPs in DMSO. After 24 hours, 

the H6 hydrogel was washed in DMSO for 30 minutes to remove any unreacted 

macromer and then dried in the vacuum oven overnight. To 1 mM of HAuCl4 in DMSO, 

the H6 gel was soaked overnight for reduction to occur. Due to the presence of tertiary 

amines in the H6 gel matrix, reduction of chloroaurate anions occurred and GNPs were 
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in-situ precipitated inside the H6 hydrogel matrix, thereby making the IS-ISOFURE-GNP 

composite. Both the composite gels were then washed in DMSO for about 15 minutes to 

remove loosely bound surface GNPs and then vacuum dried for further usage. 

 

6.3.4. Initiator assembly over GNP surface 

To aqueous citrate reduced GNP solution, a 10 mM stock solution of 

bromoisobutyrate-terminated undecyl disulfide (Br-Ini; Asemblon) in ethanol was added 

to make the final concentration of Br-Ini to 1.5 mM and then mixed for 24 hours. After 

24 hours, the resulting Br-Ini capped GNP solution was dialyzed against water to remove 

ethanol and excess unreacted initiator. The resulting solution was then centrifuged at 

10,000 rpm for 7 minutes, removed of supernatant and concentrated in anhydrous 

ethanol. This solution was used for the ATRP reaction to produce the ATRP-S-GNPs. In 

the case of the ISOFURE composites, the GNP entrapped ISOFURE hydrogels were 

immersed in a 1.5 mM Br-Ini in ethanol solution for 24 hours. They were then washed 

using ethanol, air dried for an hour, and used as such for ATRP.  

 

6.3.5. Preparation of temperature sensitive hydrogel coated GNPs using ATRP 

Surface initiated ATRP was used for the preparation of temperature sensitive 

hydrogel shells over GNP surfaces. First nitrogen was bubbled to a 20.5 ml methanol and 

0.5 ml water mixture for about 30 minutes. To this solvent mixture, a 90:10 molar ratio of 

hydrogel ingredients made up of 22.5 mM of monomer N-isopropyl acrylamide 

(NIPAAm; Sigma) and 2.5 mM crosslinker poly(ethylene glycol) 600 dimethacrylate 

(PEG600DMA; Polyscience Inc.), 0.2 mM copper bromide catalyst (Sigma), 0.6 mM of 
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ligand 2,2‟-dipyridyl (Sigma), and approximately 0.4 mg of copper powder (Sigma) of 

size less than 425 µm were added. To this mixture, nitrogen was bubbled for another 30 

minutes. The initiator coated ISOFURE composite hydrogel was then added to this 

ATRP solution, and bubbled with nitrogen for another 30 minutes and allowed to 

undergo polymerization for 12 hours. In the case of S-GNPs, 5 ml of aqueous GNPs was 

initially added to 16 ml of methanol and used as the initial solvent as mentioned above. 

 

6.3.6. Degradation of ISOFURE composite and release of ATRP-GNPs 

The degradation of the ATRP-GNP ISOFURE gel was performed via hydrolytic 

degradation. The ATRP reacted ISOFURE gel was cut into smaller pieces, and packed 

inside a 12,000 MWCO dialysis membrane. To this membrane, 2 ml of DI water was 

added and then immersed in a dialyzing sink of water. Dialysis was done for 72 hours 

with 12 hour sink change to ensure complete degradation and removal of degraded 

products. The final ATRP-GNP solution inside the dialysis membrane was used as such 

for characterization. In the case of the ATRP-S-GNPs, air was bubbled into the mixture 

to stop ATRP. The solution was then ultra-filtered to about 10 ml volume. This 

concentrate was then dialyzed against water as mentioned above.  

 

6.4. Results and Discussion 

6.4.1. Characterization of ISOFURE composites before and after ATRP 

Figure 6.2 shows the UV-vis spectra for the different ISOFURE composite 

systems and the solution based GNPs. The advantage of using IS-ISOFURE-GNPs over 

ISOFURE-GNPs is that any aggregation associated with centrifugation and resuspension 
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in DMSO of the ISOFURE-GNPs and the entrapment of multiple particles by the 

polymer matrix was eliminated, since they were synthesized directly inside the ISOFURE 

systems hydrogel matrix. Also, this eliminated any concern associated with the slightest 

presence of an aqueous phase in the formation of the composite that would partially 

degrade the surrounding PBAE mesh network, thereby contributing to further 

aggregation and polydispersity. Further, the mesh size of the polymer network for the IS-

ISOFURE-GNPs can be tuned through the synthesis conditions and resultant crosslinking 

density, which can be used to control the size of the core GNPs. 

 

From UV-vis analysis of the various ISOFURE systems (figure 6.2), we observed 

that the surface plasmon resonance (SPR) values of both the ISOFURE-GNP (531 nm) 

and IS-ISOFURE-GNP (524 nm) composites were similar to that of the citrate reduced S-

GNPs in water (527 nm). Since, SPR values are characteristics of the identity, thickness 

of the metal core, and the refractive index of the medium at the interface, it is most likely 

that all three systems have GNPs of similar size and property. Although it is the same 

GNPs used from the S-GNPs for the formation of the ISOFURE-GNP composite, a slight 

red shift in the SPR value is observed from 527 nm to 531 nm indicating slight amount of 

particle aggregation caused during centrifugation and resuspension in DMSO. It is to be 

noted that the synthesis of the IS-ISOFURE-GNP composite involved the reduction of 

the pre-synthesized PBAE hydrogel imbibed chloroauric acid solution (HAuCl4) without 

the use of any reducing agent such as sodium citrate or sodium borohydride. We 

hypothesize that the tertiary amine moiety of the crosslinked PBAE hydrogel matrix  
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Figure 6.2. UV-vis normalized spectra showing the different kinds of GNP-ISOFURE 

systems used for the synthesis of ATRP grown crosslinked PNIPAAm hydrogel coated 

GNPs. All three GNP-ISOFURE systems (S-GNPs in solution, ISOFURE-GNP 

composite, and IS- ISOFURE-GNP composite) exhibited similar SPR values in the range 

of 524-531 nm. The presence of the second SPR peak value at 671 nm indicates the 

increase in size of the entrapped in-situ precipitated GNP via ATRP. 
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undergoes electron delocalization and resonance hybridization to reduce the chloroaurate 

anion into neutral metallic gold [23].  Since the gold formed via nucleation is stabilized 

physically by the surrounding PBAE hydrogel matrix, gold nanoparticles are formed 

inside the matrix. Since the preparation via in-situ precipitation did not involve any 

centrifugation, no aggregation occurred and therefore they show lower SPR value of 524 

nm as compared to that of the S-GNPs. While a similar strategy for synthesizing in-situ 

precipitated GNPs using dendrimers was reported by Boisselier et al, release of GNPs 

from the encapsulated matrix was not carried out [24]. This added advantage of 

nanoparticle release via degradation of the matrix can be harnessed for enhanced 

biofunctionalization of particles for biomedical applications. In the absence of any 

surface passivation, the degradation of the composite still gave stable GNPs of size 

around 12 nm. This is attributed to the fact that the degradation products (carboxylic acid 

products from breaking the ester bonds) of the PBAE matrix stabilize the GNPs similar to 

that of the citrate ions in the case of the S-GNPs. Figure 6.2 also shows the SPR value of 

ATRP reacted IS-ISOFURE-GNP composite at 671 nm. This red shift in SPR value is 

due to the local increase in refractive index caused by the growth of the responsive 

hydrogel by ATRP on the surface of the GNP. Depending on the time of ATRP reaction, 

this value shifts confirming that the increase in SPR value is indicative of the coating of 

the particle and not that of aggregation. 

  

6.4.2. Temperature response behavior of the hydrogel coated GNPs 

The release of the ATRP reacted hydrogel coated GNPs was done inside a 

dialysis membrane, where the degradation of the PBAE matrix released the 
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functionalized nanoparticles while allowing the removal of the smaller degraded products 

via dialysis in water. The resulting PEG600DMA crosslinked PNIPAAm hydrogel coated 

GNPs (ATRP-GNPs) in water were analyzed for size, temperature response, and stability. 

Figure 6.3 shows the temperature response profile of the different GNPs as synthesized 

using a 12 hour ATRP reaction. Clearly, all three systems of ATRP-GNPs exhibit 

temperature response behavior indicating the presence of a PNIPAAm-based hydrogel 

shell. In the case of the ATRP-S-GNPs, functionalized nanoparticle sizes were 

significantly larger than that of the ISOFURE systems. It was also observed that the 

nanoparticle sizes were larger for the ATRP-ISOFURE-GNPs in comparison to the 

ATRP-IS- ISOFURE-GNPs. It is to be noted that particle settling was observed with time 

during response analysis of the ATRP-S-GNPs, and the yield of the stable ATRP-S-

GNPs was relatively low. Thus, the DLS values obtained represent only the stable 

particle fraction, which still remained suspended in solution.  

 

6.4.3. Enhanced stability of hydrogel coated ISOFURE GNPs than S-GNPs 

The effectiveness of using ISOFURE strategy, in terms of preserving the stability 

of the nanoparticles whose surfaces are modified by polymer coating was observed using 

the UV-vis spectrophotometer (Figure 6.4). Since the optical density of a nanoparticle 

solution is proportional to the concentration of same sized nanoparticles in solution, we 

studied the aging or aggregation of particles with time by normalizing the SPR 

absorbance values at different time intervals to that of the initial SPR absorbance. As 

observed in Figure 4, the ATRP-S-GNPs showed a drop in concentration with time, while 

both  the  ATRP – IS – ISOFURE - GNPs  and  ATRP-ISOFURE-GNPs  showed  higher 
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Figure 6.3. Temperature sensitive response behavior of the 12 hour ATRP grown 

crosslinked PNIPAAm hydrogel coated GNPs for the three different systems (** 

represents that the DLS size is measured from the peak 1 values of that fraction of 

straight GNPs which have not settled due to particle aggregation and remain suspended in 

solution). 
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Figure 6.4. Settling kinetics of the ATRP grown crosslinked PNIPAAm hydrogel coated 

solution based GNPs and ISOFURE-GNPs clearly indicating that the hydrogel coated 

ISOFURE-GNPs exhibit enhanced stability than the S-GNPs. Insets confirm the settling 

of the ATRP-S-GNPs as compared to that of the ATRP-ISOFURE-GNPs (same as that of 

ATRP-IS-ISOFURE-GNPs). 
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stability. Boisselier et al. observed that the addition of slight amounts of a crosslinker to a 

surface initiated polymerization reaction over nanoparticles resulted in interparticle 

crosslinking [24]. We believe that in the presence of PEG600DMA the same interparticle 

crosslinking is likely to occur resulting in S-GNP aggregation during ATRP. In the case 

of the ATRP-IS-ISOFURE-GNPS and ATRP-ISOFURE-GNPs, the surrounding matrix 

physically inhibits the growing PEG600DMA crosslinked PNIPAAm hydrogel shell to 

interact with the adjacent neighboring GNPs, thereby maintaining the stability of the 

hydrogel coated GNPs. This added protection during the hydrogel coating step proves 

vital in maintaining the monodispersity of the modified particle and also in increasing the 

yield of same sized hydrogel coated nanoparticles as compared to that of the ATRP-S-

GNPs. By using the ISOFURE method, stabilization effects can be provided for various 

particle aggregating reactions such as biomolecular functionalization and polymer 

coating techniques. The novel idea of using a polymer matrix to provide physical 

entrapment to nanocarriers is of great interest and can be used universally to functionalize 

a multitude of polymers or biomolecules to nanocarriers. 

