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                                                        Abstract 
 

        

 

    Investigation of the interfacial properties of polyelectrolyte (PE) films is of great importance 

from both fundamental and application points of view. The present Ph.D. thesis aims to 

understand the fundamental mechanisms that govern the physiochemical properties of PE 

monolayer and multilayers in aqueous medium. This thesis in total includes four research 

studies. One study is devoted to poly(diallyldimethylammonium chloride) (polyDADMAC) 

monolayer, while the three other works concern polysaccharide multilayer films. 

    In the first study (Paper I), I investigated the adsorption of polyDADMAC to silica surfaces 

at different pH values. The charge density of polyDADMAC is independent of the pH of the 

solution since it is a strong PE. On the other hand, the charge density of the silica surface is 

sensitive to the pH value. The goal of this study was to understand how changing the pH can 

affect the adsorption of a strong PE to silica surfaces, as well as the net surface charge. I 

examined the adsorption of polyDADMAC to the surface at different pH values using quartz 

crystal microbalance with dissipation monitoring (QCM-D). In addition, I investigated surface 

forces between two polyDADMAC-coated silica surfaces at different pH values. It was shown 

that increasing the pH leads to larger adsorption of polyDADMAC. In addition, the surface 

potential can repeatedly change between positive and negative as continuously injecting the 

polyDADMAC solution and increasing pH. 

In the remaining three studies, I employed chitosan (CHI) and alginate dialdehyde (ADA) to 

fabricate polysaccharide multilayer films through a layer-by-layer (LbL) technique. The 

aldehyde groups of ADA can form covalent bonds with amine groups of CHI during LbL 

deposition, resulting in a self-cross-linked film. Accordingly, I investigated the fundamentals 

of growth, stability, and stimuli-responsiveness of CHI/ADA multilayer films.  

In paper Ⅱ, I employed QCM-D and spectroscopic ellipsometry to examine the growth and 

stimuli-responsiveness of CHI/ADA multilayer films. It was shown that the film growth 

demonstrates a linear type behaviour and that the film has a rather compact structure with small 

water content. The chemical bonds between CHI and ADA was confirmed to enhance the 
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structural stability of the multilayer film. In addition, it was shown that the film can swell at 

acidic and alkaline conditions and is responsive to the multivalent SO4
2−

 and Ca2+ ions. 

In paper Ⅲ, I prepared CHI/ADA multilayer films having either CHI or ADA as the 

outermost layer. I aimed to investigate how changing pH, salt concentration, and the outer layer 

chemistry affect the properties of the multilayer film. The swelling behaviour, surface forces, 

and surface charge of CHI/ADA multilayer films were investigated using QCM-D, atomic 

force microscopy (AFM), and zeta potential measurements.  It was affirmed that the outermost 

layer has a significant effect on the swelling behaviour and stimuli-responsiveness of the 

multilayer films.  

    Finally, in paper Ⅳ, I prepared CHI/ADA multilayer films with tunable crosslinking density, 

swelling capacity, and pH-responsiveness. Here, the swelling capacity and pH-responsiveness 

of the film are modulated by fabricating the multilayer films at two different pH values and the 

by systematically changing the oxidation degree of ADA. While non-crosslinked films 

demonstrated irreversible structural changes in response to pH changes, a systematic increase 

in the oxidation degree of ADA was shown to enhance the stability and decrease the swelling 

capacity. 
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                                                         Resumé 
 

 

 

 

    Undersøgelser af grænsefladeegenskaberne af polyelektrolytfilm (PE film) er af stor 

relevans både set fra et fundamentalt perspektiv, såvel som et anvendt perspektiv. Denne Ph.D. 

afhandlings mål er at kortlægge de fysiskkemiske egenskaber af PE film i vandige opløsninger. 

Denne afhandling indeholder fire forskellige forskningsstudier. Et af disse studier er dedikeret 

til adsorberede poly(diallyldimethylammonium chloride) (polyDADMAC) lag, mens de 

resterende 3 studier omhandler såkaldte multilag bestående at polysakkarider. 

    I det første studie (Artikel I), undersøgte jeg adsorption af polyDADMAC til silica-

overflader ved forskellige pH-værdier. Ladningsdensiteten af polyDADMAC er uafhængig af 

opløsningens pH-værdi eftersom det er en stærk PE der er fuldstændig ioniseret. Omvendt er 

ledningsdensiteten af silica overfladen sensitiv til ændringer af opløsningens pH-værdi. Målet 

med dette studie var at bestemme betydningen af en ændring af pH-værdien på adsorptionen 

af en stærk PE film til en silica-overfalde, samt at bestemme nettooverfladeladningen. Jeg 

undersøgte adsorptionen af polyDADMAC til overfladen ved forskellige pH-værdier, ved at 

benytte såkaldt Quartz Crystal Microbalance (QCM-D). Herudover har jeg undersøgt 

overfladekræfter mellem to polyDADMAC coatede silica-overflader ved forskellige pH-

værdier. Det var her påvist at en stigning i pH-værdi resulterede i en større adsorption af 

polyDADMAC. Desuden viste det sig at overflade potentialet gentagende gange kan ændre sig 

mellem positivt og negativt under kontinuerlig injektion af polyDADMAC opløsning og 

stigende pH-værdi. 

    I de resterende tre studier er chitosan (CHI) og alginat dialdehyde (ADA) anvendt til 

fabrikation af multilagsfilm ved en lag-for-lag teknik (LbL). Aldehydgrupperne i ADA kan 

forme kovalente bindinger med amingrupperne i CHI under LbL processen, hvilket resulterer 

i selvkrydsbundne film. Udsprunget af dette er den fundamentale vækst, stabilitet og stimuli-

responsiviteten af CHI/ADA multilagsfilm undersøgt. 



 

IV 
 

I artikel II anvendte jeg QCM-D og spektroskopisk ellipsometri til undersøgelse af væksten og 

stimuli- responsiviteten af CHI/ADA multilagsfilm. Det var her påvist at filmvæksten har en 

lineær adfærd og at filmen har en forholdsvis kompakt struktur med et lille vandindhold. Det 

var bekræftet at de kemiske bindinger mellem CHI og ADA forbedrede den strukturalle 

stabilitet af multilagsfilmen. Desuden blev det vist at filmen kan vokse under sure og basiske 

forhold og at filmen reagere på multivalente SO4
2−

and Ca2+ ioner. 

    I artikel III fremstillede jeg multilags CHI/ADA film med det yderste lag bestående af enten 

Chi eller ADA. Målet var at undersøge hvordan ændringer i pH-værdi, saltkoncentrationen og 

kemien af det yderste lag påvirker egenskaberne af multilagsfilmen. Væksten af disse 

multilagsfilm, deres overfladekræfter og overfladeladning blev undersøgt med QCM-D, AFM 

og zeta potentiale målinger. Det var herved bekræftet at det yderste lag har en stor betydning 

på væksten og responsiviteten af multilagsfilmene. 

    Endelig, i artikel IV, fremstillede jeg multilags CHI/ADA film med kontrollerbar 

krydsbindingsdensitet, vækstkapacitet og pH-responsivitet. Her vækstkapaciteten og pH- 

responsiviteten af filmen er moduleret ved at fremstille multilagsfilmen ved to forskellige pH-

værdier og ved systematisk at ændre oxidationsgraden af ADA. Mens ikke-krydsbundne film 

udviste irreversible strukturelle ændringer ved ændringer i pH-værdi, en systematisk stigning i 

graden af oxidation af ADA viste en forbedret stabilitet og en formindskelse af 

vækstkapaciteten. 
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Chapter 1 

                                                1. Introduction 

     

     

 

    Polyelectrolytes (PEs) are of great importance from both fundamental and application points 

of view. In my Ph.D. project, I investigated two different PE systems adsorbed to the solid-

aqueous interface. One system is monolayer of poly(diallyldimethylammonium chloride) 

(polyDADMAC) on the silica surface, and the other system is multilayer films comprising 

chitosan (CHI) and alginate dialdehyde (ADA). The findings of my projects have resulted in 4 

manuscripts that can be found in the appendix section. 

 In paper Ⅰ, I investigated the adsorption of polyDADMAC to silica surfaces at different pH 

values. The charge density of polyDADMAC is independent of the pH of the solution since it 

is a strong PE, whereas the charge density of silica surface is sensitive to the pH of the solution. 

My goal here was to understand how changing the pH can affect the adsorption of a strong PE 

to the silica surface, as well as the net surface charge.  I first studied the adsorption of 

polyDAMAC to the silica surface at different pH values by quartz crystal microbalance with 

dissipation monitoring (QCM-D). It was revealed that increasing pH led to larger adsorption 

of polyDADMAC due to the dissociation of silanol groups. Next, I measured the surface forces 

between the adsorbed polyDADMAC layers as a function of pH using atomic force microscopy 

(AFM) with the colloidal probe. The surface force studies demonstrated that the negative 

surface charge of the bare silica was overcompensated for saturated layers of polyDADMAC 

at all three investigated pH values. On the other hand, when increasing pH, more silanol groups 

dissociated and the surface adsorbed polyDADMAC layer became unsaturated, resulting in 

that the surface charge of again changes to a negative value. 

The remaining works (paper Ⅱ, paper Ⅲ and paper Ⅳ) are concerned with polyelectrolyte 

multilayer (PEM) films. I employed CHI and ADA as the components to fabricate the PEM 

films by the layer-by-layer (LbL) assembly method. Herein, ADA was obtained by oxidation 

of  alginate (ALG) using  sodium  metaperiodate.  The aldehyde  groups  on  ADA  can  directly
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form covalent imine bonds with the amine groups on CHI, which can provide continuous self-

cross-linking during the LbL deposition. Plentiful literature has studied the CHI/ALG 

multilayer film and its potential applications ranging from tissue engineering to targeted drug 

delivery due to the intrinsic biocompatibility of polysaccharides. However, few reports are 

available on CHI/ADA multilayer films in the literature. The fundamental structural properties 

of the CHI/ADA films are still not clear. 

In paper Ⅱ, I prepared the CHI/ADA multilayer film and investigated the stimuli-responsive 

behaviour of the film on pH and multivalent ions. I studied the structural properties of the 

multilayer film, i.e. viscoelasticity, thickness, and water content, using in situ QCM-D and 

spectroscopic ellipsometry. QCM-D and ellipsometry measurements suggested that the film 

growth demonstrates a linear type behaviour and that the film has a rather compact structure 

with relatively small water content. Then, to analyse the responsive behaviour of the film for 

pH, repeated pH cycles were conducted. The multilayer film underwent swelling at acidic and 

alkaline pH and presented good stability without disintegration. Osmotic pressure within the 

film is the dominating drive force for the swelling behaviour of the film, due to the charge 

imbalance and adsorption of the counterions at acidic and alkaline pH. Finally, the present of 

Na2SO4 at pH 2 resulted in a collapsed conformation in the film. A similar effect was observed 

when CaCl2 was added at pH 9. Multivalent ions have a stronger interaction with the charged 

moieties of CHI and ADA. The entropic substitution of the monovalent ions with the 

multivalent ions leads to the decrease of osmotic pressure. In addition, multivalent ions could 

also form physical cross-links (in terms of ion bridges) with the charged moieties of CHI and 

ADA, resulting in a more rigid network. 

In paper Ⅲ, I prepared the CHI/ADA multilayer films with either CHI or ADA, as the 

outermost layer. Herein, I investigated how changing pH, salt concentration, and the outermost 

layer chemistry affect the properties of the multilayer film. I examined the swelling behaviour, 

surface forces and surface charge of CHI/ADA multilayer films using QCM-D, AFM colloidal 

probe and zeta potential measurements. To discuss the swelling behaviour, I considered two 

different mechanisms for the swelling of the outermost layer and the inner part of the multilayer 

films. The inner part of the film was considered as intrinsically compensated complexes 

comprised of highly entangled CHI and ADA, whereas the outermost layer can be considered 

as less entangled chains with more degree of freedom. Changing the pH can produce charge 

imbalance in the inner part of the film, resulting in the swelling of the film. The change of pH 

value also affects the charge fraction and conformation of the outermost layer depending on 
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the corresponding pKa. QCM-D data suggested that the multilayer capped with ADA swells 

the most at pH 9, whereas the multilayer film capped with CHI swells the most at pH 3. In both 

cases, it was shown that the salt concentration affects the swelling of the multilayer film, which 

was attributed to screening effects. AFM colloidal probe conducted between two symmetric 

cases, similar findings are found like QCM-D data. The force interaction between two 

multilayer films capped with ADA showed the longest-ranged repulsion at pH 9, whereas the 

force profiles of the multilayer film capped with CHI presented the longest-ranged repulsion 

at pH 3. Salt again seems to have screening effect for the repulsive force profiles. The two 

works suggested that the outermost layer has a significant contribution to the swelling 

behaviour of the films detected by QCM-D and AFM. In addition, the zeta potential 

measurements also indicated that the overall electrostatic properties of the multilayer films also 

depended on if the outermost layer was CHI or ADA.  The zeta potential of the films depends 

on the pH and showed a significantly different for multilayer films capped with ADA and CHI 

at low ionic strength but almost identical at high ionic strength. 

The polysaccharide multilayer films have been widely utilized as drug carriers. Accordingly, 

multilayer films with controllable swelling capacity and stability are required for different 

applications.  In paper Ⅳ, I designed CHI/ ADA multilayer films with tunable crosslinking 

density, swelling, and pH-responsiveness. Changing assembly pH can affect pH-

responsiveness of the films, and changing oxidation degree of ADA can affect the cross-linking 

density of the films. In-situ QCM-D and spectroscopic ellipsometry measurements were 

conducted to monitor the film properties. The cross-linking density and the constituent PE 

proportion decide the swelling capacity of the film. Herein, the swelling capacity and pH-

responsiveness of the film were modulated by fabricating the multilayer films at two different 

pH values and by systematically changing the oxidation degree of ADA. QCM-D data 

indicated that increasing the oxidation degree of ADA had an insignificant effect on the growth 

kinetics of the films, and that the multilayer film fabricated at pH 6 was somewhat softer and 

exhibited a more swollen film structure than the film fabricated at pH 3. The swelling capacity 

and stability of the films were investigated through the repeated acid and alkaline pH cycle. 

The QCM-D data indicated that the films fabricated at pH 3 only showed obvious swelling at 

pH 9, whereas the films fabricated at pH 6 presented different swelling at pH 3 and pH 9. The 

non-crosslinked films fabricated at both pH 3 and pH 6 showed irreversible structural changes 

at pH 9. Ellipsometry data also confirmed the results from QCM-D data. The thickness of all 

films (fabricated at pH 3 and pH 6) showed minor variations at the pH cycle between pH 2 and 
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pH 6, whereas the films showed substantial changes when the pH was varied between 6 and 9.  

Two works from QCM-D and ellipsometry expected that introducing chemical cross-links 

between aldehyde and amine groups prevented immoderate swelling, and that the assembly pH 

affects the pH-responsiveness of the films.  
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Chapter 2 

                                                 2. Background 

 

 

 

2.1. Polyelectrolytes 

PEs are polymers with ionisable groups and are charged in polar solvents because of the 

dissociation of those groups. In addition, PEs are referred to as polysalts, and they possess 

properties that are similar to both electrolytes and polymers [1]. PEs can be either natural, such 

as polysaccharides, proteins, and DNA, or synthetic, such as poly(acrylic acid), 

poly(allylamine), and poly(vinylaniline). PEs include polyacids, polybases, and 

polyampholytes based on the different ionisable groups [2]. There are only a limited number 

of ionisable groups for PEs, which are presented in Table 2.1. Polyacids most commonly 

contain an anionic group on a substantial fraction of the constitutional units and are negatively 

charged after ionisation, whereas polybases are positively charged because of their cationic 

groups. Polyampholytes possess both anionic and cationic groups, which are nearly charge-

balanced at the isoelectric pH value because of the competition to achieve the acid–base 

ionisation equilibrium between these groups [2].  

Moreover, PEs are classified as either strong or weak according to their charge independence 

on the pH [2]. Strong PEs can be completely dissociated, independent of the pH value of the 

solution, whereas the ionisation fraction of weak PEs is strongly correlated to the solution pH 

value. Weak PEs have a dissociation constant (pKa) and are partly dissociated at a pH range of 

2–10 [3]. The charged fractions of weak PEs are not only dependent on the pH value in solution 

but also affected by the counterion concentration or ionic strength [4]. Figure 2.1 schematically 

shows the charge shift of strong and weak PEs with increasing pH value of the system. A strong 

polybase or polyacid remains fully charged as the pH value increases. However, a weak 

polybase becomes fully positively charged at a sufficiently low pH value and noncharged at a 

sufficiently  high  pH  value.  On  the  other  hand,  a  weak  polyacid  becomes  fully  negative
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charged at a sufficiently high pH value and noncharged at a sufficiently low pH value. The 

exact pH value at which weakly charged PEs become fully charged depends on their chemical 

nature.  

 

Figure 2.1 Charge of weak and strong PEs as a function of pH (reprinted with permission from [5]). 

Table 2.1 Ionisable groups in common PEs and their proton exchange properties (reprinted with 

permission from [6]) 

Type of group Reaction Intrinsic pKa Example 

Weak cationic 

−𝐍𝐇𝟐 (aliphatic) −NH3
+ ⇌ −NH2 + H+ 10.5-11 poly(allylamine); chitosan 

−𝐍𝐑𝟐 (aliphatic) −NR2H+ ⇌ −NR2 + H+ 10.6 

poly(dimethylaminoethyl 

methacrylate); 

poly(etheylene imine) 

−𝛟 − 𝐍𝐇𝟐 (aromatic) ϕ − NH3
+ ⇌ ϕ − NH2 + H+ 4.5-5 poly(vinylaniline) 

≡ 𝐍 ∶ ≡ N ∶ ⇌ ≡ N ∶ +H+ 5.3 poly(vinylpyridine) 

Strong cationic 

−𝐍𝐑𝟒
+ -- -- 

poly(diallyl dimethyl 

ammonium chloride) 

Weak anionic 

−𝐂𝐎𝐎𝐇 −COOH ⇌ −COO− + H+ 4-5 poly(acrylic acid); alginate 

−𝐏𝐎𝟒𝐇𝟐 −PO4H2 ⇌ −PO4H− + H+ 0-1 phosphate esters 

= 𝐏𝐎𝟒𝐇 = PO4H ⇌ = PO4
− + H+ 0-1 DNA 

Strong anionic 

−𝐒𝐎𝟑𝐇 −SO3H ⇌ −SO3
− + H+ -- 

polystyrene sulfonate; 

carrageenan 
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    Flexible PE chains can adopt different conformations depending on the properties of the PE 

and the solution, such as charge density of the PE, pH value of the solution, and electrolyte 

concentration [1]. Here, I will provide only a simple discussion about the conformation of PEs 

in dilute PE solutions. The conformation of PEs in solution plays an important role in their 

adsorption on oppositely charged surfaces because it affects the conformation and thickness of 

the PE layer on the solid-solution surface. In a dilute salt-free solution, the charges along with 

the PE chain exhibit electrostatic repulsion, which stretches the PE chain [7]. If the 

intramolecular electrostatic repulsion decreases, the PE tends to adopt a less extended 

conformation. The intramolecular electrostatic repulsion is determined by the charge density 

of the PE. For weak PEs, the fraction of charged repeating units can be tuned by changing the 

solution pH. When more charged fractions of weak PEs are neutralised, the charge density of 

the weak PE decreases, resulting in a less extended conformation. Additionally, the screening 

effect of counterions affects the charged fraction of PEs. Therefore, adjusting the ionic strength 

of the solution is a common method of tuning the conformation of weak PEs. The charged 

fractions of strong PEs are independent of the pH value of the solution. Hence, the ionic 

strength of the solution is typically adjusted to control the conformation of strong PEs. In my 

project, I used polyDADMAC to study the adsorption of strong PEs, and investigated the 

properties of weak PEM films comprising CHI and ADA. 

2.2. Adsorption of PEs on oppositely charged surfaces 

PE adsorption on charged surfaces is important and is widely investigated for the 

modification of surface properties[8, 9]. The adsorption involves a transition of the PE from a 

free state in bulk solution to a bound state when adsorbed on a surface. The entropic gain due 

to the release of counterions from the surface and the PE is the main driving force of the 

adsorption process. The adsorption process and, hence, the film properties of the adsorbed PE 

are greatly influenced by properties related to the PE solution and the substrate surface, 

including but not limited to the pH value, salt concentration, and PE concentration [10-12]. In 

the following sections, I discuss only the effect of factors such as ionic strength and pH that 

are related to my papers. A constant background of the ionic strength is necessary during all of 

the measurements. When I studied the effect of pH on the adsorption of polyDADMAC, I chose 

a low NaCl concentration (1 mM) to provide an appropriate Debye length without completely 

shielding the electrostatic forces. In the case of multilayer films, I researched the effect of ionic 
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strength on the outermost layer and the inner part of the multilayer films, and I chose a different 

buffer system when I studied the effect of assembly pH on the multilayer film.  

2.2.1. Effect of ionic strength 

   In general, the adsorbed mass of PEs increases with increasing ionic strength. Ionic strength 

has a significant effect on the electrostatic interaction between PEs and charged surfaces. 

Strongly charged PEs adopt extended conformations because of the strong intra- and 

intermolecular electrostatic repulsive forces at low salt concentrations. As the salt 

concentration increases, the screening effect shielding intra- and intermolecular repulsions 

intensifies, causing PEs to adopt a less extended conformation. Moreover, it is considered that 

the thickness of the electric double layer formed around PE coils decreases as the salt 

concentration increases, resulting in the adsorption of more less-extended PEs on the oppositely 

charged surfaces. Simultaneously, the number of directly bounded segments between PEs and 

charged surfaces decreases because of their collapsed conformation [12]. Figures 2.2A and B 

present the adsorption of poly(amido amine) (PAMAM) and polyDADMAC [13-15].  

 

Figure 2.2 Adsorbed mass of PEs on oppositely charged substrate as a function of salt concentration. 

(A) the adsorbed mass of PAMAM and polyDADMAC on silica surface as a function of salt 

concentration (reprinted with permission from[15]). (B) The coverage of PDMAEMA on silica as a 

function of NaCl concentration at different pH values (reprinted with permission from [16]).  

It is suggested that an adsorption maximum exists for weak PEs by increasing the salt 

concentration [6, 16-18]. Figure 2.2B shows that the adsorption amount of poly(dimethylamino 

ethyl methacrylate) (PDMAEMA) on silica increases with increasing NaCl concentration and 

subsequently decreases above the salt concentration threshold [16]. The increased salt 

concentration increases the amount of adsorbed PE because of the increased screening effect 
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of intra- and intermolecular repulsions. However, when the salt concentration that is above a 

threshold strongly facilitates the screening of the charges of the weakly charged PEs, the 

electrostatic force between the PE and the surface is not sufficient to surpass the thermal motion 

of the polymer chain. This causes a decrease in the adsorption amount of the weak PE. 

Moreover, PE adsorption does not occur beyond the salt concentration threshold at a high pH 

value because PDMAAEMA is less charged at high pH values.  

In all my works, I have utilised salt concentration to achieve a constant ionic strength in the 

solution and determine electrostatic properties. To do so, I used a low concentration of NaCl (1 

mM) for the adsorption of polyDADMAC so that the polymer does not completely shield the 

electrostatic forces. In the works of multilayer films, I observed that the effects of salt 

concentration on the outermost layer and the inner part of the multilayer film were different. 

Increasing the salt concentration has a relatively large screening effect on the outermost layer 

(this will be discussed in Section 2.4.2). In addition, when I investigated the effect of the 

assembly pH on the swelling capacity of the multilayer film, I chose different buffer systems 

with the same salt concentration (citric buffer for pH 3 and PBS buffer for pH 6).  

2.2.2. Effect of pH 

Changing the pH of the solutions changes the charge density of both weak PEs and the 

substrates. If the charge density of the substrate increases and the charge density of PE keeps 

no change, more PEs can adsorb to the substrate. However, if the charge density of PE chains 

decreases, PEs become less extended and more PEs are adsorbed to the oppositely charged 

surface [14, 16, 19, 20].  

    For strongly charged PEs, the charge density is constant with varying pH. However, the 

charge density of the substrates is normally subject to changes in pH due to the protonation of 

weakly ionisable groups or the dissociation of special groups. My work (paper Ⅰ)  demonstrated 

that polyDADMAC continually adsorbed to the silica surface as the charge density of the silica 

substrate increased upon increasing the pH of the solution [21].  

For weakly charged PEs, however, the PE adsorption amount may decrease or be completely 

eliminated when the charge density of the weak PEs is too low. Figure 2.3A shows the adsorbed 

amount of PDMAEMA on the silica surface with increasing pH of the solution [16]. As the pH 

value increases to approximately 8, the surface charge density increases accordingly, thus 

increasing PDMAEMA adsorption. However, as the pH continues to increase, the charge 
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density on the polymer chain decreases drastically, resulting in significantly weakened 

electrostatic interaction between the PE chain and surface and consequently to a drastic 

decrease in the adsorption amount.  

 

Figure 2.3 Adsorption shift of weak PEs as a function of pH. (A) The adsorbed amount of different 

PDMAEMA concentrations at 0.026 M NaCl (reprinted with permission from [16]). (B) The average 

incremental thickness of PAA (solid line) and PAH (dashed line) for their multilayer films (reprinted 

with permission from [22]). 

It should be noted that the conformation of the PEs changes according to variations in the 

PE charge density and that the change in PE adsorption amount is less clearly established with 

the variation of pH value. The hydrophobicity of the PEs may simultaneously change due to 

the variation of charge density, whereas the charge density of the oppositely charged surface 

may also change with the changing pH of the solution. For instance, Figure 2.3B presents the 

average incremental thickness of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) 

(PAH) with increasing pH of the solution [22]. The PAH chain is fully charged below pH 7, 

and it starts to be deprotonated above that. In stage Ⅰ in Figure 2.3B, the charge density of PAA 

increases with increasing pH, resulting in an increase in the PAH layer thickness and a decrease 

in the PAA layer thickness due to the charge stoichiometry. PAA adopts a different 

conformation at pH values over 4.5 in stage Ⅱ, resulting in an abnormal increase in the PAA 

layer thickness. As the pH continually increases, the PAA and PAH chains become fully 

charged (stage Ⅲ). Consequently, the PE chains adsorb onto the surface, adopting a flat 

conformation. The PAA and PAH layers are both comparatively thin. At stage Ⅳ, the charge 

density of PAH chains decreases, and its thickness increases with increasing pH of the solution. 

The thickness of the PAA layer also increases compared to stage Ⅱ. A plausible explanation is 

that the adsorption of PAA is affected by the PAH layer substrate. I also investigated the effect 

of pH for multilayer films and reported the results in paper Ⅳ. The pH decides the charge 
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density of ADA and CHI and also affected the molecular conformation of ADA and CHI during 

the assembly process, resulting in multilayer films with different pH-responsiveness. 

2.2.3. Charge reversal  

Charge reversal is one of the most characteristic phenomena for PE adsorption to oppositely 

charged surfaces. In my work, I derived the surface potentials before and after adsorption of 

polyDADMAC at different pH values using AFM and also found the charge reversal (paper Ⅰ)  

[21]. The zeta potential at the shear plane between the immobilised and diffuse layer could be 

also measured by techniques such as electrophoresis, streaming potential, or streaming current. 

Figure 2.4 presents the normal profiles of the charge density and electric potential of the 

charged surface with and without an adsorbed PE layer. A relatively diffuse layer where 

relative counterions accumulate neutralises the oppositely charged surface. After PE adsorption, 

the charge of the substrate is overcompensated, bringing about an oppositely charged surface. 

The overcompensation of PE adsorption also is important for LbL assembly of PEs.  

 

Figure 2.4 Schematic representation of charge density and electric potential profiles for (A) bare 

charged interface and (B) charged interface with an adsorbed PE of opposite charge, where the diffuse 

layer potential 𝜓𝐷 is indicated (reprinted with permission from [15]). 

