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Summary 

     Layer-by-layer (LbL) self-assembled weak polyelectrolyte-based multilayered 

films have shown superior tunability and versatility to other polyelectrolyte 

multilayers. Previous works have focused primarily on the assembly of linearly 

grown synthetic weak polyelectrolyte multilayers. Further investigation is 

warranted of weak polyelectrolyte-based self-assembly systems such as natural 

weak polyelectrolyte multilayers, nanoparticle-participated weak polyelectrolyte 

multilayers, and exponentially grown multilayers, their unique properties, and 

novel applications.  

     In particular, in this PhD research project, a chitosan/alginate multilayer film 

was constructed via LbL self-assembly. The surface composition of the self-

assembled multilayer film can be tailored through pH adjustment during the 

assembly process. The loading capacity of the antibody on the multilayered film 

and the binding activity of the antigen to the immobilized antibody can be well-

tuned by pH control. This work can provide more scientific insight into the 

interaction between protein and polymer matrix and render a novel, simple 

approach to build high-performance biointerfaces through pH control for potential 

applications of highly sensitive immunosensors. 

     For the first time, a pH-controllable weak polyelectrolyte/metal nanoparticle 

composite film was successfully constructed on a solid substrate through LbL 

assembly, and its localized surface plasmon coupling (LSPC) was investigated. The 

degree of LSPC can be modulated by controlling the pH of the weak 

polyelectrolyte used. The LSPC proved tunable and stable, as demonstrated by a 

large shift of the longitudinal band peak position over a range of 625-741.5 nm as a 



xi 

 

function of pH while shifting insignificantly at a fixed pH for a month. The 

modulation of LSPC of the LbL nanocomposite film can be ascribed to changes in 

the assembled weak polyelectrolyte, where the charge density and conformation 

can be easily controlled by pH to tailor the interparticle spacing in the nanoparticle 

clusters. This work provides a rational approach to the preparation of stable 

nanocomposites with easily tunable LSPC and affords scientific insight into the 

effect of film morphology on the optical properties of assembled nanoparticles. The 

spectral response to the environment has great potential in applications such as 

plasmonics, biosensing, and medical therapy. 

     A nanoparticle-participated three-component LbL assembly with a weak 

polyelectrolyte-nanoparticle blend and another weak polyelectrolyte was used to 

fabricate composite hollow capsules. The polyelectrolyte assembly pH and the 

blend ratio of polyelectrolyte to nanoparticles were tailored to construct blend 

multilayers on colloidal templates without aggregation. The microcapsules 

obtained after removal of the templates had well-dispersed assembled nanoparticles 

with desired concentration, size, and interparticle spacing. The prepared capsule 

demonstrates both superior tunable localized surface plasmon resonance (LSPR) 

and permeability synergistically from its assembled components, which have not 

been achieved by reported polyelectrolyte or polyelectrolyte/nanoparticle capsules. 

These properties can be controlled by adjusting the ratio of nanoparticle to 

polyelectrolyte in the blend solution. This work provides a novel and universal 

approach to the fabrication of well-dispersed microcapsules with tailored 

nanoparticles for various applications while offering scientific insight into the 
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nanoparticle-participated blend LbL assembly process. The prepared new 

polyelectrolyte/nanoparticle capsules could hold promise for intelligent drug 

delivery, biosensing, and bioimaging applications. 

    A hierarchical nanoporous ultrathin polymer film was fabricated through an 

exponentially growing LbL assembly of weak polyelectrolytes without any 

template and post-treatment. It demonstrated greatly enhanced loading capacity of 

charged small molecules, significantly extended release time, and greatly increased 

linear release range in a wide pH range with pH-dependent loading and release 

behavior in comparison to reported weak polyelectrolyte multilayer films. Thus, it 

offers great potential for controlled drug release applications.  

    This research not only developed several self-assembly systems with unique 

properties that could be controlled by assembly conditions at the molecular level, 

but also provided scientific insight into the mechanism of weak polyelectrolyte-

based LbL self-assembly. Additionally, this work provides opportunities to 

fabricate LbL assemblies for various potential applications. 
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Chapter 1 Introduction 

1.1 Introduction 

     The self-assembly of functional materials on substrates with chemistry, structure, 

and properties controlled at the nanometer level has attracted tremendous interest in 

recent years.
1-10

 A rapidly developing technique with great potential to achieve this 

objective is layer-by-layer (LbL) assembly, which was first attempted by Iler et al. 

in 1966
11

 and developed by Decher et al. in 1991.
12-14

 The basic principle of LbL 

self-assembly is the sequential adsorption of oppositely charged species on 

substrates driven by electrostatic force.
15

 It is easy to implement this technique, as 

it only requires one to expose suitable substrates to solutions of charged species for 

the electrostatic adsorption and to remove loosely adsorbed species due to other 

nonspecific interactions by rinsing after each assembly step.
15

 No sophisticated 

equipment or strict conditions are required.
15

 In addition to its simplicity, this 

technique is very versatile. Various charged species such as synthetic 

polyelectrolytes, biomacromolecules (such as proteins, DNA, and polysaccharides), 

and nanoparticles can be adopted as building blocks.
5-10

 Materials with any 

geometry and chemical composition that can survive the assembly conditions can 

be used as substrates.
5-6, 8-9, 16

 In recent years, besides electrostatic interaction, 

various driving forces such as hydrogen bonding,
8
 covalent bonding,

17
 coordination 

bonding,
18

 and biomolecular recognition
19

 have been used to drive the assembly 

process, greatly expanding the type of building blocks that may be used. The 

assembled building blocks can be self-organized on a substrate to form the 
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nanoscale-ordered structure in both vertical and lateral directions.
5, 20-22

 Numerous 

unique properties of LbL-assembled multilayers have been discovered: the 

thickness can be controlled at the nanometer level simply by changing the layer 

number,
14, 23

 and many physicochemical properties such as wettability,
23

 stiffness,
24

 

permeability,
25

 optical transparency,
26

 and conductivity
27

 can be manipulated and 

changed to a great extent. The combination of diverse chemistry, nanoscaled 

structures, and unique properties endow self-assembled multilayers with great 

potential in various fields including electronics,
28

 optics,
29

 photovoltaics,
30

 

sensors,
31

 and biomaterials.
32

  

     The versatility of the LbL process lies principally in the molecular-scale control 

of physicochemical properties via the control of assembly conditions and versatile 

building blocks. As the charge density and conformation of weak polyelectrolytes 

are dependent on pH, the assembly of weak polyelectrolytes can be significantly 

tuned by pH.
23

 Typical weak polyelectrolytes include synthetic polyelectrolytes 

such as poly(allylamine) (PAH), poly(acrylic acid) (PAA), poly(ethyleneimine) 

(PEI), and poly(methacrylic acid) (PMAA), and biomacromolecules such as 

chitosan, alginate, poly(L-lysine) (PLL), hyaluronic acid (HA), and gelatin. Rubner 

et al. at MIT systematically studied the effect of assembly pH on the chemical 

composition, surface morphology, thickness evolution, surface wettability, 

swellability, and roughness of weak polyelectrolyte multilayer films using synthetic 

weak polyelectrolytes such as PAH and PAA as model weak polyelectrolytes.
23, 33-38

 

Bilayer thickness, chemical composition, wettability, surface roughness, swelling 

capabilities, mechanical strength, and even conductivity can be controlled through 
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the assembly pH of weak polyelectrolyte at a molecular level.  

     However, previous studies on weak polyelectrolyte-based multilayers have 

focused on 2-synthetic weak polyelectrolyte systems. The structural and functional 

diversity of synthetic weak polyelectrolytes are limited, which greatly restricts the 

properties and applications of weak polyelectrolyte multilayers. Other building 

blocks such as nanoparticles could, in principle, be assembled with weak 

polyelectrolytes, but the multilayers both on substrate and in freestanding form are 

much less studied. These weak polyelectrolyte/nanoparticle multilayer films could 

combine the pH-tunability of weak polyelectrolyte with the unique 

physicochemical properties of nanoparticles, thus providing broad opportunities for 

new applications. Besides enriching the building blocks for weak polyelectrolyte-

based LbL assembly, tuning the growth mode from traditional linear growth to 

others such as exponential growth could lead to novel multilayer films.  

1.2 Motivations 

    Natural weak polyelectrolytes such as chitosan and alginate have great potential 

for biomedical and environmental applications, but their assembly kinetics, 

tunability, and mechanism via adjustment of assembly pH have not been 

systematically studied and require further investigation.  

    Strong polyelectrolyte has been used as a linker to assemble nanoparticles into 

multilayered films for synergistic effect from their unique physical and chemical 

properties, but it is difficult to tune the assembly due to the narrow adjustment 

range of the charge density of the strong polyelectrolyte. In addition, the 
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relationship between nanoparticle organization and multilayer properties is not well 

understood. The study of LbL assembly of weak polyelectrolytes and nanoparticles 

could provide a simple route to tune the charge density of polyelectrolytes at a 

wide range for the investigation of the structure and properties of nanoparticle 

assemblies.  

    Freestanding nanoparticle assemblies such as hollow spheres with tailored 

nanoparticle concentration, size, and interparticle spacing could have important 

applications such as drug delivery. However, a method for obtaining hollow 

capsules with these attributes using weak polyelectrolyte-based LbL assembly has 

not been reported. Weak polyelectrolytes provide a strategy to adjust the 

electrostatic interaction between nanoparticles and the colloidal template and 

therefore may have promise for the development of well-controlled 

polyelectrolyte/nanoparticle composite capsules with unique properties.  

    Exponentially growing LbL assembly could greatly accelerate the multilayer 

fabrication process while producing an extremely loose structure to allow a large 

amount of small molecules, proteins, and even nanoparticles to penetrate into the 

multilayers. The pH-controlled assembly of exponentially grown weak 

polyelectrolyte multilayers has not been fully studied. Its interaction with guest 

materials such as small molecules and proteins is not well understood. 

Investigation of these interactions could afford scientific insight into these unique 

systems as well as provide a novel, superior platform for broad biomedical 

applications such as drug delivery.  
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1.3 Objective of study 

    The objective of this project is to controllably fabricate weak polyelectrolyte-

based novel multilayered films via LbL self-assembly at a molecular level, to study 

their structure and properties, to explore their potential applications, and to 

understand their assembly mechanisms. The study is composed of the following 

parts. 

    1) An investigation of the pH-controlled LbL assembly of natural weak 

polyelectrolytes and their biological properties by antibody immobilization. The 

multilayer construction process, chemical composition, and surface morphology of 

the multilayered films built at different assembly pH are studied to understand their 

self-assembly mechanism. The loading capacity and antigen binding activity are 

also studied.  

    2) An investigation of pH-controllable LbL-assembled weak polyelectrolyte and 

nanoparticle nanocomposite films. The nanoparticle organization at different 

assembly pH levels is used to study the self-assembly mechanism. The collective 

properties of nanoparticles in the nanocomposite film determined by the 

nanoparticle organization are also investigated to demonstrate pH-tunability. 

    3) The development of a new method for the fabrication of 

polyelectrolyte/nanoparticle composite capsules with the desired concentration, 

size, interparticle spacing, and nanoparticle dispersion via LbL assembly of weak 

polyelectrolyte-nanoparticle blend and another weak polyelectrolyte, and the 

further study of their synergistic properties. 

    4) The construction of unique nanostructured multilayer films via exponentially 
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growing LbL assembly of weak polyelectrolyte and the exploration of their 

potential application in drug loading and release. In particular, small molecule 

delivery is used to study the enhancement of drug loading capacity and release time, 

as well as pH-controlled loading and release.  

1.4 Organization  

    This dissertation investigates the buildup, mechanism, and applications of novel 

LbL-assembled weak polyelectrolyte-based multilayers. Chapter 1 has introduced 

the background, motivation, and objective of this PhD research. Chapter 2 reviews 

recent research on weak polyelectrolyte-based multilayers, including the 

fundamental controllability of multilayer properties, different types of building 

blocks for the formation of multilayers, and applications. Chapter 3 describes the 

materials, equipment, and methodology used in this study. Chapter 4 describes an 

investigation of the pH-controlled construction of chitosan/alginate multilayer film 

and its application for antibody immobilization. Chapter 5 explores the pH-

controlled LbL assembly of weak polyelectrolyte/gold nanoparticles for direct 

modulation of LSPC on solid substrates. Chapter 6 addresses three-component LbL 

assembly for the fabrication of weak polyelectrolyte/gold nanoparticle composite 

capsules with superior tunability and synergistic physical properties. Chapter 7 

describes the fabrication of an exponentially grown weak polyelectrolyte multilayer 

with hierarchical nanoporous structure by pH-controlled LbL assembly and its 

application to the delivery of small charged molecules. Chapter 8 outlines general 

conclusions and provides possible directions for future research.     
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Chapter 2 Literature Review 

2.1 Layer-by-layer assembly 

    In 1966, Iler first reported the formation of multilayers from alternate adsorption 

of two charged particles from solution.
11

 Since the extension of this method to 

polyelectrolyte systems in 1991 by Decher et al.,
39

 the technique has developed 

rapidly. The preparation process and principle of this technique are very simple, as 

shown in Figure 2.1.
15

 First, a charged surface is immersed into a solution 

containing an oppositely charged polyelectrolyte. After a certain time, a 

molecularly thin layer of this polyelectrolyte will form due to the electrostatic force. 

After a water rinse, the loosely adsorbed polyelectrolyte is washed away. 

Subsequently, the substrate is immersed into another solution containing a 

polyelectrolyte charged oppositely to that of the previous polyelectrolyte. Another 

molecularly thin layer is formed after a certain time. With the process repeated, a 

structured film with a controlled thickness can be formed easily.  
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Figure 2.1 Schematic diagram of the LbL process. Reproduced with permission from [15]. 

Copyright 1997 American Association for the Advancement of Science. 

    There are many advantages of the LbL technique:
5, 40-41 

The process is easy; no 

sophisticated equipment is needed; many building blocks such as synthetic 

polyelectrolytes, biomacromolecules (such as DNA, proteins, and polysaccharides), 

and nanoparticles can be used in the assembly; various materials with essentially 

any geometry can be used as substrates; and the physicochemical properties of 

assembled film can be controlled easily at a molecular level by adjusting the 

assembly condition and building blocks. The driving forces of LbL films are not 

limited to electrostatic interactions.
6
 In recent years, they have been extended from 

electrostatic force to hydrogen bonding, coordination bonding, biological 

recognition, covalent bonding, and hydrophobic interaction. The simplicity, 

versatility, and robustness of this technique have made it attractive to more and 

more scientists. Potential applications of this technique have been developing 
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rapidly and include biosensors, catalysis, membrane separation, soft electrode, 

modulation of cell surface interaction, and drug delivery.
42-46 

 

2.2 Weak polyelectrolyte as a building block for LbL assembly 

    Weak polyelectrolytes are polymers whose charge density is widely tunable 

through the adjustment of solution pH. Weak polyelectrolyte chains with higher 

charge density are more rigid, whereas chains collapse with more coiled 

conformation when the charge density is lower.
47-48

 Thus, the conformation and 

size of weak polyelectrolytes can also be modulated accordingly by solution pH. 

Weak polyelectrolytes represent a broad range of polymers including polyamines, 

polycarboxylic acids, DNA, numerous polysaccharides, polypeptides, and 

conducting polymers (a few examples are listed in Figure 2.2). A lot of novel weak 

polyelectrolytes with diverse functions are also synthesized, greatly expanding the 

range of weak polyelectrolytes.
49-52

 With their diversity in chemical species and 

tunability in charge density, conformation, and size, weak polyelectrolytes have 

attracted tremendous interest in terms of fundamental science
47, 53-55

 as well as 

practical applications.
56-58
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Figure 2.2 Typical examples of weak polyelectrolytes 

    Recently, a lot of effort has been made to adopt weak polyelectrolytes as 

building blocks for LbL assembly. Many unique characteristics and advantages 

have been revealed for weak polyelectrolyte-based LbL assembly. First, the pH-

tunable charge density of weak polyelectrolytes renders their assembly behavior 

and the final physicochemical properties of multilayers highly sensitive to 

assembly pH.
23, 35, 59

 Second, the assembled multilayers may be responsive to 

environmental pH, as both the electrostatic interaction between building blocks and 

polyelectrolyte conformation can be readily changed by the environmental pH.
34, 37, 

60-61
 Third, although pH plays a dominant role in determining multilayers‟ 

properties, other factors also affect them.
62-64

 Last but not the least importance, 

novel applications are enabled due to the multilayers‟ diverse chemistry, unique 

tunable structures, and rich suite of properties.
25, 57, 65-67

  

    The area of weak polyelectrolyte-based multilayers is expanding very rapidly. 

Previously, this type of research focused primarily on linearly grown, all-weak-

polyelectrolyte multilayers.
23, 35, 59

 More recently, however, LbL assembly 

involving weak polyelectrolytes and many other components including strong 
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polyelectrolytes,
37, 68-69

 neutral polymers
8, 70-71

 and nanoparticles
72-74

 has been 

investigated. These multilayers can inherit the advantages of weak polyelectrolytes 

and incorporate the unique characteristics of the other components; therefore, they 

may have novel structures, properties, and applications.
25, 38, 72, 75

 Weak 

polyelectrolyte systems that show exponential growth during the LbL assembly 

process have also been explored recently.
63, 76-78

 Their properties can be distinct 

from those of linearly grown weak polyelectrolyte multilayers, and they can easily 

incorporate other components such as nanoparticles to further enrich their 

properties.
21, 60, 76-77, 79-85

 

2.3 Superior controllability of structure and properties of weak 

polyelectrolyte multilayers 

2.3.1 pH-controlled properties of weak polyelectrolyte multilayers 

    Several studies have shown that the bilayer thickness, chemical composition, and 

layer interpenetration of weak polyelectrolyte multilayers can be controlled 

accurately at a molecular level.
23, 86-87

 Rubner et al. have studied the LbL assembly 

of the synthetic weak polyelectrolytes PAH and PAA.
23

 When the pH is in the 

range of 2.5 to 4.5, the thickness of the PAH layer and PAA layer is solely 

dependent on the solution pH. With an increase in the assembly pH, the PAA 

layer‟s thickness decreases due to increased charge density and reduced loop and 

tail segmental density. For the PAH layer, however, thickness remains essentially 

unchanged, as the polymer chain is nearly fully charged in this pH range. More 

interestingly, the thickness ratio of the PAH and PAA layer determines the 
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interpenetration between layers. Thus, by simply controlling the assembly pH to 

control the layer thickness, one can accurately control the interpenetration level 

between layers.  

    The swelling capability of polyelectrolyte multilayers in aqueous solutions plays 

an important role in applications such as membrane separation,
88

 biomaterials,
36

 

sensors,
73

 and drug delivery.
89

 Barret et al. have studied the swelling dynamics of 

PAH/PAA multilayers.
90

 The swelling extent, swelling rate, and the time to reach 

maximum swelling can all be tunable by assembly pH, possibly as a result of pH-

tunable ionic cross-linking and loop density. To further understand the swelling of 

weak polyelectrolyte multilayers, Barret et al. also studied PAH/HA multilayers.
91

 

Solution pH plays important roles in multilayer swelling in addition to other factors 

such as ionic strength and thickness. The largest swelling extent occurs at the low 

or high assembly pH when multilayers have low ionic cross-linking density and a 

large number of loops and tails are available for proton exchange (Figure 2.3). The 

highly pH-dependent swelling behavior of weak polyelectrolyte multilayers was 

also observed for PLL/HA multilayers,
35

 which always swell much more when 

assembled at pH 9 than at pH 5 at all the swelling pH levels studied, due to weakly 

charged PLL molecules at pH 9 forming loosely cross-linked multilayers with HA.    
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Figure 2.3 The swelling of (PAH/HA)15 film assembled at pH 4.0 (○), pH 7.0 (□), and pH 10.0 

(▲) at different swelling solution pH. The uncertainty in the swelling ratio is ±0.6-1.0%. 

Reproduced with permission from [90]. Copyright 2005 American Chemical Society. 