 

6.5. Conclusion 

 Herein, a proof of concept of enhancing the yield and stability of polymer-coated 

nanocarriers via a novel isolation, functionalization, and release (ISOFURE) 

methodology was demonstrated. GNP biodegradable PBAE hydrogel nanocomposites 

were synthesized either by adding GNPs to the redox polymerizing macromer solution or 

by carrying out in-situ precipitation of GNPs inside the PBAE matrix. UV-vis analysis 

showed the formation of stable in-situ precipitated GNPs in the composites. The 
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polymerization of PEG600DMA crosslinked PNIPAAm hydrogels via ATRP was 

successfully carried out over the different GNPs. Light scattering analysis of the particles 

at increasing temperatures showed that the particles exhibited temperature sensitivity. 

Aging studies using the UV-Vis spectrophotometer showed that the ISOFURE method 

based hydrogel coated GNPs showed higher stability than that of the solution based 

GNPs. In addition, the yield of ATRP hydrogel coated GNPs of monodispersed size was 

higher in the case of the ISOFURE system as compared to that of the S-GNPs. The 

ISOFURE strategy shows promise for both increasing the stability and enhancing the 

loading capacity of various polymers and biomolecules to various nanocarriers under 

flexible experimental conditions. 
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CHAPTER 7 

Enhanced biofunctionalization of gold nanoparticles using biodegradable ISOFURE 

Composites 

 

7.1. Summary 

The unique chemical and physical properties of inorganic nanoparticles render 

them as effective carriers for various biosensing and therapeutic applications. For these 

applications, it is critical that the surface chemistry of the particle is tailored precisely, 

and in most cases, it becomes difficult to prevent agglomeration in a multistep 

functionalization process due to changes in surface properties (e.g. charge neutralization 

and hydrogen bonding).  In this work, we introduce a novel methodology called the 

ISOFURE (isolate-functionalize-release) strategy to synthesize stable functionalized 

nanoparticles in the absence of a stabilizing reagent, thereby increasing the loading 

capacity of stable nanoparticles. As a proof of concept, poly(beta amino ester) (PBAE) 

hydrogels were harnessed to synthesize biotinylated gold nanoparticle (GNP) entrapped 

ISOFURE hydrogel nanocomposites. Streptavidin was bound to biotinylated GNPs as the 

GNPs were released via degradation of the PBAE hydrogel matrix. Then, conjugation 

with enzyme catalase was carried out. Dynamic light scattering and UV-visible 

spectroscopy results confirmed stabilization of the GNPs during biotinylation inside the 

PBAE matrix. Bioassaying confirmed enhanced enzymatic activity/biofunctionalization 

of catalase bound stable ISOFURE GNPs in the absence of an external stabilizing 

reagent. The use of ISOFURE strategy as the agglomeration inhibiting nanoparticle 
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stabilizing medium can prove to be a simple yet powerful tool for enhanced biomolecular 

loading and stabilization over various nanoparticles. 

 

7.2. Introduction 

Carrier systems of nanoscale dimensions such as inorganic nanoparticles, 

liposomes, polymer particles, and viral vectors have gained significant prominence in the 

design and development of nanoscale drug delivery devices and nanosensors [1]. Over 

the years, inorganic nanoparticles in particular have been studied due to their unique 

optical, magnetic, heating, and catalytic properties [2]. In addition to these unique 

properties, their easy functionalization, high surface to volume ratio, and capability of 

controlled/targeted delivery make them attractive for biomedical applications. Almost all 

nanoparticle based bioapplications involves the functionalization of their surface with a 

targeting agent, drug payload, image contrast agent, and/or a stealth component. 

Although inorganic nanoparticles can exhibit good stability and dispersion in their initial 

synthesized form with appropriate surface coatings, agglomeration during 

biofunctionalization processes via charge neutralization, hydrogen bonding, biomolecular 

and hydrophobic interactions, etc. is a common issue. In order to avoid agglomeration 

issues during their functionalization, researchers have employed various nanoparticle 

stabilizing strategies such as employing covalently attached/physically adsorbed charged 

capping agents (e.g., anionic carboxylates and sulfates) and neutral steric groups (e.g., 

polymers/dendrimers, simple carbohydrates, bulky proteins, and DNA) [3-7]. In all of 

these stabilizing strategies, researchers sacrifice a significant fraction of the valuable 

nanoparticle surface area to accommodate the stabilizing agent, which leads to lower 
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drug/biomolecule loading. Also, in spite of the plethora of strategies available for 

obtaining stabilized nanoparticles, various issues associated with the stabilizing agents 

(e.g., aggregation in the presence of salts or changes in pH, solubility in aqueous 

medium, exchange with serum and plasma proteins, lack of in vivo suitability and/or 

stability, etc.) still exist making their translation for bioapplications difficult. These 

inherent issues present during solution-based biofunctionalization of nanoparticles 

become amplified when considering a multifunctional nanoparticle for theranostic 

applications requiring functionalization for stealth, targeting, sensing, and/or delivery. 

 

Herein, we report on a novel strategy to do solution based chemistries in a 

stabilized matrix to eliminate agglomeration issues during the intermediate steps involved 

in the biofunctionalization of nanoparticles. This strategy increases the loading capacity 

of a nanocarrier and also eliminates the use of intermediate stabilizing agents, which 

eliminates issues that arise in their presence. The methodology in short, deals with the 

isolation, functionalization, and release (ISOFURE) of nanoparticles/nanocarriers using a 

composite of the nanoparticle/nanocarrier entrapped in a flexible polymer matrix such as 

a hydrogel (Figure 7.1A). Stabilization is provided by the entrapment of nanoparticles 

using the crosslinked hydrogel matrix. The hydrogel swells in the functionalizing 

medium, allowing for solution-based chemistries to be performed. The polymer matrix 

physically inhibits interactions between adjacent nanoparticles during functionalization, 

thereby isolating them and eliminating the need for stabilizing agents. Thus, multiple 

steps of functionalization at different pH and using different solvents can be then done 

without   concerns   associated   with   agglomeration   issues.   Once   the   final   step  of  



164 

 

 

 

Figure 7.1. Schematic representation of the various steps involved in the novel approach 

towards enhanced biofunctionalization of nanoparticles in the absence of stabilizing 

agents using the ISOFURE polymer systems (A), and the bioconjugation of enzyme 

catalase to GNPs using biotin-streptavidin affinity reactions (B). 
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functionalization is completed, the stable functionalized nanoparticles are released by 

simply degrading or dissolving the matrix. This novel ISOFURE strategy is widely 

applicable due to the inherent ability to choose different polymeric networks, whose 

properties such as swelling characteristics, mesh size, composition, and degrading trigger, 

can be tuned to suit various reaction conditions and/or biomolecules.  

 

As a proof of concept, we have initiated our explorations on the ISOFURE 

strategy using degradable poly(β-amino ester) (PBAE) hydrogel matrices encompassing 

gold nanoparticles (GNPs). The main objective of our investigation was to examine 

whether this novel approach can effectively enhance the biomolecular loading of GNPs in 

the absence of a stabilizing agent. GNPs were used because of their wide applicability 

and known versatile properties, such as easy synthesis, inertness, and their ability to form 

functionalized bioconjugates via simple chemistry [8]. They have already been studied 

extensively for in vivo therapeutic applications such as passive targeting [9], active 

targeting to reduce tumors in mice [10], tumor necrosis factor delivery [11], treatment of 

colon carcinomas with Paclitaxel grafted gold colloids [12],
 
cellular drug delivery [13-

15], gene therapy [16-21], thermoablative therapy [22, 23] and drug release [24-26]. 

PBAE hydrogels exhibit hydrolytic degradation, allowing for the matrix to be degraded 

in an aqueous environment. The requirement of fast degradation and significant swelling 

in solvents governed the selection of the appropriate PBAE system from a combinatorial 

library of PBAE degradable materials [27]. Herein, the loading of enzyme catalase to 

GNP surface via biotin-streptavidin affinity interaction was used as the proof of concept 

model reaction (Figure 7.1B). Other methods of conjugating GNPs with enzyme are also 
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available (appendix B). Catalase is an antioxidant enzyme that has been studied 

extensively for potential effectiveness in antioxidative therapy. However, free catalase 

undergoes rapid elimination from the blood stream and demonstrates poor intracellular 

delivery [28]. The coupling of catalase to GNPs can potentially increase its half life in 

vivo. Using the PBAE-GNP ISOFURE composites, we have coupled active catalase to 

GNPs. For comparison, we have also synthesized biotinylated solution-based particles 

using an acidic thiol as the stabilizing agent. In addition to the elimination of stabilizing 

agents during functionalization causing an increase in biomolecular loading, the 

flexibility in choosing an appropriate ISOFURE system for any solution based 

experimental condition and biomolecule, attracts major interests in the field of 

nanocarrier functionalization. These methodologies of isolation, functionalization, and 

release are expected to have a significant impact on future advances in nanocarrier 

loading for various diagnostic and therapeutic applications. 

 

7.3. Experimental methods 

7.3.1. Synthesis of monodispersed gold nanoparticles 

Monodispersed gold nanoparticles were prepared using the Turkevich reduction 

of gold salts [29]. Briefly, a 1 mM aqueous solution of chloroauric acid (HAuCl4; Sigma) 

was boiled under stirring. To this solution, 3 mM trisodium citrate (Sigma) in water was 

added to reduce HAuCl4 to produce GNPs of sub-nanometer size. GNPs were then 

concentrated by centrifuging at 12,500 rpm for 10 minutes using an Accuspin centrifuge 

(Fisher Scientific), resuspended in dimethyl sulfoxide (Sigma), and used as such for 

preparing the ISOFURE composite. 
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7.3.2. Synthesis of H6 macromer 

The macromer used for synthesizing the degradable hydrogel matrix was 

synthesized in accordance to a previous paper (30). The system chosen involved the use 

of poly(ethylene glycol) 400 diacrylate (Polyscience Inc.; PEG400DA; represented by the 

letter „H‟ from the combinatorial library as represented by Anderson et al [27]) and 

isobutyl amine (Sigma; IBA; represented by the number „6‟ from the library) mixed in 

the molar ratio of 1.2:1 respectively, heated at 85
o
C for 48 hours, cooled to room 

temperature, and stored at 4
o
C.  

 

 

7.3.3. Synthesis of degradable H6-GNP ISOFURE composite 

The hydrolytically degradable GNP entrapped H6 ISOFURE composite was 

synthesized using free radical redox polymerization between glass plates separated by 1.5 

mm thick Teflon spacers. Approximately 1 g of the H6 macromer was mixed with 50 wt 

% of the above prepared GNPs in DMSO. Then, 1 wt % of tetramethyl ethylene diamine 

(Sigma; TEMED; 10 mg) was added, and the solution was vortex mixed. To this solution, 

1.5 wt % of ammonium persulfate (Sigma; APS; 15 mg) was dissolved in 30 µl of water, 

added to the above macromer solution, and vortex mixed for approximately 15 s. This 

solution was then transferred into the glass plate assembly. The plates were allowed to sit 

at room temperature for 24 hours to ensure complete polymerization. After 24 hours, the 

removed H6-GNP ISOFURE composite gels were washed in DMSO for about 15 

minutes to remove the unreacted components and surface GNPs and then vacuum dried 

for further usage. 
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7.3.4. Biotinylation of GNPs in ISOFURE composite 

Thiol-gold chemistry was used to incorporate biotin onto the surface of GNPs. 

For this, a 0.5 mM solution of (N-(6-(biotinamido)hexyl)-3'-(2'-pyridyldithio)-

propionamide (biotin-HPDP; Soltech Ventures) in dimethyl sulfoxide was made initially. 