Notably, the change in surface charge depends on the amount of PE adsorbed. Figure 2.5 

presents the charge reversal process for PE adsorption to oppositely charged substrates with 

increasing PE adsorbed dose. Charge transition is a gradual process with the increase of PE 

adsorbed dose [23]. Figure 2.5A shows that the surface charge of suspended latex particles 

changes upon the addition of poly(styrene sulfonate) (PSS). The particles are positively 
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charged at low PE doses and become neutralised at a particular PE dose. PSS continues to 

accumulate on the surfaces of the latex particles with further dosing until that it reaches the 

saturation point. There is no free PE in the solution before reaching saturation. The excess PE 

in the solution does not adsorb on the surface after the saturation point. For a planar substrate, 

the adsorption of poly(allylamine) to mica is shown in Figure 2.5B at different salt 

concentrations using streaming potential measurement. The figure also shows that the surface 

potential gradually changes as the amount of adsorbed PE increases, reaching a plateau upon 

saturated adsorption. 

 

Figure 2.5 Charge reversal by adsorbed PE to oppositely charged substrates in the unsaturated regime 

as illustrated by surface potential measurements. (A) Amidine latex particles in the presence of PSS 

with different molecular masses by electrophoresis and direct force measurements. (B) Streaming 

potential measurements of mica in contact with poly(allylamine) solutions at different electrolyte 

concentrations (reprinted with permission from [15]). 

The surface potential (𝜓0) can be converted into the surface charge density (σ) through the 

Gouy–Chapman relationship [24]: 

𝜎 =
2𝑘𝐵𝑇𝜀0𝜀𝑘

𝑒
𝑠𝑖𝑛ℎ (

𝑒𝜓0

2𝑘𝐵𝑇
)          (2.1).  

where 𝑘𝐵 is the Boltzmann's constant, T is the absolute temperature, e is an elementary charge, 

𝜀0 and 𝜀 are the permittivity of vacuum and the dielectric constant of the relative medium, 

respectively. In my work (paper Ⅰ), I also analysed the physical reason behind overcharging of 

the surface as polyDADMAC adsorbs to a silica surface and considered that the mismatch of 

the charge density between the silica and polyDADMAC makes 1:1 charge neutralisation 

impossible. 
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    The surface charge density of the surface-adsorbed PE can be attributed to the surface charge 

density of the surface substrate (𝜎0) and the charge density of the adsorbed PE (𝜎p) [15, 25, 

26]. This can be described as 

𝜎 = 𝜎0 + 𝜎𝑝 = 𝜎0 + 𝑒𝑍𝑒𝑓𝑓𝛤          (2.2) 

where 𝑍eff is the effective charge of the adsorbed PE and Γ is the adsorbed number density of 

the PE. Herein, the adsorption of the PE is considered as fixed charge stoichiometry. According 

to this model, the surface potential of the surface-adsorbed PE depends on the charge density 

of the surface substrate and the charge density of the adsorbed PE. When the charge density of 

a surface is fixed, a higher amount of PE with less charge density is required to adsorb on the 

opposite charges of the surface. Hence, the adsorbed amount of weak PEs is strongly dependent 

on the pH value, as discussed in Section 2.2.2. For instance, the charge density of a weak 

polyacid increases with increasing pH, and the adsorbed amount of the PE should decrease 

with increasing pH.  

According to equation 2.2, charge reversal can also be managed by adjusting the charge 

density of the oppositely charged surfaces. Some studies on the adsorption of strong PEs to 

charged surfaces reported that the adsorbed amount of the strong PE depends on the charge 

density of the surface substrate [27, 28]. As reported in paper I, I also implemented the 

unsaturated situation of adsorbed PEs through increasing the pH of the solution due to the 

dissociation of silanol groups, resulting in a second charge reversal. Another common trend of 

PE adsorption to oppositely charged surfaces is irreversibility. If the interaction energy between 

the PE and the charged surface is stronger than the thermal energy (𝑘𝐵𝑇), the PE adsorption is 

irreversible, in which the electrostatic force dominates. Many systems demonstrate no 

desorption of the PE layer in the rinsing process of the PE-free electrolyte solution [25, 29-31]. 

My work on the adsorption of polyDADMAC (paper Ⅰ) also confirmed the irreversible nature 

of adsorption by using QCM-D [21].  

2.3. Polyelectrolyte multilayer films 

LbL assembly is an easy, versatile, and flexible strategy for modifying surfaces and 

fabricating nanostructured polymeric multilayer films through sequential deposition of the 

materials [34-36]. In my work (paper Ⅱ, paper Ⅲ and paper Ⅳ), I prepared PEM films 

comprising CHI and ADA by the LbL assembly method. I investigated the growth process and 

the stimuli-responsive behaviour of the films. These studies showed that the multilayer films 
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were responsive to pH and multivalent ions in paper Ⅱ. I then explored the effect of pH and 

ionic strength on the swelling behaviour of multilayer films with a different outermost layer 

and reported the results in paper Ⅲ. I also prepared multilayer films with different pH-

responsiveness by controlling the assembly pH and cross-linking density; the results were 

reported in paper Ⅳ. Here, I discuss the effect of factors such as pH, the outermost layer, and 

the cross-linking of PEM films. I also discuss the stimuli-responsive behaviour of PEM films 

in terms of pH, ionic strength, and multivalent ions, which is related to my papers. In addition, 

the chemical properties of CHI and ADA and the process of preparing multilayer film are 

described detail in chapter 3 and 4. 

2.3.1. Effect of pH 

Electrostatic interactions are the dominant driving force for the build-up and stability of 

multilayer films. Charge compensation is necessary and ensures sequential PE deposition when 

fabricating PEM films, and charge reversal occurs after the adsorption of each PE layer [32, 

33]. For a CHI/ADA multilayer film, although CHI and ADA could form covalent bonds 

through the Schiff base reaction during the layering process, electrostatic interactions are still 

the dominate driving force because the formation of imine bonds is slow compared with the 

electrostatic interaction between PE pairs.  

The effect of PE charge density on the PE assembly process has been explored and by 

plentiful literature [34-36]. A general trend is that a decrease in PE charge density potentially 

leads to thicker adsorbed PE layer. For weak PEs, the charge density could be easily varied and 

controlled by altering the pH of the solutions. This provides great flexibility when assembling 

PEM films. In other words, it is possible to control the thickness and conformation (flat versus 

loopy chain arrangement) of each adsorbed layer in a predictable manner. One can selectively 

tune both the inner and surface compositions (the relative amounts of polycations and 

polyanions) of a weak PE multilayer film by adjusting the assembly pH value. In addition, the 

charged fractions of a weak PE depend on the assembly pH, making it possible to adjust the 

charge density of weak PEs, which is related to the internal properties and surface chemistry 

of the multilayer films. 

Martins et al. fabricated CHI/ ALG multilayer film at pH 5.5 and pH 7 and found that the 

films assembled at pH 5.5 exhibited thinner and a more compact state, whereas the film 

assembled at pH 7 exhibited more viscoelastic properties and higher thickness (Figures 2.6A 

and B) [37]. The authors also schematically illustrated the reason for these results (Figures 
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2.6C and D) and explained that because CHI has fewer charged groups at pH 7, more CHI 

chains are needed to overcompensate and invert the surface charge. They also reported that  the 

decrease in charge density caused the CHI chain to adopt a less extended conformation due to 

the decreased electrostatic repulsion between the charges along the CHI chain. In my work 

(paper Ⅳ), I also fabricated CHI/ALG multilayer films and the CHI/ADA multilayer films at 

pH 3 and pH 6. These films exhibited similar trends, but the multilayer films assembled at pH 

3 (close to the ALG’s PKa of around 3.4) displayed more rigidity and a higher thickness than 

those assembled at pH 6 (close to CHI’s PKa of approximately 6.4).  

 

Figure 2.6 QCM-D data of the CHI/ADA multilayer films fabricated at pH 5.5 (blue line) and pH 7 

(red line): (A) Frequency shift as a function of time and (B) variation in the dissipation as a function of 

frequency. Schematic illustration for the build-up of CHI (polycation)/ALG (polyanion) multilayer film 

at (C) pH 5.5 and (D) pH 7 (reprinted with permission from [37]). 

Moreover, it is possible to control the swelling behaviour of a post-assembly multilayer 

system comprising weak PEs because the assembly pH value affects the PE composition of the 

multilayer film. Figure 2.7, taken from a study by Bruke et al., shows the thickness and swelling 

behaviour of poly(L-lysine) / hyaluronic acid multilayer films built at different pH values [38]. 

The figure shows linear growth and small thickness at pH 7 but higher thickness with 

exponential growth at pH 9 (Figure 2.7A). The films fabricated at different assembly pH values 

also displayed different swelling behaviour as a function of pH (Figure 2.7B). In my work, the 

CHI/ALG and CHI/ADA multilayer films fabricated at different pH values also exhibited 
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different swelling behaviour. It is possible to tailor and control the physicochemical properties 

(film thickness, surface wettability, swelling behaviour, and friction) of multilayer films 

comprising weak PEs by the acid–base dissociation behaviour of weak PEs, which is also 

related to their potential applications [38-40]. 

 

Figure 2.7 Thickness and swelling behaviour of poly(L-lysine) / hyaluronic acid multilayer film. (A) 

The dry thickness of the films at pH 5 (open triangles), pH 7 (open inverted triangles) and pH 9 (open 

squares). (B) Swelling behaviour of the films assembled at pH 5 (open circles) and pH 9 (closed circles) 

as a function of pH (reprinted with permission from [38]). 

2.3.2. Effect of the outermost layer 

Multilayer films can generally be subdivided into two distinct zones, the inner part of the 

film and the outermost layer. PE pairs form a 1:1 stoichiometric complex in the inner part of 

the film, where the net charge is neutral. However, the outermost layer is charged due to charge 

overcompensation from the adsorption of each layer. In principle, the surface properties of the 

film are dominated by segments of the outermost PE layer. Many researchers have reported the 

odd-even trend of properties of PEM film such as the surface potential and surface wettability, 

during the assembly process [32, 41]. For example, Wang et al. modified a Ti surface and 

studied the change in contact angle with the successive deposition of polymer layers (Figure 

2.8) [42]. Figure 2.8 shows that the contact angle decreased after coating and that the contact 

angle underwent an odd-even change with increasing number of coating layers. The outermost 

layer of CHI had a bigger contact angle compared with the outermost layer of ADA because 

the charge density of CHI is low at neutral pH. The hydrophobicity of the outmost layer decides 

the surface wettability. Depending on the composition of the outermost layer, multilayer films 

have different surface conformations and different chemistries. My work concerning multilayer 

films (paper Ⅱ, paper Ⅲ and paper Ⅳ) also describes an odd-even shift of the dissipation when 
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the growth process of the CHI/ADA multilayer film was detected using QCM-D. I further 

investigated the effect of the outermost layer and found that the swelling behaviour of the film 

was obviously different when the outermost layer is different (in paper Ⅲ). The swelling of the 

outermost layer has significant effect to the swelling behaviour of the films. Wong et al. also 

reported the effect of the outermost layer on the swelling behaviour of post-assembly films 

[43]. 

The outermost layer also influences the functionalities of PEM films. Mano and co-workers 

prepared free-standing CHI/ALG membranes and compared the cell adhesion ability of the 

membranes with the outermost layers of CHI and ALG [44]. They found that the ALG-ending 

membranes were more suitable to the generation of myoblast cells, whereas CHI-ending 

membranes showed few myoblast cells because of the antimicrobial property of CHI [45]. 

Although I never investigated bio-coatings, it is a potential application for the material 

investigated in my project. 

 

Figure 2.8 Change in contact angle with successive polymer coatings. The Ti surface was first 

precoated with polydopamine before deposition of the CHI/ADA multilayers (reprinted with permission 

from [42]). 

2.3.3. Cross-linking of PEM films 

The stability of PEM films depends on the adsorbing electrostatic interaction between PE 

pairs. When the charge balance between PE chairs is broken, the adsorbing electrostatic 

interaction between PE pairs weakens [46, 47]. For instance, PEM films comprising weak PEs 

are sensitive to the salt concentration and pH value of the liquid environment. Some studies 

reported that PEM films involving weak PEs could disintegrate after a threshold pH value [46-

48]. In my work (paper Ⅳ), a CHI/ALG multilayered film fabricated at pH 3 exhibited obvious 

disintegration under alkaline conditions. In some situations, good stability is necessary and 
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important for the application of PEM films, such as drug-releasing and coating [40, 49]. 

Chemical cross-linking is an available approach to improve the mechanical properties of PEM 

films [50-52].  

Common cross-linking agents involve glutaraldehyde, genipin, carbodiimide, and 

diazonium diphenylamine [50, 52-55]. However, there are some shortcomings to the use of 

such cross-linking agents. For instance, the inner structure and surface chemistry of the film 

may change after cross-linking. Cross-linkers such as glutaraldehyde, genipin, and diazonium 

typically react with only one of the components in the multilayer film, whereas the other 

component still can be diffused out of the film [56]. If the cross-linked component is also the 

outermost layer, the wettability of the PEM films could be altered by cross-linking agents [51, 

57]. Moreover, diffusion barriers could cause inhomogeneous cross-linking within a film. 

Some researchers have attempted to cross-link the carboxylic groups of the polyanion with the 

amine groups of the polycation using carbodiimide chemistry, but the reaction will consume 

the functional groups of the polyanion and polycation [50, 58]. The densities of the functional 

groups of PEs are available to the internal properties and surface chemistry of the multilayer 

film (as discussed in Section 2.3.1). The self-cross-linking of stable covalent bonds such as 

Schiff bonds and disulfide bonds can decrease the effect of cross-linkers on the properties of 

the film [47, 59]. In addition, it is a challenge to control the cross-linking density because it 

requires changing the concentration of the cross-linker, the cross-linking time, and the cross-

linker type. In my works (paper Ⅱ, paper Ⅲ and paper Ⅳ), CHI/ADA multilayer films were 

self-cross-linked through the Schiff base reaction between the amine group of CHI and the 

aldehyde group of ADA. I controlled the cross-linking density of the CHI/ADA multilayer film 

simply by using ADA with different oxidation degrees. Because the cross-linking reaction 

occurred in situ during the build-up process, a homogeneous film was obtained without further 

changes in the physicochemical properties of the film. 

2.4. Stimuli-responsive multilayer films 

Stimuli-responsive films have recently been emerging because of their potential application 

in biomedicine and surface coatings [40]. Relatively small changes in the environment can 

produce changes in the functional properties of the film, such as wettability, porosity, or 

adhesivity [60]. PEs that have a propensity for external stimuli, such as ionic strength, 

multivalent ions, temperature, pH, or light, are usually used to fabricate the stimuli-responsive 
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multilayer films [60]. Here, I will discuss the effect of pH, ionic strength, and multivalent ions, 

which are reported in paper Ⅱ, paper Ⅲ and paper Ⅳ. 

2.4.1. pH 

Generally, multilayer films comprising weak PEs are pH-responsive, and the electrostatic 

interaction within such PEM films can be easily tuned due to the protonation or deprotonation 

of ionisable groups [40]. When altering the pH of the solution, the weak PE will protonate or 

deprotonate depending on the ionisable groups, resulting in that the change of the charge 

interaction equilibrium is broken [40]. When part of charged fractions are released from charge 

interaction equilibria, the charged fractions will collect the counterions within the film, 

resulting in a high osmotic pressure within the film. The swelling of the films is driven not by 

only the electrostatic repulsive between charged PE chains but also by the local increase in 

osmotic pressure [40, 60]. When used in drug delivery, the swelling behaviour of the films is 

important for controlling the release of the drug because the increase in permeability allows 

the drug to be released, and the shrinking of the film stops the release of the drug [40]. If the 

film possesses good stabilisation, the swelling behaviour is reversible by tuning back the pH. 

Joana et al. studied how pH affects the water content of non-cross-linked CHI/ALG 

multilayer films (Figure 2.9) [61]. For acidic pH, the water uptake value of the membrane 

decreased in the pH range of 3–4 whereas it increased at pH 2 compared to the initial assembly 

pH (pH 5.5); the membrane also displayed reversible behaviour (Figure 2.9A). In an alkaline 

environment, the water uptake value of the film increased substantially with increasing pH 

value, but the film showed somewhat irreversible behaviour at pH 8 and 9 and obvious 

irreversible behaviour at pH 10 to pH 13 (Figure 2.9B). CHI has a pKa of 6–7, whereas the pKa 

of ALG is 3–4. Both the amine groups of CHI and the carboxylic groups of ALG deprotonated 

with increasing pH value, resulting in opposite changes in the charge density of CHI and ALG 

(for example, CHI was uncharged and ALG was fully ionised above the pKa of CHI, whereas 

CHI was fully charged and ALG was uncharged below the pKa of ALG). When the charge 

equilibrium between CHI and ALG within the membrane changes, the increase in electrostatic 

repulsion and osmotic pressure cause diffusion of water into the membrane and results in 

swelling [62]. In addition, the multilayer film maintained its structural integrity above and 

below the pKa of CHI and ALG, respectively. The authors attributed this behaviour to other 

nonelectrostatic interactions involving hydrogen bonding, hydrophobic interactions, and chain 

entanglements within the polymeric chains within the multilayers. However, when the 
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electrostatic repulsion and osmotic pressure within the films attained a high value at a high pH 

value, the aforementioned nonelectrostatic interactions are no longer counterbalanced, partial 

or full dissolution of the film may occur. 

In my work (paper Ⅱ, paper Ⅲ and paper Ⅳ), I also investigated the pH-responsive swelling 

behaviour of cross-linked CHI/ADA multilayer films. The CHI/ALG multilayer film presented 

results consistent with those of Figure 2.9, whereas the cross-linked CHI/ADA multilayer films 

exhibited reversible behaviour after a repeated pH cycle. The multilayer films also displayed 

strong swelling behaviour at alkaline pH values. 

 

Figure 2.9 pH-responsive swelling behaviour of CHI/ALG membrane without cross-linking in (A) 

acidic and (B) alkaline environments (An asterisk denotes significant differences relative to pH 5.5). 

(C) The change in the charges and interaction between CHI and ALG within the multilayer film for 

different pH values (reprinted with permission from [61]). 

2.4.2. Ionic strength and multivalent ions 



 

21 
 

The response of PEM films to ionic strength usually comes under electrostatic theory [63, 

64]. Salt ions could modify the interaction between PE pairs. The characteristic decay length 

(Debye length) of electric potential also become shorter with increasing salt concentration [63, 

64]. Because the counterions compete to balance the charge with the charged PE pairs, the 

chemical potential of the salt in solution may cause swelling or collapsing of the PEM film [40, 

64]. Figure 2.10 schematically illustrates the charge compensation in PEM with the addition of 

salt. The charges of the PE pairs within the PEM film are compensated by each other. With the 

addition of salt, salt counterions compete to balance the charges of the PE and force some 

swelling. It is possible that the charge of PEs is completely balanced by salt counterions and 

that the PEM would decompose back into isolated molecules.  

 

Figure 2.10 Schematic illustration of intrinsic and extrinsic charge compensation in PEM (reprinted 

with permission from [64]).  

  Mu et al. prepared CHI/ADA multilayer microcapsules and explored the change in the 

hydrodynamic diameter of multilayer microcapsules with increasing slat concentration [65]. 

Figure 2.11 shows that the diameter of the multilayer microcapsules decreased with increasing 

ionic strength. The authors considered that the addition of salt screens the charges of the PE 

and enhances the hydrophobic character of the PE chains, thus decreasing the degree of 

swelling. I also investigated the effect of salt concentration on the swelling behaviour of 

CHI/ADA multilayer film, and my results were reported in paper Ⅲ. However, in my system, 

the multilayer films were fixed on a substrate surface. The effect of salt concentration depends 
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on the solution pH and the outermost layer because the ionic state of the film determines the 

charge balance and the film structure under acid or alkaline environments.  

 

Figure 2.11 Hydrodynamic diameter of multilayer CHI/ADA microcapsules (The film with 14-layers 

was assembled at pH 4, and the outermost layer is ADA) as a function of NaCl concentration 

(reprinted with permission from [65]). 

    Different counterions are expected to have different degrees of interaction with charged PEs. 

If multivalent ions have a stronger interaction with the internal charge compensation of PEM 

films, they also show responsive behaviour. According to the Donnan exclusion, PEM films 

can be used as ion separation membranes [66-68]. Lu et al. prepared a PSS/polyDADAMAC 

+ PSS/PAH film on porous alumina supports and demonstrated that they could effectively 

select and remove Mg2+from a solution containing NaCl and MgCl2 [67]. My work (paper Ⅱ) 

demonstrated that the CHI/ADA multilayer film shrank for Ca2+ and SO4
2− at alkaline and acid 

conditions due to the strong ion interaction of the counterions with the charged ADA and CHI, 

respectively. The response was reversible after rinsing with a NaCl  solution due to the 

competition of different counterions.  

2.5. Polyelectrolyte-mediated surface interactions 

As discussed in Sections 2.2 and 2.3, the adsorption of a single-layer PE or PEM film on an 

oppositely charged surface could change the properties of the surface. The surface force 

induced by the PE layer could be either repulsive or attractive, which is important for PE 

applications. For instance, the adsorption amount of PEs on colloid particles decides the 

stability of the colloid particles [15]. The DLVO theory is a classical model that describes the 

forces between charged surfaces coated with PEs [15]. If the overlap of the polymer chains 
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gives rise to steric repulsion, classical DLVO theory cannot elucidate the trend. Steric forces 

also play an important role in many natural and practical systems. The presence of a polymer 

could eliminate the coagulation of colloidal particles, resulting in a steric stabilisation [69]. In 

my work (paper Ⅰ), I demonstrated that electrical double layer interactions are dominant for the 

adsorption of polyDADMAC on a silica surface (paper I), whereas steric repulsion is 

dominated for thicker multilayer films (paper Ⅲ). 

2.5.1. Surface forces 

  The attractive van der Waals force (FvdW) and the repulsive electric double layer force (Fdl) 

are the main contributors to the force interaction between two charged surfaces in an aqueous 

electrolyte solution [24, 69]. I performed atomic force measurements based on the interaction 

between a sphere and a planar surface in my thesis. Here, I discuss only the case of the 

interaction between a sphere and a planer surface. The constituent molecules could exhibit 

dispersive interactions in a relatively short distance because of their permanent and fluctuating 

dipoles, which is the origin of the van der Waals force [69]. The van der Waals force is 

calculated as 

𝐹𝑣𝑑𝑊 = −
𝑅𝐻

6𝐷2
         (2.3) 

where H is the Hamaker constant. The expression is valid when the surface separation distance 

(D) is smaller than the particle radius (R). Thus, oppositely charged counterions could 

accumulate and form a diffuse layer close to the charged surface due to the charge 

compensation. This diffuse layer is called the electrical double layer [70]. The thickness of the 

diffuse layer can be expressed by the Debye length (𝜅−1) [69]. 

𝜅−1 = √
𝑘𝐵𝑇𝜀0𝜀

𝑒2 ∑ 𝜌𝑖 𝑧𝑖
2           (2.4) 

where 𝜌𝑖 and 𝑧𝑖  are the number density and valence of ion species i, respectively. When two 

charged surfaces are close together, the overlap of the diffuse part of the double layer gives rise 

to the osmotic pressure that is the origin of the double layer force. According to the Derjaguin 

approximation, the double layer force can be expressed as a weak overlap approximation [69]. 

𝑊𝑓𝑙𝑎𝑡(𝐷) = (64𝑘𝐵𝑇𝜅−1 ∑ 𝜌𝑖

𝑖

) [𝑡𝑎𝑛ℎ (
𝑧𝑒𝜓0

4𝑘𝐵𝑇
)]

2

𝑒−𝜅𝐷          (2.5) 
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𝐹𝑑𝑙 = 2𝜋𝑅𝑊𝑓𝑙𝑎𝑡(𝐷)          (2.6) 

where 𝑊𝑓𝑙𝑎𝑡(𝐷) is the electrostatic repulsive potential energy for two planar surfaces.  

To determine the surface potentials, I calculated the double-layer force using the Poisson–

Boltzmann model in paper Ⅰ, which is based on a fixed Debye length. I performed the 

calculations using two sets of boundary conditions. The surface potentials were compatible 

with the experimental data at larger separations, with the independence of either the constant 

surface charge density or the constant potential assumed. At short separations, however, the 

forces calculated using the two boundary conditions presented a large difference. The force 

calculated by constant surface charge density conditions overestimates the real electrostatic 

double layer force, whereas the force calculated by constant surface potential conditions 

underestimates the real electrostatic double layer force. It is reasonable that the equilibrium 

between adsorbed ions and ions in bulk shifts as the distance decreases. In addition, the van 

der Waals forces only show a contribution at short range. 

When PEs adsorb on an oppositely charged surface and the steric force formed by tailed 

structures can be ignored, the classical DLVO theory can describe the force interaction between 

two surfaces coated with a PE layer. Figure 2.12 shows this trend using atomic force 

measurement [71]. As discussed in Section 2.2.3, the surface potential decreases as 

Poly(ethylene imine) (PEI) adsorption increases on an oppositely charged surface, and it 

becomes reversed after charge neutralisation. The repulsive force stemming from the surface 

charge first decreases as PEI adsorption increases, and only van der Waals forces are observed 

at the charge reversal point where the surface charge is neutral (Figure 2.12A). With further 

increasing PEI adsorption, the force again becomes repulsive and increases because the 

adsorption of PEI reverses the properties of the surface charge (Figure 2.12B). In addition, the 

force profiles do not depend on the sign of the surface potential. As described in paper Ⅰ, I 

controlled the reversal of surface potential through the adsorption of polyDADMAC and by 

increasing the pH value of the solution. Figure 2.12C shows that the double layer force became 

weaker with increasing the salt concentration owing to the decreased thickness of the diffuse 

layer. The deviation from the DLVO theory at short distances has also been reported, and some 

authors attribute it to patch charge attraction or steric repulsion [25, 71-73]. However, these 

contributions are rather weak, and the double layer force dominates the force interactions.  

The bridging force could induce an additional attractive force as polymers form bridges 

between two surfaces [74]. If some of the PE chains adsorbed on one of the surfaces could find 
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adsorption sites on the opposite surface, the two surfaces will be bridged. Such bridging 

interaction is easily detected during the retraction process because PE chains are easy to adsorb 

to the opposite surface after hard contact. Spikes or plateaus could appear in the retraction force 

curves. Paper Ⅰ reports an obvious bridging interaction in the retraction process. 

 

Figure 2.12 Experimental force profiles between sulfate latex particles coated with linear PEI at pH 4 

compared with the fits by DLVO theory. The adsorbed amount of PEI is (A) below and at the charge 

reversal point and (B) at the charge reversal point and above. (C) An adsorbed PEI amount of 1.1 𝑚𝑔 ∙

𝑔−1 at different KCl concentrations (reprinted with permission from [71]). 

2.5.2. Steric force 

When two surfaces coated by polymers approach each other, the overlap of segments of the 

polymers could result in a steric force. Two factors contribute to the steric force [75, 76]. One 

is the increase in osmotic pressure from polymer chains where the overlap of polymer chains 

increases the segment density of the polymer within the layers. Another is the entropy confining 

from polymer chains, where the compression restricts the available volume of the polymer 

chains. Generally, the brush structure is the dominate reason leading to long-range force 

interactions. The shape of the normal force curves depends on the osmotic pressure from the 

polymer concentration inside the layer [77]. When the distance (D) between the two polymer-

coated surfaces is close to twice the brush thickness (2H), the brushes compress again each 

other without grazing contact. The overlap of counterions enhances the screening of the inter- 

and intrachain electrostatic repulsions. The polymer chains progressively lose their extension 
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upon compression, resulting in a change of conformation entropy. In the range of deformations, 

the shape of the force profiles can be explained by the basis of the Poisson–Boltzmann theory 

[78, 79]. Therefore, the initial slope of the force profiles is sensitive to the intrinsic structure of 

the brush such as the polydispersity, the rigidity of the PE, and the possible formation of loops. 