    The mechanical properties of polyelectrolyte multilayers can be related to 

interchain ionic cross-linking and molecular conformation in multilayers, which are 

tunable via the assembly pH for weak polyelectrolyte multilayers. PAH 7.5/PAH 

3.5 multilayers have a much lower hardness and elastic modulus than PAH 

6.5/PAA 6.5 multilayers due to the loopier conformation of polymers in PAH 

7.5/PAH/3.5 multilayers, which adapt more easily to the force added. 
92

 Significant 

effects of ionic cross-linking on Young‟s modulus of weak polyelectrolyte 

multilayers in an aqueous environment have been reported. Young‟s modulus can 

be enhanced by several orders of magnitude for the PAH/PAA system by simply 

increasing the assembly pH from 2.0 to 6.5, due to greatly increased ionic cross-
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linking density inhibiting the swelling in aqueous solution.
93

 The importance of 

ionic cross-linking density on the elastic modulus has also been studied by Barret 

et al. using PAH/PAZO as a model system.
94

 The elastic modulus of the multilayer 

film assembled with a strongly charged PAH (assembly pH 5.0 and 7.0) is on the 

order of 50 times greater than that assembled with a weakly charged PAH 

(assembly pH 9.0 and 10.5).   

    The conductivity of weak polyelectrolyte multilayers can also be controlled by 

assembly pH. Rubner et al. have studied the dielectric property of PAH/PAA 

multilayers. With an increase in the assembly pH from 3.5 to 6.5, the charge 

density of PAA increases to form more ionic association with PAH. Consequently, 

fewer small ions are incorporated, making the film less conductive.
27

 Hammond et 

al. have studied the ionic conductivity of a series of multilayers.
71, 95-96

 For the 

weak polyelectrolyte pair LPEI/PAA, the ionic conductivity of multilayers 

assembled at pH 5 is one order of magnitude greater than that of multilayers 

assembled at pH 2. It is possible that at pH 5, there is high content of mobile and 

uncoordinated PEI chains to enhance ion mobility more efficiently than carboxylic 

acid groups.
95

 The pH tunability of ionic conductivity for hydrogen-bonded weak 

polyelectrolyte involved multilayers such as PEO/PAA multilayers
96

 or MEEP/PAA 

multilayers has also been demonstrated by the same group.
71

 The hydrogen 

bonding-driven LbL assembly involving weak polyelectrolytes will be discussed 

later.  

    Weak polyelectrolyte multilayers can be responsive to environmental pH. Novel 

structures have been observed through the simple pH treatment of weak 
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polyelectrolyte multilayers. A microporous film was obtained after brief immersion 

of the PAH/PAA multilayer (assembled at pH 7.5 for PAH solution and 3.5 for PAA 

solution) in water with a pH around 2.4.
34

 Further optimization of the assembly pH 

and posttreatment procedure (acid treatment plus a brief rinse in water) would 

generate a nanoporous film that exhibits excellent antireflective properties.
26

 The 

transition from nonporous to nanoporous status is reversible only by changing the 

environmental pH (Figure 2.4). Hammond et al. have studied the morphological 

change of the exponentially grown PEI/PAA multilayer after post pH-treatment.
60

 

With only slight change to the assembly pH and posttreatment pH, various 

morphologies with pores from the nanometer scale to the micrometer scale were 

observed. For example, the PEI/PAA multilayer assembled at pH 5 exhibited 

nanoporous morphology after posttreatment at pH 1.75 but a heterogeneous 

structure with distinct nanopore and micropore regions at pH 2. Instead, a craterlike 

micropore was obtained at pH 3. The pore volume was as high as 72% at 

posttreatment pH 2 and was even 77% at pH 2.25.  
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Figure 2.4 AFM images of PAH/PAA multilayers on silicon substrates. a, original non-porous 

structure. b, nanoporous structure after pH treatment. c, non-porous structure created during pH 

cycling. The z range is 100 nm. Reproduced with permission from [26]. Copyright 2002 Nature 

Publishing Group. 

    Properties such as wettability, swelling, and permeability can also be tuned by 

the environmental pH. The water contact angle of PLL/HA multilayers can be 

changed at different environmental pH values.
35

 At high environmental pH, the 

PLL has more –NH3
+
 group deprotonized to increase hydrophobicity, while HA has 

more -COOH group ionized to increase hydrophilicity. Rubner et al. have studied 

the swelling of PAH7.5/PAA3.5 multilayers on plane substrate and 

PAH7.5/PAA3.5 nanotube array attached on substrate.
61

 The thicknesses of both 

PAH7.5/PAA3.5 multilayers and PAH7.5/PAA3.5 nanotube array can reversibly 

change when subjected to pH above around 5.5 and 2 alternatively (Figure 2.5). 

Mauser et al. have studied the swelling behavior of P4VP/PMA multilayer capsules 

under different pH values.
97

 The shell swells significantly at pH 2 and pH 8.1 due 

to the net strong electrostatic repulsion between building blocks at these two 

extremes. The shell is stabilized by hydrophobic force at these conditions. Park et 
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al. have fabricated stable weak polyelectrolyte multilayers with benzophenone-

modified PAA (PAA-BP) and benzophenone-modified PAH (PAH-BP) followed by 

photo-cross-linking to show a pH-sensitive bipolar ion-permselective property.
50

 

Tong et al. have successfully fabricated stable cross-linked PEI and PAA multilayer 

capsules with pH-sensitive permeability.
98

    

 

Figure 2.5 CLSM images of (PAH7.5/PAA3.5)20 tube arrays. (a, b) Higher-magnification plan-

view in pH 5.5 and 1.8 water, respectively. Both images were scanned at half tube length (not 

compiled from multiple scans at different heights). (c, d) Compiled side-view images of panels 

a and b, respectively. Scale bars: 5 μm. Reproduced with permission from [60]. Copyright 

2009 American Chemical Society. 

2.3.2 Other factors that can tune the properties of weak polyelectrolyte 

multilayers 

    Although the properties of weak polyelectrolyte multilayers are dominated by 

pH, they can also be affected by other factors such as the hydrophobicity of 
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polyelectrolytes,
99-100

 ionic strength,
62, 101-102

 molecular weight,
33, 52, 63

 cross-

linking,
64, 103-104

 and the addition of other components into a weak polyelectrolyte 

solution.
75, 105-106

 

    Illergard et al. have studied the effect of hydrophobilization on the LbL assembly 

of PVAm and PAA by modifying the PVAm with alkyl chain.
99

 The 

hydrophobilization of PVAm does not have a significant effect on its dispersion in 

solution and its LbL growth behavior with PAA, but the surface morphology can be 

greatly changed with aggregation between the hydrophobically modified PVAm at 

the same salt concentration. The multilayers assembled with hydrophobically 

modified PVAm and PAA have a higher contact angle than that with unmodified 

PVAm and PAA. Dai et al. have changed the hydrophobicity and charge density of 

PAA by esterification.
100

 As a consequence, the hydrophobicity of PAH/d-PAA 

multilayers increases a great deal compared to PAH/PAA multilayers. Furthermore, 

the permeability of LbL-assembled PAH/d-PAA multilayers to Ru(NH3)6 
3+

 and 

Fe(CN)6 
3-

 is greatly reduced. Hydrolysis after cross-linking renders the film 

selectively permeable to Ru(NH3)6 
3+

 over Fe(CN)6 
3-

 due to the high density of 

COO
-
 produced from the ester group.  

    The properties of weak polyelectrolyte multilayers can be further tuned by 

adjusting the salt concentration. Caruso et al. have fabricated a nanoporous 

PAH/PAA film by assembling the PAH and PAA multilayers in a salt solution, 

followed by washing with pure water.
62

 Kovacevic et al. have studied the effect of 

salt concentration and type on the formation and stability of weak polyelectrolyte 

multilayers.
101

 A critical “glass transition ionic strength” is needed to dissolve the 
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fabricated multilayers, and this ionic strength is dependent on not only the salt 

concentration, but also the salt type and polymer type. Rubner et al.
102

 have 

investigated the salt-controlled etching of PAH/PAA multilayers. The relative 

thickness change after etching was determined by NaCl concentrations, the 

increase of which can decrease the residual relative thickness.  

    The molecular weight of polyelectrolytes has a great effect on the LbL assembly 

of weak polyelectrolytes. For the typical PAH/PAA multilayer system, when a 

nearly fully charged polyelectrolyte PAA (pH=5) is alternatively assembled with a 

fully charged polyelectrolyte PAH (pH=5) layer, the adsorbed layer exhibits loopy 

conformation, and its thickness is proportional to M
0.3 

(M is the molecular weight 

of the adsorbed polymer).
33

 For the exponentially grown weak polyelectrolyte 

multilayers CH/HA, the thickness change versus molecular weight similarly obeys 

the scaling law, and the scaling exponent is 0.35±0.06. No effect of molecular 

weight on the exponential growth rate was observed.
63

 Furthermore, the transition 

from islands to vermiculate structure is dependent on the molecular weight. A 

smaller molecular weight will generate larger wormlike domains.
63

 Sun et al. have 

studied the effect of molecular weight on the growth mode of LbL assembly of 

PAH/PAA.
52

 Although the PAH/PAA multilayers assembled from commercially 

available high-molecular-weight PAA show linear growth behavior, the PAH/PAA 

multilayers from synthesized low-molecular-weight PAA exhibit exponential 

growth. The exponential growth of weak polyelectrolyte multilayers will be 

discussed in detail below.  

    Cross-linking of weak polyelectrolyte multilayers has a profound effect on their 
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properties. A photo-cross-linkable weak polyelectrolyte poly(acrylic acid-ran-

vinylbenzyl acrylate) (PAArVBA) was assembled with PAH via LbL technique.
64

 

After photo-cross-linking, the multilayers showed a significantly lower degree of 

swelling compared to the as-prepared multilayer. Furthermore, the ability to form a 

microporous structure by low pH treatment and water rinsing is lost for the cross-

linked multilayers. PLL/HA multilayers were cross-linked with EDC and sulfo-

NHS.
103-104

 The degree of cross-linking can be broadly controlled by the 

concentration of EDC, resulting in a wide range of modulation of the Young‟s 

modulus over 2 orders of magnitude. Consequently, the adhesion and spreading of 

human chondrosarcoma cells and differentiation of Myoblast can be controlled.  

    The properties of weak polyelectrolyte multilayers can also be tuned by adding 

one or more other polyelectrolytes into the weak polyelectrolyte assembling 

solutions. The obtained so-called polyelectrolyte blend multilayers can not only 

maintain the properties of weak polyelectrolyte multilayers, but also incorporate 

other unique characteristics.
75, 105-106

 PAH/PAA-PSS multilayers assembled from 

PAH and PSS added PAA combine the pH-responsive property of weak 

polyelectrolytes with the stabilization effect of strong polyelectrolytes (PSS).
105

 

Film thickness and film composition can be simply controlled by adjusting the ratio 

of PAA to PSS.
105

 By controlling the surface composition, one can even manipulate 

the interaction between protein and the multilayers.
107

 PGA-PSS/PAH multilayers 

have been studied to tailor the growth mode by adjusting the ratio of PGA and PSS 

in solution.
106

 After adding PSS into PGA, the growth shows an exponential trend 

followed by a linear trend with decreased slope. More PSS induce a greater 
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difference in the slope. Many other three-component systems have also been 

studied, including PSS-HA/PLL,
108

 DNA-PSS/PAH,
109

 and PGA-PLA/PLL.
110

 In 

principle, this combination can be extended to the LbL assembly of an unlimited 

number of components to realize multifunctionality.
75

  

2.4 LbL assembly incorporating weak polyelectrolyte and other 

components   

    Recently, the study of the LbL assembly of weak polyelectolytes has been 

extended from pure weak polyelectrolyte multilayers to multilayers composed of 

weak polyelectrolytes and other functional materials. In these multilayers, not only 

are the intrinsic properties of weak polyelectrolytes retained, but other unique 

properties might also be obtained.
25, 38, 72, 75

 In this section, the LbL assembly of 

weak polyelectrolytes and other components such as strong polyelectrolytes, 

neutral polymers, and nanoparticles will be reviewed.  

2.4.1  LbL assembly of weak polyelectrolyte and strong polyelectrolyte 

    Many studies have shown that the pH-tunable properties of weak 

polyelectrolytes can be retained in weak polyelectrolyte/strong polyelectrolyte 

multilayer systems.
68-69, 111

 Rubner et al. have studied the effect of weak 

polyelectrolyte charge density on the growth of weak/strong polyelectrolyte 

multilayers.
111

 With an increase in charge density, the bilayer thickness decreases 

with a particularly dramatic change point at the weak polyelectrolyte ionization 

degree of around 70-90%, very similar to that of PAH/PAA multilayers.
33
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Elzbieciak et al. have investigated the LbL assembly of PEI and PSS by changing 

the PEI assembly pH.
69

 Multilayers with usual growth were obtained at low PEI pH 

while nonmonotonous grown multilayers were produced at high PEI pH. The 

multilayers assembled from high-pH PEI showed higher permeability than those 

assembled from low-pH PEI. In addition to synthetic weak and strong 

polyelectrolytes, natural weak/strong polyelectrolyte multilayer systems have been 

studied. Fu et al.,
87

 Boddohi et al.,
68

 and other researchers
112-113

 have studied the 

LbL assembly of a chitosan/heparin system. As the pH increases, the chitosan 

charge density decreases but the heparin charge density remains nearly the same, 

leading to increased multilayer thickness.
68, 87

 Other properties of chitosan/heparin 

multilayers such as surface roughness and wettability can be controlled by 

assembly pH as well.
87

 Besides the retained weak polyelectrolyte properties, 

weak/strong polyelectrolyte multilayers have advantages and properties compared 

to the pure weak polyelectrolyte multilayers. For example, the strong 

polyelectrolyte can increase the stability of multilayers,
75

 the multilayers are more 

likely to be grown linearly with a more regular layered structure,
114-115

  and a 

thinner film with a more compact structure can be obtained.
25, 116

  

2.4.2 LbL assembly of weak polyelectrolyte and neutral polymer 

    Multilayers composed of weak polyelectrolytes and neutral polymers are driven 

primarily by hydrogen bonding.
8
 In sharp contrast to electrostatically assembled 

multilayers, in which the ionization degree of most weak polyelectolytes will 

increase due to the formation of ion pairs compared to that in solution,
111, 117

 the 

ionization degree of weak polyelectrolytes in hydrogen-bonded multilayers can be 
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suppressed to enhance the pH-responsive properties of weak polyelectrolytes.
8, 118-

119
 For example, the neutral polymer/poly(carboxylic acid) multilayers dissolve 

after assembly or cannot be assembled above a certain pH.
8, 71, 120

 The lightly cross-

linked hydrogen-bonded multilayers composed of polyacrylamide and weak 

polyelectrolyte such as PAA and PMAA can be swollen to a great extent in the 

physiological environment to significantly resist cell adhesion.
38

 A lot of unique 

properties have been revealed for these hydrogen-bonded multilayers. 

PVPON/PAA multilayers after incubation show Fabry-Perot fringes that are 

sensitive to the water content of the film.
121

 The study of Fabry-Perot fringes shows 

that the optical thickness of the incubated film is linear to the ambient humidity; 

thus, the multilayers can serve as humidity sensors. The PMAA/PVME and 

PMAA/PVCL hydrogen-bonded multilayers retain the thermoresponsive property 

of PVME and PVCL, thus offering great potential for drug delivery.
122

 For a more 

comprehensive understanding of hydrogen-bonding driven assembly, a specific 

review can be referred.
8
 

2.4.3 LbL of weak polyelectrolytes and nanoparticles 

    Nanoparticles have received particular attention in recent years due to their large 

surface area and unique physical and chemical properties.
123-126

 Recently, the LbL 

assembly of weak polyelectrolytes and nanoparticles has attracted a great deal of 

interest, as it can combine the advantages of the LbL assembly of weak 

polyelectrolytes with the unique properties of nanoparticles.
72-74, 127-128

 Li et al. 

have studied the pH-controlled assembly of PEI and Laponite clay.
72

 The thickness 

of the films can be tuned by the assembly pH. Furthermore, the films have a high 



24 

 

degree of hardness and highly reduced moduli and can improve the thermal 

stability of cotton fabric due to the incorporation of clays. Geest et al. have 

assembled PAH and gold nanoparticles on CaCO3 microparticles.
74

 After removing 

CaCO3 microparticles, the PAH/Au nanoparticle microcapsules were obtained, 

showing pH-responsive properties. At low environmental pH, the gold nanoparticle 

is less negatively charged but the PAH is more positively charged, leading to a net 

electrostatic repulsion to swell/break the capsules. The same phenomenon can also 

be observed at high pH when the PAH is less positively charged and the gold 

nanoparticle is fully charged. Furthermore, the capsules can be disrupted under the 

irradiation of IR light due to the incorporation of gold nanoparticles. The multi-

responsive microcapsules have great potential for drug delivery. Jiang et al. have 

studied the SPR response of PAH/Au multilayers to environmental pH.
73

 Similarly, 

at high or low pH, the multilayers swell due to the electrostatic repulsion increasing 

the interparticle spacing of Au nanoparticles. Thus, the LSPR peak blue shifts 

accordingly compared to that at neutral pH. The response of the SPR (ATR) signal 

enhancement to environmental pH can also be controlled by fabricating the hybrid 

PAH/PSS and PAH/Au multilayers, as the PAH/PSS can reversibly swell and 

deswell with pH change to adjust the distance between Au nanoparticles with Ag 

substrate.    

2.5 Exponentially grown multilayers incorporating weak 

polyelectrolytes 

    Traditional LbL systems usually exhibit the linear growth of thickness governed 
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by the kinetically frozen internal structures and charge reversal.
15, 114-115

 Recently, 

the multilayers obtained from exponentially growing LbL assembly have attracted 

tremendous interest.
21, 60, 63, 76, 78, 82-84, 116

 The thickness of these multilayers can 

increase exponentially with the bilayer number, greatly accelerating the fabrication 

process.
76, 84, 129

 Furthermore, these multilayers usually exhibit distinct structures 

and unique properties compared to linearly grown multilayers.
80-82, 130

 Until now, 

although some strong polyelectrolytes have been reported to exhibit exponential 

growth behavior in extreme conditions, most reported systems are weak 

polyelectrolyte incorporated systems, including PLL/HA,
78

 PLL/PGA,
131

 

chotosan/HA
63

, PEI/PAA,
76

 and PDDA/PAA.
130

  

     Many studies have been conducted to explore the mechanism of exponential 

growth. The interdiffusion of one or two of the building blocks during assembly 

has been recognized as the main mechanism for most systems.
21, 76, 78, 131-132

 Picart 

et al. have studied the mechanism of exponential growth of PLL/HA multilayers.
78

 

When the multilayer film is in contact with PLL, PLL will not only compensate for 

the surface charge, but also penetrate as free PLL chains into the film, some of 

which diffuse out of the film during rinsing. When the PLL-terminated multilayer 

film is further immersed into HA solution, the HA will complex with not only the 

surface PLL, but also the free PLL inside the film. As the free PLL is proportional 

to the film thickness, the thickness will show exponential growth (Figure 2.6).
78-79

 

In certain systems such as PLL/PGA, not only PLL, but also PGA can diffuse in 

and out of the film.
131

 The interdiffusion of polyelectrolytes to drive exponential 

growth is also observed in synthetic weak polyelectrolyte incorporated systems 
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such as PEI/PAA multilayers,
76

 in which PEI is an interdiffusing component, and 

PDDA/PAA multilayers,
130

 in which PAA is an interdiffusing component. The 

factors that influence the interdiffusion of weak polycations have been 

systematically studied by Hammond et al. using PXV/PAA as a model system.
114-

115
 Loose ionic cross-linking of the multilayers and preferential interaction between 

studied polycations with polyanions in the film favor the interdiffusion of 

polycations.
114

 The charge density of polycations is also important.
115

 For all of the 

polycations studied, including LPEI, BPEI, PAH, and PAMAM, there is a critical 

ionization degree below which the interdiffusion is possible. The interdiffusion 

capability is also related to the intrinsic properties of the polymer itself.
115

 For 

example, PEI has a stronger diffusion capability than PAH, possibly due to its more 

hydrophilic properties. Laugel et al. have managed to relate exponential growth to 

the polyanion/polycation complexation enthalpy.
116

 The exponentially grown film 

has an endothermic or weakly exothermic complexation reaction. Furthermore, the 

growth of model exponential PGA/PAH multilayers at high salt concentration is 

very sensitive to temperature, but its enthalpy changes little with temperature. Thus, 

the exponential growth process is mainly driven by entropy.   
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Figure 2.6 The buildup mechanism of PLL/HA film. (A) At the end of a HA deposition step 

with a negative electrostatic potential at the top of the film. (B) and (C) PLL interacted with the 

surface HA and diffused into the film. The chemical potential of free PLL chains increased 

until equal to that of the PLL chains in the solution. (D) Free PLL chains diffused out during 

rinsing with diminishing chemical potential. (E) and (F) HA chains interacted with the 

outermost PLL and diffusing PLL (due to the disappearance of positive electrostatic barrier) 

during HA assembly step to form PLL/HA complexes as the outermost layer. Reproduced with 

permission from [78]. Copyright 2004 American Chemical Society. 