To this, the H6-GNP ISOFURE composite was immersed overnight for biotinylation to 

occur. The biotinylated composite was then washed with DMSO and vacuum dried for 

further use. For comparison, GNPs in solution (i.e., not entrapped by the degradable 

hydrogel; S-GNPs) were treated with biotin-HPDP in DMSO. Since these particles 

agglomerated with biotinylation, mercaptoundecanoic acid (MUDA; Asemblon) in 

ethanol was added as a stabilizing agent in ratio to the biotin-HPDP to obtain samples of 

varying concentrations of surface biotin. For this, the final concentration of MUDA was 

fixed at 0.5 mM, while biotin-HPDP was added at 50 µM for 1:10 biotin:MUDA S-

GNPs, 25 µM for 1:20 S-GNPs and at 5 µM for 1:100 S-GNPs. Both biotin-HPDP and 

MUDA were added to the stabilized GNPs at the same time, and the reaction was allowed 

to proceed for approximately 12 hrs. A 100 % MUDA coated GNP was also synthesized 

as a control sample. All GNPs were dialyzed in 100 mM MES, pH of 5.5 before further 

use. 

 

7.3.5. Degradation of H6-GNP ISOFURE composite for further biofunctionalization 

The degradation of the H6 ISOFURE hydrogel encompassing the biotinylated 

GNPs (biotin ISOFURE) was performed in an aqueous environment. The biotin 

ISOFURE gel was cut into smaller pieces and packed inside a 12,000 MWCO dialysis 

membrane. To this membrane, 2 ml of 100 µM streptavidin in MES was added. The 
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membrane with its contents of streptavidin and composite gel was immersed in a 

dialyzing sink of MES. Dialysis was done using three MES buffer changes. Streptavidin 

(~ 57,000 MW) will not diffuse out of the dialysis membrane. Thus, the biotinylated 

GNPs were released as the aqueous solution degraded the hydrogel, and they were 

immediately coated by the surrounding excess streptavidin. The smaller degradation 

products of the hydrogel were removed via dialysis, leaving only streptavidin coated 

GNPs. In the case of biotinylated S-GNPs (1:10, 1:20, and 1:100 S-GNPs), 500 µl of the 

sample was added to 500 µl of 100 µM streptavidin in MES and allowed to react for 4 

hours. 

 

7.3.6. Biotinylation of catalase 

The biotinylation of catalase was done using succinimide chemistry. Briefly, to a 

2 mg/ml catalase (Calbiochem) in 100 mM HEPES buffer of pH 8.0, was added biotin-N-

hydroxysuccinimide (BNHS; Vector Labs) at 25 mg/ml in DMSO so that the final 

concentration of BNHS was 10 wt% of the enzyme to be biotinylated. The mixture was 

stirred occasionally for 3 hours, after which time 10 µl of 16.4 M ethanolamine was 

added to stop the reaction by reacting with any free biotin-NHS. The biotinylated catalase 

was dialyzed against 1 liter of HEPES with three buffer changes. 

 

7.3.7. Coupling of catalase to streptavidin coated GNPs 

The streptavidin coated GNPs from both ISOFURE system and solution based 

particles were centrifuged at 10,000 rpm for 7 minutes and washed with HEPES 3 times 

to remove any unbound streptavidin. To these particles, biotinylated catalase 
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(GNP:biotinylated catalase, 3:1 vol%) was added and permitted to bind for 3 hrs at room 

temperature. The resulting bioconjugated GNPs were centrifuged and washed with 

HEPES thrice and used for activity assay. 

 

7.3.8. Characterization 

Biotinylation, streptavidin coating, and binding of catalase were observed by 

monitoring the change in the surface plasmon resonance peak using UV-Vis 

spectroscopy. For the case of the ISOFURE systems, the H6-GNP ISOFURE composite 

was sandwiched between glass plates, and then scanned for determining the particles 

surface plasmon resonance peaks. Dynamic light scattering (DLS) and transmission 

electron microscopy (TEM) were used to observe changes in particle size with 

conjugation/functionalization. The amount of biotinylation of GNPs was analyzed using 

the Quant Tag biotin assay kit (Vector Labs). Briefly, 10 µl of biotin standards of varying 

nmoles of biotin in water and the biotinylated GNP samples (control - non biotinylated 

MUDA GNPs) were added to a 96 microwell plate. To this a mixture of 100 µl of Quant 

Tag reagent 1, 100 µl of Quant Tag reagent 2, and 10 µl of reagent 3 are added, and 

incubated for 45 minutes. The change in absorbance at 535 nm is characteristic of the 

amount of biotin present in the microwell and can be quantified using the biotin standard 

microwell absorbance values. The presence of active catalase over the surface of GNPs 

was determined using the o-phenylene diamine assay (OPD; Sigma). Briefly, the catalase 

conjugated GNPs were centrifuged, washed, and resuspended in PBS buffer of pH 7.4. 

To the GNP-catalase, 3 ml of 2 mM H2O2 was added. Aliquots of 150 µl were removed at 

1 min intervals for 5 min and the reactive oxygen product was assayed using 100 µl of 40 
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µM OPD and 20 µl of 3 µM horseradish peroxidase (HRP; Calbiochem). The change in 

absorbance of OPD at 490 nm, characteristic of the quantity of hydrogen peroxide 

remaining was measured and plotted as a function of time. The rate was calculated from 

the initial linear phase of the reaction.  

 

7.4. Results and Discussion 

7.4.1. Stabilization of biotinylated S-GNPs 

The size of monodispersed GNPs used for the synthesis of H6-GNP ISOFURE 

systems were determined to be around 10 nm using the DLS. The UV-Vis analysis of 

these particles showed a surface plasmon resonance peak value at 525 nm. Using these 

parameters, the concentration of GNPs was calculated using the number density 

relationship equation as described by Haiss et al to about 10 nM [31]. Biotinylation of S-

GNPs in suspension (without the presence of an entrapping ISOFURE polymer matrix) 

was done by adding biotin-HPDP to the GNPs suspended in water. We observed that 

during biotinylation agglomeration of particles occurred (Figure 7.2A and 7.2B 1:0 S-

GNPs). The UV-Vis analysis of biotinylation (result not shown) resulted in a time 

dependent red shift and subsequent broadening of the GNP SPR peak value from 525 nm 

to about 683 nm. This is due to the fact that inter-particle hydrogen bonding between the 

biotin molecules occur leading to their agglomeration and subsequent settling from 

solution [32].  

 

In order to avoid agglomeration associated with inter-particle hydrogen bonding 

of   biotinylated  GNPs,  a  charge  stabilizing organic thiol, MUDA was added in varying  



172 

 

 

Figure 7.2. Effect of MUDA concentration on stabilizing biotinylated GNPs. DLS data 

showing the agglomeration of 1:10, 1:20, and 1:100 S-GNPs at pH (A) 5.5 and (B) 7.5 

respectively. Also shown is the aggregation data of biotinylated S-GNPs in the absence of 

MUDA (1:0 S-GNP) for 10 minutes. As the amount of MUDA to biotin increased (1:100 

S-GNP>1:20 S-GNP>1:10 S-GNP>1:0 S-GNP), the stability of the particles also 

increased. (N=3) 
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ratios with respect to biotin-HPDP. We synthesized various S-GNPs containing 

biotin:MUDA ratios of 1:10, 1:20, and 1:100, along with pure biotinylated S-GNPs. The 

carboxylic acid group of MUDA provides sufficient repulsion between the nanoparticles 

at pH greater than its pKa. The stability of biotinylated GNPs with increasing amounts of 

tethered MUDA was analyzed using the DLS. Figure 7.2 shows the DLS size change of 

100 % biotin coated (1:0 S-GNPs for 10 minute period), 1:10, 1:20, and 1:100 

biotin:MUDA coated S-GNPs at two different pHs. As observed, the particle 

size/agglomeration of the GNPs decreased with increasing MUDA or decreasing biotin 

content. Although a further increase in pH should result in more deprotonation of MUDA 

molecules and subsequent stabilization of the MUDA stabilized GNPs, we see a reverse 

effect similar to that as reported by Aslan et al [33]. By comparing the non-MUDA added 

biotinylated GNPs with that of the 1:10 or 1:20 S-GNPs, the presence of MUDA greatly 

enhances the stability of biotinylated GNPs. In other words, biotinylated GNPs as such in 

the absence of any stabilizing agent would agglomerate and result in an increased size 

change thereby changing their loading properties and applications.  

 

7.4.2. Stabilization and enhanced biotinylation of H6-GNP ISOFURE particles 

Biotinylation of GNPs with biotin-HPDP in the H6 ISOFURE system was 

followed using UV-Vis spectroscopy. As observed from Figure 7.3, the initial H6-GNP 

ISOFURE composite exhibited a SPR peak value at 530 nm indicating the presence of 

entrapped particles in the matrix. During biotinylation, biotin-HPDP cleaves at its 

disulfide  bond  and  yields pyridine-2-thione as a side product. The release of pyridine-2- 
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Figure 7.3. UV-Vis spectra showing biotinylation of GNPs in the ISOFURE system as a 

function of time. The presence of the product pyridine-2-thione peak at 353 nm both in 

the composite gel and in the solution in which the gel is immersed confirms biotinylation 

of GNPs. 

 

 

 

 



175 

 

thione was followed spectrophotometrically at 353 nm to confirm biotinylation. The H6-

GNP ISOFURE composite showed the occurrence of 353 nm peak at 1 hour after the 

addition of biotin-HPDP. A sharper 353 nm absorbance profile at the 24 hour scan period 

indicated the presence of side product pyridine-2-thione in the gel. This confirmed the 

cleaving of biotin-HPDP into a thiolated biotin molecule, which readily attached to the 

GNP surface. Also, most of the pyridine-2-thione was observed to be present in the 

DMSO solution used for immersing the H6-GNP ISOFURE composite, indicating that 

they diffused out of the gel with biotinylation time. We observed a slight red shift from 

530 nm (H6-GNP ISOFURE) to 542 nm (H6-biotinylated GNP ISOFURE) indicating 

slight amount of agglomeration in 24 hours similar to that of the S-GNPs. Although this 

shift shows agglomeration, when compared to the biotinylated S-GNPs, the ISOFURE 

particles were physically entrapped enough to avoid agglomeration of too many particles, 

thereby making this system highly capable of functionalizing particles in the absence of 

any stabilizing agent (e.g., MUDA).  

 

The presence of biotin over the surface of the particles was also confirmed by 

using the Quant Tag assay kit. Table 7.1 shows the nmoles of biotin attached to the S-

GNPs, and also the ISOFURE system GNPs. In the absence of the physically stabilizing 

hydrogel matrix, the hydrogel degraded biotinylated ISOFURE GNPs agglomerated 

similar to the zero MUDA added aggregating 1:0 S-GNPs. Both these particles were 

sonicated prior to Quant Tag assay. It is observed from Table 7.1 that as the stability of 

particles increased with the addition of MUDA, the amount of biotin also decreased as 

expected. Also, the amount of biotin coated to the ISOFURE system GNPs is similar to  
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Table 7.1. Quant tag assay data showing the nmoles of biotin attached to the surface of 

various GNP samples (both S-GNPs and ISOFURE system GNPs). * indicates that the 

aggregating particles were sonicated before quant tag assaying and the final values were 

obtained based on GNP concentration calculations. 

Biotinylated GNP Sample Amount of Biotin over GNP (nmoles) 

1:100 

1:20 

1:10 

1:0 

ISOFURE GNPs 

0.7 

3 

5 

44* 

47* 
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that of the non MUDA stabilized 100 % biotinylated 1:0 S-GNPs indicating that both are 

coated with biotin in a similar fashion. Also, the amount of biotin over the ISOFURE 

GNPs are relatively higher than that of the 1:10 S-GNPs, proving that enhanced 

biotinylation can be achieved using the ISOFURE system protocol. For studying the use 

of ISOFURE systems for further biofunctionalization, streptavidin was used to coat the 

biotinylated ISOFURE GNPs devoid of stabilizing agent MUDA. Also, in order to avoid 

issues of particle aggregation at higher standing periods, streptavidin coating of the 

MUDA stabilized biotinylated GNPs was carried out. 