When 𝐷 ≪ 2𝐻, the excess osmotic pressure of counterions provide the dominant contribution 

to the repulsive force under strong confinement based on osmotic balance arguments [77]. Per’s 

group investigated the force interaction between one glass and one cellulose surface coated 

with charged AM-MAPTAC-10 (Figure 2.13) [12]. It is obvious that the force curves between 

two surfaces coated by AM-MAPTAC-10 generate a distorted S-shaped owing to the steric 

repulsion and that the range of steric repulsion increases with increasing amounts of AM-

MAPTAC-10.  

 

Figure 2.13 Force normalised by radius as a function of separation between one glass and one cellulose 

surface coated the cationic PE (AM-MAPTAC-10), which comprises random copolymers of uncharged 

acrylamide (AM) and positively charge [3-(2-methylpropionamido) propyl] trimethylammonium 

chloride (MAPTAC). The number 10 represents 10% of charged segments. The PE coverage was 

managed by injecting different concentrations of PE solutions with 0.1 mM NaCl . Open squares 

represent the force interaction without PE coating (reprinted with permission from [12]). 

Ionic strength is an important factor for managing the steric force between the surfaces 

coated with PEs. Zhulina and co-workers investigated the static forces in confined PE layers 

and distinguished three cases of the osmotic regime, the salt dominance regime, and the quasi-

neutral regime with increasing salt concentration [77]. In the osmotic regime, the concentration 

of counterions within the PE brush is greater than the concentration of ions in bulk solution, 

and their height increases with increasing salt concentration. The osmotic pressure from the 

counterions within the brush drives the force that varies with separation (D) to the power of   
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D-1. In the salt dominance regime, the concentration of counterions in the brush becomes lower 

than the salt concentration in bulk, where the forces become a distance dependence of D-2. 

Finally, in the quasi-neutral regime, the compressed PE segments lead to a very high salt 

concentration, and the electrostatic interactions are essentially screened off, where the force 

refers to the separation to D-3. I discuss the effect of ionic strength on force interactions between 

the multilayer films with different outermost layers in paper Ⅲ. When the outermost layer is 

charged and swelling, it is sensitive and collapses with increasing ionic strength, and the force 

curves also change from “soft-tail type” repulsion to more “strong-bulk type” repulsion. It is 

also observed that the shapes of the force curves show obvious inflection when the density of 

the PE chains between the outermost layer and the inner part of the multilayer film is manifestly 

different. 
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Chapter 3 

                                                       3. Materials    

 

 

 

3.1. Silica surface 

    In my projects, I performed the adsorption of PEs and fabricated PEM films on surfaces of 

silica wafers and silica particles. The silica surface was negatively charged due to the 

dissociation of the silanol groups [80]. The dissociating equilibrium of the silanol group is 

given as 

SiOH + H2O ⇌ SiO− +  H3O+ . 

The equilibrium will move to the right with increasing pH of the solutions, resulting in a 

higher charge density. I demonstrated the trend using the streaming current method and the 

result was reported in paper Ⅲ.  

3.2. Poly(diallyldimethylammonium chloride) 

    PolyDADMAC has broad range applications in industrial fields such as wastewater 

treatment, paper manufacturing, and the mining industry [81-83]. It was used to detect the 

adsorption of PE and the force interactions between symmetrical systems under different pH 

values, as described in paper Ⅰ. PolyDADMAC is typically a strong PE with positive quaternary 

ammonium groups, and it is permanently charged without dependence on the pH of the solution 

[21]. Its molecular structure is described in paper Ⅰ. Its independence from pH allows us to 

detect the effect of charge density on its adsorption and to alter the adsorbed amount with 

saturation or unsaturation by changing the pH of the solution.  

3.3. Chitosan  

CHI is produced through the deacetylation of chitin, which is mostly extracted from the 

exoskeleton of crustaceans, fungi, and insect [84]. CHI comprises N-acetyl  glucosamine  and 
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glucosamine units via β-(1→4) linkages randomly as a linear polysaccharide, and the structure 

is shown in Figure 3.1. CHI with a pKa of ~6.3 can dissolve in an acid medium, and the 

deacetylation degree of CHI decides its properties and applications [85]. CHI also provides 

other intrinsic properties with non-toxicity, biodegradability, and biocompatibility [84]. These 

characteristics are among the reasons why I used CHI to fabricate the polysaccharide multilayer 

film.  

 

Figure 3.1 Molecular structure of CHI. 

3.4. Alginate and alginate dialdehyde  

Alginate (ALG) is a negatively charged linear polysaccharide comprising β-D-mannuronic 

acid (M) and α-L-guluronic acid (G) (Figure 3.2). The uronic acids form regions of M-blocks 

(MMMM), G-blocks (GGGG), and blocks of alternating sequences (MGMG) via 1→4 

linkages [86]. The heterogeneity in both the content and sequence of uronic acids leads to the 

different properties of ALG, depending on the algal sources [86]. ALG can be obtained from 

both algal and bacterial sources. 

 

Figure 3.2 Schematic illustration of oxidisation of (A) ALG to obtain (B) ADA. 

In my work concerning multilayer films, aldehyde groups were introduced in a block of 

ALG to attain the self-cross-linking of the films. ALG is modified by the oxidation of sodium 
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periodate (NaIO4) [87]. The oxidation reaction occurs on the hydroxyl groups (-OH) at the C-

2 and C-3 positions of the uronic units of sodium ALG by rupturing the carbon-carbon bond, 

resulting in the formation of two aldehyde groups in each oxidised monomeric unit (Figure 3.2) 

[88]. The oxidation degree of ALG can be controlled by varying the concentration of the 

oxidant, and the exclusion of light is essential for avoiding side reactions during the oxidation 

process. Details of the experiment can be found in paper Ⅱ.  

The aldehyde groups of  ADA could form imine bonds (R-CH=N-R) with the amine groups 

of CHI by Schiff base reactions [87, 89, 90]. The imine bond (R-CH=N-R) is dynamic and 

reversible, and it is further transformed into permanent amine bonds (R-CH2-NH-R) by a 

reductive amination reaction using sodium cyanoborohydride [87]. Details of the cross-linking 

mechanism are also described in paper Ⅱ. 

ADA has potential application in biomaterials due to its good biocompatibility in vitro and 

in vivo. Many studies have reported ADA as a cross-linker for hydrogels [91-95]. Some studies 

have also reported the fabrication of multilayer films comprising ADA, but their 

physicochemical properties are not yet well understood [42, 65, 89, 90]. I prepared 

polysaccharide multilayer films using ADA and CHI and investigated the assembly process 

and stimuli-responsive behaviour.  
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Chapter 4 

                                                          4. Methods  

 

 

 

4.1 Surface modification 

In order to ensure firm attachment of the films to the substrate, the silica surfaces were first 

modified using 3-glycidoxypropyltrimethoxysilane (GPS) [96], and then the first CHI layer 

was covalently grafted onto the silica surface through an amino-oxirane addition reaction [97]. 

Figure 4.1 schematically illustrates the modification of the surface. Details are presented in 

paper Ⅱ.  

 

 

Figure 4.1 Modification of silica surface and the grafting of the first CHI layer
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4.2. Layer-by-layer assembly 

For the LbL assembly method, a variety of deposition technologies have already been 

developed, such as immersing, spinning, spraying, electro-magnetism, and fluidic assembly 

[41, 98]. The fluidic method was used to build up the PEM films in my work concerning the 

PEM film (paper Ⅱ, paper Ⅲ and paper Ⅳ). I prepared the PEM films in a QCM-D flow cell 

and a homemade flow cell by imitating the QCM-D flow cell (Figure 4.2A). The fabrication of 

PEM films on a silica wafer and silica particles glued in the AFM cantilever was accomplished 

using our homemade flow cell.  

Figure 4.2B shows a schematic illustration of the LbL assembly process for a PEM film. A 

polycation solution is pumped into the flow cell for a certain length of time, allowing the 

polycations to adsorb onto the negatively charged substrate. After rinsing to remove the 

remaining polycations, a polyanion solution is pumped into the cell for a certain length of time. 

A PEM film could be fabricated by sequentially repeating the above steps. However, in my 

work concerning multilayer films, the first layer of CHI was grafted to the silica surface outside 

the flow cell. The preparation of the multilayer film followed the sequential deposition steps.  

 

Figure 4.2 Schematic illustration of the fabrication process of PEM film using the LbL technique. 

4.3. Quartz crystal microbalance with dissipation 

monitoring 



 

35 
 

   QCM-D is a technique used to measure the adsorbed mass and viscoelastic properties of thin 

layers. Upon applying voltage to a quartz crystal, shear acoustic waves start to propagate from 

the surface through the layer. The propagation of these shear waves depends on the physical 

properties of the layer and the media. Physical models have correlated variations in the 

frequency of these waves to mass adsorption on the surface. Other useful information obtained 

by this technique is dissipation [99]. When the applied voltage is turned off, the decay rate of 

the acoustic waves, which is a function of viscoelastic properties of the layer, is measured. In 

my works, I used this technique to investigate the dynamic adsorption process of PEs in real-

time. 

    QCM-D is based on the inverse piezoelectric effect [100]. Upon applying a voltage to the 

two sides of a crystal, the crystal exhibits mechanical deformation. If it is an alternating voltage, 

the crystal will exhibit oscillatory motion due to the deformation following the frequency of 

the voltage. When the frequency of the applied voltage matches the crystal’s resonance 

frequency, the generated amplitude is at a maximum, which can simply be described as a 

piezoelectric resonator [100, 101]. AT-cut quartz crystals (Figure 4.3) were used in QCM-D 

because their resonance frequencies possessed a temperature coefficient of approximate 0, and 

thus they could endure a broad range of temperatures.  

 

Figure 4.3 Photograph of AT-cut quartz crystal and the QCM-D sensor. 

    The acoustic waves generated from the mechanical deformation of the crystal transmit inside 

the crystal. When the acoustic wave reflects from the crystal surface, a standing wave is 

generated. The generation of the standing wave depends on the thickness of the crystal (h), 

which is an integral multiple of the half-wavelength of the acoustic wave (λ). 

ℎ = 𝑛𝜆 2⁄    𝑛 = 1, 3, 5 ⋯            (2.7) 
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Here, the propagation velocity of the acoustic wave inside quartz crystal is υ = √𝑐 𝜌⁄ , where 

c is the stiffness coefficient of quartz crystal (2.93 × 1011 𝑑𝑦𝑛 ∙ 𝑐𝑚−2) and ρ is 2.650 g/cm3, 

which is the density of quartz crystal. The response frequency (fn) of the acoustic waves can be 

obtained as 

𝑓𝑛 =
𝜈

𝜆
=

𝑛𝜈

2ℎ
=

𝑛

2𝐻
√𝑐

𝜌⁄ = 𝐾
𝑛

ℎ 
          (2.8) 

where K is a constant, and it means that the response frequency of the standing waving is 

inversely proportional to the thickness of the quartz crystal. We assume that the fundamental 

frequency of the crystal is 𝑓0 = 𝜐 2ℎ⁄ . The thickness of the crystal will change to ℎ𝑞
′  from ℎ𝑞 

as mass is deposited on the surface of the crystal. The frequency shift can be calculated as 

Δ𝑓 = 𝑓𝑛
′ − 𝑓𝑛 =

𝑛𝜐

2
(

1

ℎ𝑞
′

−
1

ℎ𝑞
) = −

𝑛𝑣(ℎ𝑞
′ − ℎ𝑞)

2ℎ𝑞ℎ𝑞
′

= −
𝑛𝜈Δℎ𝑞

2ℎ𝑞ℎ𝑞
′

           (2.9) 

Therefore, 

Δ𝑓

𝑓𝑛
= −

Δℎ𝑞

ℎ𝑞
′

           (2.10) 

As the thickness of the crystal is tiny (namely, Δh𝑞 ≪ h𝑞), it follows that 

∆𝑓

𝑓𝑛
=

∆ℎ𝑞

𝑛ℎ𝑞
= −

∆ℎ𝑞𝐴𝑞𝜌

ℎ𝑞𝐴𝑞𝜌
= −

∆𝑀𝑞

𝑀𝑞
           (2.11) 

where 𝐴𝑞 is the surface area of the quartz crystal and ∆𝑀𝑞 and 𝑀𝑞 are the mass shift and mass 

of the quartz crystal, respectively. If the layer is homogenous, thin, and rigid, the tiny mass 

shift can be regarded as the mass shift of the quartz crystal itself. Equation 2.11 then becomes: 

∆𝑓

𝑓𝑛
=

∆𝑓

𝑛𝑓0
= −

∆𝑀𝑓

𝑀𝑞
= −

∆𝑀𝑓

ℎ𝑞𝐴𝑞𝜌
= −

∆𝑚𝑓

ℎ𝑞𝜌
          (2.12)  

and 

∆𝑚𝑓 = −
𝜌ℎ𝑞

𝑓0

∆𝑓

𝑛
= −𝐶∆𝑓          (2.13) 

where 𝐶 = 𝜌 ℎ𝑞 𝑛𝑓0⁄  is a constant for the AT-cut quartz crystal. This is the famous Sauerbrey 

equation, where the response frequency shift is in proportion to the mass shift from the quartz 
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crystal surface. The Sauerbrey equation was initially used to study a homogeneous rigid film 

under air or vacuum as the basic theory in the application of QCM-D.  

     In a liquid, stable oscillation of a quartz crystal is difficult to obtain because the energy 

dissipation is high owing to the damping effect from the liquid. The stable oscillation of quartz 

crystal was achieved by Nomura and Okuhara in 1982, who used a single connection between 

the crystal surface and the liquid [102, 103]. The equation that the shearing wave propagates 

between the quartz crystal and the liquid is 

∆𝑓 = −𝑛1 2⁄ 𝑓0
3 2⁄

(
𝜂𝑙𝜌𝑙

𝜋𝜇𝑞𝜌𝑞
)

1 2⁄

          (2.14) 

and the relative equation [104] of dissipation in the liquid is 

Δ𝐷 = 2 (
𝑓0

𝑛
)

1 2⁄

(
𝜂𝑙𝜌𝑙

𝜋𝜇𝑞𝜌𝑞
)

1 2⁄

         (2.15) 

where 𝜂𝑙  and  𝜌𝑙  are the viscosity and density of the liquid, respectively,  𝜌𝑞 and 𝜇𝑞 are the 

density and shear modulus of the quartz crystal, respectively, n is the overtone, and 𝑓0 is the 

fundamental response frequency of the crystal [105]. The film adsorbed onto the quartz crystal 

surface is neither rigid nor homogenous in liquid, and the dissipation factor (D) is introduced 

to describe the physical properties of the film (Figure 4.4). The dissipation factor is the inverse 

of the Q-factor that reflects the energy storage efficiency of the quartz crystal during oscillation. 

The dissipation factor (D) can also be defined as the dissipated energy (Elost) divided by the 

total stored energy (Estored) per oscillation process. 

𝐷 = 𝑄−1 = 2Γ𝑛 𝑓𝑛⁄ =
𝐸𝑙𝑜𝑠𝑡

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
          (2.16) 

where Γ𝑛is the bandwidth of the standing wave. The response frequency and dissipation of the 

quartz crystal can be obtained together. After the quartz crystal is stimulated, the frequency 

resonator is turned off and the crystal exhibits damped oscillation. The oscillation amplitude 

follows an exponential decay. 

𝐴(𝑡) = 𝐴0 𝑒
−𝑡

𝜏⁄  sin(2𝜋 𝑓𝑡 + 𝜑) + 𝐶         (2.17) 

𝐷 = (𝜋𝑓𝜏)−1          (2.18) 

The dissipation factor is relative to the mass, viscosity, and shear modulus of the film adsorbed 

onto the quartz crystal. The combination of the oscillation frequency and dissipation factor can 

help us to obtain more structural information about the layer.  
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Figure 4.4 Schematics for the oscillation frequency shift and dissipation shift of a quartz crystal with 

an adsorbed layer. 

    In liquid, a film can be considered rigid and the Sauerbrey equation is available if the layer 

is a homogeneous film and  Δ𝐷 (− 𝑓𝑛 𝑛⁄ )⁄ ≪ 4 × 10−7 𝐻𝑧−1  for a 5 MHz crystal. In the 

Kelvin–Voigt model, the viscoelastic properties of a film adsorbed onto a quartz crystal surface 

are considered in liquid, and the film is treated and coupled as consisting of an elastic spring 

and a viscous dashpot [106]. Its complex shear modulus (G) can be described as 

𝐺 = 𝐺′ + 𝑖𝐺′′ = 𝜇𝑓 + 2𝜋𝑖𝑓𝜂𝑓 = 𝜇𝑓(1 + 2𝜋𝑖𝑓𝜏)             (2.19), 

where 𝐺′ and 𝐺′′ represent the storing modulus and dissipating modulus, respectively, 𝜇𝑓  and 

𝜂𝑓  are the elastic modulus and the shear viscosity of the film, respectively, f is the oscillation 

frequency, and 𝜏 = 𝜂𝑓 𝜇𝑓⁄  is the characterised relaxation time of the adsorbed film. The 

frequency and dissipation shift can be calculated as follows: 

Δ𝑓 = 𝐼𝑚 (
𝛽

2𝜋𝜌𝑞ℎ𝑞
)          (2.20) 

Δ𝐷 = −𝑅𝑒 (
𝛽

𝜋𝑓𝜌𝑞ℎ𝑞
)          (2.21)  

where 

𝛽 = 𝜉1

2𝜋 𝑓 𝜂𝑓 − 𝑖 𝜇𝑓

2𝜋 𝑓

1 − 𝛼 𝑒𝑥𝑝(2𝜉1 ℎ𝑓)

1 + 𝛼 𝑒𝑥𝑝(2𝜉1 ℎ𝑓)
 

𝛼 =

𝜉1

𝜉2

2𝜋 𝑓 𝜂𝑙 − 𝑖 𝜇𝑓

2𝜋 𝑓 𝜂𝑙
+ 1

𝜉1

𝜉2

2𝜋 𝑓 𝜂𝑓 − 𝑖 𝜇𝑓

2𝜋 𝑓 𝜂𝑙
− 1

 

𝜉1 = √−
(2𝜋 𝑓)2 𝜌𝑓

𝜇𝑓 + 2𝜋 𝑖 𝜂𝑓
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𝜉2 = √𝑖
2𝜋 𝑓 𝜌𝑙

𝜂𝑙
  , 

where 𝜌𝑓  and ℎ𝑓 are the density and thickness of the film, respectively. 

4.4. Ellipsometry 

Ellipsometry is also used to investigate the adsorption process of multilayer films. The 

alliance of ellipsometry and QCM-D is a good method for studying the adsorption of polymers 

on solid surfaces. Ellipsometry is sensitive to changes in the refractive index of a layer. QCM-

D, based on an acoustic technique, is sensitive to the mass shift and viscoelastic properties of 

adsorbed layers. The alliance of the two techniques allows us to analyse adsorbed layers from 

different perspectives and to obtain more information about the adsorbed layers.  

 

Figure 4.5 Schematic illustration of spectroscopic ellipsometry. 

    Figure 4.5 is the schematic illustration of spectroscopic ellipsometry. Ellipsometry is based 

on variations in the polarisation state of polarised light due to its interaction with materials. 

When polarised incident light interacts with a thin film with multiple interfaces at a particular 

angle of incidence (𝜃0 ), it reflects and refracts at each interface, and multiple beams are 

induced. The multiple light waves could superimpose due to interference, depending on the 

relative phase of each wave. The total amplitude of the reflected lights can be calculated by 

their corresponding Fresnel reflections and transmission coefficients.  

    Polarised light is considered to have two components, p-polarised light and s-polarised light. 

The p- and s-components are independent of the different Fresnel reflections and transmission 

coefficients, and their amplitude decay and phase shift are different after reflection, resulting 

in a change of polarisation state. The change of polarisation state can be described by the 
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complex reflectance ratio (ρ) with the ratio of 𝑅𝑝 over 𝑅𝑠. The term ρ is a function of the optical 

structure of the film, i.e., the refraction index of the incident medium (𝑁𝑎) and the substrate 

(𝑁𝑠), the refraction index of the film (𝑁𝑗, 𝑗 = 1, 2, ⋯), the thickness of the film (ℎ𝑗), the angle 

of incidence (𝜃0), and wavelength of the monochromatic incident light (λ). 

𝜌 =
𝑅𝑝

𝑅𝑠
= tan(𝜓)𝑒𝑖Δ = 𝜌(𝜃0, ℎ1, ⋯ ℎ𝑗 , 𝑁𝑎 , 𝑁𝑠, 𝑁1, ⋯ 𝑁𝑗)          (2.22) 

where tan 𝜓 describes the amplitude ratio between p- and s-polarisation upon reflection and 

Δ is the phase shift of the two components.  

    After measuring the sample, a model should be established to calculate the thickness and 

optical constant of the sample. For unknown properties, the predicted values of 𝜓 and Δ from 

Fresnel’s equations are calculated to compare them with the experimental data, and the best 

match between the model and the experiment is obtained through regression. In my work (paper 

Ⅱ and paper Ⅳ), a model of three layers involving the top layer of a liquid medium, a uniform 

hydrated polymer film, and a pseudo-substrate of the bare sensor was used. 

    The Cauchy dispersion model describes an empirical relationship between the refractive 

index and the wavelength of light for a transparent film. The refractive index and extinction 

coefficient are described as 

𝐴(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
          (2.23) 

Where A, B, and C are the effect dispersion coefficients. A is a dimensionless parameter, B 

affects the curvature and the amplitude for medium wavelengths in the visible, and C affects 

the curvature and amplitude for smaller wavelengths in the ultraviolet range. Here, the PEM 

films have no optical absorption and the extinction coefficient (𝑘(𝜆)) is 0. This means a normal 

dispersion with a monotonous decrease in the refractive index when the wavelength of the light 

increases. 

    Ellipsometry is also sensitive to the surface and interface with two or more components. In 

my work, the Bruggeman effective medium approximation (BEMA) model was also used to 

estimate the water content of the film [87]. It is presented as 

𝜑𝑤

𝑁𝑤
2 − 𝑁𝑚𝑖𝑥

2

𝑁𝑤
2 + 2𝑁𝑚𝑖𝑥

2 + (1 + 𝜑𝑤)
𝑁𝑓

2 − 𝑁𝑚𝑖𝑥
2

𝑁𝑓
2 + 2𝑁𝑚𝑖𝑥

2 = 0          (2.24) 

where 𝜑𝑤 is the volume fraction of water, and 𝑁𝑤 , 𝑁𝑓 and 𝑁𝑚𝑖𝑥 are the refractive indices of 

the water, dry film, and hydrated film, respectively. 

4.5. SurPASS instrument 
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   The zeta potential is important information for the swelling behaviour of PEM films. Here, 

SurPASS instrument (Anton Paar GmbH, Graz, Austria) was used to measure the zeta potential 

of the CHI/ADA films. When the relative movement of a liquid occurs with respect to the 

surface of a solid sample, the ions of the electrostatic double layer are sheared from their 

equilibrium position, leading to electrokinetic effects. The result is called streaming potential 

(ΔU) or streaming current(ΔI), which are used to calculate the zeta potential. Helmholtz and 

Smoluchowski developed the fundamental equations of the zeta potential relating to the 

streaming potential and streaming current [107]. For planar solids, the Helmholtz–

Smoluchowski equation based on streaming current data is well suited for zeta potential 

investigations because the exact information about the length and cross section of the streaming 

channel is available. The equation is given as follows [107]: 

𝜁 =
𝜂𝐿

𝜀0𝜀𝐴
×

𝑑𝐼

𝑑∆𝑝
          (2.25) 

where 𝑑𝐼 𝑑∆𝑝⁄  is the slope of the streaming current vs. the differential pressure, η is the 

electrolyte viscosity, and L and A are the length and cross section, respectively, of the streaming 

channel. A dual syringe pump system in the instrument controls the generation of the pressure 

difference (Δp) in the channel between two flat solid surfaces. Streaming current (ΔI) can be 

measured using two Ag/AgCl electrodes located between the inlet and outlet of the cell. 

4.6. Atomic force microscopy 

    AFM was invented by Binnig et al. in 1986. It is a scanning probe technique based on the 

interaction force between the probe and the sample surface [108]. It comprises four 

fundamental parts: a probe, a laser beam, a piezoelectric scanner, and a photodiode detector. 

AFM originally was designed to characterise the surface topography. Its current use also 

includes the measurement of forces and friction. A piezoelectric scanner can move the sample 

or the cantilever on a sub-nanometre scale in three directions, x, y, and z, referring to the 

location of the cantilever at the head or the base of the sample. I performed AFM measurements 

(NanoWizard 3, JPK Instruments AG, Berlin, Germany) with the piezoelectric scanner located 

at the head. The cantilever with tips is mounted to the holder and scanned over the sample 

surface. A laser beam focuses on the backside of the cantilever and is reflected onto the 

photodiode detector (Figure 4.6). When the cantilever bends due to the local attractive or 

repulsive interaction during the measurement process, the reflected laser spot changes and 

moves to a new place on the photodetector. The deflection and twist of the cantilever are 



 

42 
 

measured as photodiode voltage. The vertical deflection is concerned with topography and 

forces.  

 

Figure 4.6 Schematic illustration of AFM (reprinted with permission from [109]). 

4.6.1. AFM imaging 

 

Figure 4.7 Force curve illustrating the main interaction during different AFM scanning modes 

(reprinted with permission from [110]). 

    AFM uses two common operating methods, contact mode and tapping mode, to obtain 

topographical information about the surface. In contact mode, the probe scans the sample 

surface with permanent contact, keeping constant force. The interaction between the tip and 

the sample is expressed as a repulsive force whose range is 10-8–10-11 N. Contact mode 

theoretically provides better image resolution, but it is easy to damage the tip and the sample. 
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This mode is appropriate for relatively hard samples. In tapping mode, the cantilever scans the 

sample surface, oscillating up and down near its resonance frequency. The topographic image 

is extracted from the scanner position as the cantilever keeps the oscillation amplitude constant. 

The oscillation amplitude makes intermittent contact or no contact that overcomes the adhesion 

force between the tip and the sample surface. This mode is useful for soft and fragile samples 

such as the structural investigation of polymers and biomacromolecules [109]. Figure 4.7 

shows the differences between the two scanning modes. 

4.6.2. Force measurement 

AFM has another important application, which is investigating the surface forces between 

the tip and a sample. The force constant of an atomic interaction is 𝑘𝑎 = 𝜔2𝑚 , with a 

magnitude of 10 N·m-1, where the vibrational frequency between atomics (ω) is close to or 

greater than 1013 Hz and the atomic mass possesses a magnitude of 10−25 kg [111]. The spring 

constant of the cantilever is smaller than 𝑘𝑎, and any force interaction between the tip and the 

sample could cause a deflection of the cantilever. During force measurements, the piezoelectric 

scanner causes the cantilever to move towards and from (referring to approach and retraction 

part) the sample at a constant speed in the z-direction. Figure 4.8 shows a typical force 

measurement process. The force vs. separation curve should be transformed from the raw data 

that refers to the cantilever vertical deflection vs. scanner position, which requires the detector 

sensitivity and the cantilever spring constant. The cantilever spring constant (k) can be obtained 

by the thermal noise method, which I discuss below. The detector sensitivity can be determined 

from the contact part of the force curve on a hard substrate. The details are presented in a review 

by Butt et al. [111]. Hook’s law is used to transform the cantilever deflection (z) to force. 

𝐹𝑛 = 𝑘 × 𝑧          (2.26) 

where 𝐹𝑛 is the normal force.  