    With weak polyelectrolytes incorporated, the exponential growth of multilayers 

is highly dependent on pH. Fu et al. have systematically studied the pH effect on 

the LbL assembly of PEI and PAA.
76

 When both PEI and PAA solutions are at 

neutral pH, the growth is nearly linear. Either decreasing the assembly pH of PAA 

or increasing the assembly pH of PEI will significantly accelerate the assembly 

process. Thickness of several micrometers after less than 10 deposition cycles can 

even be achieved. The amplified exponential growth can be explained by the 

enhanced PEI interdiffusion and pH-tunable charge density of both the film and the 

polyelectrolyte. Burke et al. have studied the effect of pH on the growth of 

exponential PLL/HA multilayers.
35

 Of the multilayers assembled at pH 5.0, 7.0, 
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and 9.0, the thickest film was obtained at pH 9.0, while the thinnest film was 

assembled at pH 7.0. This is because at pH 9.0 or 5.0, the PLL or HA is less 

charged to be adsorbed on the surface with loopier conformation and a larger 

amount. Other factors such as salt concentration,
79, 116

 molecular weight,
63

 and 

temperature
133

 can also affect exponential growth behavior. Richert et al. have 

studied the effect of salt concentration on the growth of CHI/HA multilayers.
79

 

With an increase of salt concentration from 10
-4

 M to 0.15 M, the growth mode 

shifts from linear to exponential. At low salt concentration (10
-4

 M), CHI/HA 

multilayers are difficult to form, whereas the continuous film is quickly formed 

after just a few deposition steps at high salt concentration. The effect of molecular 

weight on the growth and morphology of exponentially grown CH/HA multilayers 

has been studied by Kujuwa et al..
63

 A higher thickness is achieved when the 

molecular weight is higher. Furthermore, the transition from isolated islands to 

interconnected domains occurs earlier for the multilayers assembled from small 

molecular weight pairs. Laugel et al. have studied the effect of temperature on the 

growth of exponential multilayers.
116

 The thickness of exponentially grown 

PGA/PAH (50 mM salt concentration) multilayers is much more sensitive to 

temperature than that of PGA/PAH (1mM salt concentration) due to the entropy-

driven assembly behavior of exponentially grown multilayers.
116

  

    A lot of unique properties of exponentially grown multilayers have been revealed 

in recent years. The multilayers are extremely loose with high density of loop and 

tail segments, allowing molecules with large molecular weight and even 

nanoparticles to penetrate in.
80-82, 130

 Wang et al. have found that the oligo-peptide 
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can penetrate into PLL/HA exponentially grown multilayers for loading.
81

 Kotov et 

al. have fabricated PDDA/PAA exponentially grown film to load nanoparticles 

including quantum dots,
130

 silver nanoparticles,
80

 and even SWNT.
82

 The 

exponentially grown multilayers have highly mobile polyelectrolyte chains, which 

have been employed to drive the self-assembly of nanostructures.
21, 77

 Hammond et 

al. have found that the rod-shaped M13 viruses could form an ordered monolayer 

on the surface of PEI/PAA multilayers during the assembly process.
77

 This ordering 

process occurs largely due to the high mobility of PEI in the multilayer and is 

driven by the competitive interaction between viruses and polyelectrolytes, 

interpolyelectrolyte interaction, and the intrinsic nature of viruses (Figure 2.7). 

Kotov et al. have realized a periodical structure composed of alternative 

nanometer-scale inorganic layer and micrometer-scale polymeric layer.
21

 This 

structure is attributed to the strong, unequal diffusion rate of polymers and is 

determined by the relative position of the meeting point of the in-and-out flux of 

polymers to the film center and MTM layer. Due to the incorporation of weak 

polyelectrolytes, the diffusion and mobility of weak polyelectrolytes in 

exponentially grown multilayers can be controlled through the assembly pH. 

Hammond et al. have employed the pH-controlled surface mobility of 

polyelectrolytes to control the assembly of M13 virus.
134

 When the pH increased 

from 3 to 5, the charge density of PEI becomes lower to form a thicker PEI layer 

with enhanced lateral mobility to increase the order of M13 assembly. The same 

group has also controllably fabricated the micro/nano porous structure using the 

pH-controlled assembly of PEI/PAA followed by a low-pH treatment.
60

 The low-
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pH treatment breaks the ionic interaction in the multilayers, causing phase 

separation to form the hierarchical structures. The formation process is fast due to 

the quick diffusion of polyelectrolytes. Fu et al. have exploited the pH-enhanced 

exponential growth of PEI/PAA multilayers to fabricate a hierarchical micro/nano 

composite structure successfully.
76

 The fast growth of multilayers is largely due to 

the enhanced diffusion of polyelectrolyte with the alternate switching of assembly 

pH. After hydrophobilization, the multilayer surface can easily exhibit 

superhydrophobicity.   

 

Figure 2.7 Height-mode AFM images of virus organization on multilayers during the assembly 

process. (Z-range, height scale, 20 nm). a, initial disorderly adsorbed viruses on (LPEI/PAA)3.5. 

b–e, alternating depositions of LPEI and PAA onto the prepared virus layer of a. f, after further 

deposition of (LPEI/PAA)4.5 onto the surface of e. The scale bar in a refers to all parts. 

Reproduced with permission from [76]. Copyright 2006 Nature Publishing Group. 

2.6 Applications of weak polyelectrolyte-based multilayers 

    Due to their molecular-level controlled structures and rich suite of unique 

properties, LbL-assembled multilayers including weak polyelectrolyte-based 
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multilayers have found a lot of applications in optoelectronics,
28, 30-31

 biomedicine,
6, 

9
 membrane separation,

25, 135
 and other areas.

5, 41, 136
 In this section, we will focus 

on those applications that we think are most relevant to weak polyelectrolyte-based 

multilayers.      

2.6.1 Drug delivery 

    PAH/PAA multilayers assembled at pH 2.5 have a large number of 

uncompensated carboxylic acid groups that can be ionized at high pH to bind 

permeable cationic molecules. Based on this principle, Rubner et al. have studied 

the drug loading and release behavior of PAH/PAA multilayers using Methylene 

Blue (MB) as an indicator.
57

 MB can be loaded into multilayers at neutral solution 

(nonbuffered or buffered), and the release of MB can be controlled via 

environmental pH. Barret et al. have studied the loading and release behavior of 

PAH/HA films with two dyes, Indoine Blue and Chromotrope 2R.
89

 PH plays a 

dominant role in the loading and release.  The maximum loading can be obtained at 

the pH value the maximum attraction between dyes and films, the minimum 

repulsion between dyes and films and greatest J-aggregation of dyes is achieved, 

while the fastest release can be achieved at the pH value the repulsive force is 

largest. Poly(AAc-co-NIPAAm)/polyVAm multilayer film has proven able to load 

anionic dyes.
137

 The responsiveness to pH or ionic strength is related to the charge 

of the dyes that are used. The release rate and released amount of MO, a dye with a 

single charge unit, cannot be controlled. However, the release of AR, a dye with 

double charge units, can be controlled via both ionic strength and pH. As the ionic 

strength or pH increases, the interaction between AR and film is weakened, 
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resulting in a faster release. The pH-switchable swelling of PAH/PSS multilayers 

has been employed to load and release rose bengal as a model anionic drug.
37

 At an 

adequately low pH, the multilayers can become swollen with positive charges to 

load rose bengal. Interestingly, the release of rose bengal can last days to weeks in 

pH 7.4 buffered solutions, in sharp contrast to common weak polyelectrolyte 

multilayers, which can release drugs completely in only a few minutes. 

Microporous and nanoporous films obtained from post treatment of PAH/PAA 

multilayer films have also been utilized for drug delivery applications.
138

 Both 

loading and release can be controlled. For example, closed pores cannot load drugs, 

whereas the total amount of drugs loaded into microporous or nanoporous films 

can be tuned by the bilayer number. The release profile can be controlled by 

adjusting the pore size of the films: the microporous film shows a Fickian diffusion 

mode, while the nanoporous film shows a linear release mode. It is noteworthy that 

drug release from some of these multilayers can last over 20 days in PBS (Figure 

2.8).   
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Figure 2.8 Cumulative cytochalasin D release from 50-3(5NP-50) and 15MP films versus time 

(drug loaded from a 0.2 mg/mL DMSO solution in both cases). Reproduced with permission 

from [137]. Copyright 2006 American Chemical Society. 

2.6.3 Tunable biointerfaces 

    Weak polyelectrolyte-based multilayers can also be used as tunable biointerfaces. 

Rubner et al. have studied the adhesion behavior of NR6WT fibroblasts on 

PAH/PAA multilayers.
36

 By controlling the assembly pH, one can tune the ionic 

cross-linking density accordingly. It is interesting to note that the cell adhesion can 

be modulated by the ionic architecture of multilayers. The cells can easily attach to 

multilayers assembled at pH 6, or at pH 7.5 for PAH and pH 3.5 for PAA, both of 

which are highly ionically cross-linked. However, few cells can attach to the 

multilayer assembled at pH 2.0, which is loosely cross-linked. This is due to the 

highly swollen and gel-like nature of the film, which appears to be regarded as 

water by cells. The highly cell-resistant film is also fabricated by assembling 

PAAm and PAA or PMA via hydrogen-bonding driven LbL deposition, which 
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swells greatly in a physiological environment.
38

 Fu et al. have fabricated 

chitosan/heparin multilayers at different assembly pH levels to exhibit both anti-

adhesion and antibacterial properties to reduce infection induced by a medical 

device.
87

 Both the antibacterial property and the anti-adhesion property can be 

controlled through adjustment of the assembly pH (Figure 2.9).  
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Figure 2.9 Top images: SEM images of (a) pristine PET, (b) the (heparin/chitosan)6 multilayer 

film assembled at pH 2.9, (c) the (heparin/chitosan)6 multilayer film assembled at pH 3.8, and 

(d) the (heparin/chitosan)6 multilayer film assembled at pH 6.0 after exposure to 5×10
7
 cells/ml 

E. coli for 4 h. Bottom image: Change in the viable E. coli cells with time exposed to the 

modified films. Reproduced with permission from [86]. Copyright 2009 Elsevier. 
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2.6.4 Synthesis of nanostructures by nanoreactors  

    The weak polyelectrolyte multilayers can be used as nanoreactors to synthesize 

various nanostructured materials. Available carboxylic acid groups in the PAH/PAA 

multilayers assembled at low pH can be used to bind cationic precursors such as 

Ag
+
 to synthesize silver nanoparticles.

67, 139
 Furthermore, by simply manipulating 

the assembly pH to tune the free available carboxylic acid groups, one can control 

silver concentration and nanoparticle size.
67

 Semiconductor nanoparticles such as 

PbS
139

 and ZnS
140

 can also be synthesized by sulfidation of loaded metal ions. The 

anionic precursors can be loaded after pH-induced molecular rearrangement. The 

PAH7.5/PAA3.5 multilayers at very low pH conditions (pH~2.3) produce free 

ammonium groups due to the protonization of carboxylate groups and the 

rearrangement of the multilayers for successful loading of AuCl4
-
 to synthesize 

gold nanoparticles (Figure 2.10).
141

 In addition to PAH/PAA multilayers, many 

other multilayers have been used to synthesize nanomaterials. All-polysaccharide 

multilayers assembled from chitosan and heparin have been used to synthesize 

metal nanoparticles with controlled metal concentration and nanoparticle size by 

controlling the assembly pH and loading pH.
142

 The synthesis of silver 

nanoparticles has also been demonstrated in TiO2-incorporated chitosan/heparin 

multilayers based on the same principle.
143

 The synthesis of two types of 

nanoparticles in one polyelectrolyte multilayer has been demonstrated by using the 

PSS-PAA/PAH multilayer capsules as a template.
144

 Another route to in situ 

synthesis of the nanoparticles involves the incorporation of the precursor during the 

assembly process, followed by in situ reduction. Multilayers of (PdCl4
2-

/PEI)n and 
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(PAA/PEI-Pd (II))n have been fabricated by Kidambi et al.
145

 After reduction of the 

precursor by NaBH4, Pd nanoparticles are successfully synthesized in both of these 

multilayers. Jiang et al. have assembled PAA-Ag
+
 and H3PW12O40 and PEI 

sequentially, and the Ag3PW12O40 nanoparticles can be synthesized successfully.
146

  

 

Figure 2.10 (a) Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM (as-assembled dry 

film thickness 292 nm) loaded with pH 2.3 gold salt and UV-reduced. (b) TEM image at higher 

magnification. Inset: Particle size distribution. The average particle size is 5.5 ± 1.9 nm. 

Reproduced with permission from [140]. Copyright 2008 American Chemical Society. 

2.6.5 Solid state electrolytes 

    With great improvement to ionic conductivity in recent years, weak 

polyelectrolyte-based multilayers have become promising candidates for solid state 

electrolytes. Rubner et al. have fabricated a PAH/PAA multilayer at assembly pH 

3.5 to obtain an ionic conductivity of 2×10
-7

 S cm
-1

 at a relative humidity of 85-90% 

at 23˚C.
27

 Later, Hammond et al. fabricated LPEI/PAA and LPEI/PAMPS 

multilayers with ionic conductivities as high as 1.0×10
-5

 S cm
-1

 and 1.5×10
-5

 S cm
-1

 

at 100% relative humidity after optimization, respectively.
95

 The higher ionic 

conductivity of LPEI/PAA multilayers relative to PAH/PAA multilayers might be 

due to the better hydrophilicity and stronger cation complexation capability of 
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LPEI compared to PAH. Ionic conductivity has been further increased by the same 

group using hydrogen-bonded PEO/PAA multilayers to achieve 5.5×10
-5

 S cm
-1

 at 

100% RH and room temperature.
120

 This high ionic conductivity is due to the 

greatly inhibited PEO crystallinity and good hydrophilicity of PEO and PAA. To 

further improve ionic conductivity, MEEP, a polymer with a highly flexible chain 

and good ionic conductivity, has been assembled with PAA to form MEEP/PAA 

multilayers via hydrogen bonding-driven LbL assembly.
71

 The multilayers have 

over 1 order of magnitude higher ionic conductivity than PEO/PAA multilayers. 

Such a high ionic conductivity can be ascribed to the good ion-conductive property 

of MEEP and high water transport property of the multilayers. To date, some of 

these multilayers have been used as solid state electrolytes in practical 

electrochemical systems. For example, a PEO/PAA multilayer film has been 

deposited on nucleopore membranes for the application of hydrogen fuel cells.
65

 

The ionic conductivity and the blocking effect of fuel crossover of PEO/PAA 

multilayer film render it a good candidate for fuel cell applications. The assembled 

fuel cell generates a power density of 17 mW cm
-2

 and PEM conductivity of 

2.4×10
-4

 S cm
-1

 at 55% RH.  

2.6.6 Membrane separation 

    LbL assembly provides a versatile route to the design of a filtration membrane 

with enhanced flux and selectivity. Miller et al. have systematically tailored 

nanofiltration properties using different polyelectrolyte multilayers including 

PSS/PDDA, PSS/chitosan, and chitosan/HA.
25

 As the charge density of chitosan is 

slightly lower than that of PDDA, the PSS/chitosan multilayer film has a lower rate 
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of rejection for the studied glucose/raffinose system but has a similar or slightly 

lower water flux, which might be due to its relatively high thickness. The 

chitosan/HA multilayers have the lowest rejections and highest water fluxes. Even 

the rejection of dextran with Mw 4000-6000 and myoglobin with Mw 17000 is less 

than 15%. The low rejections and high water fluxes are due to the diffusive ability 

of chitosan during assembly, which increases permeability greatly. Such films have 

great potential for protein separation. To understand the permeability of these 

multilayer films, Miller et al. have further correlated the permeability with 

swelling.
88

 The low charge density results in a high water swelling film with 

increased water uptake, which reduces rejections and increases fluxes. However, in 

the case of permeation in ethanol, there is no clear relationship between flux and 

swelling. Aravind et al. have coated PSS/chitosan multilayers on a polyether 

sulfone microfiltration membrane and studied its effect on protein separation.
147

 

Deposition of only a few layers of PSS/chitosan can sieve a protein such as BSA 

successfully. For all the proteins, both the charge factor and the size factor play 

important roles in permeation. For example, the permeation of BSA and ovalbumin 

at their isoelectric point is dependent on their size. For the permeation of 

ovalbumin and lysozyme through the multilayers with the same bilayer and at 

given pH, the charge factor seems to outweigh the size factor.  

2.6.7 Sensors 

    Weak polyelectrolyte-based multilayers have also shown great potential in 

sensor applications. Wang et al. have immobilized a fluorescent probe, H-PURET, 

on the electrospun nanofibers through LbL assembly using PAH as a partner.
66

 Due 
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to strong interaction between analytes and the fluorescent conjugated polymer and 

the ultrahigh area-to-volume ratio, the fluorescence of the fabricated materials can 

be efficiently quenched by cyt c and MV
2+

, leading to high sensitivity for the 

sensors. Wosnick et al. have alternately assembled PDDA and Poly(phenylene 

ethynylene), a weakly charged anionic polymer, on silica microspheres.
51

 Although 

the fluorescence of multilayer-coated microspheres is similar to that of free 

polymers in solution, the sensitivity of fluorescence to nitroaromatic quenchers is 

significantly enhanced, which is due to combined effects such as hydrophobicity, 

penetration of analytes, and electronic contact between analytes and fluorescent 

probes. Surface modification of PDMS by the LbL assembly of PEI and PAA 

followed by cross-linking with EDC and NHS endows PDMS with long-term 

hydrophilicity.
148

 After immobilization of BSA, anti-BSA, and protein G, an 

affinity surface is obtained for favorable antibody immobilization and low 

nonspecific binding.
148

 Via the ELISA method, detection of TGF-β is successfully 

realized with high sensitivity and good stability. Furthermore, a PDMS 

microfluidic sensing device is fabricated by incorporating protein G-immobilized 

hydrogel plugs into the PEI/PAA multilayer modified PDMS channel.
149

 ERα can 

be detected with good sensitivity and high specificity.   