 

7.4.3. Demonstration of streptavidin binding to biotinylated GNPs 

The high biomolecular affinity between biotin and avidin was harnessed to 

introduce streptavidin to the surface of biotinylated GNPs. To avoid any issues related 

with the deactivation of streptavidin in a non-aqueous medium and its slow/non-diffusion 

through the H6 ISOFURE hydrogel matrix due to its relatively larger molecular size, 

streptavidin was added along with the degrading medium, water inside the dialyzing 

membrane. As the hydrogel matrix degraded, the biotinylated GNPs released and were 

readily available for binding with streptavidin. Also, the degradation of the hydrogel 

matrix results in the opening/increasing the mesh size, thereby allowing unbound 

streptavidin to diffuse through the degrading hydrogel and bind with biotinylated GNPs. 

Streptavidin has four binding sites with a molecular size of 5 nm [34]. Based on the 

available surface area of a 10 nm sized GNP, a theoretical maximum of ~16 streptavidin 

molecules can coat a biotinylated GNP. In other words, for a 10 nM concentration of 

GNP solution that is biotinylated, hypothetically a 160 nM streptavidin concentration is 
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needed for coating all GNPs. The reactive availability/affinity of biotinylated GNP to 

undergo biomolecular binding to streptavidin was analyzed using UV-Vis spectroscopy. 

From Figure 7.4, it was observed that the SPR peak value at H6-ISOFURE biotinylated 

GNPs shifted from 538 nm (1:20 S-GNPs show and SPR peak value at around 532 nm) 

before streptavidin attachment to 540 nm after 24 hours of degradation followed by 

streptavidin binding to the surface biotin. Further, as shown in the bottom inset, the 

particles remained in suspension similar to that of the 1:10 or 1:20 S-GNPs.  

 

Low concentration of streptavidin (9 nM) was added to the dialyzing membrane 

containing the H6-ISOFURE biotinylated GNP composite. Since the concentration of 

available biotin binding sites (36 nM available biotin binding sites) from the added 

streptavidin concentration (9 nM) is relatively lower than the theoretical total 

concentration of biotinylated GNPs, it should result in crosslinking between the 

biotinylated GNPs (with streptavidin being the crosslinker). Figure 7.4 shows a similar 

result, wherein, crosslinking between the biotinylated particles occurred in the presence 

of low streptavidin concentration, thereby aggregating to larger sized particles and 

exhibiting an SPR peak value at 648 nm. Settling of crosslinked aggregated particles 

occurred leaving a clear solution on the top (top inset). This confirmed the availability of 

biotin over the surface of GNPs for coupling with biotinylated catalase via intermediate 

streptavidin binding. However, the agglomeration under these low streptavidin 

concentrations precluded them for use for catalase coupling. Using excess streptavidin 

(100  µM), the streptavidin concentration was high enough to coat the entire biotinylated 

surface of GNPs, thereby minimizing interparticle biotin-streptavidin crosslinking. These  
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Figure 7.4. UV-Vis spectra showing the crosslinking of biotinylated ISOFURE GNP in 

the presence of low streptavidin concentration (9 nM) confirming biotin-streptavidin 

interaction. Also shown is the non-crosslinked high concentration streptavidin (100 µM) 

coated biotinylated ISOFURE GNP spectrum. Inset images show the dispersed high 

streptavidin coated biotinylated ISOFURE GNPs and the settled low streptavidin 

crosslinked biotinylated ISOFURE GNPs. 
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streptavidin coated GNPs were then dialyzed to remove excess streptavidin and treated 

with biotinylated catalase (Quant Tag biotin assay gave a value of 128 nmoles of 

biotin/mg of catalase). Similar to the binding between the biotin of the biotinylated GNP 

and streptavidin, binding between the binding sites of streptavidin and the biotin in 

biotinylated catalase was used for introducing the enzyme to the particle surface. 

 

7.4.4. Enhanced biomolecular loading of active catalase over ISOFURE system 

GNPs 

The streptavidin coupled catalase-GNPs (both solution-based and degraded 

ISOFURE system biotinylated GNPs) were assayed for catalase activity by measuring the 

oxidation of OPD at 490 nm in the presence of H2O2 and horse radish peroxidase. One 

unit of catalase activity (U) is defined as the amount of enzyme cleaving 1 µmol of H2O2 

in one minute. The activity of catalase was 44350 U and 41600 U before and after 

biotinylation, respectively, showing that biotinylation as such did not cause a significant 

loss in enzymatic activity. Muzykantov and his group observed similar results of no 

change in activity with biotinylation [35]. Table 7.2 shows the activity data for catalase 

bound to the surface of streptavidin coated ISOFURE system released GNPs for 

increasing amounts of biotinylated catalase available for binding. Non-biotinylated 

catalase was used as control. Negligible non-specific adsorption of catalase to 

streptavidin coated GNPs was noticed. As the amount of biotinylated catalase increased, 

more of the biotin binding sites from the coated streptavidin were bound with 

biotinylated catalase, thereby increasing the activity. This increase in activity 

subsequently leveled off presumably due to the saturation of GNP surface with catalase. 
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Table 7.2. Increased activity of the biotin-streptavidin bound catalase to GNPs with 

increasing amounts of biotinylated catalase added to streptavidin coated ISOFURE 

system based biotinylated GNPs. Data shown till saturation of the GNPs with catalase. 

Concn. of Biotinylated Catalase  Catalase Activity (µU/GNP) 

8 µM (non-biotinylated; control) 

0.5 µM 

1 µM 

2 µM 

6 µM 

8 µM 

~0.08 

2.3 

16 

69 

322 

327 
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Therefore, biomolecular loading of ISOFURE system based particles can be done with 

ease. 

 

In order to study the effect of using a physical entrapping matrix instead of 

stabilizing agents on biomolecular loading, biotinylated S-GNPs (1:10, 1:20, and 1:100) 

were also treated with the same amount of biotinylated catalase. Recent results in another 

work involving GNPs conjugated catalase showed that the coupling of biotinylated 

catalase to streptavidin coated GNPs had no loss in activity of the enzyme with binding 

(36). Briefly, 20 µl of biotinylated catalase (2 mg/ml; 41600 U) was treated to 

streptavidin coated 1:20 S-GNPs. The activity of the free unbound catalase in the 

supernatant and bound catalase to the GNP pellet after centrifugation and washing was 

determined to be 15575 U and 25600 U (16 µU/GNP) respectively. Their combined 

activity adds to a total of 41175 U, which is close to the enzyme activity of biotinylated 

catalase. So, the binding of biotinylated catalase to GNPs via biotin-streptavidin binding 

did not result in any significant loss of enzymatic activity. Table 7.3 shows the activity 

for the different catalase bound particles with no streptavidin coated 1:10 S-GNP as the 

control. As expected, the absence of streptavidin resulted in negligible enzymatic 

binding. With increasing amounts of MUDA, the activity of catalase decreased from 118 

µU/GNP for 1:10 S-GNP to12 µU/GNP for 1:100 S-GNP. This can be attributed simply 

to the fact that there is less biotin with increasing amounts of MUDA. Based on 

theoretical approximations, the total surface area of a 1:10, 1:20, and 1:100 S-GNPs 

occupied by biotin is 29 nm
2
, 15 nm

2
, and 3 nm

2
 respectively. By decreasing the MUDA 

content,  one  can  achieve  increased  particle  bound  enzymatic  activity,  but  it is at the  
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Table 7.3. Increased catalase activity of S-GNPs with increasing amounts of particle 

surface area occupied by biotin (decreasing amounts of MUDA used). The ISOFURE 

system based biotinylated GNPs devoid of any MUDA shows maximum catalase activity 

confirming enhanced biofunctionalization. 

Streptavidin GNPs + 8 µM Biotinylated Catalase Catalase Activity (µU/GNP) 

1:10 (no streptavidin; control) 

1:100 

1:20 

1:10 

ISOFURE GNPs 

~0.05 

12 

64 

109 

327 
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expense of particle stability (Figure 7.2). In the case of ISOFURE system entrapped 

GNPs, the total surface area occupied by biotin is approximately around 315 nm
2
. With 

the particles being stable inside the matrix and readily available for binding with 

streptavidin on their release with hydrogel degradation, the entire 315 nm
2
 surface area is 

available for binding with excess streptavidin. This further maximizes the number of 

biotin binding sites from the streptavidin molecule available for loading biotinylated 

catalase. This effect is observed from table 7.3, where the activity of catalase/GNP of the 

ISOFURE system based GNPs is comparatively much higher than the 1:10 S-GNPs. 

Generalizing, the biomolecular loading of a nanocarrier can be enhanced greatly by 

eradicating the need for a stabilizing agent. The application of a matrix to provide 

physical stabilization during the functionalization of nanoparticles eliminates the need for 

stabilizing agents during intermediate steps and increases biomolecular loading.  This 

novel strategy is of great interest and can be widely applied to functionalize nanoparticles 

with various biomolecules. 

 

7.5. Conclusion 

 Herein, our novel ISOFURE strategy for enhanced biomolecular loading on 

nanoparticle systems was demonstrated using a biodegradable hydrogel and gold 

nanoparticles as model systems. The strong biomolecular binding between biotin and 

streptavidin was applied to couple catalase to gold nanoparticles as the model reaction. 

DLS showed that the interparticle aggregation caused by hydrogen bonding between the 

biotin molecules decreased with increasing concentrations of the stabilizing agent 

MUDA. The biotinylation of both solution-based S-GNPs and ISOFURE system GNPs 
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was accomplished using biotin-HPDP. The crosslinking of biotinylated particles in the 

presence of low streptavidin concentration indirectly confirmed the bioavailability of 

biotin. The OPD assay confirmed the presence of active catalase over GNPs. Increasing 

amounts of biotinylated catalase used for binding resulted in increased activity of catalase 

until saturation was reached. The activity of ISOFURE system GNPs were much higher 

than that of the MUDA stabilized 1:10 or 1:20 or 1:10 S-GNPs. This method of isolation, 

functionalization, and release (ISOFURE) shows great promise for loading various 

biomolecules to nanocarriers under flexible experimental conditions. 
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CHAPTER 8 

Conclusions and future work 

 

8.1. Conclusions 

This dissertation was focused on the development of innovative methods for the 

integration of a wide variety of polymer networks over gold surfaces. Due to the 

significant advantages associated with the use of crosslinked polymeric networks over 

linear polymeric brushes such as tunable mesh size, tunable transport of molecular 

species into and out of the matrix, entrapment and manipulation of cells, and controlled 

drug delivery applications, crosslinked responsive hydrogels were used as the polymeric 

systems. Gold was specifically chosen as the model surface since it exhibits properties of 

relative non-toxicity, inertness, and easy functionalization via thiol-gold chemistry.  In 

addition to polymeric networks, the functionalization of gold surfaces with biomolecules 

was also studied. 

 

Initially, the development of a flexible platform for the controlled growth of 

hydrogel nanostructures on planar gold surface was presented. Temperature responsive 

hydrogel systems composed of poly(N-isopropyl acrylamide) (PNIPAAm) polymer 

backbone crosslinked using poly(ethylene glycol) n dimethacrylate (PEGnDMA) 

crosslinkers of varying molecular weight were synthesized. Microcontact printing proved 

to be a useful soft lithographic tool that provided precise two-dimensional XY planar 

control at the microscale. Surface-initiated atom transfer radical polymerization (ATRP) 

was successfully used to produce various PNIPAAm hydrogel structures with controlled 
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Z thickness at the nanoscale. The ability to synthesize intelligent hydrogel platforms at 

the nanometer scale holds significant promise for sensing and actuation in diagnostic and 

therapeutic applications, where hydrogel thin film actuators may manipulate the 

transportation, diffusion, entrapment, reaction, and detection of a multitude of 

biomolecules. 