    Notably, the zero separation is usually defined as the far separation with no interaction 

between the probe and the surface. The force curve does not provide any information on the 

thickness of the film. The zero separation from the force curve for my project using a PEM 

film was not the absolute zero separation for two hard surfaces. 
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Figure 4.8 Typical AFM force–distance profile. There is no interaction between the probe and the 

surface at far separation during the A→B process. The cantilever jumps to the surface due to an 

attractive interaction at point B. The cantilever starts to bend with further moving into the sample at the 

B→C process. The cantilever starts to retract from the surface after ending the approach. The tip never 

leaves the surface due to the adhesion force, and it retains contact with the surface until reaching the 

maximum adhesion force. The tip leaves the surface and returns to no interaction at far separation during 

the D→E process. 

4.6.3. Determination of spring constants 

The spring constant differs for different cantilevers because of their different properties, such 

as width, length, thickness, and material. There are several methods to obtain the spring 

constant of the cantilever [112]. Here, I chose the thermal noise method based on the effect of 

the surrounding fluid for the cantilever vibrational frequency response. The calibration of a 

cantilever’s spring constant is performed in air without load. For a tipless rectangular cantilever, 

the spring constant is described as 

𝑘 = 0.1906𝜌𝑓𝑏2𝐿𝑄𝑓𝜔𝑓
2Γ𝑖(𝜔𝑓),    

𝐿

𝑏
> 5          (2.27) 

where ω, b, and L are the fundamental resonance frequency and the width and length of the 

cantilever, respectively, 𝜌𝑓  is the density of the fluid (the air), 𝑄𝑓  is the quality factor, and Γ𝑖 is 

the imaginary component of the hydrodynamic function. The width and length of the cantilever 

are observed and measured using an optical microscope. 

4.6.4. Attaching the particle to the AFM cantilever 
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Figure 4.9 (A) NanoWizard Life Science setup. (B) Optical microscope images (40× lens) of the 

cantilever and a patch of glue. (C) Cantilever and a patch of particles. (D) A particle glued to the 

cantilever using the described method. 

Here, the colloidal probe technique was used for the force measurements. I glued a silica 

particle with a diameter of approximately 7 μm onto a tipless cantilever using the NanoWizard 

Life Science stage and AFM head. The micromanipulator can control the position of the glue 

or particles by the left-hand screws A (the red ring in Figure 4.9A) and manage the cantilever 

position by the right-hand screws B (the blue ring in Figure 4.9A). Two-part epoxy was used 

to attach a silica particle to the cantilever. First, I coarsely adjusted the position of the cantilever 

and a patch of glue so they overlapped within the view field of an optical microscope. I 

controlled the fine positioning of the cantilever over the edge of the glue patch using screws A 

and B (Figure 4.9B). The SPM software was used to control the cantilever towards the glue 

surface using the z-piezo until viewing a change in the photodiode detector. After the tip was 

coated with glue, the cantilever was moved away from the glue. Particles diffusing on the glass 

surface were exchanged on the sample stage. Relatively isolated particles, with as much space 

around them as possible, were found to avoid picking up extra spheres. The same procedure 

can be implemented following the same steps from the above process of coating glue (Figure 

4.9C). In order to let the glue dry and set, the fabricated colloidal probe was kept for around 

one day before being used. 
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Chapter 5 

                                5. Summary of Papers  

 

    

 

    In this section, I discuss the main results and finding of my papers. The findings of my 

project have resulted in four manuscripts. Paper Ⅰ was dedicated to the polyDADAMAC system, 

whereas the remaining papers (paper Ⅱ, paper Ⅲ and paper Ⅳ) focused on the CHI/ADA 

multilayer film.  

 

Figure 5.1 Change in frequency (f) and dissipation (D) as a function of time for adsorption of 

polyDADMAC on silica surface at pH 3 (black), pH 6 (red), and pH 9 (blue). 

In paper Ⅰ, I investigated the adsorption of polyDADMAC on silica surfaces at different pH 

values. I first performed QCM-D measurements to investigate how changing the pH affects the 

amount of adsorbed PE and its conformation (Figure 5.1). Accordingly, when increasing the 

pH value, the frequency decreased, accompanied by a minor change in dissipation. These 

results suggest that the adsorbed amount of polyDADMAC increases with increasing pH, and 

that the polyDADMAC molecule adopts a reasonably flat conformation to adsorb onto the 

silica surface. 

Then, I measured the force interaction between two surfaces with and without 

polyDADMAC at different pH values (Figures 5.2A–F). Figure 5.2G shows the procedure with 
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stepwise changes in pH and the adsorption/resorption of polyDADMAC to the silica surface. 

The force interaction between bare silica surfaces was first performed at pH 3. PolyDADMAC 

was then adsorbed onto the silica surface at pH 3 and the surface forces were measured (after 

removing nonadsorbed polymers in the cell). The pH was then increased to 5.6, and the surface 

forces were measured again. Then, the solution containing polyDADMAC at pH 5.6 was 

reintroduced in order to saturate the surface at this pH value, and the surface forces were again 

measured after rinsing. The same procedure was followed when the pH was increased to 9. 

This means that the surface forces between fully saturated adsorbed layers were measured at 

pH 3, 5.6, and 9, whereas the surface forces between unsaturated adsorbed layers were 

measured at pH 5.6 and 9. The force profiles for the adsorbed polyDADMAC layers under both 

saturated and unsaturated situations showed purely repulsive forces at the approaching process. 

The unsaturated polyDADMAC layers induced strongly attractive bridging interactions in the 

retraction force curves, whereas the forces between the saturated polyDADMAC layers only 

exhibited purely repulsive interactions. The attractive bridging force between unsaturated 

polyDADMAC layer also increased as the amount of adsorbed polyDADMAC increased.  

I deduced the surface potential from the approaching force curves by the DLVO theory using 

constant surface charge and constant surface potential boundary conditions. Here, although the 

force profiles do not indicate whether the force is positive or negative of the surface potential, 

one can ensure the sign due to the continuous dissociation of silanol groups and the adsorption 

of polyDADMAC. Figure 5.2G shows that the sign of the surface potential repeatedly changed 

with continuous injection of the polyDADMAC solution and increasing pH. When the 

adsorption of polyDADMAC is saturated, the sign of the surface potential is positive due to 

the overcompensation of the polyDADMAC layer, whereas the sign of surface again becomes 

negative for unsaturated polyDADMAC layers with increasing pH value due to the greater 

dissociation of silanol groups.   

    The charge density of the surface-adsorbed saturated polyDADMAC layer can be calculated 

from surface potentials (from AFM data) and adsorbed amounts (from QCM-D data). I found 

that the charge density from the QCM-D data was approximately one order of magnitude higher 

than that found from AFM data at all three pH values. When polyDADMAC is adsorbed to a 

silica surface, it is impossible that the mismatch of the charge density between the silica and 

polyDADMAC makes 1:1 charge neutralisation. This is the main reason for the large 

overcompensation of polyDADMAC layers. 
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Figure 5.2 Force curves between silica surface coated without and with polyDADMAC in a 1 mM 

NaCl solution. The figures (A, C, and E) on the left are assigned to unsaturated adsorbed layers with 

net negative charges, whereas the figures (B, D, and F) on the right belong to saturated adsorbed layers 

with net positive charges. (G) The surface potential was obtained through the fitting of the DLVO theory 

and plotted as a function of pH. The arrows show the experiment route for the force measurements. 



 

50 
 

The remaining works (paper Ⅱ, paper Ⅲ and paper Ⅳ) focus on polysaccharide 

multilayer films comprising CHI and ALG. Here, I first modified the ALG using sodium 

metaperiodate (NaIO4) to introduce an aldehyde group that could form covalent imine bonds 

(R-CH=N-R) with the amine group through a Schiff base reaction. I prepared stable 

polysaccharide multilayer films with self-cross-linking. However, the imine bond is a dynamic 

covalent bond and can thus dissociate under extremely acidic or alkaline situations. To obtain 

a more stable film, the reversible imine bonds (R-CH=N-R) were transformed into permanent 

amine bonds (R-CH2-NH-R) by a reductive amination reaction using sodium 

cyanoborohydride. Figure 5.3 shows the mechanism for the stable CHI/ADA film. Aldehyde 

groups on ADA can form direct covalent bonds with amine groups on CHI. Accordingly, in 

addition to electrostatic driving force, the layers are self-crosslinked during the LbL deposition. 

However, the cross-linking degree of the film was controlled by the assembly pH and the 

different oxidised degrees of ADA. 

 

Figure 5.3 Mechanism for the modification of ALG and the bond transformation between CHI and 

ADA. 

Although a few reports are available on CHI/ADA multilayer films in the literature, the 

fundamental structural properties of the films are still not clear. Accordingly, I dedicated my 

second paper to the growth process of CHI/ADA multilayer films and investigation of the 

dependence of its stimuli-responsive on pH and the presence of multivalent ions. The growth 

process of CHI/ADA film was detected in situ employing QCM-D (Figure 5.4), which showed 

that the CHI/ADA film grew linearly with increasing polymer deposition. To enhance the 

stability of the film, a further reduction process was performed to transform the reversible imine 

bonds to permanent amine bonds.   



 

51 
 

 

Figure 5.4 QCM-D data for LbL build-up in 15 mM PBS buffer at pH 6. 

   

Figure 5.5 Stimuli-responsive behaviour of the CHI/ADA film (A and B) for the pH and (C and D) 

multivalent ions. A (the black squares and red circles represent the frequency and dissipation, 

respectively) and C (The different colour represents different overtone) are from the QCM-D data. B 

and D are from the BEMA fitting of ellipsometry data (the black squares and red circles represent the 

water content and optical thickness, respectively). For the ellipsometry data, the yellow and blue 

highlighted areas represent the Na2SO4 and CaCl2 response process, respectively. 
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Afterwards, the dependence of the stimuli-responsive behaviour on pH and the presence of 

multivalent ions was explored using QCM-D and ellipsometry (Figure 5.5). The pH-responsive 

behaviour of the CHI/ADA film was first executed through repeated acid and alkaline pH 

cycles (Figures 5.5A and B). Because the charge density of CHI and ADA is sensitive to pH, 

the multilayer film was responsive to the pH change. The amine groups of CHI and the 

carboxylic groups of ADA were protonated under acidic conditions and the net charge of the 

film became positive. The opposite occurred under alkaline conditions. The amine groups of 

CHI and the carboxylic groups of ADA were deprotonated, leading to a negative net charge. 

The excess charges of the film under acid and alkaline conditions caused the collection of more 

counterions, and the osmotic pressure within the film was higher than that of the bulk solution, 

giving rise to the swelling of the film. When the film swelled, it showed a lower frequency and 

higher dissipation owing to the greater thickness and higher water content. The film swelled at 

pH 2 and pH 9, but it showed a greater degree of swelling at pH 9 than at pH 2. The swelling 

capacity of the film was limited by the layer conformation, position of cross-links, and length 

of chain segments between cross-links. Thus, even for a complete charge reversal between 

acidic and alkaline conditions, the degree of swelling might be different because of the different 

location and distribution of charged groups. 

The responsive behaviour of the film for the multivalent ions was checked using calcium 

chloride (CaCl2) and sodium sulfate (Na2SO4) at three different pH values (Figure 5.5C and 

D). The charged moieties of CHI and ADA had strong interactions with the multivalent ions, 

giving rise to the responsive behaviour. The film presented no response at pH 6 because the 

charges between CHI and ADA were balanced and no excess charge was released. The film 

showed strong shrinkage under the addition of a Na2SO4 solution at pH 2 and for the addition 

of a CaCl2 solution at pH 9. It is reasonable that the entropic substitution of monovalent ions 

with multivalent ions as counterions led to the drop of the osmotic pressure within the film. 

For instance, SO4
2−

will replace Cl− due to the stronger ion binding between SO4
2−

 and the 

protonated amine groups of CHI at pH 2. In addition, multivalent ions could form physical 

cross-linking with charged moieties of CHI and ADA, thus forming ion bridges, leading to a 

more rigid network. Qualitatively similar behaviour is expected if divalent ions other than 

SO4
2−

 and Ca2+are used. 

In paper III, I investigated how changing pH, salt concentration, and the outermost layer 

chemistry affected the properties of the multilayer films. To do so, multilayer films comprising 

6 (capped with ADA) and 7 layers (capped with CHI) were fabricated. I examined the swelling 
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behaviour, surface forces and surface charge of CHI/ADA multilayer films using QCM-D, 

AFM colloid probe and zeta potential measurements. 

QCM-D was employed to monitor the growth of the multilayer film, as well as assessing the 

swelling behaviour. I investigated the pH-induced swelling of multilayer films having different 

outermost layers in three different salt concentrations (Figure 5.6). Depending on the outermost 

layer and slat concentration, significantly different swelling behaviours are observed.  

 

Figure 5.6 QCM-D data for pH-induced swelling; frequency (f, square) and dissipation (D, circle) 

shifts following pH change at the different salt concentrations for multilayer films capped with ADA 

(panel A) and CHI (panel B).  

To ease the discussion, I first provided an outline of how pH can affect the conformation and 

swelling of the multilayer film. I considered that CHI/ADA multilayer films consist of the inner 

layer and outermost layer. It was assumed that independently of whether the multilayer film 

was capped with ADA or CHI, the inner part of the film was neutrally charged at pH 6 because 

CHI and ADA were compensated by each other. Changing the pH produces a charge imbalance 

in the inner layer that can give rise to swelling of the film. The pKa of CHI is approximately 



 

54 
 

6.4, whereas the pKa of ADA is approximately 3.4. At pH 3, ADA is expected to be partially 

charged, whereas CHI is expected to be highly charged. At pH 9, ADA will be highly charged, 

whereas CHI will be almost uncharged. An overcharging of the multilayer film should occur 

both at pH 3 (positive overcharging) and at pH 9 (negative overcharging). As discussed in 

paper Ⅱ, the charge imbalance and adsorption of the counterions drive the swelling of the film. 

The optical thickness from ellipsometry, in general, represents the dense inner part because the 

thickness is based on the difference in the refractive index of the medium and the hydrated 

polymer film. The ellipsometry data from paper Ⅳ exhibited that increasing the pH from 6 to 

9 led to almost 2-fold increment in the thickness whereas changing the pH from 6 to 3 had quite 

a minor effect on the thickness. it was suggested that the inner layer of the film had strong 

swelling at pH 9 whereas minor swelling at pH 3. On the other hand, the outermost layer can 

be considered as less entangled chains with more degrees of freedom. The charge density of 

the outermost CHI and (or) ADA depends on the pH values due to their different pKa values. 

The ADA outermost layer should be found as collapsed, partly swollen, and highly swollen at 

pH 3, 6 and 9, respectively. Oppositely, the CHI outermost layer should be found as highly 

swollen, partly swollen, and collapsed at pH 3, 6 and 9, respectively. 

For the multilayer film capped with ADA (Figure 5.6A), it was observed that a significant 

swelling occurred when the pH is changed from 6 to 9, which was attributed to swelling of the 

inner layer as well as swelling of the outermost ADA layer. When decreasing the pH from 6 to 

3, it is observed an insignificant effect on the frequency and dissipation value, which can hint 

to minor structural changes and (or) counterbalancing effects. It was expected that the inner 

part of the film was slightly swelling while the outermost ADA layer became more collapsed 

at pH 3. When increasing the ionic strength, no significant effect is observed on the pH cycle 

between 3 and 6. Nevertheless, increasing ionic strength leads a reduced swelling when pH is 

changed from 6 to 9, which was attributed to the electrostatic screening effect by the salt. 

For the multilayer film capped with CHI (Figure 5.6B), it was observed that relatively large 

shifts in frequency and dissipation as changing pH from 6 to 3, which suggests the swelling of 

the multilayer. It was expected that the observed shifts in frequency and dissipation chiefly 

originate from the swelling in the outermost CHI layer since the inner layer underwent minor 

swelling. When changing the ionic strength, the swelling of the film at pH 3 becomes weaker 

because the outermost ADA layer became collapsed. However, when changing the pH from 6 

to 9, I observed a rather complex swelling behaviour with significant dependence on the ionic 

strength. The film exhibited a minor swelling in 1 mM NaCl, moderate degree of swelling in 

10 mm NaCl and lager degree of swelling in 100 mM NaCl. The swelling of the film at pH 9 
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should be attributed to the swelling of  the inner layer since the outermost CHI layer was 

collapsed at pH 9. When increasing salt concentration, the swelling of the outermost CHI layer 

at pH 6 becomes weaker due to the screening effect. Therefore, two opposing effecting were 

counterbalancing each other in 1 mM NaCl, led to the minor shifts in the QCM-D data. In 10 

mM NaCl and 100 mM NaCl, the swelling effect in the inner layer became more dominating. 

The AFM colloidal probe is, in general, more sensitive to the periphery of the film than to 

the interior.The repulsive force profiles confirmed the results of the QCM-D data. For the 

interaction between two ADA-capped multilayer films, the repulsive forces have the longest 

range at pH 9 because of the swelling of the inner layers and outermost ADA layer (Figure 

5.7A, B and C), which is accordance with Figure 5.6A. However, the force curves indicate the 

shortest ranged repulsion at pH 3. As discussed at QCM-D data (Figure 5.6A), changing pH 

from 6 to 3 should produce minor swelling in the inner layers and considerable collapse in the 

outermost ADA layer. Accordingly, it seems that the swelling of the outermost ADA layer at 

pH 6 had a more significant effect, which was detectable by the AFM measurements. As 

discussed, increasing ionic strength led to a weaker swelling of the outermost ADA layer at pH 

6 and pH 9. In all salt concentration(Figure 5.7A, B and C ), the change of repulsive force 

profiles at all pH value (pH 3, pH 6 and pH 9) is in good agreement with the QCM-D data 

(Figure 5.6A). In 1 mM NaCl (Figure 5.7A), the force interaction is very similar at pH 3 and 

pH 6, which is in good agreement with the structural changes discussed in relation to Figure 

5.6A, i.e., no significant swelling occurs when going from pH 6 to pH 3 while large swelling 

was found when going from pH 6 to pH 9. Increasing the ionic strength to 10 mM had minor 

effect on the range of the interaction (Figure 5.7B). A longer-ranged repulsive forces are 

measured at pH 9 whereas the force curves at pH 6 and 3 become shorter-ranged. When 

changing pH from 6 to 3, the minor swelling in the inner layer and considerable collapse in the 

outermost ADA layer produced the shorter-ranged repulsive force in pH 3 and minor shift of 

frequency and dissipation between pH 6 and pH 3. Further increasing to 100 mM NaCl led to 

notable changes in the interaction profiles (Figure 5.7C). The repulsive force profiles at pH 3 

and 6 seem to overlap, and the repulsive force at pH 9 becomes shorter-ranged while it is still 

relatively longer-ranged. The observation was also in accordance with the QCM-D data where 

minor shifts were found between pH 6 and 3, while a reduced swelling was found upon 

increasing the pH to 9. Those observations can be explained based on screening effect of the 

salt on the inner layers and more importantly the outermost layer. 
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Figure 5.7 Approach force-distance curves between the symmetric multilayer films plotted on a semi-

log scale at different pH values (the black open squares, red open circles, and blue open triangles 

represent pH 3, 6, and 9, respectively). 9 representative approach force curves are plotted here for each 

case. The left (A, B, and C) is the force interaction between multilayer film capped with ADA while 

the right (D, E, and F) provide the force interaction for multilayer film capped with CHI. The salt 

concentration increases from up to down and the arrows indicate different salt concentration. 

For the interaction between the two CHI-capped multilayer film shows the longest range, 

medial range and shortest range at pH 3 pH 6 and pH 9, respectively (Figure 5.7D, E and F ). 

It was suggested that the longest range of the repulsive force profiles at pH 3 was a direct 

consequence of the more swollen conformation of the outermost CHI layer at pH 3.The 

swelling of the inner layers was dominating for the repulsive force profiles at pH 9. Increasing 

ionic strength led to a weaker swelling of the outermost CHI layer at pH 6 and pH 9, leading 

to that the range of the repulsive force profiles decreased. Moreover, the change of repulsive 

force profiles at different pH value in 1 mM and 10 mM NaCl (Figure 5.7D and E) followed 

the trends observed in QCM-D data (Figure 5.6B). In 1 mM NaCl (Figure 5.6D),  the force 

profiles are most long-ranged at pH 3 and of rather similar range between pH 6 and pH 9. It 

followed the trends observed in QCM-D data, where no significant swelling was inferred when 
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changing the pH from 6 to 3, whereas a significant swelling was observed when changing the 

pH from 6 to 3. It was suggested that more swollen conformation of the outermost CHI layer 

at pH 3 led to the consequence of QCM-D and AFM measurements between pH 6 and pH 3. 

On another hand, the combination of swelling in the inner layer and collapse of the outermost 

layer when changing the pH from 6 to 9 was attributed to the no clear different the two states 

detected by QCM-D and AFM. When increasing to10 mM NaCl (Figure 5.7 E), all the force 

profiles become more short-ranged, which can be again correlated to a screening effect of the 

salt. However, the force profile at pH 9 was more long-ranged than at pH 6. The outermost 

CHI layer is fully collapsed at pH 9 and partly charged at pH 6. When increasing to 10 mM 

NaCl, the outermost CHI layer at pH 6  formed a more collapsed periphery and the inner layer 

at pH 9 also was partial conformational collapsed due to the screening effect by the salt. The 

observation was in agreement with Figure 5.6 B where a notable swelling was predicted when 

changing pH from 6 to 9 in 10 mM NaCl. In 100 mM NaCl (Figure 5.7F), however, the most 

short-range repulsive force is found at pH 6 followed by pH 9 and then pH 3. The observation 

was in qualitative agreement with the QCM-D data that the layer became more responsive 

(swelling) when exposed to both high and low pH at 100 mM NaCl  while mainly being 

responsive to low pH at 1 mM NaCl. 

 

Figure 5.8 Zeta potential as a function of pH value at different salt concentrations for multilayer film 

capped with (A) ADA and (B) CHI. 

I also studied the zeta potentials of the multilayer films using zeta potentials measurements 

(Figure 5.8). Because the effect of the outermost layer being ADA and CHI was obvious in 

terms of the pH-induced swelling behaviour, this also influenced the overall electrostatic 

properties of the multilayer film. First, the zeta potential is more positive at low pH when the 

outermost layer was CHI but significantly more negative at high pH if the outermost layer was 

ADA. This suggested that the zeta potential is more sensitive to the overall composition of the 
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multilayer film than to the charging state of the outermost layer. However, independently of 

whether the multilayer film was capped with ADA or CHI, the magnitude of the zeta potential 

(at all pH value) decreased with increasing ionic strength. The zeta potential is a measure of 

the effective net charge of the surface within the volume given by the slipping plane. Thus, 

when the double layer is compressed and more ions are available to compensate for the 

nonmobile surface charges, the zeta potential will decrease. In addition, the zeta potential’s 

dependency on pH was significantly different for multilayer films capped with ADA and CHI 

at low ionic strengths but almost identical at high ionic strengths. 

 

Figure 5.9 Schematic illustration of structural conformation and swelling behavior of CHI/ADA 

multilayer films capped with either ADA (left panel) or CHI (right panel) at different pH and ionic 

strengths.   

    Finally, based on the QCM-D data and AFM data, I summarized the trend in a schematic 

illustration (Figure 5.9).  The findings of this work bring up two important points that need 

extra attention. First, thin polymer films possess a non-uniform segment density in interior and 

periphery regions and that each surface analysis method could be more sensitive to a certain 

region. Accordingly, investigation of swelling behaviour and structural conformation of thin 

polymer films requires extra care and verification, otherwise, one could infer misleading 

information about the film properties. Second, besides fabrication parameters such as pH, ionic 

strength, and the number of layers, one can tune the interfacial properties of polysaccharide 

multilayer films by choice of the outermost layer. 

    The polysaccharide multilayer films have been widely utilized as drug carriers. Accordingly, 

multilayer films with controllable swelling capacity and stability are required for different 
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applications. I designed CHI/ADA multilayer films with tunable cross-linking densities, 

swelling, and responsiveness and reported the results in paper Ⅳ. CHI/ADA multilayer films 

comprising ADA with different oxidation degrees were prepared at pH 3 and 6, and the 

swelling behaviour of the films also was investigated through acid and alkaline pH cycles. The 

growth process of the CHI/ADA multilayer films were detected in situ using QCM-D and the 

results are shown in Figure 5.10. Increasing the oxidation degree of ADA had an insignificant 

effect on the amount of adsorbed polymer and growth kinetics due to the similar f and D shifts 

within experimental error. However, the multilayer film fabricated at pH 6 was somewhat 

softer and exhibited a more swollen film structure than the film fabricated at pH 3 owing to the 

slightly larger ∆𝐷 ∆𝑓⁄  ratios. 

 

Figure 5.10 QCM-D data for multilayer films comprising ADA with different oxidation degrees (ALG 

is referred to as ADA-0%) fabricated (A) in citric buffer at pH 3 and (B) in PBS buffer at pH 6. 

I then investigated how the fabricated films respond to pH changes using QCM-D and 

ellipsometry. Figure 5.11 provides the QCM-D data for the pH cycles for the multilayer films. 

The assembly pH affected the CHI and ADA constituents in the film, and the cross-linking 

density increased with increasing degree of oxidation of ADA. When the charge balance 

between CHI and ADA was broken at acid pH and alkaline pH, the films swelled but showed 

a different swelling degree and stability.  

The films fabricated at pH 3 showed a slight swelling at pH 3 but significant swelling at pH 

9 (Figure 5.11A). Increasing the pH to approximately 6 makes the ADA more charged, whereas 

CHI becomes partially charged, which can create a slight charge imbalance within the film. 
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Further increasing the pH to 9 produced a more pronounced swelling as CHI should be 

uncharged whereas ADA is completely deprotonated. When the film was not cross-linked, the 

significant charge could give rise to excessive swelling, irreversible structural changes, and 

even dissolution of the film at pH 9. Introducing chemical cross-links between aldehyde and 

amine groups prevents immoderate swelling. Increasing the oxidation degree of ADA leads to 

smaller f and D shifts; in the meantime, the shifts become more reversible. 

 

Figure 5.11 QCM-D data of consecutive pH cycles on the multilayer films with or without cross-linking 

prepared (A) in citric buffer at pH 3 and (B) in PBS buffer at pH 6. In each case, four different oxidation 

degrees of ADA, i.e., ADA-0% (ALG), ADA-5%, ADA-20%, and ADA-75% were examined. 

A similar scenario applied to the multilayer films fabricated at pH 6, but with a slight 

difference. The films exhibited structural variations for both acidic and alkaline pH, but the 

latter effect was more dominant (Figure 5.11 B). Increasing the pH to 9 should enhance the 
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negative charge in the film, producing a charge imbalance (fabricated at pH 6, pH shift: 6→9), 

which is expected to be relatively smaller (in comparison to fabricated at pH 3, pH shift: 3→9). 

In addition, a smaller amount of ADA existed in the film fabricated at pH 6 because the charge 

neutrality condition was closer to pH 9. The films showed smaller f and D shifts compared with 

the films fabricated at pH 3 for the alkaline condition. However, for the acidic condition, CHI 

is strongly charged, whereas ADA is partly charged, leading to the swelling of the films. In a 

similar fashion, non-cross-linked films are expected to undergo irreversible structural changes, 

whereas cross-linked films render controlled swelling/shrinkage. 

 

Figure 5.12 Variations in the ellipsometry thickness as a function of pH of the multilayer films prepared 

(A) in citric buffer at pH 3 and (B) in PBS buffer at pH 6.  

The ellipsometry data was similar to the QCM-D data (Figure 5.12). The thickness of all 

films (fabricated at pH 3 and pH 6) showed minor variations at the pH cycle between pH 2 and 

pH 6, whereas the films showed substantial changes when the pH was varied between 6 and 9. 