2.7 Summary  

    In brief, weak polyelectrolyte-based multilayer assembly has been studied 

extensively, and significant progress has been achieved in this area. However, there 

is still a great need to further develop novel multilayers for unique properties and 
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practical applications and to understand their self-assembly mechanisms. LbL 

assembly of 2-natural weak polyelectrolyte has not been fully studied. It is believed 

that different natural weak polyelectrolyte pairs display distinct assembly kinetics 

and properties and that some of them might exhibit great potential for certain 

applications, particularly biomedical applications. For nanoparticle-incorporated 

weak polyelectrolyte systems, there is still no systematic study on the use of weak 

polyelectrolyte charge density to control nanoparticle organization and their 

collective properties. Furthermore, the fabrication of free-standing forms of weak 

polyelectrolyte/nanoparticle multilayers has not been fully conducted. Although 

some exponentially grown weak polyelectrolyte multilayers have been studied, the 

effect of pH on the assembly, especially in terms of the surface nanostructure and 

their applications in such as pH-responsive drug delivery, requires further study.  
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Chapter 3 Experimental Approaches 

3.1 Materials and equipment 

3.1.1 Materials 

    Chitosan (medium molecular weight), alginate (sodium salt, 20-40 cP, 1% in 

H2O (lit.)), rabbit IgG (purified immunoglobulin, technical grade), anti-rabbit IgG 

(whole molecule), goat IgG (purified immunoglobulin, technical grade), anti-goat 

IgG (whole molecule), bovine serum albumin (BSA) (minimum 98%, 

electrophoresis), Poly(ethyleneimine) solution (50% in water, Mw~750 K), sodium 

citrate tribasic dehydrate, Poly(acrylic acid) solution (PAA, 35% in water, Mw~100 

K), FITC-dextran (M~2000 K), FITC-dextran (M~250 K), 

Poly(diallyldimethylammonium chloride) (PDDA) solution (20 wt.% in water, 

medium molecular weight), Poly(sodium 4-styrene-sulfonate) (PSS) (Mw~70 K), 

crocein orange G (CG), and phosphate buffered saline (PBS) (pH 7.4, 10 mM, 

NaCl 138 mM) were all purchased from Sigma-Aldrich. Hydrogen 

tetrachloroaurate (trihydrate) was received from Acros, USA. Methylene blue (MB) 

was obtained from Research Chemicals Ltd.. Deionized water (18.2 MΩ•cm) was 

obtained from a Millipore Milli-Q water purification system. 

3.1.2 Equipment 

    Surface plasmon resonance equipment (The Autolab SPRINGLE system, Echo 

Chemie B.V., The Netherlands) was used to track the LbL assembly process and 

biomolecular adsorption and binding process.  
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    The contact angle was measured with the FTA 1000 contact angle system (First 

Ten Angstroms) to probe the wettability of a surface. 

    Field emission scanning electron microscopy (FE-SEM) was performed with a 

JEOL (JSM-6700F) microscope equipped with an energy dispersive X-ray (EDX) 

analysis unit at an acceleration voltage of 5 kV and a working distance of about 8 

mm to observe the surface morphology and element distribution. 

    The UV-visible (UV-vis) spectra were recorded by a UV-2450 spectrophotometer 

to study the buildup process of LbL assembly, LSPR peak intensity and position, 

and the drug loading and release. 

    Confocal laser scanning microscopy (CLSM) images were obtained with a Carl 

Zeiss LSM 510 META confocal microscope to study the formation of 

microcapsules and the permeability of microcapsules.  

    Transmission electron microscopy (TEM) was performed with a JEOL 2010 

microscope operated at 200 kV to characterize the morphology and internal 

structure of materials.  

    Atomic force microscopy (AFM) images were obtained with a Nanoman AFM 

(Veeco Metrology Group, USA) to study material surface morphology.  

3.2 Methodology 

3.2.1 Substrate cleaning before LbL assembly  

    Silicon wafers and glass slides used in this work were immersed in a freshly 

prepared piranha solution (H2SO4/H2O2, 7:3 v/v) for 1 hour of cleaning, followed 

sequentially by rinsing thoroughly with DI water, immersing in H2O2: NH3: H2O 
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(1:1:5) overnight, rinsing again with DI water, and drying with N2. The SPR gold 

chip was dipped into acetone and ethanol for 3 min each, followed by thoroughly 

rinsing with DI water for 3 min and drying with N2.  

3.2.2 pH adjustment of solutions 

    The pH of chitosan and alginate phosphate-citrate buffer solutions was adjusted 

using pure HAc or 0.5 M NaOH. The pH values of PBS, PEI PBS solution, PEI 

water solution, and alginate PBS solution were adjusted by 1 M HCl or 1 M NaOH. 

3.2.3 Material characterization techniques 

    SPR is a technique for the real-time and label-free monitoring of biospecific 

binding events and macromolecular interactions. The principle of SPR 

measurement is based on the phenomenon of surface plasmon resonance on the 

metal surface. The refractive index of the sensor surface changes upon binding of 

macromolecules to the surface. As a result, the SPR wave will change and the angle 

will change accordingly. There is a linear relationship between the amount of 

bound material and the shift in SPR angle. In this study, in situ SPR was used to 

study the LbL assembly of chitosan and alginate in a real-time and antigen-

antibody interaction.     

    UV-vis spectroscopy is a technique for the measurement of optical absorption, 

transmission, and reflection when UV or visible light is passing through a material, 

from which the chemical composition, localized SPR peak position and intensity, 

and concentration can be qualitatively or semi-quantitatively determined. In this 

work, UV-vis spectroscopy was used to study the LbL assembly process, LSPR 
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intensity, LSPR coupling strength of gold nanoparticles, and drug loading and 

release. Glass slides were used as the LbL substrate for all UV-vis measurement. 

    Confocal laser scanning microscopy (CLSM) is a technique to obtain high-

resolution fluorescence images of biological entities or materials with optical 

sectioning ability. The position and relative concentration of fluorescent probes in 

materials can be accurately determined by CLSM. Thus, this technique has been 

used frequently to investigate biological events or material properties. In this study, 

CLSM was adopted for the study of the permeability of microcapsules.  

    SEM and AFM are techniques for the study of surface morphology. Here, we 

exploited them for the exploration of material morphology. Before FE-SEM 

imaging, the film surface was coated with a thin layer of Pt by an Auto Fine Coater 

(JEOL) at a current of 20 mA for 100 s. For AFM characterization of powder form 

of materials, the dilute suspension was dropped on mica. For the multilayer sample, 

the SPR chip was used as the substrate for LbL assembly.  

    TEM have the ability to probe the internal structure of materials. In this study, it 

was adopted to investigate the nanoparticle concentration, size, and distribution in 

the hollow capsules. For the TEM sample preparation, 40 µL of capsule suspension 

were dropped on the carbon-coated copper grid and then air-dried. 

    Contact angle measurement can be used to evaluate the wettability of a surface. 

Here, it was used to characterize the LbL assembly process. Silicon wafer was used 

as the substrate to fabricate the multilayer film for the measurement. Before the 

measurement, the film-coated silicon wafers were dried in a vacuum at room 
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temperature. The measurement of the contact angle was performed with the sessile 

drop method. The volume of the liquid droplets was kept constant at 1 µL. 
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Chapter 4 pH-controlled construction of chitosan/alginate 

multilayer film: characterization and application for antibody 

immobilization
a
 

4.1 Introduction 

A biointerface with immobilized antibodies on various substrates plays an 

important role in many fields such as biochip developments, biosensor design and 

bioseparation.
150-154

 However, an efficient biointerface not only needs a high 

loading of antibody, but also requires retaining the antibody affinity to its antigen. 

The latter is often suffered from unfavorable orientations, structural changes or 

steric hindrance after immobilization.
153, 155

 Various biointerfaces have been 

extensively studied for efficient antibody immobilization and its applications.
156-157

 

Self-assembled monolayer (SAM) on different substrates such as gold and silica is 

commonly used due to its well-defined surface structure at a molecular level and 

controllability of surface properties by varying terminal groups and 

compositions,
158

 but it is limited by low loading capacity and few workable 

substrates.
159

 Biomacromolecules have been investigated to build biointerfaces for 

supporting antibodies in applications of in vitro and in vivo sensors.
160

 Such kind 

of biointerfaces might enhance the loading capacity of antibody and meanwhile 

reduce the non-specific adsorptions.
161

 However, there is need to improve the 

tunability of the assembled film for enhancing its surface property, loadin g  

                                                                        1 
a Reproduced in part with permission from [W. Yuan, H. Dong, C. M. Li, et al., Langmuir, 23 (2007), 

13046–13052.] Copyright [2007] American Chemical Society                     
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capacity and antigen binding activity.  

 Polyelectrolyte LbL self-assembled biointerfaces have attracted great interest in 

recent years due to their prominent advantages of using various substrates and 

allowing nanoscale control of the thickness, compositions, and molecular 

organization of the film.
15, 23, 43, 162-164

 Much attention of the assembly has been paid 

on using weak polyelectrolytes due to the particular versatility and tunability with 

only controlling the pH.
23, 93, 165

 The effect of pH is much stronger than that of ionic 

strength and other factors on an electrostatic self-assembly process of a weak 

polyelectrolyte.
23, 165-166

 Meanwhile, the building blocks for constructing the 

multilayer have been recently expanded from the synthetic polymer
167-168

 to 

biomacromolecules such as polysaccharides, proteins, polynucleotides, enzymes 

and polypeptides for functional biocompatible surfaces.
169-171

 However, only a few 

reports studied the pH controlled assembly of such biomacromolecules.
35

 As 

biocompatible and environmentally benign materials, chitosan and alginate are 

both widely used in biomedical fields such as drug delivery and tissue 

engineering.
172-173

 Both chitosan and alginate are weak polyelectrolytes and thus 

their charge density can be easily tuned by pH. It is anticipated that the 

chitosan/alginate multilayer film could offer the unique properties for 

immobilization of antibody with retaining its binding activity. Although the self-

assembled multilayer film of chitosan and alginate has been reported,
174

 there is no 

report to study its assembly kinetics, tunability, mechanism and antibody 

immobilization via the adjustment of assembly pH, which all are of importance for 

construction of excellent biointerfaces in different applications.   
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 SPR spectroscopy is a powerful analytical tool for in-situ and real-time 

monitoring of biomolecular interaction on the surface.
175-176

 Since the assembly pH 

has great effect on the charge density, molecular conformation and even their 

interaction of chitosan and alginate, in situ SPR could offer an approach to 

effectively study the interaction in a real time and provide solid data to study the 

mechanism of the assembly of chitosan and alginate. In this work, the pH-

controlled self assembly of chitosan and alginate was monitored by in situ SPR 

spectroscopy. The surface composition of chitosan/alginate multilayer film was 

analyzed via the combination of SPR and contact angle measurement. Further, 

antibody was immobilized in the multilayer film and the loading amount of 

antibody and its binding activity was quantitatively measured by SPR 

spectroscopy. To establish the relationship of antibody immobilization and its 

binding activity on antigen versus the surface property, SPR kinetics analysis is 

performed.  

4.2 Multilayer films assembly and antibody immobilization  

4.2. 1 Films assembly on a SPR chip  

 The baseline of SPR was measured by injecting 200 µL DI water into the 

chamber and wait until the resonance angle was stable. After draining off the water, 

1mg/mL PEI aqueous solution was injected into the chamber and kept for 10 min 

followed by water wash for three times. Then, the water was replaced with 

phosphate-citrate buffer to measure SPR as the baseline for solutions prepared with 

phosphate-citrate buffer. Alginate and chitosan were alternatively injected into the 
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chamber and incubated for 15min. Before switching the assembling solutions, the 

gold chip was washed with phosphate-citrate buffer for three times. In this report, 

(chitosan/alginate)n is used to represent the multilayer film, where n corresponds to 

the number of bilayer built. Once the SPR response angle was near 1000 m°, the 

location of spindle was adjusted to refresh the dynamic range. In data process, the 

Origin software was used to combine the SPR curve with different dynamic range 

artificially (By superposing the first baseline of the subsequent sensorgram with the 

last baseline of determined sensorgram.). Typical SPR curve was shown in the 

following section. 

4.2.2 Antibody immobilization and measurement of antibody-antigen binding 

activity via SPR  

 The baseline was obtained by injecting 200 µL phosphate-citrate buffer onto the 

multilayer film coated gold chip until the signal was stable. After the buffer was 

drained, 200 µL anti-Rabbit IgG solution with desired concentration was injected 

and incubated for 30 min. Then the gold chip was further washed with buffer for 

three times.  

To obtain the antibody-antigen binding activity, the antibody immobilized film 

was blocked with 0.1% BSA phosphate-buffer solution for 1 h followed by buffer-

washing for 3 times. Then 112 µg/mL Rabbit IgG prepared in 0.1% BSA 

phosphate-citrate buffer was injected into the chamber and incubated for 15 min 

followed by washing with 0.1% BSA phosphate-citrate buffer for 3 times and 

phosphate-citrate buffer for 3 times, respectively. 
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4.3 Fabrication and characterization of chitosan/alginate 

multilayer film  

To demonstrate the tunability of surface property for the chitosan/alginate 

multilayer film, the alginate was adopted as the last assembled layer and different 

multilayer films were built under different pH combinations. Since the last 

assembled layer has the most significant effect on the surface property,
23

 only the 

pH of alginate was adjusted (3.0, 4.0, and 5.0) while keeping the chitosan pH 

constant at 3. The effect of assembly pH on the growth of the multilayer film and 

the surface composition of the outermost layer were studied via SPR spectroscopy. 

 Figure 4.1 shows the SPR spectrum of the assembly process of chitosan and 

alginate, in which the three assembly curves obtained with different pH follow a 

same trend: an initial stepwise increase in the resonance angle with each successive 

deposition of alginate and chitosan followed by a leveling off of the resonance 

angle. The incubation time is long enough for all the three systems to achieve 

equilibrium.  
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Figure 4.1 SPR spectrum of the assembly of chitosan and alginate at different assembly pH. a. 

First bilayer.  b. From 2nd bilayer to 6th bilayer. ( CHI: chitosan,   ALG: alginate. Note: graph 

b was combined from two sensorgrams with the first baseline of the second sensorgram 

superposed with the final baseline of the first sensorgram via the Origin software. One 

refreshment of dynamic range was performed to make the measurement always in the SPR 

detection limit.).  

 There is a linear relationship between the amount of bound material and shift in 

SPR angle
177 

(in our SPR equipment, a change of 120 millidegrees represents a 

change in surface materials of approximately 1 ng/mm
2
.). The SPR angle shift in 

millidegrees is therefore used to quantify the binding of macromolecules to the 

sensor surface. The SPR angle shift in millidegrees is used to quantify the binding 

of macromolecules to the sensor surface. Figure 4.2 shows the relationship of 

resonance angle shift with the bilayers. From the 2nd bilayer, all three curves 
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follow exactly the linear trend, which indicates that the two polyelectrolytes can be 

assembled successfully at all the three pH values. PEI was used as a prime layer 

since it not only has great affinity to various substrates including the gold surface 

but also can introduce positive charge to the surface for further assembly.
178-179

 The 

deviation of the first bilayer from linear relation is possibly ascribed that PEI is 

used as the prime layer instead of chitosan and the substrate (gold chip) may have 

some effect on the assembly since it may not be fully covered by the 

polyelectrolytes.   

 

  Figure 4.2 SPR responses versus the number of bilayer. The outermost layer is alginate layer.  

 According to Fresnel equation,
180

 the thickness of polymer films on the gold 

chip is proportional to the change of resonance angle and inversely proportional to 

the difference between the two refractive indexes of the polymer film phase and the 

aqueous solution phase. At each pH, the same polyelectrolyte/buffer solution was 

used throughout the assembly experiment. Thus the relative thickness ratio can be 

reflected by the ratio of resonance angle change. Figure 4.3 shows the average ratio 
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of the resonance angle change of each bilayer for all the three conditions in the 

linear range. With the increase of the alginate pH, this ratio increases and 

meanwhile the thickness of alginate layers decreases. For the assembly of alginate, 

at higher assembly pH, the charge density is higher, while for the chitosan, the 

charge density usually keeps the same. To overcompensate and reverse the charge 

sign,
23

 less alginate relative to chitosan should be assembled. Furthermore, higher 

charge density makes alginate chain more extended to form a thinner layer.
23, 181

 

Yoo et al.
23

 has reported that for the LbL assembly of weak polyelectrolytes such 

as PAA and PAH, the thickness ratio of single layer takes dominant role in 

determination of the surface composition. When the thicker layer is the outermost 

layer, much fewer chain segments from the underlying thin layer penetrate into the 

surface of the thicker layer. As the thickness of the underlying thinner layer 

increases, more chain segments penetrate into the surface layer. The amount of 

penetration and thus the surface composition is determined by the relative 

thicknesses of the two layers. Fu et.al
181

 studied the assembly of chitosan and 

heparin and realized the control of surface composition via assembly pH. The main 

reason was also the change of relative thickness caused by the assembly pH. In our 

case, since the thickness ratio of the underlying chitosan layer and the outermost 

alginate layer increases with the increase of the assembly pH while the absolute 

thickness of the outermost alginate layer decreases, more chitosan molecules can 

penetrate to the outermost layer at higher alginate assembly pH, indicating that the 

surface composition can be controlled.  
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    Figure 4.3 The average ratio of resonance angle change of chitosan to that of alginate layer.  

 The surface wettability is very sensitive to the surface compositions of the 

outermost layer.
23

 Figure 4.4 shows the contact angle of the multilayer films with 

layer number from 1 to 6. The measurement is only recorded for the first six layers 

since from SPR result is already in the linear range of growth and the surface 

property should not be changed. The multilayer film with layer number 6 is also 

adopted as the sample for all the following experiment. For all the conditions, the 

contact angles exhibit the zigzag feature with the layer number, indicating the 

alternate assembly of chitosan and alginate on the surface. This agrees well with 

the SPR result. Furthermore, it can be seen that the wettability can be tuned by the 

assembly pH, from the third layer. The contact angles of both the odd layers and 

even layers increase with the assembly pH, which is mainly resulted from the 

difference of surface composition. With the increase of assembly pH of alginate, 

the relative thickness of chitosan layer to neighboring alginate layer increases. 
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Since the contact angle of chitosan is bigger than alginate, the overall contact angle 

thus increases. However, the conclusion is not applicable to the first two layers, 

which is influenced by the substrate and the prime PEI layer. The contact angle 

result further demonstrates that the surface composition can be simply controlled 

by the adjustment of assembly pH. 

 

Figure 4.4 Contact angle of chitosan/alginate multilayer films with certain number of layers. 

The substrate without modification (pristine silicon wafer) is as the layer zero. 

 The surface morphologies of the multilayer films at different assembly pH were 

characterized via AFM (Figure 4.5). Interestingly, the surface morphology shows a 

regular evolution with the change of assembly pH. There are small globules on all 

the multilayer films, which are composed of chitosan/alginate complex. With the 

increase of the assembly pH, the size of globules becomes larger. Although the 

assembly pH of chitosan is the same at all these conditions, when the next alginate 

layer is assembled on the chitosan, the different assembly pHs induce the change of 

conformation of chitosan molecules. When the assembly pH of alginate is 3, the 
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assembled structure is relatively homogeneous, which means that the alginate 

molecules are adsorbed homogeneous on the surface. With the increase of 

assembly pH, chitosan develops more loopier and globular conformation. Thus the 

assembled alginate molecules produce more globular complex with chitosan 

molecules.
23, 33, 35

 The higher assembly pH also induces the aggregation of chitosan 

molecules (the electrostatic repelling becomes weaker at the higher assembly pH), 

and therefore the chitosan/alginate complex becomes more aggregated.                    

 

Figure 4.5 AFM images acquired in the phosphate-citrate buffer (pH=5.0). The layer number of 

all these multilayer films is 6. The assembly pH of chitosan of all these multilayer films is 3.0. 

The assembly pH of alginate is a. 3.0  b. 4.0  c. 5.0. The Z range (maximum height) is a.30 nm 

b.100 nm c.400 nm.  

4.4 Antibody immobilization  

 In-situ SPR measurements can provide the kinetics and equilibrium information 

of the antibody adsorption on the multilayer surface. The phosphate-citrate buffer 

(pH unadjusted) was used in the experiment to dilute the antibody and the pH was 

kept below the isoelectric point (IEP) of antibody (IEP=6.0-6.5).
155, 182

 at which the 

antibody was positively charged and can be electrostatically adsorbed on the 

negatively charged assembled multilayer film surface. It is reported that the protein 
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is adsorbed either on the outmost surface or into the bulk film.
183

 However, in our 

study, there is no enhancement of the antibody adsorption when the number of the 

film increases from 6 layers to 12 (alginate layer as the outermost layer) (data not 

shown), indicating that the antibody adsorption only occurs on the outmost surface. 