 

Both AFM and quartz crystal microbalance with dissipation were then used to 

visually observe the structural and thickness changes that originated from the thermo-

responsive property of the PNIPAAm backbone in the hydrogel nanostructures. As 

expected, the hydrogel exhibited a collapsed state at higher temperatures and a swollen 

state at lower temperatures. An increase in crosslinking density of the hydrogel led to the 

decrease in volume swelling ratio of the hydrogel. The „bulk‟ nanoscale patterns 

demonstrated a broad transition of about 10-13
o
C, while the pattern surfaces observed 

through RMS roughness analysis exhibited a sharper transition of around 2-3
o
C. For the 

same response cycle, higher molecular weight PEG600DMA crosslinked hydrogels 

showed faster equilibrium response than the lower molecular weight PEG400DMA 

crosslinked hydrogels. The fundamental understanding of the response properties of 

surface tethered hydrogel thin films is significant and holds promise in augmenting the 

various biomedical applications that require „instantaneous‟ sensing and controlled drug 

delivery.  

 

Although the use of planar gold as a prime material for devising both implantable 

drug delivery devices and rapid point of care biosensors is relatively new, the use of gold 
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nanoparticles (GNPs) for biomedical research is significantly established. But the issues 

of stability, aggregation during functionalization, and relatively low biomolecular loading 

hinder its progress into the clinical world. To overcome these barriers, this dissertation 

also presents the novel ISOFURE methodology, which deals with the ISOlation of 

nanoparticles using a crosslinked polymer matrix, FUnctionalization of the particulates 

inside the physically entrapping matrix, and finally the RElease of the functionalized 

nanocarriers via degradation of the polymer matrix. As a model platform, GNP-poly(β-

amino ester) (GNP-PBAE) hydrogel nanocomposites were synthesized to which, 

biotinylation was carried out in the absence of an anionic carboxylic acid stabilizing 

agent. Streptavidin coating of the biotinylated GNPs was done by releasing the particles 

via degradation of the PBAE matrix in an aqueous streptavidin medium. Biotin-

streptavidin affinity was successfully used to tether enzyme catalase to the surface of the 

modified GNPs. Increasing amounts of biotinylated catalase resulted in increased activity 

of catalase until saturation was reached. Comparison of the activity of ISOFURE-GNP- 

catalase with the solution based S-GNP-catalase showed that ISOFURE method resulted 

in enhanced biomolecular loading/functionalization of the GNP surface. This novel 

ISOFURE technique holds promise for loading various biomolecules to nanocarriers 

under flexible experimental conditions. 

 

 The ISOFURE technique was also used to synthesize ATRP grown responsive 

PINPAAm hydrogel shells over GNPs. In addition to the standard way of mixing GNPs 

with PBAE prepolymer solution prior to redox polymerization, an alternate approach of 

synthesizing GNP-PBAE composites via in-situ precipitation was also presented. This 
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new approach eliminated issues associated with the agglomeration of GNPs during 

centrifugation for solvent exchange and partial degradation of the PBAE matrix in the 

presence of residual water. Light scattering analysis of the particles at increasing 

temperatures showed that the particles exhibited temperature sensitivity. Aging/stability 

studies using the UV-Vis spectrophotometer showed that the hydrogel coated GNPs 

synthesized via ISOFURE technique exhibited higher stability than the S-GNPs. Also, 

the yield of monodispersed hydrogel coated GNP was higher in the case of the ISOFURE 

system as compared to that of the S-GNPs. In addition to enhanced particulate loading, 

the ISOFURE strategy shows promise for increasing the stability of functionalized or 

polymer coated nanoparticles. 

 

8.2. Future work 

 The work described in this dissertation covers several studies that are expected to 

lead to many possible advanced projects.  These will hopefully one day prove useful to 

the clinical community for treating patients who require rapid on-the-go diagnosis and 

treatment. Potential future work based on this work may include: 

 Growing nanopatterns of responsive hydrogels over microdevices such as 

microcantilevers and microresonators for rapid biosensing applications, 

 Growing responsive hydrogel nanopatterns in implantable micropumps and 

microreservoirs for instantaneous drug delivery applications, 

 Functionalization of in-situ precipitated GNPs in responsive, hydrogel 

microarrays with biomolecules that detect a recognitive agent and subsequently 

change the microenvironment of the responsive hydrogel for microoptics, 
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 Use of other hydrogel systems such as molecular imprinted hydrogels and 

degradable hydrogels for device based applications, 

 Study cell-cell and cell-surface interactions by using microcontact printed and 

ATRP grown responsive hydrogel nanopatterns, 

 Use the ISOFURE methodology for the controlled synthesis of in-situ precipitated 

iron oxide nanoparticles that find applications in variety of treatments including 

hyperthermia, 

 Design and development of novel polymeric systems that degrade to specific 

external stimuli or in the presence of a specific reagent (e.g. peptidase 

degradation) so that they can be used for aqueous based chemistries in ISOFURE 

systems, and 

 A prospective study on the use of ISOFURE technique for the entrapment of 

cellular organisms, observe their characteristics under different 

microenvironments, functionalize/modify their structure, and release them for use 

as vaccines. 
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APPENDIX A 

Synthesis of PDMS stamps via replica molding 

A.1. Summary 

For the fabrication of hydrogel nanopatterns over gold surfaces microcontact 

printing was employed followed by atom transfer radical polymerization. Microcontact 

printing uses a poly(dimethoxy silane); PDMS stamp for printing patterns over the 

surface. Herein, the synthesis of PDMS stamps using replica molding is highlighted. 

Initial fabrication of a silicon master chip via UV photolithography is also discussed in 

detail. Characterization of the silicon master chip and the PDMS stamp was done using 

scanning electron microscopy and atom force microscopy. Both these techniques 

confirmed that the stamp had features as required for microcontact printing of a thiol over 

gold surfaces. 

 

A.2. Introduction 

In the last couple of decades, hydrogels have attracted a great deal of attention, 

and significant progress has been made in designing, synthesizing, and using these 

materials in tissue engineering, drug delivery, and bionanotechnology. Hydrogels have 

been incorporated as integral components in microdevices, using photolithography, 

molding, or other approaches. The field of soft lithography has been demonstrated for 

fabricating high quality micro- and nanostructures, without having the continuous need 

for the laborious photolithography techniques. Microcontact printing (µCP) is a simple 

technique for producing well defined self assembled monolayer patterns on different 

surfaces. µCP utilizes an inked, micropatterned stamp to print/pattern chemicals or 
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biomolecules onto a substrate [1]. This technique is applicable to several types of inks 

and substrate, such as chemisorbing molecules onto metal or oxide surface [2, 3], 

reactants printed onto organic layers [4], and protein transferred to silicon or glass 

surfaces [5]. Microcontact printing of alkanethiols onto gold is one of the widely studied 

of soft lithographic techniques. In addition to its potentially high resolution (<100 nm) 

[6], this ink-substrate system represents a scientifically rich and technologically 

convenient model system. The reaction between gold and thiol supplied by the stamp 

causes the covalent assembly of a monolayer of thiols on the metallic substrate.  

 

Super-hydrophobic/super-hydrophilic patterning would be crucial because it is 

applicable for the control of liquid flow and the immobilization of functional materials 

into specific areas. Several groups have previously explored the patterning of hydrogels. 

Sheppard et al. [7] and Yu et al. [8] patterned hydrogels for pH sensitive components and 

biomedical applications. Tu et al. [9] fabricated patterned polymer brushes on silica 

surfaces by µCP followed by surface initiated polymerization. Patterned and releasable 

polymeric microparticles were fabricated for drug delivery applications and as platforms 

for the construction of multi-functional drug delivery devices by Guan et al. [10]. Most of 

these methods are gaining much importance in the biomedical fabrication field, for their 

versatility in achieving specific shapes of hydrogels at the micro- and nanoscale. 

By controlling the spatial patterning of the hydrogels, it is possible to synthesize 

flexible platforms over the surfaces and using the response behavior, these gels can be 

employed as functional components of various biomedical micro- and nanodevices. 

Herein, we highlight the synthesis of a poly(dimethoxy silane); PDMS stamp from a 
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silicon master chip using replica molding. Self assembly of a hydrophobic thiol via 

microcontact printing using the PDMS stamp and its characterization is also addressed.  

 

A.3. Experimental Procedure 

A.3.1. Fabrication of silicon master chips using UV-photolithography 

The patterned master chips used for µCP were prepared by UV photolithography 

using Karl Suss MJB3 Mask Aligner. Silicon wafers (Virginia Semiconductors. Inc.) 

were cut to the necessary shape and size using a diamond scribe. The samples were then 

washed with acetone and DI water and subsequently dried. The samples were preheated 

at 100
o
C for 2 min. Spin coating of SU-8 (a negative photoresist; Microchem Corp.) was 

then done for 30 s at 2000 rpm. The thickness of the microstructure can be varied 

depending on the speed and the type of SU-8 used. The spin coated sample was then soft 

baked at 70
o
C for 3 min and at 100

o
C for 7 min. The hot sample was cooled at ambient 

conditions for 3 min. It was then exposed to UV light of intensity 17.5mW/cm
2
 and 

wavelength of 365 nm for 15 s. The photomask used for photolithography was also 

washed initially with acetone, isopropyl alcohol (IPA), and DI water. Post baking of the 

exposed sample was carried out for 1 min at 70
o
C and for 3 min at 100

o
C. The dried and 

photopatterned sample was then developed using SU-8 developer for 4 min followed by 

IPA and DI water wash, each for 1 min. The washed sample was then dried with 

nitrogen. Figure A.3.1 shows a schematic representation for the fabrication of Si master 

chips. Patterns of different square sizes and thickness were produced on the Si surface by 

changing the spin speed and baking time.  
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Figure A.3.1. UV Photolithography scheme 
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A.3.2. Synthesis of PDMS stamps by replica molding 

After fabrication of the master, elastomeric poly (dimethylsiloxane) (PDMS) 

stamps with different square size features were fabricated from the Si master chips. The 

micropatterned master chip was replicated with 10:1 mixture of Sylgard 184 

elastomer/curing agent (Dow Corning, Midland, MI). The PDMS stamp was cured at 

100
o
C for 1h in a circular mold. The PDMS stamp contains the reverse feature of the 

master chips, from which it was fabricated. A pattern opposite to the microstructures as 

present on the silicon master stamps is obtained (figure A.3.2).  

 

A.3.3. Microcontact printing over gold and silicon surfaces 

The gold surface used for the experiment obtained from Platypus Technology 

(Madison, WI) was an electron beam deposited gold film (ca. 1000
o
A) over titanium 

layer on silicon wafer. Gold samples were cleaned initially with acetone and water to 

remove any residual dirt over the wafers and were then dried. A 4 mM solution of 1-

octadecane thiol (ODT; hydrophobic) in ethanol was prepared. The PDMS stamp 

containing squares as the microstructures was treated with the ODT solution, and then 

dried for 2 seconds. The stamp was then brought into contact with the gold surface for 30 

seconds (Figure A.3.3). The microcontact printed gold sample was then washed with 

ethanol and dried.  