Increasing the oxidation degree of ADA enhanced the cross-linking density and reduced the 

swelling degree of the films. When the film was not cross-linked, increasing the pH to 9, the 

film fabricated at pH 3 was considered to be disintegrated because the estimated water content 

was very close to 100 v/v% (the thickness values are not plotted), and the film fabricated at pH 

6 also exhibited substantial swelling, with a considerably large degree of hysteresis. However, 

regarding the film fabricated at pH 3 under the acidic condition, there was no significant change 

in thickness, whereas the shifts in QCM-D were obvious. QCM-D is more sensitive to the 

periphery of the film with the dangling tails, whereas ellipsometry is more sensitive to 

variations in the dense region. The obvious shifts from the QCM-D data might be attributed to 

the structural variations in the periphery of the film rather than the interior. 
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Increasing pH can increase the adsorbed amount of polyDADMAC on silica surface. 

The surface charge can be controlled by increasing the pH and by the adsorption of 

polyelectrolyte. 



 



Surface Forces between Highly Charged Cationic Polyelectrolytes
Adsorbed to Silica: How Control of pH and the Adsorbed Amount
Determines the Net Surface Charge
Junhao Huang,† Xiaoyan Liu,†,‡ and Esben Thormann*,†

†Department of Chemistry and ‡Centre for Oil and Gas, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

ABSTRACT: Atomic force microscopy (AFM) and quartz
crystal microbalance with dissipation (QCM-D) were
employed to investigate the pH-dependent adsorption of
poly(diallyldimethylammonium chloride) (polyDADMAC) to
silica surfaces as well as the surface forces between these layers.
It was found that polyDADMAC adopted a relatively flat
conformation when adsorbed to a silica surface and that the
adsorbed amount increased with increasing pH. From the
surface force measurements it is evident that the surface
undergoes a charge reversal upon saturation with poly-
DADMAC, at the three different investigated pH values, and that some degree of charge regulation of the silica surface takes
place during the adsorption process. Finally, the overcharging phenomenon is discussed in terms of a geometrical mismatch due
to the different average spacing between the surface charges on the silica surface and the size of the DADMAC monomer.

1. INTRODUCTION

Polyelectrolytes are charged polymers which bear an electrolyte
group attached to polymer chains and have strong interactions
with oppositely charged surfaces in aqueous media.1−4

Electrostatic attraction between charged surface groups is the
main driving force for adsorption of polyelectrolytes to surfaces
with an opposite net charge, but various factors such as the
ionic strength, the adsorbed amount of the polyelectrolyte, the
charge densities of the polyelectrolyte, and the surface as well as
charge regulation effects influence the adsorbed amount.5 For
low ionic strength conditions, the strong repulsion between
charged monomers makes highly charged polyelectrolytes
assume extended conformation and fairly inflexible conforma-
tion at the interface, while at an increased salt concentration,
the electrostatic intrachain repulsions will decrease and the
polyelectrolyte can adopt a more loosely bound conforma-
tion.6,7 For surfaces or polyelectrolytes with acidic or basic
groups the pH is further of particular importance for the
adsorption process.
Poly(diallyldimethylammonium chloride) (polyDADMAC)

is a strong cationic polymer with permanent positively charged
quaternary ammonium group in each monomeric unit, and it
can thus adsorb to negatively charged surfaces like silica (see
Figure 1). This polyelectrolyte is applied in many industrial
fields, such as paper manufacturing,8 wastewater treatment,9

and mining industry,10 and the adsorption of polyDADMAC
on solid surfaces has been studied using different methods.
Cakara and co-workers11 studied the charging behavior of
aqueous silica particle suspensions in the presence of
polyDADMAC by potentiometric titrations and electrophoretic
mobility and found that those particles experienced a charge
reversal with increasing pH. Kim et al.12 employed sum

frequency spectroscopy to investigate the molecular structural
details of the adsorption of polyDADMAC at a quartz/water
interface. Here it was found that polyDADMAC was not well
aligned at the interface at below pH 9 but became well-ordered
at higher pH values. The kinetics of adsorption and monolayer
of polyDADMAC were investigated by Michna et al., using
quartz crystal microbalance (QCM) and streaming potential
measurements.13 They successfully interpreted the 3-dimen-
sional electrokinetic model and quantitatively analyzed their
desorption kinetics. Popa et al.14 examined the adsorption of
polyDADMAC on planar silica substrates as a function of ionic
strength and pH using reflectometry, atomic force microscopy
(AFM), and ellipsometry. They found the adsorbed amount to
increase with increasing ionic strength and pH. However, most
of the research focuses on the adsorption kinetics of
polyDADMAC on planar substrates or on particles, while the
studies about the conformation on the surfaces are few.
In this work, we have studied the adsorption of

polyDADMAC to silica surfaces using QCM-D and the
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Figure 1. Molecule structure of polyDADMAC and its behavioral
regime on an oppositely charged silica substrate.
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interactions between silica surfaces after the adsorption of
polyDADMAC using AFM colloidal probe, at different pH
values and a background electrolyte solution containing 1 mM
NaCl. The work has been focusing on the effect of overcharging
which is observed when surface saturation of polyDADMAC is
reached at a specific pH value; the charge reversal which is
achieved when polyDADMAC is adsorbed at a lower pH value
and the pH subsequently is increased; and the different nature
of the surfaces forces between saturated and unsaturated
polyDADMAC layers. Finally, the obtained data are used in a
discussion about the general mechanisms for overcharging
during polyelectrolyte adsorption to an oppositely charged
surface.

2. MATERIALS AND METHODS
2.1. Chemicals. The cationic polyelectrolyte poly(diallyldimethyl-

ammonium chloride) (polyDADMAC) was purchased from Poly-
sciences, Inc., as an aqueous solution of a concentration of 20%. The
supplier reports the weight-average molecular weight is 240 kDa, and a
polyDADMAC with a similar molecular weight from the same supplier
has been reported to have a polydispersity of 2.0.15 Sodium chloride
(NaCl, 99.5%) was purchased from Sigma-Aldrich. The ultrapure
water was purified by using a Milli-Q plus 185 system with a 0.2 μm
Millipak filter at 25 °C. The resistivity of the purified water was 18.2
MΩ cm, and the organic contents were less than 5 ppb.
PolyDADMAC solutions of 200 ppm were prepared by diluting the
20% polyDADMAC stock solutions in 1 mM NaCl aqueous solution.
The pH of the solutions was measured with an 827 pH meter
(Metrohm, Swiss) and adjusted by the addition of an appropriate
amount of NaOH or HCl solutions to obtain 3, 5.6, and 9.
2.2. Quartz Crystal Microbalance with Dissipation (QCM-D).

The adsorption of polyDADMAC on silica as a function of pH was
investigated employing a Q-Sense E1 quartz crystal microbalance with
dissipation (QCM-D) equipped with a standard Q-Sense flow module
(Biolin Scientific, Gothenburg, Sweden) with a volume of 40 μL. All
measurements were performed on AT-cut quartz crystals with a SiO2
top coating and a 5 MHz fundamental frequency from Q-Sense (QSX
303, Biolin Scientific, Gothenburg, Sweden). If the adsorbed mass is
evenly distributed, rigid and small compared to the mass of the crystal,
the frequency change Δf is related to the adsorbed mass per unit
surface according to the Sauerbrey equation:16

Δ = −
Δ

m C
f

n (1)

where Δm is the mass change, C is the mass sensitivity constant
depending on the physical property of sensor, that is, 0.177 mg m−2

Hz−1 for the crystals used, and n is the overtone number (in the
present case n = 3). For a polymer film in aqueous solution it should
further be noted that the mass obtained from a QCM measurement is
the so-called wet mass which includes the adsorbed polymer chains
and the solvent molecules coupled to the oscillation.
Before using the silica crystal, it was repeatedly washed using

acetone and a copious amount of Milli-Q water, dried with
compressed air, and ultimately plasma-cleaned for 1 min (PDC-32G
plasma cleaner, Harrick Plasma). After mounting the quartz crystal in
the flow module of the apparatus, a degassed electrolyte solution (pH
adjusted) was injected at a steady flow of 100 μL/min at 25 °C. After
establishing a stable baseline for the frequency and dissipation, the
adsorption measurements were started by shifting from the electrolyte
solution to a 200 ppm polyDADMAC solution with the same salt
concentration and pH. After 40 min, the cell was rinsed with the pH
adjusted salt solution in order to remove any residual polyelectrolyte.
These experiments were conducted in duplicates, and the largest
difference in frequency shift between two replicates was 15%, which is
a fair reproducibility considering the relatively low absolute values of
the frequency shifts.
2.3. Atomic Force Microscopy (AFM). Surface force measure-

ments employing the colloidal probe technique17,18 were conducted

using a NanoWizard 3 atomic force microscope (JPK Instruments AG,
Berlin, Germany). Thermally oxidized silicon wafers with a 100 nm
thick SiO2 layer (Wafer Net, USA) were employed as the flat substrate
for the force measurements while a silica particle with a diameter of
approximately 7 μm (Bangs Laboratoried Inc., USA) was used as the
colloidal probe. The size of the particle was determined using a Nikon
Eclipse LV100ND optical microscope and the Infinity Analyze image
processing software. A tipless rectangular cantilever (CSC38/Cr−Au,
Mikromasch, Estonia) was employed for AFM force measurement, and
a small amount of a two-component epoxy adhesive (Araldite, Rapid)
was used to glue the particle on the end of the cantilever. The value of
the spring constant was determined by the Sader method before
particle attachment.19,20 The oxidized silicon substrate and all tools
were repeatedly rinsed with acetone and a copious amount of Milli-Q
water before being dried with compressed air. The cantilever with the
silica particle and the silica substrate were plasma-cleaned immediately
before the experiments were conducted.

The normal forces between the bare silica surface and the bare silica
probe in 1 mM NaCl were first measured at pH 3, 5.6, and 9. Then a
200 ppm polyDADMAC solution in 1 mM NaCl at pH 3 was injected,
and the polyelectrolyte was allowed to adsorb for 40 min. After rinsing
with the same background electrolyte solution, the normal forces were
measured at room temperature. The normal forces were repeated after
increasing the pH using the 1 mM NaCl solution at pH 5.6. Hereafter,
the polyDADMAC solution in 1 mM NaCl at pH 5.6 was introduced
for 40 min before the 1 mM NaCl at pH 5.6 without polyDADMAC
was injected. The above processes were repeated after increasing the
pH to 9 and adsorbing at pH 9. After each adsorption step and
subsequent rinsing as well as after increasing the pH, the system was
subjected to 15 min of stabilization time before the force
measurements were conducted. For each measurement condition,
more than 90 force curves were collected at various surface positions,
where an area of 10 μm × 10 μm was adopted equally. As will be
discussed further in the Results section, these force curves show almost
perfect reproducibility with respect to the long-ranged electrostatic
double-layer repulsion measured during approach, but some spread in
the adhesion measured during retraction. A constant approach and
retraction speed of 400 nm/s were adopted for the normal forces, and
it is sufficiently slow to allow us to neglect hydrodynamic effects.21

The raw data and analysis of the force curves were processed and fitted
using the standard software of the instrument (JPK SPM Data
Processing), as described in detail elsewhere.22,23

Theoretical force curves originating from the electrostatic double-
layer interaction were obtained by solving the nonlinear Poisson−
Boltzmann equation using constant charge and constant potential
boundary conditions, respectively.24,25 For a symmetric background
salt, such as NaCl used in this study, the nonlinear Poisson−
Boltzmann equation is given as

ψ ρ
εε

ψ= ∞ ⎜ ⎟⎛
⎝

⎞
⎠x

ze ze
kT

d
d

2
sinh

2

2
0 (2)

where ψ is the double-layer potential, x is the position of a plane of
equal potential away from a flat surface, e is the elementary charge, ρ∞
is the background salt concentration (number density), ε is the
dielectric constant of the solution between the interacting surfaces, ε0
is the permittivity of vacuum, and z is the ion valence (which is 1 in
this case). For a more detailed discussion on how to derive the
theoretical force curves from the nonlinear Poisson−Boltzmann
equation, we refer to the previous work.26 However, from the
nonlinear Poisson−Boltzmann equation, the double-layer pressure
between two flat surfaces, ΔP, is obtained and can subsequently be
converted to the free energy of interaction per unit area, ΔG, by

∫Δ = − Δ ′ ′
∞

G D P D D( ) ( ) d
D

(3)

Finally, the free energy of interaction can be related to the force
between a sphere with radius R and a flat surface by the Derjaguin
approximation:27
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π= ΔF D R G D( ) 2 ( ) (4)

In addition to the electrostatic double-layer force, the experimental
force curves will be influenced by van der Waals forces, hydration
forces, and steric forces. Hydration and steric forces will only kick-in at
small surface separation, and due to surface roughness effects we also
only expect the contribution from the van der Waals forces to be
short-ranged.28 Thus, our approach for comparing experimental force
curves with the calculated double interactions, in order to determine
the surface potentials, is as follows: First, the Debye length is kept fixed
(based on the ionic strength of the solution), leaving the surface
potentials as the only adjustable parameters. Second, at large
separations the forces calculated by the two set of boundary conditions
overlays, and the surface potentials are adjusted to fit the experimental
data in this region. However, at short separations the force calculated
using constant charge boundary conditions is overestimating the real
electrostatic double-layer force while the force calculated using
constant potential boundary conditions is underestimating the real
electrostatic double-layer force. This means that the experimentally
obtained force always is found between the two calculated force
profiles at short separations. Since none of the used boundary
conditions are able to describe the force at short separations, it also
means that the approach is insensitive to the before mentioned forces
contributing to the experimental force profile at short separations.

3. RESULTS AND DISCUSSION

3.1. Adsorption of PolyDADMAC Layers. In order to
obtain information about the amount and conformation of
adsorbed polyDADMAC on silica surfaces at different pH
values, QCM-D was employed. The change in frequency and
dissipation as a function of time for adsorption of
polyDADMAC at different pH values is shown in Figure 2.
At pH 3 and 9, the frequency and dissipation values reach
equilibrium after approximately 50 s, while a slow adsorption
process followed the rapid increase in adsorption of
polyDADMAC at pH 5.6. After approximately 40 min, the
same background aqueous electrolyte solutions were used to
rinse and to remove the excess polyelectrolyte from the cell.
During the rinsing step, almost no decrease in the frequency
was observed. At pH 3, the silica surface is carrying a relatively
low surface charge density, and the surface is rapidly saturated
by polyDADMAC. Similarly at pH 9, where the surface charge
density is high, the saturation is also fast. At pH 5.6 the surface
charge density is also relatively high, but here a slightly slower
adsorption is observed. We speculate that the slower adsorption
at pH 5.6 is due to conformational changes of the adsorbed
polyDADMAC and increased charge regulation of the silica
surface following the adsorption process but the exact
adsorption mechanism is at this stage unknown.
The data in Figure 2B also reveal very small changes in

dissipation during adsorption of polyDADMAC layers,
implying that the polyDADMAC molecules adopted a
reasonably flat conformation on the silica surface. In previous
investigations, it was found that for such a small dissipation
shift (that is ΔDn/(−Δf n/n) ≪ 4 × 10−7 Hz−1 for a 5 MHz
crystal), the film can be approximated as rigid, and the
Sauerbrey equation can be used to calculate the areal mass
density of the film.13,29 In doing so, we have determined the
adsorbed amount of polyDADMAC and associated water
molecules to be 0.09, 0.16, and 0.22 mg/m2 at pH 3, 5.6, and 9,
respectively. We will later relay these numbers to the effective
surface charge densities for the adsorbed layers at the same pH
values.
3.2. Interactions between Bare Silica Surfaces. In order

to evaluate the measured interactions between adsorbed

polyDADMAC layers adsorbed to silica at different pH values,
it is essential to first investigate the surface forces between bare
silica surfaces. Thus, before addition of polyDADMAC to the
AFM liquid cell, the force versus distance between the silica
sphere and substrate was measured. Figure 3 shows the
approach force curves for the silica surfaces in 1 mM NaCl at
pH 3, 5.6, and 9. From the DLVO calculations the surface
potential of bare silica at pH 3 is determined to ±20 mV, and
the numerical value of the surface potential increases to ±44
and ±48 mV at pH 5.6 and pH 9, respectively. From the force
measurements and the DLVO calculations, the signs of the
surface potentials are not implicit, but it is well-known that
silica surfaces are negatively charged due to dissociation of
some silanol groups.30,31 The dissociation is also the reason
why the surface potentials increase with increasing pH, and the
results are in qualitative agreement with zeta-potential
measurements which indicates a significant shift in potential
in the pH range 3−6 and a weaker pH dependence above pH
6.12,32 In the DLVO calculations, a Debye length of 6.8 nm was
used at pH 3 while a Debye length of 9.6 nm, corresponding to
the Debye length of the background 1 mM NaCl solution, was
used at pH 5.6 and 9. This difference is rationalized by the extra

Figure 2. Change in frequency and dissipation as a function of time for
adsorption of polyDADMAC on silica at different pH values. Black,
red, and blue line and points represent pH 3, 5.6, and 9, respectively.
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ions added in for the pH adjustment ([H+] = 10−pH) which is
increasing the total ionic strength at pH 3 to 2 mM.
3.3. Electric Double-Layer Forces between PolyDAD-

MAC Layers. Measurements of the interaction between
adsorbed polyDADMAC layers at different pH values followed
a procedure with a stepwise change in pH and adsorption/
resorption of polyDADMAC to the silica surfaces. First
polyDADMAC was adsorbed at pH 3 and the surface forces
were measured after rinsing the system in order to remove
nonadsorbed polymers. Hereafter the pH was increased to 5.6,
and the surface forces were measured. Then the solution
containing polyDADMAC at pH 5.6 was reintroduced in order
to saturate the surface at this pH value, and the surface forces
were again measured after rinsing. The same procedure was
followed when the pH was increased to 9. This means that we
have measured the interaction between fully saturated adsorbed
layers at pH 3, 5.6, and 9, while we have also measured the
surface forces between unsaturated adsorbed layers at pH 5.6
and 9. All adsorption, rinsing, and force measurements were
conducted at a 1 mM NaCl solution (but at different pH
values). Figure 4 shows representative forces curves from the
different steps following this experimental procedure. The
insets in Figure 4 provide the force curves on approach in a
semilog together with calculated DLVO force curves.
From Figure 4 it is observed that all the approach force

curves show monotonically repulsive interactions with a close
to exponential decay, which is consistent with electrical double-
layer forces. Since the measured interaction lies between the
values obtained using constant surface charge and constant
surface potential boundary conditions, we conclude that some
charge regulation occurs as the surface separation decreases.
The surface potential obtained from the DLVO calculation are
presented in Tabel 1 where the arrows indicated the
experimental route and the letters in parentheses refer to the
subfigures in Figure 4 from where the numbers are deduced.
As discussed for the interaction between bare silica surfaces,

electric double-layer calculations with respect to the interaction

between symmetric surfaces do not distinguish between a
positive or a negative surface potential. Thus, additional
information or rational arguments are needed to determine
the sign of the surface potential. Compared to the bare silica
surfaces where the surface charge could only originate from
dissociated silanol groups (and thus only be negative), the
surface charges will now both originates from dissociated silanol
groups and from the permanent charges on polyDADMAC
(and the total surface charge can thus be either negative or
positive). However, in the present case it is relatively easy to
determine the sign of the surface charge in each step. If the sign
of the surface potential after polyDADMAC adsorbed at pH 3
should be negative, the numerical value should be smaller than
the value for bare silica at pH 3 (because we are adding positive
charges). Thus, since the numerical value of the surface
potential is higher after adsorption of polyDADMAC it can be
concluded that the surface potential must be positive. By similar
arguments, it can also be concluded that the signs of the surface
potentials at pH 5.6 and 9 are negative for the surfaces with
unsaturated layers of polyDADMAC and positive for the
surfaces with saturated layers of polyDADMAC. For the
saturated layers of polyDADMAC, this implies overcompensa-
tion of the surface charge and hence charge reversal resulting in
net positively charged surfaces which is consistent with many
previous reports.26,33 It is however, interesting that the sign of
the net charge of surface layers reverses back to the negative
value when the pH is increased and an unsaturated
polyDADMAC layer is obtained. When the pH increased
from 3 to 5.6, the adsorbed amount of polyDADMAC is fixed
(and thus the amount of positive charges is fixed), but the silica
substrate turns more negative due to dissociation of silanol
groups resulting in an overall charge reversal from positive to
negative. When the pH is adjusted from 5.6 to 9, the conclusion
about the overall sign of the surface charge is less obvious since
the measured net charge of ±39 mV is below the numerical
value of the surface potential measured for the saturated layer at
pH 5.6. However, we argue that the net charge of the
unsaturated layer at pH 9 should be negative since no
significant further adsorption of polyDADMAC would be
possible if the surface was carrying a high net positive charge. It
should further be noted that the observation of a charge
reversal depending on the degree of surface saturation with
polyDADMAC at a given pH value is in agreement with
previously reported observation for adsorption of polyDAD-
MAC to different substrates. Michna et al.13 used streaming
potential measurement to study the effect of surface coverage of
polyDADMAC on mica at constant pH. Here it was found that
the streaming potential was changing from negative to positive
as the coverage was gradually increased. Schwarz et al.34

measured the ζ-potential of silica, mica, and acidic polymer
latex particles with different adsorbed amount of polyDAD-
MAC. In this study, they found a gradual increase in the
isoelectric point of the particles as the adsorbed amount of
polyDADMAC on the particles was increased.

3.4. Polymer Induces Forces between Adsorbed
PolyDADMAC Layers. Beside the long-ranged electrical
double-layer forces measured when the surfaces are approach-
ing each other, short-ranged polymer induced surface forces are
in some cases observed in both the approach and retraction
force curves.
For the saturated layer of polyDADMAC at pH 3 (Figure

4B), the short-range interaction is purely repulsive, and no
hysteresis is observed between forces measured on approach

Figure 3. Surface forces between a bare silica substrate and a bare silica
colloidal probe in 1 mM NaCl as a function of pH. Black open squares,
red open circles, and blue open triangles represent pH 3, 5.6, and 9,
respectively. The graph shows in each case 10 consecutive approach
force curves for each pH value, and the inset shows the approach
curves plotted on a semilog scale. The red and blue lines are fitted with
DLVO forces using constant charge and constant potential boundary
conditions, respectively.
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and on retraction. The lack of a steric repulsive barrier and no

short-ranged compressive component to the interaction profile

imply a low amount of adsorbed polyelectrolytes which have

adopted a relatively flat conformation at the surfaces. Similar

observations have previously been reported for other

polyelectrolytes adsorbed on mica and silica.35,36

When the pH is increased from 3 to 5.6, more silanol groups
dissociate and more available binding sites for polyDADMAC
becomes available on the silica surface. Thus, when two
unsaturated polyDADMAC layers are approaching at pH 5.6, at
some separation distance, polymers adsorbed on one of the
surfaces will be able to extend and bind to available spots on the
opposite surface. In Figure 4C traces of such bridging

Figure 4. Forces normalized by radius as a function of separation between silica surfaces coated with polyDADMAC in 1 mM NaCl solutions. Black
open squares and red open circles represent data obtained on approach and retraction, respectively. The graphs show in each case 10 consecutive
approach and retraction force curves and the insets show 10 consecutive approach force curves plotted on a semilog scale. The red and blue lines in
the insets are the DLVO forces calculated using constant charge and constant potential boundary conditions, respectively. The background
electrolytes are 1 mM NaCl. (A) Force curves obtained between bare silica surfaces at pH 3. (B) Force curves obtained at pH 3 for polyDADMAC
adsorbed at pH 3. (C) Force curves obtained at pH 5.6 for polyDADMAC adsorbed at pH 3. (D) Force curves obtained at pH 5.6 for
polyDADMAC adsorbed at pH 5.6. (E) Force curves obtained at pH 9 for polyDADMAC adsorbed at pH 5.6. (D) Force curves obtained at pH 9
for polyDADMAC adsorbed at pH 9. The figures on the left panel are assigned to unsaturated adsorbed layers with net negative charges, while the
figures on the right panel belong to saturated adsorbed layers with net positive charges.
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interactions are seen at a separation of approximately 5 nm.
After the surfaces have been in contact more bridges will form
which is resulting in the dominating adhesion force seen in the
retraction force curve. A similar condition has been observed in
experimental studies which polyethylenimine was adsorbed to
silica37 and by model results on the interaction between
surfaces containing adsorbed polymers.38 In Figure 5 a
histogram of adhesion forces, based on more than 90
consecutive force curves, for the unsaturated surface at pH
5.6 shows an average adhesion force of 0.88 mN/m. The
presence of bridging forces upon approach suggests that the

polyDADMAC molecules are not fixed in an entirely immobile
flat conformation but might show some flexibility with an
ability to extend slightly into the solutions. Such a slightly
extended conformation might also explain the significant
overcharging seen from the long-ranged forces.
After reintroducing the polyDADMAC solution at pH 5.6, all

the new available binding sites will again be occupied, thus
effectively preventing bridging interaction between these
saturated layers. In the approach curve in Figure 4D no
“bump” appears, but a small force minimum observed upon
retraction reveals that a minor degree of polymer bridging can
take place after the surfaces have been in hard contact,
although, still to a much smaller extent as for the unsaturated
layers.
A very similar trend as seen when increasing the pH from 3

to 5.6 was found when increasing the pH from 5.6 to 9.
However, a significant difference is a stronger adhesion force
observed for the unsaturated layers at pH 9 (Figure 4E)
compared to the unsaturated layers at pH 5.6 (Figure 4C). As
seen from Figure 5, the adhesion force at pH 9 possesses an
average value of 2.87 mN/m, which is more than 3 times higher
than the adhesion force found for the unsaturated layers at pH
5.6.

3.5. Effect of Overcharging. As evident from the AFM-
based force measurement and the derived values of surface
potential and surface charge densities presented in Table 1,
adsorption of polyDADMAC is not only neutralizing the
negative surface of silica but leading to a significant over-
charging of the surface. Noteworthy, almost an exact charge
reversal is observed at all three investigated pH value, however,
with a slightly higher numerical value of the surface potentials
and surface charge densities of the adsorbed polyDADMAC
layers compared to the bare silica surface.
By assuming that the adsorption of polyDADMAC first

neutralizes the charges on silica and next leads to an
overcharging, one can in principle estimate the amount of
adsorbed polyDADMAC and compare the values with the
sensed mass derived from the QCM-D measurements.
However, the sensed masses from the QCM-D measurements
are at all three pH values approximately 1 order of magnitude
higher than the masses derived from the surface charge
densities. A similar discrepancy is described in a paper by
Notley39 reporting the adsorption of polyDADMAC in
cellulose gels, and several factors could be the reason for this.
First, the assumption that the total amount of adsorbed
polyDADMAC can simply be determined by the summation of
the surface charge densities of bare silica and an adsorbed layer
of polyDADMAC (multiplied by the mass of one DADMAC
monomer) will likely underestimate the adsorped amount due
to charge regulation of the silica surface. This charge regulation
process which was already discussed in relation to the QCM-D
data obtained at pH 5.6 (see Figure 2) means that more silanol
groups dissociate as a response to the polyDADMAC and that
more positive charge thus are required for charge neutraliza-
tion. Second, the adsorbed amount for polyDADMAC
determined from the surface potential measurements might
further by underestimated due to coadsorption of chloride ions.
According to the classical theory, such an ion condensation
process, also often refer to as Manning condensation,40−42 will
take place when the distance between two charges is smaller
than the Bjerrum length (lB = e2/(4πε0εkBT)). In the present
case of the heavily charged strong polyelectrolyte, poly-
DADMAC, the distance between two charges will compare

Table 1. Surface Potentials of Silica at Different Conditions
and pHa

aThe arrows and letters (A to F) refer to order in which the
measurements were conducted, and the corresponding results are
shown in Figure 3A−F.