The 6-layer film with alginate as the outermost layer was employed to study the 

behavior of antibody adsorption. Figure 4.6 (a) shows the adsorption process under 

different assembly pH values illustrated by in situ SPR measurements in solutions 

containing different concentrations of antibody. The highest antibody concentration 

used is 0.2 mg/ml, which is a high enough concentration to form a saturated 

coverage of protein on a surface.
184

 The amount of the saturated antibody 

adsorption is often defined as the loading capacity of the surface. The results 

demonstrate that the loading capacity of the multilayer films decreases with the 

increase of the assembly pH of alginate. SPR and the contact angle results show the 

amount of chitosan interpenetrated to the outermost layer increases with the 

increase of assembly pH of alginate. The higher loaded alginate and lower 

interpenetrated chitosan at a lower assembly pH cause higher charge density of the 

films, on which more antibody can be adsorbed. In our work, anti-Goat IgG was 

also immobilized onto the films under different pH, of which the loading capacity 

also increases with the decrease of assembly pH (data not shown here). It needs to 

be noted that the antibody loading capacity achieved here is already very high (The 

highest loading capacity is 8.7 ng/mm
2
, which is much higher than the SAM based 

biointerface.
185

)  Such a high loading capacity could be contributed from the high 

surface area due to nanoscale surface roughness and the strong electrostatic force.  
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Figure 4.6 SPR spectrum (a) and fitting result (b) of antibody adsorption with different 

antibody concentrations at different assembly pH. The assembly pH of alginate was 3.0, 4.0 

and 5.0 from up down. The assembly pH of chitosan was fixed at 3.0.  

  The adsorption and dissociation rate constant can be calculated from the SPR 

binding curves obtained under different concentrations of antibody on the film 

surface. The affinity of the antibody to the films can thus be evaluated via these 

two parameters.  

 The interaction of protein with surface ligand can be simply formalized as 

A+B           AB 
ka 

kd 
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Where A is the protein in aqueous solution, B is the active sites on the film 

surface, AB is the adsorption complex. ka and kd are association rate constant and 

dissociation rate constant respectively. For electrostatic force dominated 

adsorption, the concentration of B is proportional to the charge density of the 

surface. It is worthy of a note that although the surface charge density increases 

with the decrease of pH, the affinity doesn‟t necessarily increase accordingly. This 

means that the increase of charge density only represents the increase of 

concentration of active sites on the surface while the affinity constant could be 

reasonably considered to be constant. 

  The AB formation rate can be expressed as follows
176

  

                                  ][])[]]([[
][

0 ABkABBAk
dt

ABd
da                               (1) 

     Where [AB] and [A] is the concentration of AB and A respectively. [B]0  

represents the concentration of B at time zero. 

Let R denote the SPR response, which is proportional to the concentration of AB. 
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Where 0R  is the SPR response at t=0. 

The parameter E, ks, and 0R  can be obtained by fitting the adsorption curve using 

Eq. (3) (Figure 4.6 (b)), which is very well in agreement with the measured SPR 

curves. Then ka and kd can be further determined by fitting Eq. (2) with ks vs. [A] 

(Table 4.1). It is known ka/kd represents the affinity of A to B.  There are deviations 

between the fitting and experimental curves at the beginning. This is possibly due 

to a time needed for the antibody to uniformly distribute on the surface after 

injection.  It can be seen that when the chitosan is on outermost layer, the antibody 

can still be adsorbed on the surface, although much less than that of the alginate. 

This is likely ascribed to other intermolecular forces such as hydrogen bonds and 

hydrophobic interactions. The fitted result shows that ka/kd increases with the 

increase of assembly pH (Table 4.1), but contradictorily, the antibody adsorption 

capacity decrease with the increase of pH (Figure 4.6 (a)). Through the kinetic 

analysis in our work, although the antibody adsorption capacity is determined by 

both the affinity and the concentration of binding sites on the surface, the later is 

dominated and the capacity can be mainly controlled by assembly pH as we 

discussed above. 

Table 4.1 Calculated ka and kd at different assembly condition. 

 CHI3.0/ALG3.0 CHI3.0/ALG4.0 CHI3.0/ALG5.0 

ka / (M.s)
-1

 3.289620×10
1
±1.853×10

0
 1.675277×10

3
±2.400×10

0
 1.938116×10

3
±2.564×10

0
 

kd  /  s
-1

 1.673580×10
-3

±2.102×10
-6

 2.152858×10
-4

±2.491×10
-6

 2.086533×10
-4

±2.146×10
-6

 

(ka/ kd) /M
-1

 1.965619×10
4
 7.781642×10

6
 9.288691×10

6
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4.5 Antigen binding activity  

BSA is commonly used as a blocking agent to inhibit the nonspecific adhesion. 

The films were immersed in BSA-phosphate-citrate solution for 1h without any 

antibody immobilization and washed with phosphate-citrate buffer followed by 

adsorption of antigen for SPR measurement. The SPR angle shift monitored is 

insignificant (Figure 4.7 inset). 

 

Figure 4.7 The antigen/antibody ratio obtained from SPR resonance angle change. The four 

antibody concentrations adopted were 0.2 mg/ml, 0.1 mg/ml, 0.05 mg/ml and 0.025 mg/ml. 

Inset: The nonspecific adhesion represented as amount of antigen binding to multilayers 

without antibody/amount of antigen binding to multilayers with antibody at different assembly 

condition.  

The ratio of bound antigen to the adsorbed antibody is frequently used to 

evaluate the antigen binding activity (immunological activity) of the antibody.
155, 

185
 Figure 4.6 shows the surface concentration of the antibody on the multilayer 

film can be changed via the change of its concentration in solution. Interestingly, 
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the antigen binding activity is greater with its smaller solution concentration 

(Figure 4.7), possibly indicating a steric hindrance effect of highly concentrated 

reactants on the surface. This indicates the antigen binding activity can be easily 

controlled by the surface density of the antibody. Figure 4.7 shows that even with 

different immobilization concentrations, the ratio of antigen to antibody is larger 

when the assembly pH of alginate is lower. The same experiment was conducted 

with anti-Goat IgG and showed the similar trend as that of the anti-Rabbit IgG. As 

previously stated, the SPR simulation results show that the affinity of the antibody 

to the multilayer films increase with the increase of assembly pH of alginate. 

Stronger physical interaction may cause more structural change of protein and will 

lead to the loss of antigen binding activity. The ratio of antigen to antibody is 0.9 

(Figure 4.7) at pH 3 of both alginate and chitosan, which is highest binding activity 

reported up to date.
155, 185

 This excellent biointerface could be used to fabricate 

immunosensors with high sensitivity and good specificity.  

4.6 Conclusions 

 Chitosan and alginate were assembled at different pH to form a multilayer film. 

Experimental results show that the surface composition of the film can be 

controlled by the assembly pH, in which with decrease of assembly pH of alginate, 

less positively charged chitosan can interpenetrate to the outermost alginate layer, 

resulting in increase of negative charge density from alginate for more antibody 

immobilization. The multilayers give much higher loading capacity than SAM 

based biointerface. More importantly, the antibody immobilized on these 
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multilayers have high and pH-tunable antigen binding activity. The highest binding 

ratio of antigen to antibody achieves 0.9, which is the best value reported in the 

literatures up to date. This work can provide more scientific insight into the 

interaction between protein and polymer matrix and render a simple novel 

approach to build a high performance biointerface on various substrates through 

pH control for potential applications of highly sensitive immunosensors.  
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                                1 
b Reproduced in part with permission from [W. Yuan, C. M. Li, Langmuir, 25 (2009), 7578–7585.] Copyright 

[2009] American Chemical Society                     

Chapter 5 Direct Modulation of Localized Surface Plasmon 

Coupling of Au Nanoparticles on Solid Substrates via Weak 

Polyelectrolyte-mediated Layer-by-Layer Self Assembly
b
 

5.1 Introduction 

Various metal nanoparticles have attracted great research interest in recent years 

because of their unique optical, electrical, and magnetic properties for broad 

applications in optoelectronics, catalysis, sensors and therapeutics.
186-193

 One of the 

most interesting phenomena of metal nanoparticles is the localized surface plasmon 

resonance (LSPR), which is uniquely an effect of the nano size regime.
194 

The 

LSPR peak, an intense surface plasmon absorption band occurs at a frequency of 

the electromagnetic wave identical to that of the collective oscillation of the 

conduction electrons in metal nanoparticles. The frequency of the LSPR peak can 

be tuned by varying the size, shape, dielectric environment, and interparticle 

spacing of the nanoparticles.
194-196

 Among these factors, the interparticle spacing is 

particularly significant and has been studied extensively.
7, 195-198 

When two metal 

nanoparticles close to a certain distance, localized surface plasmon coupling 

(LSPC) is observed
195-197, 199-200

 to change the oscillation frequency of the surface 

plasmon, thus resulting in a shift of the longitudinal LSPR band. LSPC is important 

for many practical applications such as surface enhanced Raman scattering,
201-203

 

second harmonic generation,
204-205

 photonic wave guiding,
206-207

 and laser-
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responsive drug delivery.
208-209

 To realize all these applications, it is desirable to 

have tunable LSPC on a solid substrate as a component in a device
201-207

 or as a 

prime step to fabricate a free-standing functional nanocomposite film.
208-209

 LSPC 

has been studied by a number of theoretical models with changing interparticle 

distance in 2 dimensions (2D) on a substrate,
197, 199, 210-211

 indicating that the LSPR 

peak positions are mainly determined by the interparticle spacing. Recent 

experimental results also show that the aggregation of nanoparticles into a three 

dimensional (3-D) structure can red shift LSPR peaks significantly.
212-213

  

Both top-down and bottom-up methods have been explored to construct 

nanoparticle-based structures to generate LSPC. Electron beam lithography is used 

to fabricate 2D patterns on solid substrates to control the interparticle distances for 

LSPC modulation,
197, 199

 but it is expensive and can only make an array structure 

on a small area with limited tunability. Recently, more works have focused on 

control of interparticle spacing in various self-assembled ordered 

nanostructures.
196, 198, 214-218

 A “brick and mortar” solution-based self-assembly 

approach has been introduced to control the interparticle distance of Au, silica and 

magnetic nanoparticles.
196, 214, 216, 218-220

 Poly(amidoamine) (PAMAM) dendrimer 

has been used to tune Au nanoparticle interparticle spacing by varying size of the 

dendrimers.
220

 Alternatively, lysozyme has been employed as a model protein to 

control the interparticle spacing by changing the molar ratio of protein to Au 

nanoparticle, or by controlling the assembly temperature.
196

 The self-assembly 

methods used currently to tune LSPC are mainly conducted by either solution 

condition or nanoparticle surface modification,
221

 thus limiting the tunability. It 
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remains a great challenge to extensively tune LSPC directly on a solid substrate for 

practical applications and fundamental studies. 

Layer-by-layer (LbL) self-assembly can build composite films containing 

different molecules or/and metal nanoparticles by simple wet chemistry.
5, 40, 212

 It 

could be an effective approach to tune LSPC because of its superior capability in 

construction of different nanostructures on various solid substrates.
43-46, 181, 212, 222-

223
 The thickness, chemical composition, surface morphology and nanostructure of 

a LbL assembled film can be controlled at a molecular scale with nearly no limit of 

geometry and type of the substrate materials. Different building blocks such as 

biomacromolecules, nanoparticles, nanosheets, and carbon nanotubes can be 

incorporated into a multilayer film.
5, 40-41

 In LbL assemblies, weak polyelectrolytes, 

including many synthetic ones and biomacromolecules, are particularly versatile 

construction blocks
23, 35, 224

 because their charge density and conformation in an 

assembled structure can be simply controlled by pH. The LbL assembly of two 

weak polyelectrolytes has been investigated using poly(acrylic acid) (PAA) and 

poly(allylamine) (PAH) as model molecules.
23, 33-34, 225

 In the previous chapter, a 

multilayer film assembled with chitosan and alginate was constructed by this 

approach and exhibited pH dependence of the loading capacity and bioactivity of 

the antibody.  However, no work has been reported on the modulation of LSPC in 

an assembled nanocomposite film with weak polyelectrolyte and metal 

nanoparticle. 

  In this work, poly(ethyleneimine) (PEI) and Au nanoparticle solutions were 

used to self-assemble a weak polyelectrolyte/metal nanoparticle nanocomposite 
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film. The monodispersed, citrate-stabilized Au nanoparticle is selected as the 

model metal nanoparticle due to its prominent LSPR.
226-228

 PEI is a typical weak 

polyelectrolyte with a wide range of pH-tunable charge density and conformation 

(See Scheme 2.1 for structure of PEI). The negatively charged Au nanoparticles 

should be able to interact with the posively charged PEI by electrostatic force. 

Furthermore, by changing the assembly pH, their interaction could be tuned easily. 

For the first time, we investigated the possibility of modulation of LSPC on a self-

assembled nanocomposite film through pH-tailored interparticle spacing. The 

mechanism of LSPC modulation in the LbL assembly was studied. The stability of 

the self-assembled nanocomposite was also investigated. 

 

                                                    Scheme 5.1 molecular structure of PEI. 

5.2 Synthesis of gold nanoparticles and LbL assembly of PEI and 

gold nanoparticles 

5.2.1 Synthesis of Au nanoparticles  

The Au nanoparticles were synthesized according to Natan‟s method,
226

 but with 

modifications. In the synthesis, 0.75 mL 1% sodium citrate was added to 50 mL 0.3 

mM boiling HAuCl4 solution. With the reaction progress, the color changed to blue 
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and then to red-violet in about 100 s. After boiling for an additional 10 min, the 

heat source was removed. The produced colloid solution was stirred for 30 min and 

then stored in the dark at room temperature. The size of the formed Au 

nanoparticles was 18 ± 3 nm (70 particles sampled) (see Figure 5.1 for TEM). The 

pH of the gold nanoparticle solution was 4.4 and was kept constant in all 

experiments.  

 

                                          Figure 5.1 TEM images of gold nanoparticles. 

5.2.2 LbL assembly of PEI and Au nanoparticles  

The substrate, a cleaned glass slide or silicon wafer was immersed in 1 mg/mL 

PEI at a given assembly pH for 10 min followed by washing with DI water, and 

then blowing dry with N2. Subsequently, the substrate was immersed in the as-

prepared Au nanoparticles solution for 15 min, and then washed with DI water and 

dried with N2. By repeating this cycle for several times, multilayer films with PEI-

Au nanoparticle bilayers were obtained. In this report, (PEI/Au)n is used to 

represent a multilayer film with n bilayers.      
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5.3 Characterization of (PEI/Au nanoparticles)n multilayers 

The UV-Vis spectra (Figure 5.2a) of the PEI-Au nanocomposite films with 

different bilayers assembled at pH 3.4 (PEI) on glass slides illustrate two peaks, 

which can be assigned to the transverse and longitudinal modes of the LSPR.
199, 212, 

229
 With increase of the assembly layers, the intensity ratio of transverse to the 

longitudinal band decreases (Figure 5.2b) until the transverse band is almost 

covered by the longitudinal band, indicating a high degree of clustering and LSPR 

coupling. This trend is also observed for assembled PEI/Au nanoparticle 

nanocomposites at different pHs (data not shown). 
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Figure 5.2 Typical UV-Vis spectra evolution of the nanocomposite films during the assembly 

process (a) and the peak intensity ratio of transverse band to longitudinal band (b). The 

outermost layer is Au nanoparticle layer. The PEI assembly pH is 3.4.  

The LSPR peak intensity can be used to characterize the LbL assembly. For both 

transverse and longitudinal bands of all the PEI/Au nanoparticle films assembled at 

different pHs (Figure 5.3), the peak intensity shows good linearity versus the 

bilayer number, demonstrating that the Au nanoparticles are successfully 
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assembled on the substrate; however, the rate of change of intensity versus bilayer 

number, for both transverse and longitudinal bands, decreases with increase of the 

assembly pH in a range up to 6.8, followed by insignificant change with further 

increase of the assembly pH (Figure 5.3). This result indicates that the surface 

density of the assembled Au nanoparticles can be tuned by the assembly pH in a 

range lower than 6.8. All the assembled composite films displayed good linear 

relationships of surface nanoparticle density vs. bilayer number and thus the 

nanocomposite films with first three bilayers were selected for further studies in 

this work. 
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Figure 5.3 The transverse LSPR peak intensity versus bilayer number and longitudinal peak 

intensity versus bilayer number at different assembly pH. 

The FE-SEM images (Figure 5.4) of various bilayered nanocomposite films 

assembled at different pHs show that the nanoparticles assembled at pH lower than 

6.8 display a uniformly distributed 2-D assembly pattern and nearly no 

aggregation. The surface nanoparticle density increases with increase of the bilayer 

number but decreases with increased assembly pH. These results are in good 

agreement with the UV-Vis result discussed above. However, at pH 6.8 small 

aggregates start to form (Figure 5.4C1, 2, 3) and are significantly increased with 
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apparent 3-D growth for larger sizes when increasing pH to 7.2 (Figure 5.4D1, 2, 

3). At pH 10, nearly all the nanoparticles are assembled into 3D large aggregates 

(Figure 5.4E1, 2, 3). As the pKa of PEI in solution falls in the pH range of about 

6.8-7.2,
115, 230

 it is very likely that the dramatic change of the assembled 

nanostructure is caused by the sharp drop in the PEI ionization around its pKa, 

which will be discussed later.   

 

Figure 5.4 FE-SEM images of the nanocomposite films with different bilayers at different 

assembly pHs. A1, A2, A3, B1, B2, B3, C1, C2, C3, D1, D2, D3, E1, E2, E3 are the images of 

the first, second and third bilayer assembled at pH 3.4, first, second and third bilayer at pH 5.6 

and first, second and third bilayer at pH 6.8, first, second and third bilayer at pH 7.2, first, 

second and third bilayer at pH 10.0 respectively.  
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The change of the assembled nanoparticles surface density with the assembly pH 

can be explained by the pH-dependent ionization of PEI, which is lower at higher 

pH, resulting in a lower surface charge density
33, 165-166, 231

 to electrostatically 

assemble less negatively charged citrate-stabilized gold nanoparticles
232

 (the charge 

is constant due to its fixed pH). Thus, the main factor affecting the LbL 

nanoparticle assembly is likely the positive surface charge density. However, with 

further increase of pH to 6.8 and above, the change of the assembled nanoparticle 

density is insignificant, possibly due to the high assembly pH, at which the poor 

PEI ionization causes low surface positive charge for less Au nanoparticle 

adsorption via electrostatic attraction, while the high content of loop and tail 

conformations promotes 3D aggregation of the assembled nanoparticles.
231

 These 

results demonstrate that, in an assembly pH range lower than 6.8, the assembled 

surface density of PEI and Au nanoparticles can be tuned by changing the 

assembly pH. Two modes, normal growth and lateral expansion, are used to 

explain the LbL assembly of polyelectrolyte and nanoparticles.
188, 233-234

 The 

increase of assembled nanoparticle surface density with an increase of the number 

of bilayers on the substrate is characteristic of the lateral expansion mode.
188, 233

 In 

more detail, small nanoparticle clusters and some isolated nanoparticles are formed 

at all the assembly pHs in the first bilayer. With increase of bilayer number, the 

clusters grow laterally and new clusters are formed, while the percentage of 

isolated nanoparticles reduces. The FE-SEM morphology results discussed above 

also support this growth mode.  
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5. 4 LSPC of the multilayers 

Figure 5.5a illustrates that the longitudinal band peak position of the multilayer 

films has very little change with the bilayer number (first two bilayers are not 

shown due to no well-defined peaks) at high assembly pH (7.2 -10.0), and only 

displays slight red-shifts, in films at assembly pH values lower than 6.8, showing 

that the number of bilayers assembled has little effect on LSPR maximum 

wavelength. However, the longitudinal band peak position shows significant red-

shift with increase of the assembly pH (Figure 5.5a and b). This can be attributed to 

increased particle-particle interactions (clustering) within these films. Furthermore, 

the tunable range of LSPR by assembly pH is broad. With increase of the assembly 

pH from 3.4 to 10.0, the longitudinal band peak position red-shifts from 642 to 737 

nm for the eighth bilayer, and 625 to 741.5 nm for an optimized 5 bilayer film, 

demonstrating the largest tuning range of the longitudinal band peak position to 

date.
196, 212 

It is of great importance to tune the LSPR maximum to the near infrared 

(NIR) region where it has the strongest tissue penetration capability (700-900 

nm),
235-236 

and thus renders the greatest potential for applications in NIR 

bioimaging and phototherapy.
190, 235-236

 Interestingly, dramatic 3-D aggregation 

growth occurs in the pH range of 6.8 - 7.2, with a large red shift of the longitudinal 

band peak position, indicating strong LSPC.
 