To show the effectiveness of patterning, the hydrophobicity-hydrophilicity 

interactions between silanes were utilized. The silicon samples were cleaned using DI 

water followed by piranha cleaning (piranha solution – a 3:1 volume % of concentrated 

H2SO4 to H2O2)  for  20  minutes  and  finally  dried.  Microcontact  printing  of  a  5 mM  
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Figure A.3.2. PDMS preparation via replica molding 

 

 

Figure A.3.3. Scheme of microcontact printing 
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solution of n-octadecyl trichloro silane (OTS; SAM 1, hydrophobic) in toluene was done 

onto the piranha cleaned Si sample using a similar method as explained in the case of 

gold. Rinsing was done using toluene. A 2 wt% solution of 2-(4-chloro sulfonyl phenyl)-

ehtyl trichloro silane (CTCS; 50% in toluene; SAM 2, hydrophilic) was prepared using 

toluene as the solvent. The sample containing SAM 1 was immersed in the solution 

containing CTCS for 24 hours. After 24 hours, the sample was washed with toluene, and 

DI water, and finally dried.  

 

A scanning electron microscope (SEM, Hitachi S4300) was used to characterize 

the master chips and PDMS stamp. Height characteristics and aspect ratios of the master 

stamps were also characterized using a Sloan 1A profilometer. The surface morphology 

of the patterned SAMs of ODT was observed using an atomic force microscope (AFM) 

(Micro Imaging Corp.). The microstructures were also imaged using a Nikon Eclipse ME 

600 Microscope (Photometrics). 

 

A.4. Results and discussion 

A.4.1. Master chips 

The silicon master chips produced via UV photolithography were verified for 

clarity and corner definitions using the microscope and the SEM. From figure A.4.1.1, it 

is clear that UV photolithography is well suited to fabricate master stamps with precise 

microscale patterns. Master stamps with 10, 50, 100, 200 and 500 μm squares have been 

prepared using this method and had been subsequently used for replica molding. The 

various  speeds  and SU-8 photoresists  produce  microstructures   of  different  thickness.   
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Figure A.4.1.1. Elevated square regions of two different silicon master chip samples, a) 

Optical microscope image of a 50 μm squares, b) SEM image of a 200 μm elevated 

square regions of master chips, and c) a representative photograph of the microfabricated 

silicon master chip. 

 

 

 

 

25µm 

a         b              c 
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The master stamps were measured for consistency in height of the microstructures using 

profilometry and contact mode AFM. Figure A.4.1.2 gives a clear view of how effective 

UV photolithography can be used for obtaining smooth microstructures.  

  

 As expected, an increase in the speed during the spin coating process decreases 

the height of the microstructure. An AFM image of an SU-8 sample along with the 

thickness profile is shown in figure A.4.1.3. It is clearly seen from the AFM image that 

the surface of the square regions and the pits are smooth because of the uniformity 

created by the spin coating step of UV photolithography. 

 

A.4.2. PDMS stamp 

 Characterization of the PDMS stamp using the microscope and SEM showed that 

the microstructures obtained in the PDMS stamp (figures A.4.2.1 a and b) are patterns 

opposite to the microstructures as present on the silicon master stamps. Non contact mode 

AFM image (figures A.4.2.1 c) confirmed that the thickness of the PDMS (1.75 µm) was 

in accordance to that of the master stamp used (master stamp which was spin coated at 

3000 rpm). The PDMS stamps showed excellent resistance to wear and tear since it was 

used multiple times with no issues arising in the case of patterning. 

 

A.4.3. Microcontact printing over gold and silicon surfaces 

A.4.3.1. XY control on gold by µCP 

 The optical microscope was used initially to see the quality of the hydrophobic – 

hydrophilic  SAMs  (thiols)  patterned  over the  gold surface.  Clear square patterns were 
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Figure A.4.1.2. a) Profilometry profile of a 1500 rpm and b) AFM image of a 3000 rpm 

spin coated SU-8 25 square pit samples. 

 

 

 

 

 

Figure A.4.1.3. AFM image of an elevated square patterned silicon master stamp and its 

thickness (around 1800 nm) profile along a cross section. 

 

 

3.5 µm 

(1500 rpm) 

1.8 µm (3000 rpm) 

a          b 
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Figure A.4.2.1. a) Optical image, b) SEM image, c) 2-D topography AFM image of the 

PDMS stamp along with the thickness profile along the green line, and representative 

photograph showing the size of the PDMS stamp. 

 

 

50 µm 
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visible through the microscope which confirmed the ease with which SAMs can be 

patterned over gold surface using microcontact printing. The height characteristics of the 

XY control involved in the stamping of the hydrophobic thiol (ODT) was analyzed using 

the non contact mode of AFM. The quality of the SAM was found to be good (figure 

A.4.3.1). The thickness of the hydrophobic SAM, ODT was approximately 2.5 nm 

illustrated by zooming across the side of the square region represented by the square box 

in the top left image. As it can be seen from the non zoomed 3D image, a clear pattern of 

ODT SAM was obtained. Therefore, XY control was achieved over the surface by 

employing µCP as the patterning technique.  

 

A.4.3.2. XY control on silicon by µCP 

 The microscopic analysis of the hydrophobic-hydrophilic effect of stamping OTS 

and CTCS was carried over silicon samples to verify the quality of the patterns formed 

using microcontact printing. As observed from figure A.4.3.2, the OTS and CTCS 

patterns obtained by µCP and backfilling subsequently over Si substrates were clearly 

distinct from each other. While, gold thiol chemistry is easy to carry out, silanes are 

reactive with atmospheric moisture and may result in non uniformity of pattern 

formation. This is the reason, why gold was suited over silicon for further hydrogel 

growth using ATRP. 

 

A.5. Conclusions 

In conclusion, replica molding of PDMS stamps from pre synthesized UV-

photolithography  master  chips  can  be  used for effective microcontact printing. Precise 
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Figure A.4.3.1. Non contact mode AFM image showing XY control over the gold 

surface. Top images show the 3D profile of the ODT SAM, bottom left is the 2D profile 

of the zoomed pattern and the graph represents the thickness along the green line. 

 

 

 

Figure A.4.3.2. Optical image of a patterned sample showing OTS and CTCS regions 
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XY control of patterning was achieved using microcontact printing and the PDMS stamps 

can be used multiple times for obtaining the same pattern. µCP is much more versatile, 

inexpensive and less time consuming than the conventional photolithographic techniques 

for obtaining patterns over surfaces. 
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APPENDIX B 

Conjugation of enzyme catalase to GNPs: Comparison between carbodiimide and 

biotin-streptavidin methods 

This chapter is modified from the article submitted as  

Chirra HD, Sexton T, Biswal D, Hersh LB, Hilt JZ. Acta Biomaterialia 2010 

 

B. 1. Summary 

The use of proteins or enzymes for therapeutic applications requires the protein to 

maintain sufficient activity for the period of in vivo treatment. Many proteins exhibit a 

short half-life in vivo and, thus, require delivery systems for them to be applied as 

therapeutics. The relative biocompatibility and the ability to form functionalized 

bioconjugates via simple chemistry make gold nanoparticles excellent candidates as 

protein delivery systems. Herein, two protocols for coupling model enzyme catalase to 

gold nanoparticles were compared. In the first, the strong biomolecular binding between 

biotin and streptavidin was used to couple catalase to the surface of gold nanoparticles. In 

the second protocol, the formation of an amide bond between carboxylic acid coated gold 

nanoparticles and free surface amines of catalase using carbodiimide chemistry was 

performed. The stability and kinetics of the different steps involved in these protocols 

were studied using UV-Visible spectroscopy, dynamic light scattering, and transmission 

electron microscopy. The addition of mercaptoundecanoic acid in conjugation with (N-

(6-(biotinamido)hexyl)-3'-(2'-pyridyldithio)-propionamide increased the stability of 

biotinylated gold nanoparticles. Although the carbodiimide chemistry based 

bioconjugation approach exhibited a decrease in catalase activity, the carbodiimide 
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chemistry based bioconjugation approach resulted in more active catalase per gold 

nanoparticle compared to that of mercaptoundecanoic acid stabilized biotinylated gold 

nanoparticles. Both coupling protocols resulted in gold nanoparticles loaded with active 

catalase. Thus, these gold nanoparticle systems and coupling protocols represent 

promising methods for the application of gold nanoparticles for protein delivery. 

 

B.2. Introduction 

Carrier systems of nanoscale dimensions such as liposomes, polymeric particles, 

and microemulsion droplets are being widely studied for the delivery of various 

biomolecules [1]. In the case of proteins/enzymes, an important requirement for their 

immobilization to various carrier systems is that the protein should remain in its active 

form and be able to carry out necessary functions efficiently [2]. Although physical 

adsorption of proteins via hydrophobic and electrostatic interactions is experimentally 

simple, the loss of the protein/enzyme from the carrier once in contact with the in vivo 

environment makes chemically mediated immobilization via covalent bonding attractive 

for increasing the half life of proteins for in vivo therapeutic applications. Additionally, 

irreversible covalent binding generally leads to high levels of surface coverage. The easy 

synthesis of inorganic nanoparticles, their high surface to volume ratio, and the ability to 

control their size prove vital for immobilizing proteins over their surfaces for therapeutic 

applications [3]. Added advantages of gold nanoparticles (GNPs) include 

biocompatibility, relative non-toxicity, and the ability to form functionalized 

bioconjugates via simple chemistry [4]. Some of the in vivo therapeutic applications of 

functionalized GNPs include passive targeting [3], active targeting to reduce tumors in 
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mice [5], tumor necrosis factor delivery [6], treatment of colon carcinomas with 

Paclitaxel grafted gold colloids [7],
 
cellular drug delivery [8-10], gene therapy [11-16], 

thermoablative therapy [17, 18] and drug release [19-21]. With the advent of such 

successful applications, GNPs can also prove to be suitable carriers for therapeutic 

protein delivery.  

 

Gold nanoparticles serve as excellent candidates for protein bioconjugation because 

they readily react with the amino and cysteine thiol groups of proteins. Using this 

property, proteins such as insulin, pepsin, glucose oxidase, horse radish peroxidase, 

xanthine oxidase, fungal protease, etc have been directly conjugated to gold nanoparticles 

[2, 22-26]. In most cases, this strategy alters the conformational structure and active 

center of the protein similar to that of physical adsorption, thereby causing a reduction in 

activity [27]. Herein, we report and compare two simple procedures for coupling a model 

enzyme catalase to GNPs. Catalase catalyzes the conversion of hydrogen peroxide, a 

harmful oxidizing agent, to water and molecular oxygen. Its antioxidant properties have 

been studied extensively for potential effectiveness in antioxidative therapy. However, 

catalase undergoes rapid elimination from the blood stream and demonstrates poor 

intracellular delivery [28]. Figure B.1 shows a schematic representation of the two 

approaches utilized in this study for the coupling of catalase to GNPs. The first involves 

the biotinylation of both the GNP and catalase and then coupling them together using a 

streptavidin crosslinker. The second method uses carbodiimide chemistry to form amide 

bonds between carboxylic acid coated GNPs and amino groups of catalase.  The first 

method  takes  advantage  of  the  high  affinity  between biotin and streptavidin to form a 
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Figure B.1. Schematic representation of the two approaches involved in the coupling of 

catalase to gold nanoparticles. 
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biotin-streptavidin complex, which is among the strongest interactions in biology. The 

advantage of using carbodiimide chemistry is that it employs mild reaction conditions, 

endowing considerable versatility of bioconjugation for a wide variety of protein and 

enzyme molecules. The common feature of both procedures is the exploitation of the 

reaction and attachment of thiol molecules onto the surface of GNPs in the form of thiol-

gold chemistry. Characterization of the coupling kinetics, stability of the modified 

particle, and the activity of catalase bound GNPs were done using UV-Visible 

spectroscopy, dynamic light scattering, and transmission electron microscopy (TEM). 

With these simple methods of bioconjugation, protein coupled GNPs can be useful for the 

delivery of proteins for biomedical applications.  