Figure 5. Histograms showing the distribution of adhesion forces
(normalized by radius) between unsaturated polyDADMAC-coated
silica surfaces at pH 5.6 (A) and pH 9 (B). These two conditions
correspond to the conditions in Figures 4C and 4E, and the adhesion
forces correspond to the maximum adhesion forces observed in the
two sets of retraction force curves.
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with the Bjerrum length, which is approximately 7 Å in water,
and some minor degree of ion condensation can thus be
expected. Third, it is well-known that the sensed mass obtained
by QCM-D is overestimating the real mass since it also includes
water entrapped in the adsorbed polymer layer.39,43,44 Thus,
taking these two factors into account will bring the values
obtained from surface force measurements and QCM-D closer
to each other.
After arguing that the true amount of adsorbed poly-

DADMAC probably lies in between the values derived from the
AFM and QCM-D measurements, the next step will be to
discuss the physical reason for the large overcharging of the
surface. Here, we believe that the main reason is a mismatch of
the charge densities on the silica and polyDADMAC which is
making a 1:1 charge neutralization impossible. For example, at
pH 9 where we have the highest charge density of silica, the
electrical double-layer calculations returned a value of 2.48 ×
1016 charges per m2, which corresponds to an average distance
of approximately 6−7 nm between two charges. In comparison,
will the distance between two charges on the polyDADMAC
chain correspond to the size of one DADMAC monomer,
which is below 1 nm? Thus, for a polyDADMAC molecule to
neutralize neighboring charges on the silica surface it will have
to bring several extra positive charges due to this geometrical
mismatch. In this regard, Kim and co-workers7 investigated the
adsorption of polyDADMAC at the quartz/water interface
employing IR−visible sum frequency spectroscopy. They found
that only at pH values higher than 9.6 polyDADMAC chains
were sufficiently well aligned at the interface to elicit a sum
frequency. Thus, at lower pH values it is reasonable to assume
that segments of adsorbed polyDADMAC layer extend slightly
into the solutions even though our results generally suggest that
polyDADMAC molecules adopt a relatively flat conformation
on silica surfaces. This is possible also evidence from Figure 2B
where the adsorbed polyDADMAC layer at pH 5.6 hold bigger
dissipation than that at pH 9 even though the sensed mass of
adsorbed polyDADMAC layer at pH 9 was bigger. By
combining this knowledge, it is suggested that the pH
influences on not only the surface coverage but also the
conformation of the adsorbed layer.

4. SUMMARY AND CONCLUSION
In this work, we first studied the adsorption of polyDADMAC
on silica at different pH values by QCM-D and second
measured the surface forces between adsorbed layers as a
function of pH and adsorbed amount by colloidal probe AFM.
The first part revealed a significant increase in the adsorbed
amount of polyDADMAC with increasing pH due to the
dissociation of silanol groups but also some pH dependence of
the adsorption kineticsespecially at intermediate pH values
where the surface charge density is most pH sensitive. The
surface force studies demonstrated that the negative surface
charge of bare silica was overcompensated for saturated layers
of polyDADMAC resulting in a surface charge reversal at all
three investigated pH values. However, when polyDADMAC
was first adsorbed at a lower pH value whereafter the pH was
increased, the surface charge again changed to a negative value
due to the increased deprotonation of the silanol groups and
the unsaturated nature of the polyDADMAC layer. The
difference between saturated and unsaturated polyDADMAC
layers also manifested itself in the short-ranged interaction and
in the retraction force curves where attractive bridging
interactions are observed between the unsaturated polyDAD-

MAC layers while purely repulsive interactions were observed
between the saturated layers. Finally, a discussion about the
reason for the large overcompensation of saturated poly-
DADMAC layers suggests that the charge reversal and the
adsorbed amount likely can be tuned by the degree of
geometric mismatch between the charge densities of the surface
and the polyelectrolyte.
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The covalent cross-links ensure the stability of the CHI/ADA multilayer film, and the 

film is stimuli-responsive with respect to pH and multivalent ions. 
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ABSTRACT: A chitosan/alginate dialdehyde multilayered
film was fabricated using the layer-by-layer assembly method.
Besides electrostatic interaction that promotes alternate
adsorption of the oppositely charged polyelectrolytes, the
Schiff base reaction between the amine groups on chitosan
and the aldehyde groups on alginate dialdehyde provides a
covalently cross-linked film, which after reduction by sodium
cyanoborohydride is stable under both acidic and alkaline
conditions. Moreover, the cross-linked film is responsive to
changes in pH and addition of multivalent salts. The structural properties of the multilayered film such as thickness, refractive
index, and water content were examined using simultaneous quartz crystal microbalance with dissipation monitoring and
spectroscopic ellipsometry.

1. INTRODUCTION

Layer-by-layer (LbL) assembly is a facile and versatile method
to fabricate polymer-coated surfaces with tailored proper-
ties.1−4 In most systems, the buildup of the multilayered film is
based on alternate adsorption of oppositely charged polymers
through electrostatic attraction.5−7 The present study focuses
on polysaccharide-based multilayered films containing chitosan
(CHI) and alginate (ALG). ALG is chiefly extracted from
brown seaweeds and is composed of guluronic (G) and
mannuronic (M) acid units forming regions of M-blocks, G-
blocks, and blocks of alternating sequence (MG) (Scheme
1).8,9 CHI, as one of the few available cationic polysaccharides,
consists of glucosamine and N-acetylglucosamine (Scheme 1)
and is obtained through partial deacetylation of chitin.10−12

Owing to their intrinsic biocompatibility and tunable chemical
structures, CHI/ALG multilayered films have been extensively
investigated as a promising coating material for different
biomedical applications ranging from tissue engineering to
targeted drug delivery.13−16 In addition, it has been
demonstrated that parameters such as pH, ionic strength,
polymer molecular weight, and polymer concentration can
significantly affect the buildup process.17−25 Careful adjust-
ment of these parameters then allows one to tune the
functional properties of the coating such as permeability and
bioadhesion.26−29 The buildup process and properties of CHI/
ALG multilayered films have been widely investigated using
different methods, such as quartz crystal microbalance with
dissipation monitoring (QCM-D), IR spectroscopy, atomic
force microscopy (AFM), transmission electron microscopy,
confocal laser scanning microscopy, scanning electron
microscopy, and molecular dynamics simulation.23−25,30−34

Although electrostatic attraction is the main driving force for
the buildup of polysaccharide multilayered films, it also limits
their stability. For instance, changes in pH can disrupt the
charge neutrality condition within the film, which can give rise
to uncontrolled swelling and instantaneous disintegration of
the film.17,35 To overcome this problem, the assembled film is
then chemically cross-linked using cross-linking agents such as
glutaraldehyde, genipin, carbodiimide, and diazonium diphe-
nylamine.18,36−38 Use of such cross-linkers, however, has
several shortcomings. For instance, it has been suggested that
cross-linking mostly occurs in the outer layer of the film
because of diffusion barriers.39,40 In some cases, it has also
been found that the physiochemical properties of the film such
as wettability were notably changed.41,42 On the other hand,
incorporation of linker molecules, such as glutaraldehyde, not
only modifies the film structure and physical properties but
also negatively affects its biocompatibility and thus limits the
range of applications.43−45

It has been demonstrated that partial oxidation of alginate
(as well as other polysaccharides) using periodate causes a
ring-opening reaction that produces two aldehyde groups.46,47

The introduced aldehyde groups on alginate dialdehyde
(ADA) can then interact with the amine groups on CHI to
form covalent imine bonds (R−CHN−R) through a Schiff
base reaction.48,49 Based on this approach, one can then obtain
direct cross-linking between the CHI and ADA chains without
using toxic cross-linking agents.50 Aston and co-workers have
investigated the interaction between CHI and ADA using
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several spectroscopy methods and suggested improved stability
because of the formation of the covalent bonds within the
film.35 In another relevant work, Jia and co-workers have
fabricated hollow microcapsules based on CHI/ADA.51 As
reported in their work, CHI/ALG microcapsules were
promptly dissolved in 0.1 M HCl and 0.1 M NaOH solutions,
whereas CHI/ADA microcapsules were stable under both
acidic and alkaline conditions for at least 24 h. Wang and co-
workers have used ADA as a natural cross-linker to obtain
chitosan/calcium polyphosphate composite scaffolds for
meniscus tissue engineering and suggested the formation of a
three-dimensional (3D) cross-linked network.52 Zhao and co-
workers have prepared composite nanofibers of carboxymethyl
chitosan cross-linked with ADA. They have also inferred
enhanced stability in both acidic (1 M HAc) and alkaline (1 M
NaOH) solutions for at least 3 days.53 Liang and co-workers
have fabricated a hydrogel based on hydroxypropyl chitosan
and ADA, which was examined with respect to cytotoxicity,
histocompatibility, and degradability in vivo for tissue
engineering.54 Mu and co-workers have fabricated CHI/ADA
microcapsules, which were reportedly stable under acidic and
neutral conditions but could disintegrate in strongly alkaline
media (pH 12).55 Accordingly, the intrinsic stability toward
pH changes and natural biocompatibility of CHI/ADA
multilayered films make them a potential coating material
with applications in drug delivery and tissue engineering.
In this work, we fabricated a self-cross-linked CHI/ADA

multilayered film that is both pH- and salt-responsive.
Although the multilayer buildup is still driven by electrostatic
attraction, the formation of additional imine bonds can provide
enhanced stability. However, the Schiff base is reportedly a
dynamic covalent bond meaning that it can dissociate
specifically under acidic conditions.56,57 For this reason, we
have post-modified the assembled film by a reductive
amination reaction using sodium cyanoborohydride to trans-
form the reversible imine bonds (R−CHN−R) into
permanent amine bonds (R−CH2−NH−R).

58 After stabilizing
the cross-linked structure, the stimuli-responsive behavior of
the multilayered film with respect to changes in pH and
addition of multivalent salts was investigated. In situ QCM-D
and spectroscopic ellipsometry measurements were carried out
to thoroughly examine the structural properties of the
multilayer such as thickness, conformation, water content,
and refractive index.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium alginate (NaALG, viscosity ≥2000
cP for 2% solution in water at 25 °C), chitosan (CHI, a degree

of deacetylation of 75−85%, viscosity 20−300 cP for 1%
solution in acetic acid at 25 °C), 3-glycidoxypropyltrimethox-
ysilane (GPS, ≥98%), sodium hydroxide (NaOH, ≥97%),
hydrochloric acid (HCl, 37%), dibasic sodium phosphate
(Na2HPO3, ≥99%), sodium dihydrogen phosphate
(NaH2PO3, ≥99%), sodium cyanoborohydride (NaBH3CN,
95%), sodium metaperiodate (NaIO4, ≥99.5%), hydroxyl-
amine hydrochloride (HONH2·HCl, 99.99%), sodium chloride
(NaCl, ≥99%), sodium bicarbonate (≥99.7%), calcium
chloride (CaCl2, ≥99%), sodium sulfate (Na2SO4, ≥99%),
methyl orange reagent (85%), and ethylene glycol (99.8%)
were all purchased from Sigma-Aldrich. Degassed ultrapure
water (Milli-Q Plus 185 system with a 0.2 μm Millipak filter)
with a resistivity of 18.2 MΩ cm and organic content below 5
ppb was used to prepare all of the buffers and polymer
solutions.
Alginate dialdehyde (ADA) was prepared using sodium

periodate (NaIO4), as previously reported.59−61 A detailed
description of the oxidation procedure and characterization
data is provided in Section S1, Supporting Information. ADA
stock solution (1% w/v) was prepared in Milli-Q water with no
pH adjustment. CHI was purified by filtration and freeze-
drying, as reported previously.25,30 The obtained powder was
then dissolved in 1% (v/v) HCl solution to obtain a 1% (w/v)
stock solution. Next, 100 ppm CHI and 200 ppm ADA
solutions in 15 mM phosphate-buffered saline (PBS) buffer
were prepared by diluting the stock solutions and the pH of
both solutions was adjusted to 6. For post-reduction of the
fabricated film, solutions containing 30 mM NaBH3CN in 15
mM PBS at pH 6 and 9 were also prepared. To investigate the
effect of pH, a solution containing 14.1 mM NaCl and 1 mM
NaHCO3 (total ionic strength of 15.1 mM) was used as the
reference buffer. Hereafter, the pH of this solution was
adjusted to 2, 6, and 9 using HCl or NaOH. For the
multivalent salt solutions, 4.7 mM Na2SO4 and 4.7 mM CaCl2
were each mixed with 1 mM NaHCO3 (total ionic strength of
15.1 mM) and the pH was adjusted to 2, 6, and 9, respectively.

2.2. Quartz Crystal Microbalance with Dissipation
Monitoring (QCM-D). QCM-D (Q-Sense E1, Biolin
Scientific, Gothenburg, Sweden) measurements were per-
formed to monitor the LbL buildup and stimuli-responsive
behavior of the multilayer. In such an experiment, the
frequency ( f) of the oscillating crystal inversely correlates
with the total mass coupled with the sensor. In addition,
QCM-D monitors the oscillation decay after the driving
voltage is repeatedly switched on and off, providing the
dissipation (damping) factor as a semiquantitative measure of
the film “softness”. The measured shifts in the oscillation

Scheme 1. Mechanism for the Formation of Schiff Base Bonds between Chitosan (CHI) and Alginate Dialdehyde (ADA) and
for Reductive Amination of the Cross-Links
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frequency and dissipation for different overtones can be related
to the thickness and viscoelastic properties of the polymer film
using different modeling approaches. For thin, uniform, and
rigid films, the frequency shifts show a linear dependence on
the adsorbed mass per unit area according to the Sauerbrey
equation62

m C
f

nSauΔ = −
Δ

(1)

where msau is the sensed mass according to the Sauerbrey
estimation, C is the mass sensitivity constant of the sensor
(0.181 mg m−2 Hz−1 for the crystals with a resonance
frequency of 4.95 MHz), and n is the overtone number. The
Sauerbrey equation considers the adsorbed film as a rigid film
that perfectly follows the sensor oscillation with no viscous
deformation. Hence, the above equation can provide a valid
estimation only if the ratio of dissipation and normalized
frequency shifts ((ΔDn)/(−Δf n/n)) is smaller than 4 × 10−7

Hz−1; otherwise, the adsorbed mass will be underestimated.62

In contrast, soft and highly hydrated polymeric films generally
cannot be quantified by the Sauerbrey estimation, meaning
that the linear relationship between the frequency shift and the
adsorbed mass no longer holds. Instead, the so-called effective
coupled mass depends on how the oscillatory acoustic wave
propagates through the attached film. As a result, additional
effects from the coupled water (either bound or unbound) and
the viscous drag force will contribute to the frequency
shifts.62,63 Under this condition, the viscoelastic Voigt
modeling can provide a better estimation, where the adhered
film is represented by a layer of uniform thickness and density
with distinct viscous and elastic components.64,65 Accordingly,
the frequency and dissipation shifts are related to the
properties of the film and medium by
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where ω is the angular frequency of oscillation, η0 and ρ0 are
the viscosity and density of the medium, and dq and ρq are the
thickness and density of the quartz crystal resonator.64,65 To
avoid overparameterization, the medium density, medium
viscosity, and film density are estimated and then treated as
fixed parameters in the model. Therefore, the thickness (df),
viscosity (ηf), and shear modulus (μf) of the polymeric film are
obtained by fitting the Voigt model to the measured shifts in
frequency and dissipation for different overtones. The
instrument software (Dfind, Biolin Scientific) was herein
employed for modeling the data. The density of the film (ρf)
was estimated to be 1100 kg m−3 (estimation of ρf is provided
in Section S2, Supporting Information).64,66,67 The density and
viscosity of water at 25 °C (provided in the software library)
were used for the medium.

2.3. Spectroscopic Ellipsometry. Spectroscopic ellips-
ometry (M-2000X, J.A. Woollam Co., Inc.) measurements
were performed simultaneously with QCM-D, using the Q-
Sense Ellipsometry Module (Biolin Scientific). In a typical
spectroscopic ellipsometry configuration (Scheme 2), spectro-
scopic light from a light source passes through a polarizer unit
that sets the incident polarization state.68,69 The interaction of
light with the sample leads to a change in the polarization state
of the light, which is described in terms of ellipsometric ψ and
Δ. These parameters are related to the thickness and optical
properties of the sample according to

Scheme 2. Schematic Illustration of (A) in Situ QCM-D and Spectroscopic Ellipsometry Setup and (B) Optical Models Used
To Characterize the Optical Thickness, Refractive Index, and Water Content of the Film
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The subscripts p and s refer to parallel and perpendicular
directions with respect to the plane of incidence, and rp and rs
represent the reflection coefficients. ψ represents the angle
determined from the amplitude ratio between p- and s-
polarizations, whereas Δ refers to the phase difference between
the two components. The complex reflectance ratio (ρ) is a
function of the optical structure of the sample and includes
information about its physical properties. The polarization
state of the reflected light accordingly depends on the angle of
incidence (θ0), the thicknesses (hj) of the layers, the complex
refractive indices (Nj = nj + ikj) of the layers, the ambient (Na),
and the substrate (Ns). Knowing the nominal structure of the
sample and using appropriate optical models, one can predict
ψ and Δ from the Fresnel’s equation, whereafter the best
match between the modeled and experimentally determined
angles will be found through regression.
Herein, the ellipsometric ψ and Δ were obtained over a

wavelength range between 250 and 1000 nm and at a 70° angle
of incidence. The instrument software (CompleteEASE, J.A.
Woollam) was employed to fit the optical models to the
ellipsometric data. The optical model used herein is composed
of three layers (Scheme 2) representing a uniform hydrated
polymer film, a silica coating, and a thick optically opaque
titanium substrate.70,71 The bare sensor surface was modeled as
a “pseudosubstrate” from the ellipsometric data obtained for
the bare sensor in the buffer; then, the fitted parameters were
fixed in the model (detailed description of modeling is
available in Section S3, Supporting Information). For the
medium, the optical data of pure water at 25 °C from the
software library was used. Considering that the ionic strength
of all of the used buffer solutions was around 15 mM, the
changes in the refractive index from water can be considered to
be minor.72 The CHI/ADA multilayered film was considered
to be a transparent and homogeneous single layer with no
adsorption; then, its refractive index was described by the
Cauchy dispersion67

n A B C/( ) /( )f f f
2

f
4λ λ= + + (5)

In this equation, Cf was fixed to 0 to avoid correlation between
the fitting parameters. The hydrated multilayered film was first
considered as a single-component Cauchy layer, where its
thickness and effective dispersion coefficients (Aeff, Beff) were
estimated from fitting. Alternatively, the hydrated film was
modeled as a two-component layer composed of a dry polymer
and water; then, the layer thickness and volume fraction of
water were estimated from fitting. The dry polymeric
component was considered to be homogeneous in optical
behavior, and estimated values of Apolymer = 1.51 and Bpolymer =
0.005 were used for the mixture of CHI and ADA.73−75 The
volume fraction of water (φw) was related to the refractive
indices of the hydrated layer (nmix), dry polymer (npolymer), and
water (nwater) using the Bruggeman effective medium
approximation (BEMA) given as
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Several modeling options such as surface roughness, thickness
nonuniformity, anisotropicity, and grading were checked;

however, none of which significantly improved the fitting
quality and were found to impose cross-correlation between
the fitting parameters. The quality of the fitting was evaluated
according to the mean-squared error value (MSE < 10), the
uniqueness of the fitted parameters, and a weak correlation
between the fitting parameters (the optimization of the optical
models is discussed in Section S4, Supporting Information).

2.4. Layer-by-Layer (LbL) Assembly. Silica-sputtered
quartz sensors (QSX 335, Biolin Scientific) recommended for
in situ QCM-D and ellipsometry measurements were
employed herein. First, the sensor was repeatedly washed
with acetone and absolute ethanol, then rinsed with copious
amounts of Milli-Q water, and finally dried by compressed air.
To remove possible organic contaminants, the sensor was
hereafter plasma-treated (PDC-32G plasma cleaner, Harrick
Plasma) using medium power under a constant water pressure
of 500 mTorr for 5 min. To graft CHI to the silica surface, the
silica surface was coated with GPS.76 To do so, the sensor was
immersed in 18 % v/v GPS/acetone solution for 22 h, followed
by rinsing with acetone several times, and dried for 40 min at
100 °C. The first chitosan layer was then grafted to the sensor
using the amino-oxirane addition reaction,77,78 by dipping the
GPS-coated sensor in a 1% (w/v) chitosan solution with pH 6
for 40 min, followed by rinsing with water. The sensor with a
grafted CHI layer was then mounted in the in situ QCM-D/
ellipsometry module, and the measurement was started under a
150 μL min−1 flow rate of 15 mM PBS buffer with pH 6 at 25
°C. After obtaining a stable baseline for all of the harmonics
(3rd−13th overtones), the following LbL deposition proce-
dure was conducted. The ADA solution was pumped into the
chamber for 40 min, followed by 20 min rinsing with PBS
buffer. Using the same procedure, CHI and ADA layers were
sequentially deposited onto the sensor to obtain an overall
layer number of 15 (including the pregrafted CHI layer).
Deposition of the layers was performed at pH 6, which is
relatively close to the expected pKa value for CHI (pKa is about
6.3−6.5).10,11 This pH value was chosen as a compromise
between on one hand having enough −NH3

+ groups to ensure
solubility of CHI and on the other hand having enough −NH2
groups to form Schiff base cross-links between CHI and
ADA.79 The fabricated multilayered film was then post-treated
using NaBH3CN solution to transform the dynamic imine
bond into a permanent amine bond.49,58 To do so, the
NaBH3CN solution with pH 6 was first pumped into the
chamber for 30 min, followed by rinsing and then a 1 h
treatment by NaBH3CN solution at pH 9. After cross-linking,
the chamber was reloaded with 15 mM PBS solution at pH 6.
The effect of pH and multivalent ions on the multilayer

properties was later investigated. The baseline was obtained in
the reference buffer (14.1 mM NaCl and 1 mM NaHCO3 at
pH 6). Hereafter, the pH was repeatedly changed (three times)
between 6 and 2 and then between 6 and 9. An equilibration
time of 40 min was given in between each pH change. To
investigate the effect of multivalent ions, the solutions of NaCl,
Na2SO4, and CaCl2 of different pH values were loaded.
Throughout the experiment, the ellipsometric ψ and Δ values
were measured at the end of each rinsing step.

3. RESULTS AND DISCUSSION
3.1. LBL Assembly. Figure 1A illustrates the QCM-D data

in terms of the measured shifts in the oscillation frequency and
the dissipation factor during the multilayer growth. The
oscillation frequency ( f) is inversely related to the effective
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mass coupled with the sensor, which in the present case
includes the adsorbed polymer chains and the water content
associated with the multilayer. The dissipation factor (D)
provides semiquantitative information about the structural
properties of the polymeric film, i.e., a soft and swollen film is
characterized by a large dissipation factor, whereas a rigid and
compact film is quantified by a relatively small damping factor.

In Figure 1A, a monotonic decrement in the oscillation
frequency is observed upon each deposition step, indicating
adsorption of the polymers to the sensor and effective LbL
assembly. On the other hand, the dissipation factor
demonstrates an overall increment but with a nonmonotonic
trend, which can suggest conformational restructuring during
the LbL assembly. The growth mechanism and structural
evolutions can be better examined according to Figure 1B,
where the dissipation shifts are plotted against the frequency
shifts for each deposited layer. Deposition of the first bilayer
(ADA + CHI) is accompanied with a relatively large
dissipation shift of around 2.8 and a frequency shift of around
−30 Hz, which together indicate a rather swollen and hydrated
structure in the beginning. Beyond the first bilayer (where the
surface decoupling effect is likely), a zigzag trend is however
demonstrated. Accordingly, deposition of CHI, in general, is
accompanied by a frequency shift of around −20 Hz and a
dissipation shift of around 2. In contrast, deposition of ADA is
characterized by a relatively smaller frequency shift of around
−10 Hz and a decrement of around 2 in dissipation. These
opposite effects can be reasoned on the basis of the charge
density and conformation of the adsorbed layers, which
promote restructuring of the film during growth.17,22 CHI
reportedly demonstrates a pKa in the range of 6.3−6.5 (pKa of
amine is 6.3),10,11 meaning that CHI chains possess a relatively
low charge density and swollen coil conformation at pH 6, at
which the multilayered film is fabricated. ADA with a pKa of
3.4−3.7 is however highly charged and stretched under this pH
condition.35 As a result, when CHI is adsorbed as the topmost
layer, one can expect a dangling and swollen interfacial layer
high in loops and tails, which is in agreement with the large
increment in dissipation upon CHI deposition. Such a swollen
top layer is also accompanied by a relatively large water
content, which can be another reason for the marked gain in
dissipation. These two inter-related effects could be respon-
sible for the rather larger frequency shift. On the one hand, the
relatively large hydrodynamic water content can strongly
contribute to the effective sensed mass, causing viscous drag
forces. On the other hand, CHI is less charged compared with
ADA at the deposition conditions, partly due to the lower
density of dissociable groups (which is determined by the
degree of deacetylation) and partly due to the proximity to the
pKa value of CHI. Thus, a relatively larger amount of CHI
monomers should be adsorbed to compensate the ADA
charge.17,79

On the contrary, deposition of the highly charged and
elongated ADA chains can suppress the dangling CHI loops
and tails, which can give rise to a more compact and less
hydrated CHI layer beneath. It should also be considered that
the adsorbed ADA can form covalent cross-links with the CHI
layer beneath, which can make the interfacial top layer more
rigid. Therefore, two cross-effects are plausible upon
deposition of ADA. On the one hand, a certain amount of
new polymer (effective mass) is added to the multilayer and
then the sensor, which corresponds to an expected positive
dissipation shift and a negative frequency shift. On the other
hand, the swollen CHI layer beneath consequently transforms
into a relatively compact and dehydrated sublayer, which is
characterized by a decrement in dissipation (collapse) and
increment in frequency (water loss). The counterbalance of
these two effects could justify the negative dissipation shift and
relatively small frequency change upon ADA deposition. A
closer examination of the results also reveals that after the first

Figure 1. QCM-D data for LbL buildup in 15 mM PBS buffer at pH
6: (A) Frequency and dissipation changes (black: f 3 and D3; red f5
and D5; blue: f 7 and D7; olive: f 9 and D9; magenta: f11 and D11; violet:
f13 and D13) as a function of time. (B) Dissipation vs frequency shifts
for the third overtone upon each layer deposition. (C) Film Thickness
from the Sauerbrey (black square) and Voigt (red circle) models as a
function of deposition number.
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two bilayers the dissipation value of the film roughly fluctuates
between 3.5 (when ADA is the outer layer) and 5.5 (when
CHI is the outer layer). This observation confirms that the
structure and water content of the multilayer are mostly
governed by the topmost layer, whereas the sublayers are
found in a compact state and probably lose water following the
multilayer growth.
The Sauerbrey and viscoelastic Voigt models were fitted to

the QCM-D data to estimate the thickness of the film (Figure
1C). Regardless of the model used, it can be inferred that the
LbL assembly follows a linear growth mechanism, which is in
accordance with the previously reported CHI/ALG sys-
tems.17,18,21−25,30−32,39,41 The thickness of the deposited film
is estimated to be around 46 and 43 nm from the Voigt and
Saurebrey models, respectively. Even though the Sauerbrey
model slightly underestimates the film thickness, the two
models are found to be in fair agreement, which is a further
indication of rather low water content and compacted structure
of the polymeric film. As another important observation, the
increment in thickness per CHI layer is found to be
considerably larger than that per ADA layer, which can
suggest that CHI adsorbs in a more swollen and hydrated state.
To further examine the structural characteristics of the
multilayer, spectroscopic ellipsometry measurements were
simultaneously conducted.
Figure 2 illustrates the spectroscopic ellipsometric data in

terms of the amplitude ratio (ψ) and phase shift (Δ) after each

deposition step. With respect to the bare sensor (the black
solid curve), an oscillation peak in the UV range is
demonstrated in both ψ and Δ spectra, which can be
attributed to the optical interference from the transparent
silica coating on the sensor. The LbL deposition of the

polymeric film on the sensor is accompanied by marked
changes in both ψ and Δ spectra. With respect to ψ (panel A),
a monotonic increment in the amplitude (upward shift) is
demonstrated at all of the wavelengths, whereas a gradual red
shift in the spectra is found upon deposition of each layer. The
red shift effect can be more vividly inferred from the tail of a
second peak gradually evolving at low wave numbers. Both the
observations suggest monotonic growth of a thin transparent
film on the sensor that can produce optical interference,
spectral oscillation, and then a gain in ψ. A similar conclusion
can be obtained from Δ spectra (panel B), where a red shift in
the spectra is shown while a clear spectral oscillation evolves
upon polymer deposition. Although some general information
can be deduced from the raw data, it is somewhat challenging
to obtain detailed physical information on the deposited layer
from the raw data. Thus, the ellipsometry data were modeled
to assess the film properties more quantitatively (Table 1).
Both Cauchy and BEMA models suggest a thickness of

around 16 nm for the multilayered film, which is found to be
relatively smaller than the thickness estimated from QCM-D
modeling (around 45 nm). This difference between the optical
and acoustic thicknesses might be attributed to the sporadic
presence of self-assembled structures (with a height of around
10−100 nm), which can be detected from the AFM images of
the sample (Section S5, Supporting Information). Such
structures can produce additional contributions from viscous
drag force and coupling of hydrodynamic hydration to the
frequency and dissipation shifts, which could provide an
overestimated film thickness.64,77,79−82 On the other hand, the
optical thickness is determined on the basis of the nominal
difference (contrast) between the refractive indices of water
and the hydrated film. Accordingly, whereas QCM-D is more
sensitive to the topmost polymer chains and aggregated
structures, ellipsometry in principle sees the dense optically
different regions of the film.83−85 It should also be noted that
for thin polymeric films one can always expect a certain
uncertainty when fitting for thickness and optical constants
simultaneously.86,87 In the BEMA model, the multilayered film
is considered as a uniform mixture of dry polymer and water,
which then can provide an estimation of the water content
(volume fraction) in the film. The water content for the whole
film was estimated to be around 3.5 (v/v%), suggesting a dense
and low hydrated structure in agreement with the QCM-D
data. The low water content obtained herein is probably due to
the correlation between the thickness and optical constants of
the film, which has been previously observed for optical
modeling of thin polymeric films (see Section S4, Supporting
information).