The high sensitivity of LSPR peak 

position to the assembly pH may suggest that the assembled nanocomposite film 

could be used as a pH sensor, particularly a micro pH sensor, which is currently 

under investigation in our lab. 
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Figure 5.5 a. Longitudinal band peak positions of the nanocomposite films obtained from the 

UV-Vis spectra versus the bilayer number at different assembly pH. b. Typical UV-Vis spectra 

of 8 bilayer films at different assembly pH. Inset is longitudinal band peak positions of the 

nanocomposite films with the same bilayer number (8 bilayers) versus pH. The error bar is 

calculated from three times of measuring of films prepared from the same batch of gold 

nanoparticles.  

A Gaussian distribution function was used to fit the UV-Vis absorbance spectra 

of multilayers assembled at different pH. The simulated curves fit well with the 

experimental spectra with distinguished separated transverse and longitudinal 

bands (an example of the spectra fittings is shown in Figure 5.6), from which the 



78 

 

bandwidths were easily obtained. Since the transverse band doesn‟t show obvious 

changes with assembly pH and assembled bilayer number, only the fitted 

longitudinal bandwidths are displayed in Figure 5.7. As in Figure 5.7, the 

longitudinal bandwidth has no obvious relationship with the bilayer number, but it 

significantly increases with increase of the assembly pH over a pH range of 3.4 - 

7.2. This is in accordance with reported work
197, 237

 showing that LSPC 

enhancement of metal nanoparticles not only causes the longitudinal peak red shift, 

but also leads to the bandwidth increase. A broader longitudinal band of a 

nanoparticle-composed structure can also be caused by decreased distribution 

uniformity,
237-238

 as shown in Figure 5.4. Interestingly, with further increase of pH 

(from 7.2 to 10.0), the bandwidth decreases while the LSPC peak still red-shifts. 

Although this is not fully understood, one of the possibilities is that highly 

aggregated nanoparticles at high pHs result in more uniform interparticle spacing 

distribution for a narrowed bandwidth.  

 

     Figure 5.6 UV-visible spectra fitting of pH 3.4 film using Gaussian distribution function. 
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  Figure 5.7 Simulated longitudinal bandwidth versus the bilayer number for each assembly pH.  

The LSPC result discussed above may provide insight into the effect of 

morphology on the optical properties of metallic nanoparticles in LbL films. LSPC 

is mainly dependent on the interparticle spacing of metal nanoparticles,
197, 199, 210

 

and its significant peak red-shift can be caused by 2D and 3D aggregation.
212-213, 

238-239
 For films assembled at pH 3.4, 5.6 and 6.8, the interparticle spacing in the 

nanoparticle clusters was measured by using the Photoshop „measure tool‟ and 

analyzed statistically (Figure 5.8). The analysis of interparticle spacing was limited 

to within the nanoparticle clusters with interparticle distances smaller than 55 nm 

(three times of the nanoparticle diameter), at which strong LSPC can be 

observed.
212

 The results show that with increase of the assembly pH over this 

range, the interparticle spacing decreases (Figure 5.8), confirming that smaller 

interparticle distances result in stronger LSPC. The pH-tunability of interparticle 

spacing for LSPC in the nanoparticle clusters can be attributed to a combined effect 
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of polyelectrolyte conformation and surface charge density. There are three 

adsorbed polyelectrolyte conformations: trains, loops and tails.
23, 33, 234, 240

 It is 

known that the lower the charge density of polyelectrolyte, the more the loop and 

tail conformations are. Contrarily, the higher the charge density of polyelectrolyte 

is, the more the train conformations are.
23, 33

 At low assembly pHs (from 3.4 to 

6.8), the adsorbed weak polyelectrolyte has high surface charge density, leading to 

increased interparticle spacing.
231

 Meanwhile, the train conformation of weak 

polyelectrolyte observed at low pH promotes 2D assembly of the nanoparticles.
231, 

241-242
 When the assembly pH (pH 6.8 - 7.2) approaches the solution pKa of PEI, the 

PEI ionization sharply drops to cause significantly reduced surface charge density. 

Both low surface charge density and high content of loop and tail conformations of 

the weak polyelectrolyte greatly increase the 3D aggregation of nanoparticles, and 

thus significantly decrease the interparticle spacing producing strong LSPC. This is 

very likely the reason that the 3D aggregates are dramatically developed and strong 

LSPC occurs in the high assembly pH range. The LbL assembly process for 

controlling the interparticle spacing and aggregation is represented in Scheme 5.2.  
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Figure 5.8 Statistical analysis histogram of the interparticle spacing smaller than 55 nm from 

the 50000× resolution images of pH 3.4, pH 5.6 and pH 6.8 films with the same bilayer number 

(1st, 2nd, and 3rd bilayer). Cumulative percentage (y-axis) means the percentage of 

nanoparticles with interparticle spacing smaller than certain values (x-axis). 
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Scheme 5.2 Scheme of weak polyelectrolyte mediated LbL assembly to control the interparticle 

spacing in the nanoparticle clusters and aggregation.  

5.5 Stability of the multilayers 

The weak polyelectrolyte/nanoparticles nanocomposite films fabricated were 

tested for their stability. After immersing the films in 10 mM PBS, acid solution 

with pH 3.5, or alkaline solution with pH 10, respectively, for one month, the peak 

wavelength shifts were measured (Figure 5.9). The results show that the 

longitudinal peak position of the films assembled at pH 3.4 shifts 0.1 nm (Figure 

5.9A1), 3.6 nm (Figure 5.9A2), and 5.3 nm (Figure 5.9A3) of their original values, 
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after immersion in pH 10 alkaline solution, pH 3.5 acid solution and PBS solution 

for one month, respectively. The films assembled at a high assembly pH (pH 10) 

are less stable than that assembled at pH 3.4. The peak shifts 7.0 nm and 6.9 nm of 

their original value after the films were immersed in pH 10 alkaline solution 

(Figure 5.9C1) and PBS (Figure 5.9C3) respectively for one month. The worst 

absolute red shift of LSPC after one month is ~7.0 nm, about 6% of the broad 

modulation range of the longitudinal peak wavelength by the assembly pH (116 

nm). Thus, the assembled film is reasonably stable for practical applications. The 

good stability of the nanocomposite films fabricated in this work is very likely 

ascribed to the synergistic effect of long range electrostatic force and the short 

range interactions such as the van der Waals interactions due to the nonionized 

NH2 and the dipole interaction between nanoparticles.
231

 At low assembly pH, the 

electrostatic force likely plays a more important role in the stabilization of the 

multilayer films, while at high assembly pH, the van der Waals interaction 

becomes strong due to more nonionized NH2 groups incorporated into the 

nanocomposite film. Meanwhile a smaller interparticle distance makes the dipole 

interaction stronger. Both the van der Waals force and the dipole interactions could 

stabilize the assembled films at high assembly pH.  
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Figure 5.9 UV-vis spectra of nanocomposite film assembled at different pH before and after 

immersion in different medium (pH 10.0 alkaline solution, pH 3.5 acidic solution and pH 7.4 

PBS (10mM)). A1-A3, B1-B3, and C1-C3 are the UV-vis spectra of pH 3.4 film in pH 10.0, 

pH 3.5, and PBS, pH 5.6 film in pH 10.0, pH 3.5, and PBS, and pH 10.0 in pH 10.0, pH 3.5, 

and PBS, respectively. 

5.6 Conclusions 

In brief, pH-controllable weak polyelectrolyte/Au nanoparticle nanocomposite 

films were successfully constructed through LbL assembly to investigate LSPC. 

The degree of LSPC can be extensively modulated by adjusting the weak 

polyelectrolyte assembly pH to achieve the largest tuning range of the longitudinal 

band peak (625 nm to 741.5 nm) to date, thus rendering great potential for various 

applications. The great LSPC modulation in the LbL nanocomposite film can be 

ascribed to the assembled weak polyelectrolyte, of which the pH dependant charge 
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density and conformation can easily tailor the interparticle spacing in the 

nanoparticle clusters.  

This work provides insights into the effect of morphology on the optical 

properties of a self-assembled film, and also opens a simple and economical path to 

realize the modulation of the optical property directly on substrates. This method 

can be extended to other weak polyelectrolyte and nanoparticle systems for 

different devices. 
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Chapter 6 Tunability and Synergistic Properties of 

Controllably Layer-by-Layer Assembled 

Polyelectrolytes/Nanoparticle Blend Hollow Capsules  

6.1 Introduction 

    Hollow spheres (capsules) have broad important applications in drug delivery, 

biosensors, catalysis, reactors, and artificial cells due to their versatile wall 

functions, capability to load active substances and unique permeability.
136, 243-244

 

Recently, the polymer/nanoparticle composite capsules have attracted particular 

attention by their unique properties contributed from both polymer and 

nanoparticle, in which the polymer provides flexibility and versatility and the 

nanoparticle offers superior electrical, optical, and magnetic properties while 

maintaining functionalities of the hollow spheres.
74, 144, 245-250

 Furthermore, some 

particular synergistic properties of polymers and nanoparticles might be harvested. 

    As a fast developing and well-recognized technology, colloid-templated LbL 

assembly has now become an economic and versatile method to fabricate the 

hollow capsules.
136, 244, 251

 The wall thickness of LbL assembled capsules can be 

controlled at a nanometer scale, while various chemical species can be incorporated 

with tunable nanoscale structures and functions.
5-6, 136, 244, 251-252

 This method has 

been used to fabricate polymer/nanoparticle composite capsules but its direct 

alternate assembly of polyelectrolytes and nanoparticles may induce severe 

aggregations between nanoparticles and between colloids as well,
74, 246, 253

 thus 

impairing the nanoparticle properties and the intactness of the capsule walls. 
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Compared to the direct assembly method, in-situ synthesis of nanoparticles in LbL-

assembled polyelectrolyte multilayer shells by introducing precursors can have 

well-separated nanoparticles with controlled nanoparticle concentration and 

nanoparticle size.
193, 245

 However, it is rather difficult to produce binding sites of 

precursors on the shells for the in situ synthesis through additional introduced 

reactions without  aggregating the colloidal templates;
193, 245, 254-255 

Alternatively, 

infiltration of nanoparticles through highly loose/porous polyelectrolyte shells has 

been reported, but it is not suitable for most polyelectrolyte systems and most 

nanoparticles, and only very small nanoparticles can be used.
256

 Up to now, it still 

remains a great challenge to develop a well-controllable method to fabricate 

polyelectrolyte/nanoparticle composite capsules with desired concentration, size 

and interparticle spacing of nanoparticles and good dispersion, and to further study 

the synergistic property of the multicomponents in the composite capsules for 

achieving superior performance in practical applications.  

Three-component LbL polyelectrolyte assembly via alternate deposition of a 

two-component polyelectrolyte blend and a third polyelectrolyte has attracted much 

interest recently due to its demonstrated superior tunability and versatility to 

traditional 2-component LbL assembly methods.
75, 110, 257-261

 Particularly, the 

assembled film thickness, chemical composition, wettability, stability, and 

biological interaction can be simply tuned by the blend ratio.
75, 258-259

 This 3-

component polyelectrolyte blend assembly has been recently performed on 

colloidal template to fabricate microcapsules with tunable chemical composition, 

thickness and stability.
260

 Nanoparticle is a building block in 2-component LbL 
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assembly, thus it might be used as one blend component to fabricate 

polyelectrolyte/nanoparticle composite capsules. There is a work on preparation of 

a 3-component capsule by using blended polyelectrolyte/nanoparticle solution 

assembled with another polyelectrolyte to prevent the nanoparticle aggregation.
253

 

However, the assembly process including the effect of assembly conditions on 

formation of the composite capsule has not been systematically studied. In 

comparison to an all-polyelectrolyte system, the challenge lies in that the 

nanoparticles in the blend with the same sign of charge as the polyelectrolyte 

component are normally assembled much slower than the polyelectrolyte one and 

even difficult to be assembled due to their larger size, much less binding sites and 

the fast charge overcompensation by polyelectrolyte, thus making it difficult to 

realize the controllability.
262-265

 Thus, it is even more challenging to use this 

nanoparticle-participated blend assembly method to fabricate capsules with 

tunability of the assembled nanoparticles concentration, size and interparticle 

spacing and superior synergistic property of polyelectrolyte-nanoparticle.
74, 253-255

  

The main advantage of the weak polyelectrolyte based LbL assembly is its pH-

tunable charge density to adjust the electrostatic interaction between assembled 

components over a very broad range.
33, 35, 59, 76, 86, 254, 266

 Parameters such as surface 

charge density, chemical composition, and permeability of the assembled 

multilayers can all be simply controlled by assembly pH.
23, 50, 59

 In this work, we 

systematically investigate the nanoparticle-participated 3-component LbL assembly 

process to build a polyelectrolyte/gold nanoparticle hollow nanocomposite capsule 

system by using PEI and a PAA-gold nanoparticle blend (both PEI and PAA are 
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typical weak polyelectrolytes). Gold nanoparticle was used as a model nanoparticle 

because of facile synthesis, superior physic-chemical properties and unique 

biological applications.
267-268

 Both the pH of weak polyelectrolyte and blend ratio 

of weak polyelectrolyte to nanoparticles were studied to manage the relative 

assembly rate of polyelectrolyte to nanoparticles and thus enhance assembly of 

gold nanoparticles for successful blended LbL assembly, meanwhile to maintain 

the dispersion of colloidal templates. To control the buildup of capsules at a 

molecular level, the effect of blend ratio on nanoparticle concentration and 

interparticle spacing in the weak polyelectrolyte/nanoparticle composite capsules 

are investigated. To control the buildup of capsules at a molecular level, the effect 

of blend ratio on nanoparticle concentration and interparticle spacing in the weak 

polyelectrolyte/nanoparticle composite capsules are investigated. The synergistic 

properties of weak polyelectrolyte and gold nanoparticles are explored. 

Encapsulation of antibody was conducted to demonstrate the potential applications 

of the assembled nanocomposite capsules.  

6.2 Preparation of PEI/PAA-gold nanoparticles microcapsules 

6.2.1 Synthesis of Au nanoparticles and CaCO3 microparticles 

Gold nanoparticles were synthesized according to Natan‟s method with minor 

modifications.
269

 Typically, 0.75 ml and 0.375 ml of 1% sodium citrate were added 

to 50 ml 0.3 mM boiling HAuCl4 solution respectively to prepare two differently 

sized Au nanoparticles. After 10 min boiling, the heat source was removed. The 

colloid solution was further stirred for 30 min and then stored in dark under room 
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temperature. Two kinds of gold nanoparticles prepared had the sizes of 18 nm ± 3 

nm (70 particles sampled) (Figure 5.1) and 50 nm ± 5 nm (50 particles sampled) 

(Figure 6.1) respectively in terms of the TEM images. Unless described 

particularly, 18 nm nanoparticles were used in all the experiments.   

 

    Figure 6.1 TEM images of large-sized gold nanoparticles. 

CaCO3 microparticles were prepared according to the reported method with 

minor modification.
270

 Briefly, 0.33 M CaCl2 and 0.33 M Na2CO3 were mixed 

under vigorous stirring for 3 min. Then three centrifugation and washing steps 

were performed with DI water to remove the unreacted species. Finally, the 

particles were washed with acetone and air dried. The size of CaCO3 microparticles 

was about 4.0 µm ± 1.2 µm, as shown in the SEM image (Figure 6.2).  
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Figure 6.2 FE-SEM images of CaCO3 microparticles. 

6.2.2 LbL blend assembly 

The PAA-gold nanoparticles blend solutions with varied blend ratio were 

prepared by adding different concentrations of PAA in the as-prepared gold 

nanoparticle solution. The pH of the blend solutions was adjusted using HAc or 0.1 

M NaOH.   

For the LbL assembly on plane substrates, the cleaned glass slides or silicon 

wafer were immersed in 1 mg/ml PEI solution (pH=9.0) for 10 min, followed by 

washing with DI water and blow-drying with N2. Subsequently, the substrate was 

immersed in the PAA-gold nanoparticle blend solution (pH=10) for 15 min, 

followed by washing with DI water and blow-drying with N2. Multilayer films with 

different bilayers were assembled by repeating the cycles. (PEI/PAA-Au) n is used 

to represent a multilayer film with n bilayers. 
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For the LbL assembly on CaCO3 microparticles, 10 mg CaCO3 microparticles 

were dispersed in 1 ml of 1 mg/ml PEI solution (pH=9.0) and shaken for 10 min 

using a vortex shaker. Then the microparticles were repeatedly centrifuged (200 g) 

and washed with DI water for 3 times, and were dispersed in 1 ml of the PAA-gold 

nanoparticles blend solution (pH=10) with shaking for 15 min, followed by three 

times of centrifugation (200 g) and washing with DI water. By repeating such 

cycles, multilayer shells with certain bilayers on CaCO3 microparticles were 

produced.  

6.2.3 Fabrication of polyelectrolyte-nanoparticle blend nanocomposite 

capsules  

The multilayer-coated CaCO3 microparticles were dispersed and shaken in 2% 

glutaraldehyde solution for 16 h to crosslink the multilayer films, followed by three 

steps of centrifugation (200 g) / washing with DI water to remove the free 

glutaraldehyde. Then, the multilayer-coated CaCO3 microparticles were dispersed 

and shaken in 0.2 M EDTA solution (pH 7.5) for 30 min, followed by 

centrifugation (1200 g) and re-dispersion in 0.2 M fresh EDTA (pH 7.5) for 30 

min. This procedure was repeated for 4 times to ensure complete removal of 

CaCO3 microparticles.
270-271

 Finally, the obtained capsules were repeatedly 

centrifuged (1200 g) and washed with DI water for 3 times.  
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6.3 Factors to affect microcapsule fabrication 

The main factors to affect the nanoparticle incorporation for construction of 

PEI/PAA-gold nanoparticles blend multilayers were studied by using different 

assembly pH and PAA concentration (blend ratio) (Figure 6.3). At PEI pH of 9, 

PEI concentration of 1 mg/ml and PAA of 1 mg/ml, a PAA-gold nanoparticle blend 

solution with pH larger than ~ 4 could make incorporation of gold nanoparticles 

into the assembly impossible. Even after 8 bilayers, no localized surface plasmon 

resonance (LSPR) peak could be observed from the UV-vis spectroscopy (Figure 

6.3a). Only by further decrease of assembly pH to ~ 3.2 that significant amount of 

gold nanoparticles can be assembled (Figure 6.3a). This is caused by a nearly 

neutral PAA at ~pH 3.2 or lower (PAA pKa=~4.5
23

) with lower assembly rate by 

electrostatic attraction to compete with Au nanoparticles.
253, 272

 It is interesting to 

note that the gold nanoparticles assemble exponentially with the bilayer number, 

which is possibly due to the exponential growth nature of PEI and PAA 

polyelectrolyte pair to provide increasingly rougher surface with increase of bilayer 

number for more gold nanoparticle adsorption.
60, 76

 PAA has much faster assembly 

rate than gold nanoparticles due to its high charge density at assembly pH higher 

than 4 and small size. Thus, the polyelectrolyte concentration could also be used to 

tune the relative assembly rate of PAA and gold nanoparticles for successful 

assembly of gold nanoparticles. Indeed, when lowering the PAA concentration to ~ 

0.1 mg/ml at pH 10, which keeps its fully charged state, the gold nanoparticles 

begin to be incorporated into the multilayers. The UV-vis spectra of the weak 

polyelectrolyte/nanoparticle nanocomposite films with different bilayers assembled 
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varied PAA concentrations in Figure 6.3b shows that the LSPR peak intensity 

increases with increase of the bilayer number, indicating successful assembly of 

gold nanoparticles with all these conditions. Furthermore, the LSPR peak intensity 

increases significantly with decrease of the PAA concentration. These results 

indicate that the tunable incorporation of gold nanoparticles in the assembly could 

be ascribed to the competitive adsorption between PAA and gold nanoparticles.
253, 

272-273
 It can be seen that at relatively high PAA concentration (0.01 and 0.1 

mg/ml), the gold nanoparticles also assemble exponentially, which should be due 

to the same reason as stated above (exponential growth of PEI and PAA 

multilayers). Interestingly, increase of assembly pH of PEI can also significantly 

enhance the gold nanoparticles assembly. The nanoparticles assembled at PEI pH 9 

significantly increase by ~ 9 times than that at pH 3.5 (Figure 6.3 (a), and also see 

Figure 6.4 for UV-vis spectra). In contrast, at PEI pH 3.5 and PAA pH 10 at which 

PAA is fully charged, the gold nanoparticles are very difficult assembled even with 

0.001 mg/ml PAA (Figure 6.3 (b), and also see Figure 6.5 for UV-vis spectra). This 

is caused by more incorporated PEI with more loop and tail structure at a higher 

pH for more active sites.
33, 76, 274

 Thus, the weak polyelectrolyte adopted here plays 

an essential role to enhance the assembly of gold nanoparticles, making the 

tunability of gold nanoparticle assembly possible. In the reported 3-component 

assembly for nanocomposite capsules, strong polyelectrolyte is used. it is much 

more difficult to incorporate substantial amount of gold nanoparticles for tuning 

the capsule composition due to the much stronger electrostatic interaction between 

two polyelectrolytes than that between nanoparticle and polyelectrolyte;
25, 116

 even 
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with very small blend ratio of polyelectrolyte to nanoparticles the incorporated 

nanoparticles are still low due to much less active sites of the dominated train 

conformation in the strong polyelectrolyte-assembled multilayers.
23, 33

 The LbL 

assembly on colloidal particles may impose restrictions on the tuning conditions 

for the nanoparticles assembly. It was found that at PEI pH as high as 9, the PAA-

gold nanoparticles blend solution could not be too low (such as lower than 4), 

which would induce severe aggregations between colloidal templates. This might 

be due to the too low surface charge and/or too rough surface of coated colloids.
76, 

193, 254
 Furthermore, further increase of PEI pH could also increase the aggregation, 

possibly due to the same reason (too low charge density and/or too rough surface). 