 

B.3. Experimental section 

B.3.1. Synthesis of biotinylated and carboxylic coated GNPs 

Monodispersed gold nanoparticles were prepared using the Turkevich reduction 

of gold salts [29]. Briefly, a 1 mM aqueous solution of chloroauric acid (HAuCl4) was 

boiled under stirring. To this solution, 3 mM trisodium citrate in water was added to 

reduce HAuCl4 producing GNPs of sub-nanometer size. Tween 20 at 38 mg/ml was 

added to a 1 mg/ml final concentration to stabilize the particles for further 

functionalization. To incorporate biotin into the GNP a 4 mM stock solution of (N-(6-

(biotinamido)hexyl)-3'-(2'-pyridyldithio)-propionamide (biotin-HPDP; Soltech Ventures) 

in dimethyl sulfoxide was added to the Tween stabilized GNPs so that the final 

concentration of biotin-HPDP was 0.5 mM, and the mixture incubated at room 
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temperature for 4 hr. The biotinylated GNPs were then dialyzed against water to remove 

excess unreacted biotin-HPDP and stored for further use. 

 

For the carbodiimide chemistry coupling method, carboxylic groups were 

introduced to the surface of GNPs by adding a 10 mM stock solution of 

mercaptoundecanoic acid in ethanol (MUDA; Asemblon) to Tween stabilized GNPs to a 

final concentration of 0.5 mM, followed by stirring the solution for 12 hrs at room 

temperature. The biotinylated GNPs and MUDA coated GNPs were then dialyzed against 

water to remove free MUDA. Additionally GNPs containing varying concentrations of 

surface biotin were synthesized using MUDA as the stabilizing reagent. For this, the final 

concentration of MUDA was fixed at 0.5 mM, while biotin-HPDP was added at 50 µM 

for 1:10 biotin:MUDA GNPs and at 25 µM for 1:20 GNPs. Both biotin-HPDP and 

MUDA were added to the stabilized GNPs at the same time, and the reaction was allowed 

to proceed for approximately 12 hrs. 

 

B.3.2. Biotinylation of Catalase 

Please refer to chapter 7 for the biotinylation of enzyme catalase using biotin-

NHS. 

 

B.3.3. Coupling of catalase to the GNP surface via biotin-streptavidin binding 

Purified biotinylated GNPs were dialyzed against HEPES prior to catalase 

coupling. Biotinylated GNPs in HEPES were treated with 100 µM streptavidin 

(Invitrogen) in 50 mM MES buffer, pH 5.5, for 3 hrs at room temperature. Excess 
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streptavidin was used to avoid any crosslinking between biotinylated GNP particles. The 

streptavidin coated GNPs were then centrifuged and washed with HEPES buffer 3 times 

to remove any unbound streptavidin. To these particles biotinylated catalase 

(GNP:biotinylated catalase, 3:1 vol%) was added and permitted to bind for 3 hrs at room 

temperature. The resulting bioconjugated GNPs were centrifuged and washed with 

HEPES thrice and used as such. 

 

B.3.4. Coupling of catalase to GNPs via carbodiimide chemistry 

MUDA coated GNPs were dialyzed against 50 mM MES buffer, pH 5.5. A 

mixture of 17 µl of 100 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC; 

Thermo Scientific) and 63 µl of 50 mM N-hydroxysuccinimide (NHS; Thermo 

Scientific) in MES buffer was then added to 500 µl of MUDA coated GNPs. The reaction 

was allowed to proceed for 15-20 min, after which time 0.8 µl of β-mercaptoethanol was 

added to quench the unreacted excess EDC. The concentration of β-mercaptoethanol was 

then reduced to less than 5 mM by adding 1.75 ml of HEPES buffer, pH 7.4 containing 

varying concentrations of catalase. Conjugation via amide linkage was allowed to occur 

for 3 hrs at room temperature. Catalase conjugated GNPs were then centrifuged at 12,500 

rpm for 10 min in an Accuspin centrifuge (Fisher Scientific) and washed thrice with 100 

mM HEPES buffer, and used as such for further studies. 

 

B.3.5. Characterization of nanoparticles 

Biotinylation, streptavidin coating, binding of catalase, and the various steps of 

carbodiimide chemistry were followed by the change in the surface plasmon resonance 
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peak using UV-Vis spectroscopy. Dynamic light scattering (DLS) was also used to 

observe changes in particle size with conjugation/functionalization. Transmission 

electron microscopy (TEM; Jeol 2010) was used to confirm the presence of enzyme over 

the surface of the GNPs. Staining of the particles was carried out using 2% phospho 

tungstic acid (Sigma), pH 7.4 (neutralized using 1 M potassium hydroxide). The presence 

of active catalase over the surface of GNPs was determined using the o-phenylene 

diamine assay (OPD; Sigma). Please refer to chapter 7 for details of assaying.  

 

B.3.6. In vivo injection and characterization of catalase bound GNP activity 

To test the feasibility of injecting catalase bound GNPs into a mouse, we first 

tested the stability of our particles in blood. Both carbodiimide and biotin-streptavidin 

protocol synthesized GNP-catalase in buffer was added at a 1:40 dilution to blood 

(approximate dilution of injecting 50 μl of volume into a mouse, which contains 

approximately 2 ml of blood). The GNP-catalase-blood mixture was incubated at 37°C. 

Blood samples were taken every 15 minutes for 90 minutes. For each time point, RBCs 

were spun out and catalase activity in the plasma was measured. For in vivo injection, 50 

μl of 1 mg/ml of biotin protocol based GNP-catalase in HEPES buffer was injected into 

the retro-orbital sinus of mice. At time points of 5, 10, 30, and 60 min following injection 

50 µl of blood samples were collected from the opposite retro-orbital sinus into tubes 

containing 100 units/ml heparin.  In order to assay catalase in blood samples, red blood 

cells (RBCs) were removed from the serum via centrifugation (10000 rpm, 10 min); 

conditions that are known not to remove GNP-catalase. In triplicate for each mouse and 

time point, 5 µl of supernatant plasma was exposed to 195 µl of 1.5 mM H2O2 for 2 
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minutes at room temperature. 110 μl of each H2O2/plasma solution was then added to an 

assay well on a 96 well plate containing 75 µl HRP and 15 μl OPD and incubated for 5 

min at room temperature. Absorbance was then measured at 590 nm to quantify catalase 

activity. For these animal studies, we complied with institutional ethical use protocols. 

 

B.4. Results and Discussion 

B.4.1. Demonstration of biotinylation of GNPs 

Monodispersed GNPs synthesized via the Turkevich method were characterized in terms 

of size and their surface plasmon resonance (SPR) peak using dynamic light scattering 

and UV-Vis spectrometry. The size of GNPs was determined to be 9-11 nm showing a 

SPR peak at 525 nm. Using these parameters, the concentration of GNPs was calculated 

using the number density relationship equation as described by Haiss et al [30] to be 

about 10 nM. Biotinylation of GNPs was followed by measuring pyridine-2-thione 

release at 353 nm. Although preliminary studies of GNP biotinylation with biotin-HPDP 

showed product formation (result not shown), agglomeration to micron sized particles 

was observed. This was indicated by a time dependent red shift and subsequent 

broadening of the GNP SPR peak from 525 nm to about 683 nm. Agglomeration of 

biotinylated GNPs has been shown to be caused by hydrogen bonding between the inter-

particle biotin molecules [31].
 

 

In order to avoid agglomeration associated with inter-particle hydrogen bonding, 

MUDA was added in varying ratios. We synthesized GNPs containing biotin:MUDA 

ratios of 1:10 and 1:20 (molar ratio). The negative charge on the surface of GNPs caused 
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by deprotonation of the carboxylic groups provides sufficient repulsion between 

nanoparticles. For example, figure B.4.1 shows the UV-Vis profiles of a 1:20 biotinylated 

GNP system at increasing reaction times. As seen in figure B.4.1, the absorbance of 

pyridine-2-thione at 353 nm increases over time indicating the coupling of biotin to the 

GNP. Additionally, the GNPs undergo a red shift from 525 nm to 552 nm during the 

reaction indicating particle size increase (see below) and some minor agglomeration. The 

biotinylated GNPs were then dialyzed to remove unreacted biotin-HPDP and used for 

further analyses. The stability of biotinylated GNPs in the presence of tethered MUDA of 

differing ratios was analyzed to determine the working range of pH for coupling. Please 

refer to chapter 7 for details of how addition of MUDA effectively increased the stability 

of solution based biotinylated GNPs. In order to avoid issues of particle aggregation at 

higher standing periods, we carried out streptavidin coating of the particle suspended 

buffer solutions immediately, which in turn stabilized the particles from aggregation. We 

chose 1:20 GNPs as the system for additional studies as it was stable enough for 

streptavidin binding and subsequent coupling of catalase.  

 

B.4.2. Demonstration of streptavidin binding to biotinylated GNPs 

The reactive availability/affinity of biotinylated GNP to undergo biomolecular 

binding to streptavidin was analyzed using UV-Vis spectroscopy. Streptavidin has four 

binding sites and a hydrodynamic diameter of 5 nm. Based on the surface area 

availability from a 10 nm sized GNP, a maximum of ~16 streptavidin molecules can coat 

a biotinylated GNP. In other words, for a 10 nM concentration of GNP solution that is 

biotinylated,  a 160  nM  streptavidin  concentration  can be estimated as being needed for 
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Figure B.4.1. UV-Vis spectra showing biotinylation of GNPs as a function of time. The 

presence of the product pyridine-2-thione peak at 353 nm confirms biotinylation of 

GNPs. 
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coating all GNPs. In order to confirm the binding between biotin and streptavidin, which 

is also an indirect way to confirm the presence of biotin over the surface of GNPs, a low 

concentration of 9 nM streptavidin in MES buffer was added to the 1:20 GNPs. This low 

concentration of available biotin binding sites (36 nM available biotin binding sites) was 

less than the total amount of biotinylated GNPs and should cause crosslinking between 

the biotinylated GNPs (with streptavidin being the crosslinker). As observed in figure 

B.4.2, at the initiation of binding, biotinylated GNPs exhibit their characteristic SPR peak 

value at 526 nm similar to that of the non-biotinylated GNP control sample (100% 

MUDA coated GNPs; right image of the inset). With time, biotin-streptavidin binding 

occurred and led to crosslinking between particles as indicated by the broadening of the 

spectra (0-2 hours). After 24 and 48 hours, all the streptavidin appeared bound as 

evidenced by no further crosslinking and the settling of agglomerated crosslinked 

particles leaving a clear solution on the top (left image of the inset). This confirmed the 

availability of biotin over the surface of GNPs for coupling with biotinylated catalase via 

intermediate streptavidin binding. However, the agglomeration under these low 

streptavidin concentrations precluded them for use for catalase coupling. Instead, using 

excess streptavidin (100 µM) provides an increased number of available biotin binding 

sites and results in a decreased probability of adjacent biotinylated particles crosslinking 

(black dotted absorbance profile). In other words, the streptavidin concentration was high 

enough to coat the entire biotinylated surface of GNPs, thereby avoiding interparticle 

biotin-streptavidin crosslinking. These streptavidin coated GNPs were then treated with 

biotinylated catalase, synthesized as described in methods. An assay of biotinylation 

(Quant Tag Biotin Kit, Vector Labs) gave a value of 128 nmoles of biotin/mg of catalase. 
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Figure B.4.2. Kinetic study showing the crosslinking of biotinylated GNP in the presence 

of low streptavidin concentration (9 nM) confirming biotin-streptavidin interaction.  Also 

shown as a dotted line is the non-crosslinked high concentration streptavidin (100 µM) 

coated GNP profile. Inset shows the initial non-crosslinked dispersed GNPs in the right 

and the final crosslinked settled GNPs in the left. Also shown in black dotted line is the 

streptavidin coated biotinylated GNPs (using high streptavidin concentration). 
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Similar to the binding between the biotin of the biotinylated GNP and streptavidin, 

binding between the binding sites of streptavidin and the biotin in biotinylated catalase 

was used for the coupling reaction. 