3.2. Stabilization of the Cross-Links. As discussed
above, the aldehyde groups on ADA form covalent imine
bonds (−CHN−) with the primary amine groups on CHI
through the Schiff base reaction. The Schiff base bonding is
reportedly a dynamic covalent reaction, meaning that the
reaction is reversible and all of the constituents are in

Figure 2. Ellipsometry data for LbL buildup in 15 mM PBS buffer at
pH 6. (A) Ψ and (B) Δ spectra for the bare and polymer-coated
sensors (the black solid curve shows the data for bare sensor, and the
arrows indicate the increasing number of deposited layers).

Table 1. Structural Characteristics of the Multilayered Film Obtained from QCM-D and Spectroscopic Ellipsometry in 15 mM
PBS at pH 6a

thickness from
Sauerbrey (nm)

thickness from
Voigt (nm)

thickness from
Cauchy (nm)

thickness from
BEMA (nm)

water content
(v/v%)

refractive index from
Cauchy

refractive index from
BEMA

43 46 16.0 ± 0.3 16.1 ± 0.3 3.5 ± 1.7 1.522 1.516

aThe refractive indices at λ = 632.3 nm are shown.
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equilibrium.88−90 Accordingly, it has been affirmed that the
reactivity of Schiff base is notably affected by the pH of the
solution, i.e., higher acidity (typically below pH 3) destroys
Schiff base, whereas increasing pH shifts the equilibrium
toward Schiff base formation.49,88,91,92 To eliminate pH
sensitivity of the covalent bonds and obtain a permanently
cross-linked CHI/ADA film, the Schiff base double bond (R−
CHN−R) was herein reduced to a stable single bond (R−
CH2−NH−R) using sodium cyanoborohydride as a gentle
reducing agent. Cyanoborohydride is known to have a good
chemical selectivity,93,94 meaning that the unreacted aldehyde
group will not be catalyzed to alcohol under neutral and basic
conditions.58,95 The reduction reaction was conducted in two
steps to ensure further stabilization of the structure. First, the
reaction was conducted at pH 6 to stabilize the Schiff base
bonds formed already during LbL assembly. Afterward, the
reduction was performed at pH 9 to favor the formation of
more Schiff base bonds that can be converted into permanent
cross-links (see Section S6, Supporting Information, for
comparison between the stability of multilayered films with
and without the postmodification reaction).
Figure 3A presents the shifts in QCM-D frequency and

dissipation resulting from cross-linking the film. The two-step
cross-linking procedure accordingly produces a minor
frequency shift but a relatively large dissipation shift of around

−2.5 for the third overtone. The rather large decrement in the
dissipation suggests that the multilayer becomes more rigid,
which can originate from either water loss or formation of fixed
cross-link bonds within the film that can effectively hinder the
conformational mobility of the polymer chains. The oscillation
frequency, however, remains almost unchanged, which could
indicate two counterbalancing effects taking place within the
layer.
Figure 3B exhibits the evolution of ψ and Δ spectra upon

cross-linking the film. It is demonstrated that the spectral
oscillation in ψ attenuates, whereas the position of the
oscillation peak seems almost unchanged. The former
observation can imply an increment in the water content of
the multilayer, which can then dampen the spectral oscillation
because of polymer dilution and then result in less optical
contrast with the aqueous medium. The latter observation,
however, can be reasoned on the basis of the opposing effects
of changes in the thickness and the refractive index on the
spectral oscillation position. Accordingly, an increment
(decrement) in either the thickness or the refractive index of
the film leads to a red shift (blue shift) in the ψ spectra. Since
we have already argued that the water content in the layer has
increased (drop in the refractive index and then a blue shift
effect), the unchanged position of the spectral oscillation can
be attributed to a simultaneous increment in the thickness.
Such an increment in thickness could also be inferred from the
slight amplification of the spectral oscillation in Δ. To further
validate these interpretations, the Cauchy and BEMA models
were fitted to the raw data. Both models affirm that cross-
linking of the multilayered film is accompanied with an
increment in thickness from 16 to 19 nm. In addition, a drop in
the refractive index at all wavelengths is presented and the
water content is found to increase roughly from 3.5 to 27.
Knowing that the layer swells upon cross-linking, one can then
speculate that the decrement in the QCM-D dissipation is due
to the formation of a 3D permanent cross-linked network in
the film. On the other hand, the unchanged frequency data
might be due to opposite effects, i.e., the layer swells (larger
effective mass) while simultaneously becomes rigid (smaller
hydrodynamic contribution). The swelling of the multilayer
induced by cross-linking could originate from a charge
imbalance condition, resulting from consumption of some
amine groups because of the Schiff base formation at pH 9. It
can also be a result of conformational hysteresis induced by
changing the pH to 9 and back to 6.

3.3. Stimuli-Responsive Behavior: pH Effect. The effect
of changing pH on the thickness and structural characteristics
of the cross-linked multilayered film was monitored by QCM-
D (Figure 4A) and spectroscopic ellipsometry (Figure 4B). As
a general observation, the consecutive pH cycles confirm
effective cross-linking that prevents the disintegration of the
multilayer. It is worth mentioning that a structural hysteresis is
found specifically after the first pH cycle (6 → 2 → 6), which
could originate from conformational restructuring within the
multilayer that can also cause irreversible ionization of amine
and carboxyl groups.79

Regarding the pH-responsive behavior, changing the
condition to acidic pH (6 → 2) is accompanied by a decline
in the frequency and a significant gain in the dissipation, which
both refer to swelling/rehydration of the multilayer. This can
be seen more clearly from the ellipsometry modeling data that
show a pronounced growth in thickness from 18 to 34 nm, a
drop in the refractive index, and an increment in the water

Figure 3. Two-step reduction of the Schiff base bonds in the
multilayered film conducted at pH 6 and 9. (A) QCM-D frequency
and dissipation changes (black: f 3 and D3; red f5 and D5; blue: f 7 and
D7; olive: f 9 and D9; magenta: f11 and D11; and violet: f13 and D13) and
(B) ellipsometric ψ and Δ spectra before and after the process.
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content to 59%. The protonation of amine groups at low pH
values alters the charge balance in the film (net charge of the
film becomes more positive), which gives rise to an osmotic
swelling of the film. The swelling capacity of the film is
governed by the balance between the osmotic pressure of
solution and retractive force that originates from the entropic
penalty of elastic stretching of the polymer chains between the
cross-linking points.96,97 Changing the pH to alkaline
condition was similarly followed by a conformational swelling,
however, in a more pronounced manner. Accordingly, a
dissipation shift of around 14 and a decrement in the frequency
of around 170 Hz were detected. Furthermore, the optical
thickness increased to around 45 nm and the multilayer water
content reached up to 71%. The swelling of the film herein can
be attributed to the deprotonation of carboxylic acid groups on
ADA that can induce a negative charge in the polymeric film.
Finally, it should be noted that while the driving force for
swelling at both pH values 2 and 9 is the osmotic pressure
effect, the swelling is limited by the layer conformation,
position of cross-links, and length of chain segments between
cross-links. Thus, even for a complete charge reversal between
acidic and alkaline conditions, the degree of swelling might be
different because of the different location and distribution of
charged groups.

3.4. Stimuli-Responsive Behavior: Effect of Multi-
valent Ions. Salts can have specific interactions with
polyelectrolytes in terms of ion-specific binding of the
counterions to the charged moieties on the polymer backbone,
which can induce physical cross-links.10,98−100 We have herein
compared the effects of calcium chloride (CaCl2) and sodium
sulfate (NaSO4) at three different pH values, which are
depicted in Figure 5. At pH 6, where the layer is in the

proximity of charge neutrality condition, no significant changes
in the QCM-D frequency and dissipation or in the
ellipsometric thickness and refractive index were detected
when switching the salt either from NaCl to Na2SO4 or from
NaCl to CaCl2. Although the layer at pH 6 has both negative
and positive charges at which Ca2+ and SO4

2− ions could
potentially bind to, the layer contains no counterions at this
pH value that could be replaced. As a result, binding of Ca2+

and SO4
2− ions would be entropically costly and unfavorable.

At pH 2, the addition of NaSO4 is accompanied by a notable
drop in dissipation and increment in the frequency, both
indicating a conformational collapse. In the same line, the
ellipsometric thickness is decreased from 54 to 35 nm and the
water content dropped from 81 to 72%. At such acidic
conditions, the CHI chains are positively charged, whereas the
ADA chains are mostly uncharged. This overall net positive
charge within the film is balanced by Cl− counterions.
Accordingly, the observed layer collapse can be explained on
the basis of entropic substitution of Cl− with SO4

2− as
counterions, which will lead to a drop in the osmotic pressure
and thus layer shrinkage. In addition, physical cross-linking, in
terms of ion bridges, can also lead to a more rigid network that
can also produce a decrement in dissipation. Along the same
line, one can argue why the addition of CaCl2 at pH 2 exhibits
no significant impact on any of the measured parameters since
the layer contains no cationic counterions that can be replaced
by Ca2+. On the contrary, at pH 9, where the layer was inferred
to be negatively charged and contain Na+ as counterions, the

Figure 4. Effect of pH on the structural properties of the cross-linked
CHI/ADA film: (A) QCM-D frequency (black squares) and
dissipation change (red circles) and (B) optical thickness (red
circles) and water content (black squares) obtained from the BEMA
model.

Figure 5. Effect of salts on the structural properties of the cross-linked
CHI/ADA film: (A) QCM-D frequency and dissipation change for
five overtones (black: f 3 and D3; red f5 and D5; blue: f 7 and D7; olive:
f 9 and D9; and magenta: f11 and D11). (B) Changes in optical
thickness (red circles) and water content (black squares) obtained
from the BEMA model as a function of time. The yellow and blue
highlighted areas represent the Na2SO4 and CaCl2 response processes,
respectively.

ACS Omega Article

DOI: 10.1021/acsomega.8b03145
ACS Omega 2019, 4, 2019−2029

2026

http://dx.doi.org/10.1021/acsomega.8b03145


addition of CaCl2 has resulted in the conformational collapse
and dehydration because of binding of Ca2+ ions to the
deprotonated carboxyl groups on ADA. For a similar reason,
Na2SO4 is shown to have a limited influence on the layer
structure. Accordingly, the multilayered film is, in general,
demonstrated to be responsive to the addition of divalent
counterions. A qualitatively similar behavior is expected if
divalent ions other than Ca2+ and SO4

2− were used; however,
one can expect some specific ion effects with respect to the
formation of ion bridges and the exact magnitude of the film
collapse might thus show ion specificity.

4. SUMMARY AND CONCLUSIONS
We have shown that the Schiff base reaction between amine
and aldehyde groups can be served as an alternative approach
to fabricate cross-linked CHI/ALG films instead of using
common cross-linking agents such as glutaraldehyde. In
addition, poststabilization of the cross-links in the film using
sodium cyanoborohydride allows one to obtain stable covalent
cross-links that eliminate pH sensitivity of Schiff base bonds
and then enhance the stability of the film under both acidic
and alkaline conditions. Finally, the cross-linked multilayered
film is found to be responsive to changes in pH and addition of
salts, showing notable variations in structural properties such as
thickness and water content.
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(100) Duneŕ, G.; Thormann, E.; Ramström, O.; Deḋinaite,̇ A. Letter
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S1. Preparation and Characterization of Alginate Dialdehyde  

NaIO4 (5.4 g) was dissolved in Milli-Q water (100 ml) to obtain a stock solution. NaAlg (5 g) 

was dissolved in Milli-Q water (300ml), then NaIO4 (20 mol% relative to the number of 

repetitive units of sodium alginate) was added under stirring to reach a final volume of 500 ml 

with Milli-Q water. The solution was kept stirring in the dark for 24 h. The oxidation reaction 

was then quenched by the addition of 2 ml ethylene glycol under stirring for 0.5 h. The obtained 

ADA was precipitated by adding 2 g NaCl and 500 ml ethanol to the mixture. Finally, ADA 

was purified by dialyzing the precipitated product against Milli-Q water for 3 days followed 

by lyophilization. 

The degree of oxidation of the synthesized ADA was determined by HONH2·HCl titration. 

Briefly, 17.5 g HONH2·HCl was dissolved in 150 ml Milli-Q water. Afterward, 6 ml methyl 

orange reagent (0.05%) was added to the solution, diluted to a final volume of 1 L, and the pH 

was adjusted to 4. Next, 0.1 g ADA was dissolved in 25 ml hydroxylamine hydrochloride-

methyl orange solution, stirring 2 h for complete dissolution. The standardized NaOH solution 

was used for titration until observing the red-to-yellow endpoint. The oxidation degree of ADA 

was accordingly calculated to be around 18.2% following as: 

𝑚𝑜𝑙 𝑜𝑓 𝐶𝐻𝑂

𝑚𝑜𝑙 𝑜𝑓 𝑢𝑟𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑
=

𝑉𝑁𝑎𝑂𝐻 × 0.1𝑚𝑜𝑙 ∙ 𝐿−1 × 198 𝑔 ∙ 𝑚𝑜𝑙−1

𝑚𝑠𝑎𝑚𝑝𝑙𝑒

                    (1) 

NaAlg and ADA were dissolved in heavy water (D2O) with a concentration of 6 mg/mL for 

proton nuclear magnetic resonance (1H-NMR) spectrometry (Bruker AscendTM 400) 

measurements (Figure S1A). The signals of the protons of G-2, G-3, G-4, M-2, M-3, M-4, and 

M-5 appeared in the range of 3.6–4.1 ppm and the signals in the 4.2–4.9 ppm correspond to the 

anomeric protons of G-1, M-1, and G-5. The new signal appeared at 4.2 ppm was assigned to 

the protons of G-5 of the oxidized G units. Simultaneously, two new signals corresponding to 

the protons of hemiacetals formed from aldehyde and hydroxyl groups appeared at 5.1 and 5.4 
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ppm.1 NaAlg and ADA powders were used for the Fourier transform infrared (FTIR) 

spectroscopy (Nicolet iS50 spectrometer) measurements. As shown in Figure S1B, the 

corresponding peak at around 1730 cm-1 represents the symmetric vibrational band of aldehyde 

groups.1-2  

 

Figure S1. (A) 1H-NMR spectra and (B) FTIR spectra of sodium alginate and alginate dialdehyde 
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S2. Effective Hydrodynamic Density of the Film 

The adsorbed dry mass can be calculated according to the de Feijter’s formula3: 

𝑚𝑜𝑝𝑡 = 𝑑𝑓
𝑛𝑓−𝑛𝑠𝑜𝑙

𝑑𝑛 𝑑𝑐⁄
                      (2) 

Where nf and nsol are the refractive indices of hydrated film and water at λ=632.3nm, 

respectively. A refractive index increment of dn/dc=0.18 cm3/g was used herein.4-5 The 

effective hydrodynamic density of the film (𝜌𝑓) can be calculated according to the following 

expression6-8: 

𝜌𝑓 = 𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝑚𝑜𝑝𝑡

𝑚𝑆𝑎𝑢
+ 𝜌0 (1 −

𝑚𝑜𝑝𝑡

𝑚𝑆𝑎𝑢
)                 (3) 

where mSau is 46.92 mg·m-2, mopt is 16.9 mg·m-2 (calculated from equation 2), 𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is 1410 

kg·m-3 (the bulk density of the polymer7), and 𝜌0 is 999 kg·m-3 (density of 15 mM PBS solution 

at 25 °C). The effective hydrodynamic density of the film is then estimated to be about 1100 

kg·m-3.  
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S3. Ellipsometric Characterization of Bare QCM-D Sensor 

 

Figure S2. Spectroscopic ψ and Δ obtained for QCM-D sensor together with the fitted model in (top) air and (bottom) in 15 mM PBS with 

pH 6 

The sensor was modeled as a titanium substrate coated with a silica layer. To avoid 

overparameterization, data fitting was only conducted for the optical constants of titanium (B-

Spline function, resolution of 0.2 eV, starting material Ti from software library), while keeping 

the optical constants (SiO2_JAW from software library) and thickness (25 nm) of silica fixed. 

By doing so, the optical behavior of the sensor substrate is modeled as a “pseudosubstrate”. 

The thickness of the silica coating was estimated based on the location of the oscillatory peak 

observed in ψ and Δ spectra from the sensor data in the air.    
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S4. Optimization of the Optical Models 

For both one-component Cauchy and two-component BEMA modeling approaches, we have 

checked if additional nonideality options can improve the data quality. It can be seen from 

Table S1 that the additional fitting parameters not only have a minor effect on the fitting quality 

(MSE value) but also produce a correlation between the fitting parameters and provide 

unphysical optical constants. 

Table S1. Fitting results for different fitting conditions 

 

 

As mentioned in the manuscript, the estimated water content for the multilayered film before 

crosslinking (around 3.5 v/v %) seems rather low for a hydrated polymeric film. For thin 

polymeric films (typically in the range of 20 nm and below) studied with ellipsometry, one 

could always expect a relatively strong correlation between the thickness and optical constants. 

This means that the small water content herein could be a result of slightly overestimated 

refractive index and underestimated thickness. To address this problem, we have fabricated a 

CHI/ADA multilayered film using the same protocol on a silicon wafer and the data was 

modeled using two-component BEMA (Figure S3). Accordingly, a better match between the 

model and experimental data is found and the estimated water content seems more physical.       

 

 Modelling options Thickness (nm) A B MSE Water content (v/v %) Roughness (nm) Inhomogenity (%) 

C
a
u

ch
y
 m

o
d

el
 

basic fitting 16.0 1.510 0.004 6.915 - - - 

with roughness 58.9 1.407 0.003 4.382 - 11.3 - 

with grading 15.9 1.510 0.004 6.618 - - 14.5 

with thickness nonuniformity 15.9 1.510 0.004 6.764  - 89.2 

B
E

M
A

 m
o
d

el
 

basic fitting 16.1 - - 7.074 3.5 - - 

with roughness 19.6 - - 6.952 8.7 2.7 - 

with grading 15.5 - - 7.022 0.6 - 6.9 

with thickness nonuniformity 15.5 - - 6.832 0 - 39.4 
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Fit Results 

MSE = 8.863 

Thickness # 3 = 19.03 ± 0.242 nm 

EMA % (Mat 2) = 33.0 ± 0.83 

Total Thickness = 117.91 ± 0.242 nm 

 

Optical Model 

 

 

 

 

Figure S3. Spectroscopic ellipsometry data for the multilayered film on silicon wafer (in 15 mM PBS buffer at pH 6) and modeling using 

BEMA.  

Based on this, we have tried to improve the fitting quality for the multilayered film on the 

QCM-D sensor by excluding the UV range from the modeling (Figure S4). Accordingly, a 

thickness of around 23 nm and a more physical water content value of around 34 v/v % was 

obtained. For the rest of the data (pH cycle and multivalent ions), excluding the UV range from 

modeling was shown to have a minor effect on the fitting parameters.   
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Fit Results 

MSE = 1.584 

Thickness # 2 = 23.07 ± 0.150 nm 

EMA % (Mat 2) = 34.1 ± 0.44 

 

Optical Model 

 

 

 

 

Figure S4. Spectroscopic ellipsometry data for the multilayered film (in 15 mM PBS buffer at pH 6) on QCM-D sensor and modeling using 

BEMA in the wavelength range of 400 – 1000 nm. 
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S5. Topography of the Film 

The surface topography of the fabricated multilayered film was studied using AFM tapping 

mode imaging. As shown in Figure S5, self-assembled structures can be found on the 

multilayered film, with a height in the range of 10-100 nm.  

 

Figure S5. AFM tapping mode topography images (20×20 µm2) of the film determined in air (A) and in solution (B). 

To further assess the thickness of the multilayered film, the sample on the QCM-D sensor was 

scratched (2×2 µm2) using contact mode imaging in pH 6 buffer. Afterward, the film including 

the scratched area was scanned using tapping mode imaging and the cross-section profiles were 

obtained (Figure S6). Accordingly, the film thickness can be estimated to be around 15-20 nm. 

It should be noted that since tapping mode imaging is based on a mechanical response 

(deflection) measured by the cantilever, AFM thickness is closer to the ellipsometry thickness 

and the topmost parts of the film with high water content might not be seen. 
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Figure S6. AFM tapping mode topography images (10×10 µm2) and the cross-section profiles of the scratched film determined in pH 6 buffer. 

The film thickness (from the base of aggregates) is estimated to be around 15-20 nm.  
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S6. Stability of the Crosslinked Multilayered Film 

To check the effect of post-modification using sodium cyanoborohydride, we have prepared 

two multilayered film samples on silicon wafer, one without post-modification and one with 

post-modification. Afterward, the dry thickness of the samples was measured in air. Then, the 

samples were immersed in pH 9 solution for 3 days followed by another 3 days immersion in 

pH 2 solution. As can be seen from the raw and modeled ellipsometric data, the sample without 

post-modification does not fully dissolve, however, a notable decrement in thickness is found 

(14.1 nm → 8 nm (after pH 9) → 6 nm (after pH 2)). On the other hand, the sample with post-

modification showed notable stability and the thickness remained almost unchanged (13.7 nm 

→ 13.5 nm (after pH 9) → 13.3 nm (after pH 2)).      

 

Figure S7. Spectroscopic ellipsometry data for the multilayered film on silicon wafer without (A) and with (B) post-modification using sodium 

cyanoborohydride. The measurements were conducted in air.  
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Thin CHI/ADA multilayer film possesses a non-uniform segment density in interior 

and periphery regions and each surface analysis method could be more sensitive to a 

certain region. 
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Abstract 

    Self-crosslinked chitosan/alginate dialdehyde multilayer films capped with different 

outermost layer, either CHI or ADA, are fabricated using the layer-by-layer method. The 

disruption of electrostatic equilibrium between CHI and ADA at acid and alkali conditions 

causes swelling of the multilayer films, which could be divided into two parts of internal layers 

and outermost layer. The swelling behavior strongly depends on the outermost layer as well as 

salt concentration. We have investigated the swelling behavior using quartz crystal 

microbalance with dissipation monitoring (QCM-D). Atomic force microscopy (AFM) 

colloidal probe measurements are conducted to assess the surface forces between the multilayer 

films at different pH and ionic strengths. Finally, the electrostatic properties of the multilayer 

films are examined at different pH and ionic strengths using zeta potential measurements.  

Keywords: chitosan, alginate dialdehyde, multilayer, salt concentration, swelling, pH-

responsiveness  
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1. Introduction 

    Multilayer films of chitosan (CHI) and alginate (ALG) are of great interest due to their 

biocompatibility, biodegradability, tunable structural properties, and stimuli-responsiveness.1 

In addition, there exist a great deal of possibilities in chemical modification of these 

polysaccharides, not only to introduce electrostatic charges but also to produce new functional 

groups.2–5 In this work, ALG is oxidized using sodium metaperiodate to introduce aldehyde as 

a new functional group.6–8 The aldehyde groups can form covalent imine bonds with the amine 

group of CHI through Schiff base reaction; hence, oxidized alginate, also known as alginate 

dialdehyde (ADA), can self-crosslink with CHI.9–11 In contrast to typical layer-by-layer (LbL) 

assembly of polyelectrolyte multilayer films where the driving force for both the buildup as 

well as the layer stability is controlled by electrostatic interactions, the presence of aldehyde 

groups provides an instanteneous chemical crosslinking during the buildup. This approach then 

constitutes an alternative to the use of typical post-applied cross-linkers like glutaraldehyde, 

ethylenediaminetetraacetic acid, and genipin.12–15 The self-crosslinked CHI/ADA multilayer 

films are responsive to variations in the pH of the media in terms of reversible swelling and 

shrinkage; nevertheless, without disintegration of the coating.16 Accordingly, CHI/ADA 

multilayer films are considered as promising coating materials for biomedical applications such 

as targeted drug delivery and tissue engineering.17–24  

    Regarding the structure, a polyelectrolyte multilayer film could be generally divided into 

two distinguished regions.25,26 The inner part comprising complexes of oppositely charged 

polyions possessing highly interpenetrated polymer chains and approximately 1:1 charge 

stoichiometry (intrinsic charge compensation). On the other hand, the outermost layer partly 

pairs with the beneath layer while the excess unpaired segments create a surface charge reversal. 

As a result, the counterions adsorb to the outermost layer (extrinsic charge compensation) to 

maintain the overall charge neutrality. Since the degree of ionization of weak polyelectrolytes 

depends on the pH of the media, the corresponding multilayer films also demonstrate pH-

responsiveness in generall.27–31 Changing the pH perturbs the charge-neutrality condition, 

which induces excess positive or negative charges in the multilayer film, which promote 

electrostatic repulsions and an osmotic effect due to the adsorption of the counterions.32 The 

charge imbalance could lead to swelling, irreversible structural changes, and even dissolution 

of the film. Chemical crosslinking of the film can preserve the film integrity as the layer swells 

until a balance between the favorable osmotic effect and the unfavorable entropy of stretching 

of chains between the crosslink points is reached.33,34 The addition of salts, on the other hand, 
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can impose multiple effects on the polyelectrolyte systems and multilayer films.35 As the most 

common effect, increasing the salt concentration can screen the intra-chain electrostatic 

interactions so the individual polyelectrolyte chain will adopt a less extended conformation.36 

Such an effect can be speculated for the polyelectrolyte segments in the outermost part of the 

multilayer where dilute unpaired segments exist. The effect of the salts on the inner layer 

structure could be more complex depending on the composition of the multilayer, the 

interactions between the components, and the local steric crowding and electrostatic forces.37–

42  

    In this work, we investigate how pH and ionic strength can affect the swelling behavior, 

interaction, and electrostatic properties of CHI/ADA multilayer films. To do so, multilayer 

films comprising 6 (capped with ADA) and 7 layers (capped with CHI) are fabricated. 