Thus, in all the remaining experiments, the PEI pH was set at 9 to increase the 

incorporation of gold nanoparticles, but not aggregate the CaCO3 microparticles, 

the pH of PAA-gold nanoparticles blend solution was chosen at 10 to make PAA 

fully charged to prevent the aggregation, and very small concentrations (0.01 

mg/ml or less) of PAA were used to enhance the gold nanoparticle incorporation.  
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Figure 6.3 The LSPR intensity versus the bilayer number of the multilayers assembled at 

different pH and different PAA concentration. (a) PAA concentration of 1mg/ml and different 

PEI and PAA pH. (b) PEI pH of 9 and PAA concentration of 0.001 mg/ml, 0.005 mg/ml, and 

0.01 mg/ml, and PEI pH of 3.5 and PAA concentration of 0.001 mg/ml. (0.001, 0.005, 0.01, 0.1 

represent 0.001 mg/ml, 0.005 mg/ml, 0.01 mg/ml, and 0.1 mg/ml PAA in the blend solution 

with fixed gold nanoparticle concentration (the same below).). 
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Figure 6.4 UV-vis spectra of PEI/PAA-gold nanoparticles multilayers with different bilayers 

assembled at PEI (1mg/ml) pH 9.0 (a) and pH 3.5 (b), and PAA (1mg/ml)-gold nanoparticle 

blend pH 3.2.  

 
Figure 6.5 UV-vis spectra of PEI/PAA-gold nanoparticles multilayers with different bilayers 

assembled at PEI pH of 3.5 and PAA pH of 10 and concentration of 0.001mg/ml.  



98 

 

6.4 Characterization of PEI/PAA-gold nanoparticles composite 

capsules 

The PEI/PAA-gold nanoparticles blend multilayers were subsequently assembled 

on removable CaCO3 microparticles. Three representative concentrations of PAA 

(0.01 mg/ml, 0.005 mg/ml, 0.001 mg/ml) were tested to investigate the controllable 

assembly of microcapsules. Figure 6.6 shows the typical CLSM images of the 

structure of multilayer-coated CaCO3 microparticles and the microcapsules after 

removal of the CaCO3 microparticles. The fluorescence is distributed over all the 

core/shell structure but with stronger signals around the microparticles (Figure 

6.6a. Only the image of microparticles coated with 0.01 mg/ml PAA assembled 

films is given. Images of microparticles coated with multilayers assembled at 0.001 

mg/ml or 0.005 mg/ml PAA are similar and not shown). It has been reported that 

the CaCO3 microparticle has a nanoporous structure to allow penetration of 

polymers into its spheric structure.
270, 275

 Thus, the polyelectrolytes and 

nanoparticles may not only be adsorbed on the CaCO3 surface, but also penetrate 

into the interior of the sphere structure of the particles. Notably, these multilayer-

coated CaCO3 microparticles at all the adopted conditions are well-dispersed. After 

thorough removal of the CaCO3 core by repeated EDTA treatment and water 

washing procedure,
74, 270-271

 very little fluorescence can be observed in the 

microparticles for all the PAA concentrations and the dispersion state is still 

maintained (Figure 6.5b-d), indicating successful formation of well-dispersed 

hollow capsules. The remaining slight fluorescence is caused by the initially 

formed complexes in nanopores of CaCO3 particles.
270-271

 FE-SEM images of the 
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nanocomposite (Figure 6.7) show that the structures fabricated at all the conditions 

collapse, which is due to the ultrathin nanocomposite shell, leading to a very weak 

mechanical strength. This further confirms the formation of the hollow 

nanocomposite capsules. The 2-component LbL assembly of PEI and gold 

nanoparticles without PAA to be blended (same assembly pH and same batch of 

gold nanoparticles) was also examined and severe aggregation between capsules 

was observed (Figure 6.8). Moreover, the UV-vis spectra of the two-component 

polyelectrolyte/nanoparticle multilayers exhibit very strong longitudinal localized 

surface plasmon coupling peaks at around 625 nm, suggesting serious aggregation 

between gold nanoparticles inside the individual capsule wall (Figure 6.9).
266, 276

 

Another phenomenon is that a rather high percentage of broken microcapsules 

occur (Figure 6.8). This result indicates that the strong tendency of nanoparticles to 

aggregate could promote the aggregation of the colloidal templates during the 

assembly process, thus leading to an inhomogeneous coating and even breakage of 

the multilayer shell. Apparently, the nanoparticle aggregation in the multilayer 

shell can affect the film continuity. Unlike the 2-component assembled capsules, 

the nanoparticles are distributed uniformly inside the three-component 

polyelectrolyte/nanoparticle capsule walls (see TEM results below). The good 

dispersion and intactness of three-component polyelectrolyte/nanoparticle 

composite capsules indicate that the PAA component in the blend can not only 

protect the gold nanoparticles from aggregation, but also significantly improve the 

wall integrity, thus providing microcapsules much superior to 2-component ones.  
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Figure 6.6 CLSM images of microparticles before the core removal (a) and the microcapsules 

fabricated at 0.001 mg/ml PAA (b), 0.005 mg/ml PAA (c), and  0.01 mg/ml PAA (d). 

 

Figure 6.7 FE-SEM images of the microcapsules fabricated at different PAA concentrations. a) 

0.001 mg/ml;  b) 0.005 mg/ml;  c) 0.01 mg/ml.  
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                   Figure 6.8 CLSM image of the microcapsules fabricated without PAA. 
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        Figure 6.9 UV-vis spectra of PEI/gold nanoparticles multilayers with different bilayers. 

TEM was used to study the internal structures of the microcapsules (Figure 6.10). 

The amount of gold nanoparticles in the capsule wall can be simply controlled by 

the PAA concentrations. With increase of the PAA concentration, the amount of 



102 

 

the assembled gold nanoparticles significantly decreases (Figure 6.10a-c). The 

concentration of gold nanoparticles in the capsules can be calculated by dividing 

the nanoparticle amount with its occupied volume, which is proportional to its 

occupied thickness. As estimated from AFM result (Figure 6.11), the capsules 

constructed with 0.01 mg/ml PAA have a thicker wall (41 nm) than the other two 

types of capsules (28 nm for the 0.001 mg/ml PAA and 17 nm for the 0.005 mg/ml 

PAA). Thus, the gold nanoparticle concentration in this type of capsule is less than 

that in the other two types. Although the thickness of capsule walls from 0.001 

mg/ml PAA is larger than that from 0.005 mg/ml, nanoparticle amount for 0.001 

mg/ml condition is much larger than that for 0.005 mg/ml (~2.5 times), indicating 

that the gold nanoparticle concentration of capsules fabricated from 0.001 mg/ml 

PAA is larger than that from 0.005 mg/ml. Therefore, the nanoparticle 

concentration in the microcapsules can be simply tailored by the PAA assembly 

concentration. The distribution and interparticle spacing of gold nanoparticles can 

also be reflected from the TEM images (Figure 6.10). For all the PAA 

concentrations, the gold nanoparticles distribute homogeneously in their capsule 

walls. Furthermore, with increase of PAA concentration, the interparticle spacing 

obviously increases, which should result in a regular shift of LSPR peak position 

and will be discussed later. To demonstrate the size tunability of the gold 

nanoparticles assembled into the capsules, the large-sized gold nanoparticles (50 

nm) were also used for the capsule fabrication with this three-component LbL 

assembly process. The capsules also can be fabricated (FE-SEM images shown in 

Figure 6.12) to incorporate large-sized nanoparticles (Figure 6.10d). Thus, by 
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tuning the size of nanoparticle used for the assembly, the nanoparticle size in the 

microcapsules can be easily tuned. It should be noted that the incorporation of such 

large-sized nanoparticles cannot be easily achieved via other methods such as in 

situ synthesis method due to the strong stabilization effect of the polyelectrolyte 

shells,
193, 245

 direct assembly method due to the aggregation between nanoparticle 

and colloid,
253, 277

 and infiltration method due to the limited pore size of 

polyelectrolyte multilayers.
256

 

 

Figure 6.10 TEM images of the microcapsules fabricated at different PAA concentrations and 

with large gold nanoparticles. a) 0.001 mg/ml; b) 0.005 mg/ml; c) 0.01 mg/ml; d) 0.01 mg/ml 

with large sized gold nanoparticles.             
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Figure 6.11 AFM images of the microcapsules fabricated at different PAA concentrations. a) 

0.001 mg/ml; b) 0.005 mg/ml; c) 0.01 mg/ml. 

 

Figure 6.12 FE-SEM images of the microcapsules fabricated with 50 nm gold nanoparticles at 

PAA concentration of 0.01 mg/ml. 

6.5 Synergistic properties of nanocomposite capsules 

One important property of metal nanoparticles is their LSPR. The fabrication of 

nanoparticle assembly on a solid substrate or in a freestanding form with tunable 
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LSPR is very desirable for many important applications such as laser-responsive 

drug delivery,
208-209

 surface enhanced Raman scattering,
202-203, 278

 second harmonic 

generation,
205, 279

 and photonic wave guiding.
206, 280

 In the previous chapter, 

modulation of longitudinal LSPR peak directly on solid substrates with a broad 

tuning range has been realized.
266

 Differently, the LSPR property of the obtained 

freestanding nanocomposite capsules in this work was investigated. Figure 6.13 

shows that the LSPR peak position of the capsules can be simply controlled by the 

PAA concentrations. With decrease of PAA concentration, the LSPR peak 

significantly red-shifts from 547 nm to 581 nm. This can be ascribed to the 

increased nanoparticle filling factor (nanoparticle concentration) and decreased 

interparticle spacing,
196, 262, 281-282

 which is supported by the TEM and AFM result 

(Figure 6.10 and 6.11). This LSPR tuning range is already among the highest for 

the gold nanoparticle-loaded polyelectrolyte microcapsules in the reported prior 

arts,
281

 and is expected to be further extended by optimizing the PAA 

concentration. It is worthy of a note that the good dispersion of gold nanoparticles 

in the capsules are remained in all tested PAA concentrations (Figure 6.10). The 

LSPR tunability of polymer/nanoparticle nanocomposite capsule by LbL blend 

assembly is demonstrated for the first time, and is clearly a synergistic effect of 

polyelectrolytes and gold nanoparticles, in which the polyelectrolyte plays a role in 

adjusting the interparticle distance to control interaction between metal 

nanoparticles in the three-component LbL assembly. Such weak 

polyelectrolyte/nanoparticle composite capsules with a tunable LSPR property are 
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particularly promising for smart drug delivery system with biosensing and 

bioimaging functions.
244, 268, 283-285

  

 

Figure 6.13 The normalized UV-vis spectra of microcapsules assembled at 0.001 mg/ml, 0.005 

mg/ml and 0.01 mg/ml PAA concentration.  

Permeability is one of the most important properties of the polyelectrolyte 

hollow capsules for practical applications such as drug delivery and fundamental 

study to understand the property of the polyelectrolyte multilayer film.
98, 136, 286-289

 

The assembled polyelectrolyte microcapsules without post-treatment (i.e. under 

ordinary condition of neutral pH, low salt concentration and room temperature) 

typically show semipermeability to only small molecules (e.g., PSS/PAH capsule 

has a typical molecular weight cutoff of ~2 K).
136, 288, 290-291

 The polyelectrolyte 

capsules using porous CaCO3 as a template are more permeable, but the largest 

molecules reported to permeate till now is FITC-dextran with M~150 K.
292

 Thus, 
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highly permeable microcapsules are required for the loading of high-molecular-

weight macromolecules such as DNA and many proteins or even nanoparticles.
136, 

288
 In addition, it is important to control the permeability for selective loading.

286, 

288-289
 In this study, the FITC-dextran with molecular weight of 250 K and 2000 K 

were chosen as probes to test the permeability of microcapsules fabricated with 

0.001 mg/ml PAA and 0.01 mg/ml PAA. For the microcapsules with lower PAA 

concentrations (0.001 mg/ml), even the 2000 K FITC-dextran can permeate 

through (Figure 6.14a). However, the microcapsules fabricated with 0.01 mg/ml 

PAA inhibit the penetration of the 2000 K FITC-dextran (Figure 6.14b) while 

allow the 250 K FITC-dextran passing through easily (Figure 6.14c). This 

permeability level is much higher than that of reported polyelectrolyte 

microcapsules.
136, 288, 290-292

 The ultrahigh permeability of the weak 

polyelectrolyte/nanoparticle nanocomposite capsule at low polyelectrolyte 

concentration (0.001 mg/ml PAA) could be ascribed to the large concentration of 

gold nanoparticles incorporated, which can introduce significant interparticle 

interstices.
293-294

 With increase of PAA concentration, the gold nanoparticle 

concentration can be simply reduced with less interparticle interstices to 

compromise the permeability for particular application requirement. Since lower 

permeability can be achieved by traditional approaches, the prominent advantage of 

this work is to provide a method to fabricate highly permeable capsules. Indeed, 

with this approach even at 0.01 mg/ml PAA concentration at which the content of 

gold nanoparticles is very low, the permeability is still very high. Thus, the weak 

polyelectrolytes incorporated should play a role in the high permeability. 
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Interestingly, FITC-dextran with molecular weight of 250 K can also permeate 

through the PEI and PAA capsules without incorporating gold nanoparticles (same 

assembly condition but without addition of gold nanoparticles. Figure 6.15). This 

might be ascribed to the exponential growth of partially charged PEI and PAA to 

form a highly loose structure.
76, 78, 130

 The unique high permeability of pure weak 

polyelectrolyte capsule reported here should also be very promising for various 

applications, which is being further investigated in our lab. However, it could not 

achieve as high level as that demonstrated in this work (permeable to 2000 K). In 

addition, without the incorporated nanoparticles, the capsules cannot have the 

important LSPR properties. To our knowledge, no capsules have been reported to 

have both such superior and tunable LSPR and permeability. The capsules 

fabricated in this work provide high, controllable permeability and LSPR, 

rendering very promising potential for selective encapsulation of macromolecules 

(or even nanoparticles) for broad practical applications.
136, 271, 289, 295-296

 

Particularly, with the tunable LSPR property and tunable superior permeability, the 

weak polyelectrolyte/nanoparticle nanocomposite capsules could have great 

potential applications in intelligent drug delivery, biosensing and biological 

imaging. 
244, 268, 271, 283-285, 295-296

 In our lab, study on the antibody loading for 

targeted drug delivery and bio-imaging is undergoing using Rabbit anti-goat IgG 

(cy3 labeled, Mw~160 K) as a model antibody. Preliminary results have been 

accomplished. After dispersion in cy3-IgG/PBS solution and thoroughly washing 

with PBS, the cy3-IgG can be very easily spontaneously loaded into the 

microcapsules (both in the wall and interior) (Figure 6.16). 
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Figure 6.14 The permeability of microcapsules fabricated at different PAA concentrations for 

FITC-dextran with different molecular weight. a) PAA concentration 0.001 mg/ml, FITC-

dextran M=2000 K; b) PAA concentration 0.01 mg/ml, FITC-dextran M=2000 K; c) PAA 

concentration 0.01 mg/ml, FITC-dextran M=250 K. 
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Figure 6.15 Permeability of the microcapsules fabricated at 0.01 mg/ml PAA and without 

addition of gold nanoparticles for FITC-dextran with a molecular weight of 250 K. 
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Figure 6.16 CLSM images and the intensity profile of cy3-IgG loaded microcapsules along the 

line after thoroughly washing with PBS.  

6.6 Conclusions 

    In summary, a nanoparticle-participated three-component LbL assembly using 

weak polyelectrolyte-nanoparticle blend and another weak polyelectrolyte was 

used to fabricate polyelectrolyte/nanoparticle hollow composite capsules. The 
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assembly pH of weak polyelectrolyte and blend ratio of weak polyelectrolyte to 

nanoparticles were investigated to successfully assemble blend multilayers on 

colloidal template without aggregation. The microcapsules obtained from removing 

the cores are well-dispersed, with controllable assembly of nanoparticles including 

their concentration, size and interparticle spacing. The as-prepared weak 

polyelectrolyte/nanoparticle nanocomposite capsules demonstrate synergistic 

superior tunable LSPR and permeability, which are not able to be achieved by 

traditional pure weak polyelectrolyte capsules, 2-component weak 

polyelectrolyte/nanoparticle nanocomposite capsules, or even other reported 

capsules. Importantly, these properties can be simply controlled by the blend ratio 

of nanoparticle to polyelectrolyte in the blend solution. This work provides not 

only a novel and universal approach to fabricate well-dispersed microcapsules with 

controllable incorporation of nanoparticles for various applications, but also 

scientific insight into the nanoparticle-participated blend LbL assembly process. 

The weak polyelectrolyte/nanoparticle capsules could have great applications in 

broad areas, especially in intelligent drug delivery, biosensing, and bioimaging.  

 

 



113 

 

Chapter 7 Exponentially growing layer-by-layer assembly to 

fabricate pH-responsive hierarchical nanoporous polymeric 

film and its superior controlled release performance  

7.1 Introduction  

    Polymeric nanoporous materials have attracted great interest in recent years due 

to their great potentials in broad important applications such as catalysis, separation, 

sensing and controlled drug release.
297-302

 A hierarchical nanoporous structure 

(multi-scale pore sizes with at least one between 1 nm and 100 nm) is particularly 

desirable for applications such as catalysis and controlled release since the larger 

pores can enhance target molecule diffusion, while the smaller pores are able to 

improve loading capacity and molecule-release control.
138, 303-305

 Although methods 

such as template synthesis
299, 303, 306

 and lithography
307

 have been developed to 

construct micro- or nano-pores, they are somewhat tedious, costly, and time-

consuming, and difficult to fabricate a hierarchical nanoporous structure.  