 

B.4.3. Confirmation of the presence of active catalase over biotin-streptavidin 

protocol GNPs 

Streptavidin coupled catalase-GNPs were assayed for catalase activity by 

measuring the oxidation of OPD at 490 nm in the presence of H2O2 and horse radish 

peroxidase. One unit of catalase activity (U) is defined as the amount of enzyme cleaving 

1 µmol of H2O2 in one minute. The activity of catalase was 44,350 U and 41,600 U 

before and after biotinylation, respectively, showing that biotinylation per se did not 

significantly affect catalase activity, which is similar to the result obtained by 

Muzykantov et al. [32]. Table B.4.3 shows the activity for catalase bound to the surface 

of GNPs via the biotin-streptavidin interaction. Non-biotinylated catalase was used as the 

control. Very little non-specific adsorption of catalase to streptavidin coated GNPs is 

observed. As the amount of biotinylated catalase increased, an increase in the activity of 

catalase-bound GNPs was observed, which leveled off presumably due to the saturation 

of the GNP surface.  

 

The enzymatic effect of coupling biotinylated catalase to streptavidin coated 

GNPs was also studied by binding 20 µl of biotinylated catalase (2 mg/ml; 41600 U) to 

streptavidin coated GNPs. The activity of the free catalase in the supernatant and bound 

catalase to the GNP pellet after centrifugation and washing was determined to be 15575  
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Table B.4.3. Increased activity of biotin-streptavidin bound catalase to GNPs with 

increasing amounts of biotinylated catalase added to streptavidin coated GNPs. 

Concn. of Biotinylated Catalase  Catalase Activity (µU)/GNP 

8 µM (non-biotinylated; control) 

0.4 µM 

0.8 µM 

2 µM 

6 µM 

8 µM 

~0.05 

1.7 

7 

41 

65 

66 
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U and 25600 U (16 µU/GNP) respectively. Their combined activity adds to a total of 

41175 U, which is within experimental error of the input biotinylated catalase activity. 

So, the binding of biotinylated catalase to GNPs via biotin-streptavidin binding did not 

result in any loss of enzymatic activity.  

 

B.4.4. Activation of MUDA coated GNPs to bind catalase via carbodiimide 

chemistry 

In the case of coupling catalase to GNPs using carbodiimide chemistry, catalase 

was coupled to the GNPs through the reaction of its amino groups with EDC activated 

esters of MUDA carboxylic acids on the GNP surface. As shown in figure B.4.4, MUDA 

coated GNPs exhibited a characteristic surface plasmon resonance (SPR) peak value at 

530 nm. With the addition of EDC and NHS, carboxyl groups were converted into 

thioesters that resulted in slight aggregation indicated by the red shift of the SPR peak 

value to 621 nm. The addition of catalase to the activated particles led to the formation of 

an amide bond between the amino groups of catalase and the activated carboxyl group of 

MUDA coated GNPs. The catalase coated particles showed a characteristic Soret iron 

(III) heme structure absorbance peak at 406 nm confirming the attachment of the enzyme 

[33]. Shoulder peaks of activated GNPs are also visible in the catalase spectra. 

 

B.4.5. Confirmation of the presence of active carbodiimide coupled catalase on 

GNPs  

The OPD assay was used to determine the amount of active catalase bound to 

GNPs through carbodiimide chemistry. Table B.4.5 shows the activity for amide bound 
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Figure B.4.4. Normalized UV-Vis spectra of the carbodiimide chemistry protocol 

confirming the activation of MUDA coated GNPs and the subsequent attachment of 

enzyme catalase. 
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Table B.4.5. Activity of the carbodiimide coupled catalase to GNPs increases with 

increasing concentrations of catalase until apparent saturation is reached. 

Concn. of Catalase used Catalase Activity (µU)/GNP 

10 µM (no EDC added inactive GNPs; 

control) 

0.01 µM  

0.1 µM  

1 µM  

5 µM  

10 µM  

~0.02 

0.4 

7 

93 

125 

131 
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catalase to the surface of MUDA coated GNPs. Using the carbodiimide chemistry, we 

achieved catalase coated GNPs, similar to that of the biotinylated GNP protocol with 

minimal non-specific catalase adsorption onto the particle. As expected, as the 

concentration of catalase increased, the attachment of catalase via amide linkage to the 

GNP surface also increased. Saturation of catalase occurred as indicated by a constant 

activity with increasing added catalase. The enzymatic effect of covalently binding 

catalase to GNPs via an amide linkage was studied by binding 20 µl of catalase (2 mg/ml; 

44,350 U) to MUDA coated GNPs. The activity of free unbound catalase in the 

supernatant and bound catalase to the GNP pellet was determined to be 8,150 U and 

25,075 U (10 µU/GNP) respectively. The combined activity, which comes to a total of  

33,225 U, is somewhat less than the activity of the input catalase. Assuming unbound 

catalase in the supernatant had no activity loss, it is estimated that the bound catalase 

exhibited minimally 70% activity. 

  

B.4.6. Size and stability analysis of the catalase bound GNPs 

TEM analysis of the active particles was compared to that of the Turkevich 

reduced GNPs. Citrate reduced GNPs (Figure B.4.6.a) showed minimal presence of an 

amorphous layer over its surface indicative of the charge stabilization of the particle 

provided by citrate ions. In the case of the biotin-streptavidin affinity based active GNP 

an amorphous layer of thickness ~ 6.5 nm was observed (Figure B.4.6.b). Although the 

size of catalase and streptavidin together is > 6.5 nm (hydrodynamic diameter of catalase 

is around 9 nm [34], while for streptavidin it is 5 nm), the TEM sample of catalase bound 

via streptavidin to the particle surface is in a dehydrated form. This amorphous layer of 
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Figure B.4.6. TEM images showing (A) GNP stabilized by citrate ions with the inset 

showing negligible amorphous layer, (B) carbodiimide chemistry protocol based catalase 

conjugated GNP (amorphous layer ~ 4 nm), and (C) biotin-streptavidin affinity protocol 

based catalase conjugated GNP (amorphous layer ~ 6.5 nm). (scale bar is 2 nm) 
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the enzyme is absent in the case of the initial citrate stabilized GNP. A similar result is 

observed in the case of catalase bound to GNP via carbodiimide chemistry (Figure 

B.4.6.c), where the thickness of the amorphous layer is around 4 nm. DLS analysis of the 

aging/agglomeration with time of catalase bound GNPs were also done over a period of 

one week. While, the size of biotin-streptavidin protocol based GNP-catalase remained 

stable in the size range of 65-85 nm over a period of one week, GNP-catalase synthesized 

using carbodiimide chemistry showed agglomeration to about 400 nm. The 

agglomeration seen with GNPs containing catalase coupled via carbodiimide chemistry 

can be attributed to the fact that the surface MUDA groups are modified to amide bonds, 

thereby leading to charge neutralization and subsequent destabilization.  With biotin-

streptavidin GNP-catalase, there is free MUDA that can be deprotonated and thus 

stabilize the particles via charge repulsion.  

 

B.4.7. Clearance of GNP-catalase from blood in vivo 

Preliminary studies established that catalase activity on GNPs was stable in 

plasma. Thus, we injected mice with 50 μl of GNP-catalase for in vivo half life studies. 

We chose the biotin-streptavidin protocol GNP-catalase particles for this purpose, since 

their size was smaller and more stable than that of the carbodiimide protocol derived 

GNP-catalase as noted above. Figure B.4.7 shows the activity of GNP-catalase in serum 

at various times after injection. The activity/µl plasma at the initial injection condition is 

the theoretical rate measured at in vitro conditions assuming the overall volume of blood 
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in mice is 2 ml. The half life in blood was estimated to be around 6 min, likely reflecting 

reticuloendothelial system (RES) uptake of the GNPs mostly by liver, spleen, and lung  

 

 

 

 

 

Figure B.4.7. Clearance of GNP-catalase from the plasma of mice showing the half life 

of GNP-catalase is around 6 minutes (N=3).  The zero time value is calculated 

theoretically at in vitro conditions based on a total blood volume of 2 ml in mice. The 

dotted lines represent the initial activity range for a 1.5 ml to 2.5 ml total plasma volume 

range in mice 
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[35]. As previously noted [36], longer plasma circulation of GNPs with minimum uptake 

by the RES is possible by coating the particle surface with hydrophilic polymers, such as 

poly(ethylene glycol) (PEG) derivatives. A detailed study on the effects of PEGylation of 

enzyme or GNP on in vivo half life of GNP bound enzyme/protein will be analyzed, but it 

was beyond the scope of this study.  

 

B.4.8. Comparison between the biotin-streptavidin and carbodiimide methods 

It is clear that both the biotin-streptavidin binding and carbodiimide chemistry 

methods readily attach catalase to the GNP surface. The carbodiimide chemistry protocol 

produces a larger amount of active catalase/GNP at saturation than that of the biotin-

streptavidin protocol, which could prove useful for those cases of conjugation where 

higher loading capacity is required. In the case of the carbodiimide chemistry protocol, 

the entire surface area of MUDA coated GNP (~315 nm
2
) is available for binding with 

catalase. Based on a theoretical approximation, the surface area of 1:20 GNPs occupied 

by biotin is low (~15 nm
2
), and only this area is available for streptavidin and subsequent 

catalase binding. By increasing the ratio of biotin-HPDP to MUDA, the amount of 

assembled biotin or available surface for coupling catalase can be increased at the 

expense of biotinylated particle stability. The carbodiimide chemistry derived GNP-

catalase showed increased aggregation with time as compared to biotin-streptavidin 

derived GNP-catalase which is likely due to absence of free MUDA.  Thus, only the 

streptavidin derived GNP-catalase was utilized for in vivo studies. The aggregation could 

be reduced or eliminated by using sterically hindering carboxylic acid thiols such as 
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PEGylated MUDA, thereby making them useful for in vivo applications. Also, the biotin-

streptavidin protocol requires a two step synthesis procedure (synthesis of biotinylated 

catalase and then conjugation), while the carbodiimide chemistry protocol is carried out 

in a single step of activation and conjugation. Generalizing, the ideal procedure needed to 

bind a protein to GNP surface depends on several factors such as the effects of 

biotinylation on activity of the protein to be bound, size of the protein on binding to the 

GNP or streptavidin coated GNP, loss of activity with either of the protocols, and the 

stability of the final protein bound GNP.  

 

B.5. Conclusion 

Herein, we used the strong biomolecular interaction between biotin and 

streptavidin or carbodiimide chemistry to couple catalase to gold nanoparticles.  The 

biotinylation of GNPs was accomplished using biotin-HPDP.  Dynamic light scattering 

showed that the interparticle aggregation caused by hydrogen bonding between biotin 

molecules decreased with increasing concentrations of the stabilizing reagent MUDA. 

The stability of the particles decreased with increasing pH. The OPD assay confirmed the 

presence of streptavidin bound active biotinylated catalase over GNPs. The different 

surface plasmon resonance peak values obtained via UV-Vis analysis confirmed the 

individual steps involved in the carbodiimide dependant coupling of catalase to MUDA 

coated GNPs. The OPD assay confirmed the presence of bound catalase to GNPs in high 

yields. The saturation values of activity showed that there was more active catalase on 

carbodiimide chemistry coupled GNPs than on biotin-streptavidin bound GNPs. The 

enzyme bound particles were stable enough to be used for studies in mice and exhibited a 
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half life of around 6 min likely reflecting the rate of tissue uptake. Both protocols resulted 

in the attachment of active catalase to GNPs, and these methods are critical for the 

development of GNPs as potential carriers for protein delivery.  
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