    Layer-by-layer (LbL) assembly is a simple and efficient technology to fabricate 

nanostructured ultrathin films.
179, 308-309

 Recently, the exponentially growing LbL 

(e-LbL) assembly has been fueled up in researches by its great advantages over the 

linearly growing LbL (l-LbL) one.
310-312

 Unlike the l-LbL assembly, by which the 

assembled chemical species only interact with the outermost layers to form a 

nanoscale feature, a diffusion in-and-out mechanism of e-LbL assembly enables 

assembly of much more molecules at each deposition step by interaction with both 

the outermost layer and the inside multilayer by interdiffusing free molecules, thus 
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possibly introducing an additional higher-scale structure.
76, 312-313

 For the first time, 

a hierarchical nanoporous multilayer film is directly constructed by the e-LbL 

assembly approach without any posttreatment and template. Since various weak 

polyelectrolytes are often used as building blocks in LbL assembly to introduce a 

pH-controllable and pH-responsive multilayer film,
57, 86, 128

 they are selected for the 

exponentially growing LbL assembly. Particularly, branched high-molecular-

weight PEI (BPEI, Mw~750 K) and PAA (Mw~100 K) were used in this work. With 

a widely pH-tunable charge density of PEI and PAA, the exponentially grown 

(PEI/PAA)n multilayers could have pH-dependent charge density and interaction 

with charged drugs. The drugs are loaded by controlling the pH to enhance the 

interaction between multilayers and charged drugs, and released when the 

multilayers are immersed in an environment with a different pH value at which the 

interaction is weaker. Both the loading and release could be controlled by the 

solution pH, which forms the basis of pH-controlled drug delivery whether for in 

vitro or in vivo applications. It needs to be noted that the pH varied greatly from 

tissue to tissue in human body.
314-315

   

7.2 Fabrication of the exponentially grown multilayers 

    The glass slides or silicon wafer were first immersed into PEI solution with pH 

at 9.50 for 15 min, rinsed with DI water for 5 times and blown dry with N2. 

Subsequently, the substrates were immersed in PAA solutions with pH at 3.20 for 

15 min, followed by rinsing with DI water for 5 times and blowing dry with N2. 

This cycle was repeated for several times to obtain multilayers with certain bilayer 
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number. For the thermal cross-linking, the multilayers were incubated for 1 h in a 

vacuum oven at the temperature of 120˚C. 

7.3 Characterization of the exponentially grown multilayers 

    A very fast exponentially grown multilayer film with highly nanoporous 

structure was obtained (Figure 7.1). Particularly, a uniform and large-area 

hierarchical nanoporous structure with well-defined double-scaled pore size 

(macropores ~200 nm and mesopores ~30 nm) is observed (Figure 7.2). The 

smaller pores are located in the larger pores, which is one of the most promising 

hierarchical structures.
303

 The experimental results also show that the morphology 

is highly dependent on the assembly pH. The hierarchical nanoporous structure can 

be tailored by simply changing the assembly pH (Figure 7.3). Even the micropores 

can be diminished to form a non-hierarchical uniform nanopore structure through 

decreasing PEI assembly pH and increasing PAA assembly pH (i. e. increasing the 

polyelectrolyte charge density) (Figure 7.4). It is noted that the exponential growth 

is also reduced with increase of the polyelectrolyte charge density (data not shown), 

suggesting that the formation of the microscale structure is related to the 

exponential growth. Very high pH of PEI or very low pH of PAA can only 

assemble a non-homogeneous irregular structure rather than the hierarchical 

nanoporous film. The as-prepared multilayer film is stable in a solution over a 

broad pH range from 4.5 to 9.6 without cross-linking, possibly due to the alternate 

high and low assembly pH conditions. 
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                    Figure 7.1 Thickness evolution of the multilayers with the bilayer number.     

 

Figure 7.2 FE-SEM top-down images with different magnifications (A-C) and cross-section 

image (D) of self-assembled hierarchical nanoporous polyelectrolyte multilayers.  
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Figure 7.3 Hierarchical nanoporous structure obtained by slight adjustment of assembly pH at 

low and high magnification: (A1, A2) PEI pH 9.37/PAA pH 3.20, (B1, B2) PEI pH 9.63/PAA 

pH 3.20.  

           

 

Figure 7.4 Nanoporous structure obtained by changing the assembly pH (PEI pH 8.0 and PAA 

pH 4.0) at low (A) and high magnification (B). 

    It has been reported
60, 138, 316

 that a weak polyelectrolyte multilayer film could 

have structure transformation to form nanopores by acid treatment (pH range ~1.75 

to ~2.30) possibly contributed from specific molecular reorganization at low pHs. 

Since the assembly pH can significantly affect the pore structure of the 
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exponentially grown LbL assembled film, it is also possible that the low assembly 

pH (PAA, ~ pH 3) could cause the structure change to form hierarchical pores 

during the self-assembly process. However, the detailed mechanism for formation 

of the hierarchical pores is still not clear, and needs further investigation. 

7.4 MB loading into the hierarchical nanoporous multilayers 

    The five-bilayer polyelectrolyte film was used to study the loading and release of 

charged small molecules. Positively charged methylene blue (MB) is used as a 

model guest molecule, which has been often used as a model drug.
57, 317-319

 The 

fabricated multilayer film demonstrates an important pH-responsive loading 

capacity (Figure 7.5). With increase of the loading pH, the loading capacity 

increases tremendously. This is understandable since the increased environmental 

pH could enhance deprotonization of PEI and ionization of PAA to result in an 

increased negative charge density, thus increasing the loading capacity of MB. At a 

high environmental pH such as 9.6, the loading capacity can achieve ~147.2 

µg/cm
2
, which is much higher than the linearly grown multilayer films even with a 

larger bilayer number (~8.25 µg/cm
2
 for a 10.5 bilayer film).

57
 To eliminate the 

effect of film thickness (the exponential growth could increase the thickness to 

increase the loading) for investigating the role of hierarchical pores in the loading 

enhancement, the loading capacity is normalized by the film thickness, and ~0.968 

g/cm
3 

and ~0.208 g/cm
3
 for the exponentially grown hierarchical and the linearly 

grown nonporous films are obtained respectively.
57

 It is indeed the best 

accomplished loading capacity up to date. The remarkably high loading capacity of 
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the exponentially grown film is very likely to be ascribed to its much optimized 

hierarchical pore structure, which can eliminate or reduce the dead end nanopores 

to significantly increase the pore utilization for high loading.   

 

            Figure 7.5 MB loading into the nanoporous multilayers at different environmental pH. 

7.5 MB release from the hierarchical nanoporous multilayers 

    The multilayer film was loaded with MB at pH 9.6 for release experiments, 

demonstrating a pH-responsive release behavior (Figure 7.6). With decrease of the 

environmental pH, the release rate increases sharply. This can be explained by the 

same reason as that for the pH-dependent loading capacity, i.e. a decreased 

environmental pH can enhance both ionization of the PEI and protonization of PAA 

to decrease the negative charge density. More importantly, the film demonstrates a 

long release time and also a large linear release range over a broad pH region. For 

example, the release at pH 9.6 lasts 16 days at least and is linear over 193 hours 

with R of 0.964 for the linear fitting. The total release time, the linear release time, 
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and the R value is listed in Table 7.1, showing that the total release time, 

particularly the linear release time of the film fabricated in this work is much 

longer than the reported weak polyelectrolyte films, which can only achieve 400 

min for the linear release time at the most and in some cases could not release due 

to trapping in the films.
57, 89

 The superior release performance of the film fabricated 

in this work could be also contributed by its hierarchical nanopore structure, of 

which the larger pores allows the release mass transport while the smaller pores 

lower the release rate for a longer linear release time. It has been reported that a 

nanopore structure can slow the release rate with better linear release property, 

while exhibiting faster release in a microscale pore structure due to the Fickian 

diffusion mechanism.
138, 320-321

   

      

Figure 7.6 MB release from the nanoporous multilayers at different environmental pH. The 

inset shows release profile at initial stage.      
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                          Table 7.1 Total and linear release time at different release pH 

Release pH Total release time Linear release time R 

pH=9.6 391 h 193 h 0.964 

pH=8.9 152 h 74 h 0.962 

pH=6.5 76 h 35 h 0.954 

pH=4.5 175 min 175 min 0.966 

 

    The release from the hierarchical porous film was also performed in a phosphate 

buffered saline (PBS) solution (pH=7.4 and 10 mM). One of the biggest obstacles 

experienced in the polyelectrolyte film-based controlled drug release is the short 

release time in a physiological buffered solution, since the high ionic strength can 

swell the polyelectrolyte film and shield the electrostatic force between drugs and 

multilayers to greatly accelerate the drug diffusion out from the film.
57, 317-318

 

Indeed, the reported weak polyelectrolyte films have burst releases with maximum 

10 min-release only in PBS,
57, 317

 Figure 7.7 shows that the multilayer film 

fabricated in this work has a pseudo-linear release profile with a significantly 

increased release time (~40 min), further demonstrating its superior release 

property. To enforce the fabricated nanopore structure for further improving its 

release property in PBS, thermal cross-linking was carried out with the fabricated 

film and exceptional performance was demonstrated with significant increased 

release time of ~120 min (Figure 7.7). 
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Figure 7.7 MB Release from uncross-linked and cross-linked hierarchical nanoporous 

multilayers in PBS. 

7.6 Conclusions 

    In conclusion, a hierarchical nanoporous polyelectrolyte multilayer film is 

fabricated by a pH-controlled LbL assembly of weak polyelectrolyte for the first 

time. In comparison to the reported weak polyelectrolyte multilayers, the film 

demonstrates a much higher loading capacity and significantly increased release 

time and linear range in a broad pH range, while retaining the pH-dependent 

loading and release behavior. Particularly, in physiological buffered solution the 

film can also lower the release rate and increase the release time of charged small 

molecules, and thermal cross-linking of the multilayer film even further 

significantly increases the release time and improves the release profile in PBS, 

thus providing a great potential in pH-controlled drug release applications.  
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Chapter 8 General conclusion and outlook 

8.1 General conclusion 

    This dissertation has systematically reviewed the current status and development 

of weak polyelectrolyte-based LbL-assembled multilayers. The pH-controllable 

properties, pH-responsiveness to the environment, and other influential factors for 

weak polyelectrolyte multilayers have been thoroughly summarized. The pH-

dependent properties and synergistic functions obtained from weak 

polyelectrolyte/other component multilayers have been discussed. As a fast-

developing area, weak polyelectrolyte-based exponentially grown multilayers have 

been reviewed in detail. Additionally, the applications of weak polyelectrolyte-

based multilayers have been summarized.  

 In one of my accomplishments, two natural weak polyelectrolytes, chitosan and 

alginate, were assembled at different pH levels to form multilayers. It has been 

found that the surface composition of the films can be controlled by the assembly 

pH. With a decrease of the assembly pH of alginate, less chitosan could penetrate 

to the outermost alginate layer to increase the negative charge density from alginate 

for more antibody immobilization. Moreover, it has been found that the antigen 

binding activity on the antibody immobilized multilayer film can also be tuned by 

the assembly pH. With the increase of the assembly pH of alginate, the antigen 

binding activity decreases. This work can provide more scientific insight into the 

interaction between protein and polymer matrix and render a simple, novel 
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approach to building a high-performance biointerface through pH control for 

potential applications of highly sensitive immunosensors.  

 For the first time, pH-controllable weak polyelectrolyte/Au nanoparticle 

nanocomposite films were successfully constructed through LbL assembly to 

investigate LSPC. The degree of LSPC can be extensively modulated by adjusting 

the weak polyelectrolyte assembly pH to achieve the largest tuning range of the 

longitudinal band peak (625 nm to 741.5 nm) to date, thus offering great potential 

for various applications. The great LSPC modulation in the LbL nanocomposite 

film can be ascribed to the assembled weak polyelectrolyte, of which the pH-

dependent charge density and conformation can easily tailor the interparticle 

spacing in the nanoparticle clusters. This work provides insights into the effect of 

morphology on the optical properties of a self-assembled film and opens a simple 

and economical path to realize the modulation of the optical property directly on 

substrates. This method can be extended to other weak polyelectrolyte and 

nanoparticle systems for different devices. 

     A nanoparticle-participated three-component LbL assembly using a weak 

polyelectrolyte-nanoparticle blend and another weak polyelectrolyte was employed 

to fabricate polyelectrolyte/nanoparticle hollow composite capsules. The assembly 

pH of weak polyelectrolyte and the blend ratio of weak polyelectrolyte to 

nanoparticles were investigated to successfully assemble blend multilayers on a 

colloidal template without aggregation. The microcapsules obtained from removing 

the cores were well-dispersed, with controllable assembly of nanoparticles 

including their concentration, size, and interparticle spacing. The as-prepared weak 



125 

 

polyelectrolyte/nanoparticle nanocomposite capsules demonstrate synergistic 

superior tunable LSPR and permeability, which are not achievable by traditional 

pure weak polyelectrolyte capsules, 2-component weak 

polyelectrolyte/nanoparticle nanocomposite capsules, or even other reported 

capsules. These properties can be simply controlled by the blend ratio of 

nanoparticle to polyelectrolyte in the blend solution. This work provides not only a 

novel and universal approach to the fabrication of well-dispersed microcapsules 

with controllable incorporation of nanoparticles for various applications, but also 

scientific insight into the nanoparticle-participated blend LbL assembly process. 

The weak polyelectrolyte/nanoparticle capsules could have great applications in 

broad areas, especially intelligent drug delivery, biosensing, and bioimaging.  

    A hierarchical nanoporous polyelectrolyte multilayer film has been fabricated by 

a pH-controlled LbL assembly of weak polyelectrolyte for the first time. In 

comparison to the reported weak polyelectrolyte multilayers, the film demonstrates 

a much higher loading capacity and significantly increased release time and linear 

range in a broad pH range while retaining pH-dependent loading and release 

behavior. Particularly, in a physiological buffered solution, the film can also lower 

the release rate and increase the release time of charged small molecules. Thermal 

cross-linking of the multilayer film further increases the release time and improves 

the release profile in PBS, thus providing great potential for pH-controlled drug 

release applications.  

    In summary, this work has involved the systematic study of several particularly 

designed weak polyelectrolyte-based multilayers. In so doing, this work has 
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enriched the scientific knowledge of weak polyelectrolyte multilayer-based 

assemblies and properties and developed various strategies for the use of LbL 

assembly in various applications.  

8. 2 Outlook   

    Weak polyelectrolyte-based multilayers have demonstrated their great potential 

in a variety of advanced applications due to their highly tunable structure at a 

molecular level, unique properties, and convenience of incorporating functional 

building blocks. Nevertheless, this research area is still in its infancy with 

remarkable opportunities ahead.  

    My PhD work is able to realize the pH-controlled assembly of gold nanoparticles 

into nanocomposite films. Multi-responsive properties synergistically from the pH-

responsive weak polyelectrolyte and optically responsive gold nanoparticles should 

be investigated for broad applications. In addition, other multi-responsive materials 

could be designed and fabricated via LbL assembly. Weak polyelectrolytes can 

provide us the ability to sense the environment via pH response, while the LbL 

technique can provide a route to incorporate various environmentally responsive 

building blocks such as temperature-responsive materials, optically active 

materials, electro-active materials, and magnetically responsive materials. It is 

possible to have a synergistic functional assembly that is responsive to the 

environment in dual or multiple ways. 

    Colloidal sphere has been successfully used as a template for fabricating the 

weak polyelectrolyte/nanoparticle hollow sphere. The uses of alternative 
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nanostructured removable materials as templates to generate various weak 

polyelectrolyte or weak polyelectrolyte/nanoparticle composite nanostructures hold 

significant promise. Both the multilayer structure and its shape could be controlled 

with this method. Novel properties such as permeability, fast response to the 

environment, and large surface area could provide significant possibilities for both 

fundamental studies and applications.     

    Much attention has been paid to exponentially grown multilayers, most of which 

include weak polyelectrolytes. However, the detailed structures such as internal 

molecular-level structures and formation mechanisms of these multilayers are still 

not very clear. It is difficult to predict which condition will enhance or reduce 

exponential growth. The effect of molecular structure and assembly condition on 

exponential growth in terms of growth rate or multilayer structure is also not 

understood well. Further study of these topics could result in the evolution and 

maturation of the method and provide fundamental insights into this unique method 

of self-assembly for novel applications. 

    The applications of weak polyelectrolyte-based multilayers need to be 

extensively explored. The biomedical applications are undoubtedly very promising. 

The antibody or enzyme immobilized multilayers, for instance, could provide an 

efficient biointerface for biosensing applications. The weak polyelectrolyte/metal 

nanoparticle composite film could be used for biosensing or bioimaging. The weak 

polyelectrolyte/nanoparticle composite capsules are potentially useful for smart, 

targeted drug delivery. The weak polyelectrolyte multilayers with loose structure 

(such as exponentially grown multilayers and porous multilayers) could serve as a 
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potential matrix for pH-controlled drug (such as small-molecule anticancer drugs, 

therapeutic proteins/peptides and DNA/RNA) delivery. Since various substrates 

could be used for LbL assembly, different biomedical devices modified with 

multilayer films could be implanted into tissues of varied pH values,
314-315

 which 

could serve as a stimulus for release of drugs. In the future, the biological test (in 

vitro/in vivo) will be performed to achieve the real application of these systems for 

drug delivery. Furthermore, the great tunability of multilayer structures provides a 

strategy to study the relationship between nanoscale structures and macroscopic 

biological events. One more important type of application is the development of 

sustainable energy systems such as solar energy and fuel cells. The LbL assembly 

is highly compatible with the device applications due to its strong ability to control 

the nanoscale structure on nearly any substrate. The weak polyelectrolyte-based 

LbL assembly can be a superior platform to be used to design highly tunable 

nanoscale blended hybrid for polymer bulk heterojunction solar cell, organic-

inorganic hybrid solar cell, or optically active layer for solar cell. It also provides 

the possibility to improve both ionic conductivity and the performance of 

electrocatalysts and thus may have great potential as a solid state electrolyte or 

electrode material for fuel cell applications.  
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Abbreviations 

 
LbL: Layer-by-Layer 

LSPC: localized surface plasmon coupling 

LSPR: localized surface plasmon resonance 

PAH: poly(allylamine) 

PAA: poly(acrylic acid) 

PEI: poly(ethyleneimine) 

PMAA: poly(methacrylic acid) 

PLL: poly(L-lysine) 

HA: hyaluronic acid 

MB: methylene blue 

CG: crocein orange G 

PAZO: azobenzene-containing polyelectrolyte 

PEO: poly(ethylene oxide) 

MEEP: poly[bis(methoxyethoxyethoxy) phosphazene] 

CLSM: confocal laser scanning microscopy 

PVAm: polyvinylamine 

PAArVBA: poly(acrylic acid-ran-vinylbenzyl acrylate) 

PSS: poly(styrenesulfonic acid) 

PGA: poly(glutamic acid) 

PLA: poly(L-aspartic acid) 

PVPON: poly(vinylpyrrolidone) 

PVCL: poly(N-vinylcaprolactam) 

PVME: poly(vinyl methyl ether) 

SPR: surface plasmon resonance 

ATR: attenuated total reflectance 

PDDA: poly(diallyldimethylammonium) chloride 

PXV: poly(hexyl viologen) 

PAMAM: polyamidoamine 

CHI: chitosan 

SWNT: single-walled carbon nanotube 

MTM: sodium montmorillonite clay nanosheet 

Poly(AAc-co-NIPAAm): poly(acrylic acid-co-N-isopropylacrylamide) 

polyVAm: poly(vinylamine hydrochloride) 

MO: methyl orange 

AR: allura red 

PAAm: polyacrylamide 

SAM: self-assembled monolayer 

PAMPS: poly(2-acrylamido-2-methyl-1-propanesulfonic acid) 

PEM: polyelectrolyte multilayers 

BSA: bovine serum albumin 

H-PURET: poly[2-(3-thienyl) ethanol butoxy carbonyl-methyl urethane] 

MV
2+

: methyl viologen 

ERα: estrogen receptor α 

TGF-β: transforming growth factor β 

FE-SEM: field emission scanning electron microscopy 

EDX: energy dispersive X-ray analysis 

UV-vis: UV-visible spectroscopy 

TEM: transmission electron microscopy 

QCM: quarz crystal microbalance 

AFM: atomic force microscopy 

PBS: phosphate buffered saline 
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