Accordingly, we examine how changing the pH and ionic strength affect the multilayer 

properties depending if the outermost layer is CHI or ADA. Quartz crystal microbalance with 

dissipation monitoring (QCM-D) is employed to monitor the growth of the multilayer films, as 

well as assessing the swelling behavior in response to variations in pH at different NaCl 

concentrations. Next, atomic force microscopy (AFM) colloidal probe measurements are 

conducted to investigate the interactions between symmetric multilayers (6 layers against 6 

layers and 7 layers against 7 layers) at different pH and salt concentrations. Finally, zeta 

potential measurements are performed to investigate the electrostatic properties of the 

multilayers as a function of pH at different salt concentrations. In general, we confirm that 

swelling behavior, structural properties, interaction, and electrostatic properties of CHI/ADA 

multilayer films strongly depend on if the outermost layer is CHI or ADA. As a result, 

multilayer films with different outermost layers demonstrate considerably different properties 

and response to variations in pH and ionic strength.    

2. Experimental Section 

2.1 Materials 

    Sodium alginate (NaALG, viscosity ≥ 2000 cP for 2% solution in water at 25 °C), chitosan 

(CHI, a degree of deacetylation of 75-85%, viscosity 20-300 cP for 1% solution in acetic acid 

at 25 °C), 3-glycidoxypropyltrimethoxysilane (GPS, ≥98%), sodium hydroxide (NaOH, ≥97%), 

dibasic sodium phosphate (Na2HPO3, ≥99%), sodium dihydrogen phosphate (NaH2PO3, ≥99%), 

sodium cyanoborohydride (NaBH3CN, 95%), sodium metaperiodate (NaIO4, ≥99.5%), 

hydroxylamine hydrochloride (HONH2·HCl, 99.99%), sodium chloride (NaCl, ≥99%), methyl 



Page 4 of 25 
 

orange reagent (85%) and ethylene glycol (99.8%) were all purchased from Sigma-Aldrich. 

Degassed ultrapure water (Sartorius, Arium Pro) with a resistivity of 18.2 MΩ.cm was used to 

prepare all the buffers and polymer solutions. Alginate dialdehyde (ADA) was prepared 

following the previous paper.16 Briefly, 1 w/w % NaAlg solution was prepared in ultrapure 

water with the addition of NaIO4 (20 mol% relative to the number of repetitive units of sodium 

alginate) stirring in dark for 24 h. The oxidation reaction was then quenched by the addition of 

ethylene glycol under stirring for 0.5 h. ADA was first precipitated by adding ethanol and then 

was purified by dialysis against ultrapure water for 3 days, followed by lyophilization. 

2.2 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

    QCM-D (Q-Sense E1, Biolin Scientific, Gothenburg, Sweden) measurements were 

conducted to monitor the LBL assembly and investigate the swelling behavior of the multilayer 

films. Silica-sputtered sensors (QSX 335, Biolin Scientific) were first rinsed with acetone, 

ethanol, washed with copious amount of ultrapure water, and dried using compressed air. The 

sensors were then plasma-treated (PDC-32G plasma cleaner, Harrick Plasma, medium power 

in air (vapour pressure of 500 mTorr)) for 5 min to remove the organic contaminants. The 

sensors were then immersed in 18 v/v % GPS/acetone solution for 22h, followed by thorough 

rinsing with acetone.43  The GPS-coated sensors were then immersed in CHI solution (100 ppm 

in 15 mM PBS at pH 6) for 40 mins followed by rinsing with ultrapure water.44  By doing so, 

the first layer of CHI is chemically grafted to the substrate. The sensor was placed in the 

instrument module and the flow cell was loaded with 15 mM PBS at pH 6 using 0.15 ml·min-

1 flow rate. After obtaining a stable baseline, the ADA solution (200 ppm in 15 mM PBS at pH 

6) was loaded into the chamber for 40 min followed by 20 min rinsing with PBS solution (15 

mM at pH 6). A similar procedure was performed using CHI solution (100 ppm in 15 mM PBS 

at pH 6). Following these sequential steps, two multilayer films capped with ADA (6-layers) 

and CHI (7-layers) were fabricated. A reduction reaction using NaBH3CN was then conducted 

to transform the semi-covalent imine bonds to permanent amine bonds.45 To do so, NaBH3CN 

solution (30 mM in 15 mM PBS at pH 6) was loaded into the chamber for 1h, followed by 1.5 

h rinsing with the PBS buffer.  

    Next, the effects of changing pH at different salt concentrations on the swelling behaviour 

of the multilayers were investigated. The initial baseline was obtained in 1 mM NaCl at pH 6. 

Then, 3 consecutive pH cycles between pH 6 and pH 3, followed by another three pH cycles 

between pH 6 and pH 9. The next baseline was then obtained in 10 mM NaCl at pH 6 and the 
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pH cycles were conducted. A similar procedure was employed for 100 mM NaCl solutions. A 

stabilisation time of 40 min was given between each step.  When adjusting the pH of the 

solution, 1 mM HCl should be added for pH 3 and 0.01 mM NaOH for pH 9. Therefore,we 

used ultrapure water, 9 mM and 99 mM NaCl solutions to obtain the 1mM, 10 mM and 100mM 

ionic strength solutions at pH 3, respectively.  

2.3 Preparation of Multilayer Films on Silicon Wafer and AFM Cantilever with Colloidal 

Probe  

    Silicone thermal oxide wafer (Wafernet Inc., San Jose, CA) was used to prepare the samples 

for the zeta potential and AFM force measurements. The wafers were first rinsed with acetone, 

ethanol and ultrapure water, then dried with compressed air, and finally, plasma cleaned (PDC-

32G plasma cleaner, Harrick Plasma, medium power in air with a vapour pressure of 500 

mTorr). The wafers were then immersed in 18 v/v % GPS/acetone solution for 22h followed 

by rinsing with acetone. A similar procedure was performed to clean and functionalize the 

AFM colloidal probe. Silica particles with a diameter of around 7 μm (Bangs Laboratories Inc., 

USA) were repeatedly rinsed with acetone and ultrapure water by centrifugation, immersed in 

the 18 v/v % GPS/acetone solution for 22h, then rinsed with acetone by centrifugation. The 

GPS-modified silica particle was glued to the end of a tipless rectangular cantilever 

(CSC37/Cr-Au, Mikromasch, Estonia) using a small amount of a two-component epoxy 

adhesive (Araldite® Rapid). After treatment with GPS, the silica wafers and the AFM colloidal 

probe cantilevers were immersed in the CHI solution (100 ppm in 15 mM PBS at pH 6) for 40 

mins to covalently graft the first CHI layer to the substrate. After the modification, they were 

put into a custom-made flow cell using a flow rate of 0.5 ml min-1. A rinsing process using 15 

mM PBS at pH 6 should be conducted for 1 h to remove the remain CHI. Here, we chose an 

approximate exchange ratio (loaded liquid/flow cell volume) with QCM-D experiment, to 

prepare the multilayer film on the silica wafers and the AFM cantilevers with colloidal probe. 

To conduct the LbL assembly, the ADA (200 ppm in 15 mM PBS at pH 6)  solution and CHI 

(100 ppm in 15 mM PBS at pH 6) solutions were loaded into flow cell for 1 h with 1.5 h rinsing 

by 15 mM PBS at pH 6 in between. Following this procedure, the multilayer films capped with 

ADA (6-layers) and CHI (7-layers) were fabricated on the silica wafers and the AFM 

cantilevers with colloidal probe. A reduction was then conducted by loading NaBH3CN 

solution (30 mM in 15 mM PBS at pH 6) for 1h followed by 1.5 h rinsing with the buffer. 
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2.4 AFM Colloidal Probe 

    AFM (NanoWizard 3 AFM, JPK Instruments AG, Berlin, Germany) colloidal probe 

measurements were performed to investigate the surface forces between the multilayer films. 

The accurate spring constant of the unloaded cantilevers (CSC37/Cr-Au, Mikromasch, Estonia) 

was determined by the Sader method.46 The sensitivity of the cantilevers (loaded, before LbL) 

was obtained by performing force measurements against a bare silica wafer (Supporting 

Information, Figure S1).  

    The force measurements were performed from low ionic strength to high ionic strength. 1 

mM NaCl at pH 6 was first loaded into the flow cell and the film stabilised for 40 min. Next, 

force measurements at pH 3, 6, and 9 were performed, respectively. The flow cell was then 

repeatedly rinsed using 1 mM NaCl at pH 6. A similar procedure was used to perform the 

measurements in 10 and 100 mM NaCl at different pH values. A constant approach and 

retraction speed of 400 nm/s was used to avoid the hydrodynamic effects.47 Three different 10 

μm × 10 μm areas (each with 36 points) were chosen to perform the force measurements for 

each situation. We analyzed those raw force profiles employing the standard software of the 

instrument (JPK SPM Data Processing). 

2.5 Zeta Potential 

    Zeta potential (SurPASS, Anton Paar GmbH, Graz, Austria) measurements were conducted 

to estimate the electrostatic properties of the multilayer films. Two silica substrates (20 mm 

×10 mm) were inserted into the instrument flow cell separated by 100 ± 5 μm capillary channel. 

Measurements also stared from low ionic strength to high ionic strength. The prepared solution 

was at pH 3 and the measurement pH range was carried out from pH 3 to pH 9. The instrument 

owns an auto-titration system for the pH change. Measurements were first performed in 1mM 

ionic strength solutions and the range of titrations was carried out from pH 3 to 9. After the 

measurement channel was rinsed using 1 mM NaCl at pH 6, the measurements for 10 mM were 

performed. And then the measurement 100mM ionic strength solutions also were performed, 

following the same process.  During measurement produce, when the solutions were pumped 

through the parallel capillary channel between the two samples, a measurement pressure was 

produced,  and a linear increasing measurement pressure was provided by the measurement 

system.Here, we defined a rinsing time for 180 s and a target pressure of 400 mbar( it means 

that the measurement pressure linearly increases from 0 to 400 mbar after 180s).  In order to 

ensure the reliability of the measurement, we repeated the experiments for the multilayer film 
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capped with either CHI or ADA, separately. The ζ-potential was calculated by Hermann von 

Helmholtz equation for planar solids.48 

 

Figure 1 QCM-D data for layer-by-layer (LbL) assembly of the multilayer films; frequency (f) and dissipation 

(D) for 3rd overtone as a function of time for multilayer films capped with ADA (6 layers, black line) and CHI (7 

layers, red line).  

3. Results and Discussion  

3.1 LbL Assembly  

    Figure 1 presents the frequency (f) and dissipation (D) shifts resulting from the LbL 

assembly of the multilayer films. The multilayer film capped with ADA (black line) comprises 

6 deposited layers and the multilayer film capped with CHI (red line) consists of 7 deposited 

layers. The sequential deposition of the polyions is characterized by a continuous decrease in f 

and increase in D. The former implies enhanced coupled mass, i.e., polymer and hydrodynamic 

water content, while the latter represents the viscoelastic nature the deposited film. A more 

close inspection of the data reveals that deposition of CHI leads to a decrement in f (~ 16 Hz) 

that is almost twice as large compared to the deposition of ADA (~ 8 Hz), which suggests non-

symmetrical adsorption of the components. A similar trend is found for D where deposition of 

CHI is characterized by relatively larger shifts compared to deposition of ADA.  

    We believe this phenomenon originates from the difference in the charge fractions of CHI 

and ADA. The pKa of an isolated free CHI chain in solution is around 6.3 and the pKa of an 

isolated free ADA chain in solution is around 3.4.49,50 Accordingly, at pH 6 where the LbL 

deposition is performed, the CHI chains will possess a relatively low charge fraction (in the 

vicinity of pKa), whereas the ADA chains will possess a relatively high charge fraction (well 
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above pKa). Therefore, more CHI chains need to adsorb for a given amount of adsorbed ADA 

to fulfil the charge neutrality condition, which could explain the larger shifts when CHI is 

deposited.  

3.2 Swelling Behavior of the Multilayer Films 

    In the following, we will discuss the pH-induced swelling behavior of CHI/ADA multilayer 

films capped with either ADA or CHI. In addition, we will study how salt concentration can 

affect the swelling behavior in each case. To ease the discussion, we first provide an outline of 

how pH can affect the conformation and swelling of the multilayer film.  

    We herein consider that CHI/ADA multilayer films consist of two zones with distinct 

conformation and electrostatic properties. The inner zone comprises highly entangled CHI and 

ADA chains found as intrinsically compensated complexes. At pH 6 where the LbL assembly 

is conducted, the inner part of the CHI/ADA multilayer should be found in a charge-neutral 

state. Changing the pH can produce a charge imbalance in the inner zone that can give rise to 

swelling of the film. CHI and ADA have pKa values in the range of 6-7 and 3-4, 

respectively.49,50 Hence, at pH 6, CHI is expected to be partially charged whereas ADA is more 

strongly charged. By increasing the pH from 6 to 9, CHI should become almost uncharged 

whereas ADA becomes highly charged, which together produces a net negative charge in the 

interior film. The negative charge promotes adsorption of Na+ counterions to the film and the 

resultant osmotic effect promotes multilayer swelling. On the other hand, decreasing the pH 

from 6 to 3 should have the opposite effect. Accordingly, CHI becomes highly charged whereas 

ADA should be found in a partially charged state, which together should result in a net positive 

charge in the film, adsorption of Cl- counterions, and hence osmotic swelling. We have 

previously characterized this swelling behavior by performing spectroscopic ellipsometry 

measurements on the CHI/ADA multilayer films fabricated at pH 6. Accordingly, changing the 

pH from 6 to 9 leads to an almost 2-fold increment in the thickness, whereas changing the pH 

from 6 to 3 has quite a minor effect on the thickness. Ellipsometry is an optical method that 

estimates the film thickness based on the difference in the refractive index of the medium and 

the hydrated polymer film.51,52 Since the outer part of the film comprises dilute dangling chains, 

the optical properties of this zone is often close to that of water. Accordingly, the optical 

thickness from ellipsometry, in general, represents the dense inner part. Accordingly, we can 

assume that increasing the pH from 6 to 9 results in notable swelling of the interior film, 

whereas changing pH from 6 to 3 has a negligible effect on the interior part. This is despite that 
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an overcharging of the multilayer film should occur both at pH 3 (positive overcharging) and 

at pH 9 (negative overcharging). It should be noted that an identical degree of swelling at pH 

3 and 9 is not expected due to the different amount of CHI and ADA in the multilayer film, the 

different maximum charge fraction of CHI and ADA (the deacetylation of CHI is 75-85%), the 

proximity to the respective pKa values of CHI and ADA, and the conformational restrictions 

due to cross-linking.  

    On the other hand, the outer part of the multilayer film can be considered as less entangled 

chains with more degrees of freedom that are partly paired with the beneath layer (intrinsic 

compensation) and partly compensated by counterions in the solution (extrinsic compensation). 

Changing the pH should affect the charge fraction and conformation of the outermost layer 

depending on the corresponding pKa. When the film is capped with ADA, the outermost layer 

should be found as collapsed, partly swollen, and highly swollen at pH 3, 6, and 9, respectively. 

An opposite trend is expected when the multilayer film is capped with CHI. Accordingly, the 

outermost layer should be found as highly swollen, partly swollen, and collapsed at pH 3, 6, 

and 9, respectively. 

    Based on this premise, multilayer films capped with CHI or ADA demonstrate two different 

swelling scenarios. When having ADA as the outermost layer, increasing the pH in general 

leads to swelling in both the inner and the outer zones. On the other hand, when having CHI as 

the outermost layer, increasing the pH in general results in swelling of the inner zone but the 

collapse of the outer zone.   

3.2.1 Case I: pH-induced Swelling of Multilayer Film Capped with ADA  

    Figure 2 summarizes the QCM-D data of the swelling experiment on the multilayer films at 

different pH and ionic strengths. For the multilayer film capped with ADA (Figure 2A), it is 

observed that a significant swelling occurs when the pH is changed from 6 to 9. This can be 

attributed to swelling of the inner layer as well as swelling of the outermost ADA layer. On the 

other hand, decreasing the pH from 6 to 3 has an insignificant effect on the frequency and 

dissipation values, which can hint to minor structural changes and (or) counterbalancing effects. 

When pH is decreased from 6 to 3, we expect the inner part of the film to only slightly swell 

(as discussed with respect to previously reported ellipsometry measurements), while the 

outermost ADA layer should become more collapsed due to the protonation. These two minor 

contributions are apparently almost cancelling out each other.  
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Regarding the effect of ionic strength, no significant effect is observed on the pH cycle between 

3 and 6. Regardless of the ionic strength, minor swelling and structural changes are then 

observed. On the other hand, increasing the ionic strength has a substantial effect on the pH-

responsiveness and swelling of the multilayer film when exposed to an alkaline condition. 

Accordingly, increasing the ionic strength leads to reduced swelling when pH is changed from 

6 to 9, which could be attributed to the electrostatic screening effect by the salt. We will discuss 

this effect further in Section 3.3.1 by investigating the AFM force curves.  

 

Figure 2 QCM-D data for pH-induced swelling; frequency (f, square) and dissipation (D, circle) shifts following 

pH change at the different salt concentrations for multilayer films capped with ADA (panel A) and CHI (panel 

B).  

3.2.2 Case II: pH-induced Swelling of Multilayer Film Capped with CHI 

    The effects of pH variation on the multilayer film capped with CHI can also be discussed by 

considering the effects on the outermost layer and the internal part of the film. According to 

Figure 2B, it is evident that the general swelling behavior of the multilayer capped with CHI 
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considerably differs from that of the multilayer film capped with ADA. Herein, changing pH 

from 6 to 3 is associated with relatively large shifts in f and D suggesting swelling of the 

multilayer. As discussed, the inner part of the film as well as the outermost CHI layer should 

both swell in an acidic environment. Nevertheless, since the inner part is expected to undergo 

minor swelling, we suggest that the observed shifts in f and D chiefly originate from the 

swelling in the outermost CHI layer. It is, in general, conclusive that the swelling behavior of 

the multilayer films is significantly dependent on the outermost layer. Increasing the ionic 

strength again leads to a weaker swelling, which could be similarly attributed to the screening 

effect.            

    When changing the pH from 6 to 9, we observe a rather complex swelling behavior with 

significant dependence on the ionic strength. Accordingly, in the presence of 1 mM NaCl, we 

observe minor shifts in f and D. In the presence of 10 mM NaCl, the multilayer film shows pH-

responsiveness in terms of moderate swelling. Further increasing the salt concentration to 100 

mM is characterized by even larger pH-responsiveness and a larger degree of swelling. We 

discussed that two opposing effects are envisaged for the multilayer film capped with CHI 

when pH is changed from 6 to 9. On the one hand, the outermost layer should become collapsed 

due to deprotonation of CHI. On the other hand, the inner part of the film should swell due to 

the charge imbalance caused by pH variation. In the presence of 1 mM salt, it appears that these 

two opposing effects are counterbalancing each other, so minor shifts in the QCM-D data is 

found. On the other hand, when salt concentration is increased, it appears that the swelling 

effect in the inner film becomes more dominating. Accordingly, one can speculate that 

increasing salt concentration has a relatively large screening effect on the outermost layer 

swelling. We will discuss this effect further in Section 3.3.2.     

3.3 Interaction between the Multilayer Films  

Figure 3 represents the approach force–separation curves obtained for the symmetric 

multilayer films, i.e., two films capped with ADA (left panel) as well as two films capped with 

CHI (right panel), at different pH and ionic strengths. First, it should be mentioned that, while 

consecutive force curves obtained at the same position showed little variation between the 

individual force curves, the force curves collected at different lateral surface positions did show 

variations in the range and magnitude of the interaction. However, as demonstrated in the 

Supporting Information (Figure S2), a clear averaged variation between different pH and ionic 

strengths exists in all cases, which exceeded the variation between individual forces curves. 
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Secondly, it should be considered that AFM only measures the relative distance and not the 

absolute distance between the surfaces. Herein, we have defined the zero separation point as 

the region with apparent hard-wall repulsion achieved at the highest applied force. Thus, the 

forces curves presented in Figure 3 can be considered as representative force curves with 

separation distances being relative to the highest level of compression.  

 

Figure 3 Approach force-distance curves between the symmetric multilayer films plotted on a semi-log scale at 

different pH values (the black open squares, red open circles, and blue open triangles represent pH 3, 6, and 9, 

respectively). 9 representative approach force curves are plotted here for each case. The left (A, B, and C) is the 

force interaction between multilayer film capped with ADA while the right (D, E, and F) provides the force 

interaction for multilayer film capped with CHI. The salt concentration increases from up to down and the arrows 

indicate different salt concentration. 

Before discussing the detailed observations, we note some general trends in the force curves. 

Regardless of the composition of the outermost layer, the ionic strength, and the pH, we observe 

monotonously repulsive forces with approximate decay lengths between 10 and 90 nm. The 

Debye lengths are 9.6 nm, 3 nm, and 0.96 nm at NaCl concentration of 1 mM, 10 mM, and 100 

mM, respectively. Accordingly, the ranges of the measured repulsion forces are beyond the 

expected range of double-layer forces; hence, it is safe to conclude that steric repulsive forces 
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are dominating herein. In the following, we will discuss the two cases of interaction between 

two layers capped with ADA and two layers capped with CHI, in greater detail. As it is assumed 

that all electrostatic repulsive forces are getting weakened by increasing strength and all steric 

repulsive forces are related to the conformation of the multilayer films, we aim to relate the 

observations in the force curves to the conformational changes discussed in Figure 2. 

3.3.1 Case I: Interaction between Multilayer Films Capped with ADA 

    In 1 mM NaCl, the interaction between two ADA-capped multilayer films (Figure 3A) is 

very similar at pH 3 and pH 6 (slightly longer-ranged at pH 6), while the repulsive force is 

longer-ranged at pH 9. This observation is in good agreement with the structural changes 

discussed in relation to Figure 2A, i.e., no significant swelling occurs when going from pH 6 

to pH 3 while large swelling is found when going from pH 6 to pH 9. The former observation 

hints to minor swelling of the inner zone but slight collapse in the outermost ADA layer that 

can balance each other. The latter behavior implies swelling in the inner zone as well as the 

outermost layer.  

    Increasing the ionic strength to 10 mM (Figure 3B) seem to have minor effect on the range 

of the interactions. In a similar manner, longer-ranged repulsive forces are measured at pH 9 

suggesting the effect of highly swollen outermost ADA layer, which is in accordance with 

Figure 2A. On the other hand, the force curves at pH 6 and 3 are shorter-ranged. It has to be 

mentioned that QCM-D data (Figure 2A) suggested no significant shifts in f and D when pH is 

changed from 6 to 3. However, the AFM force curves indicate shorter-ranged repulsion at pH 

3. As discussed, changing pH from 6 to 3 should produce minor swelling in the inner and 

considerable collapse in the outermost ADA layer. Accordingly, it seems that the collapse in 

the outermost layer has a more significant effect that is detectable by the colloidal probe force 

measurements.    

    Further increasing the ionic strength to 100 mM (Figure 3C) leads to notable changes in the 

interaction profiles. Accordingly, the repulsive force profiles at pH 3 and 6 seem to overlap, 

suggesting rather similar conformation between the two conditions. This can be explained 

based on screening effect of the salt on the inner layers and more importantly the outermost 

layer. On the other hand, the repulsive force at pH 9 has become shorter-ranged (screening 

effect) while it is still relatively longer-ranged (more swollen film) than at lower pH values. 

The observations herein are in accordance with the QCM-D data where minor shifts were found 

between pH 6 and 3, while a reduced swelling was found upon increasing the pH to 9. We also 
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see a general change in the appearance of the force curves from a more “soft tail type” repulsion 

to a more “strong bulk type” repulsion. For instance, the repulsive force at a separation of ~ 

20-30 nm at pH 9 is of higher magnitude at an ionic strength of 100 mM compared to at 1 mM 

even if the absolute range of the repulsion is longer at 1 mM.  

3.3.2 Case II: Interactions between Multilayer Films Capped with CHI 

    In 1 mM NaCl, the interactions between two multilayer films capped with CHI (Figure 3D) 

are most long-ranged at pH 3 while the repulsion is of rather similar range at pH 6 and pH 9. 

This is in clear contrast to the interactions between the multilayer films capped with ADA 

(Figure 3A), where the most long-ranged repulsion was observed at pH 9. However, again these 

observations follow the trends observed in QCM-D data (Figure 2B), where no significant 

swelling was inferred when changing the pH from 6 to 9, while a significant swelling was 

observed when changing the pH from 6 to 3. We have discussed that the inner layer 

conformation is rather unchanged between pH 3 and 6. Thus again, we suggest that the more 

long-ranged repulsion observed at pH 3 is a direct consequence of the more swollen 

conformation of the outermost CHI layer at this pH value. The observation that no significant 

difference between the force profiles at pH 9 and 6 is found could be attributed to the opposite 

structural changes in inner and outer zones. Accordingly, increasing the pH from 6 to 9 leads 

to significant swelling in the inner zone together with collapse of the outermost layer. The 

combination of these two effects seemingly cancel out each other, then no clear difference 

between the two states is detected by either QCM-D or AFM measurements.  

Increasing the ionic strength to 10 mM seem to have a strong effect on the interaction profiles. 

As the first observation, all the force profiles become more short-ranged, which can be again 

correlated to a screening effect by the salt. The force profile at pH 3 renders most long-ranged 

repulsion, which can again suggest the effect of more swollen outermost CHI later. The force 

profile at pH 9 is, however, more long-ranged than pH 6 herein. If we assume that the outermost 

CHI layer at pH 9 is in a fully collapsed state, a minor screening effect is expected on the 

outermost layer conformation. Hence, the decrement in the repulsive range at pH (1 mM → 10 

mM) could be attributed to the partial conformational collapse in the inner layer. On the other 

hand, at pH 6, the outermost layer is partly charged so it can be screened by the salt to form a 

more collapsed periphery. However, the inner zone is, in general, less swollen compared to pH 

9, which can explain the longer-ranged steric repulsion at pH 9. This observation is in 
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agreement with Figure 2B, in which swelling is predicted when pH is changed from 6 to 9 in 

10 mM NaCl.     

 

Figure 4 Zeta-potential as a function of pH value at the different salt concentrations for the multilayer films 

capped with ADA (A) and CHI (B). 

    Increasing the ionic strength to 100 mM leads to more short-ranged repulsions at all three 

pH values. The most short-range repulsive force is found at pH 6 followed by pH 9 and then 

pH 3. While this observation not is in quantitative agreement with the QCM-D data where a 

larger swelling is observed when going from pH 6 to pH 9 than when going from pH 6 to pH 

3, it is in qualitative agreement with the QCM-D data that the layer becomes more responsive 

(swelling) when exposed to both high and low pH at 100 mM NaCl while mainly being 

responsive to low pH at 1 mM NaCl. In a similar manner, the longer ranged repulsion at pH 3 

can be attributed to the outermost layer contribution, whereas the difference between pH 6 and 

9 can be attributed to the more swollen inner layer at pH 9. Since the repulsive force at pH 3 is 

more long-ranged than pH 9, one can again infer that the swollen outermost layer has a 

significant contribution to the steric repulsive force measured by AFM.    
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3.4 Zeta Potential of the Multilayer Films  

    In addition to the pH-induced swelling behavior discussed in Sections 3.2 and 3.3, the overall 

electrostatic properties of the multilayer films also depend on if the outermost layer is CHI or 

ADA. Figure 4 presents the measured zeta potentials of multilayer films capped with either 

ADA or CHI in 1 mM, 10 mM, and 100 mM NaCl and at varying pH between 3 and 9. For a 

comparison, we have presented the zeta potential of bare silica wafer at the same conditions in 

supporting information Figure S3.  

    We will herein discuss the main observations in Figure 4. Firstly, regardless of the multilayer 

film is capped with ADA or CHI, the zeta potential is positive at low pH and negative at high 

pH. This reveals that the electrostatic potential as seen from the outside of the multilayer film 

is not solely controlled by the charging state of the outermost layer but the charge state of the 

entire film contributes. Secondly, the zeta potential is more positive at low pH if the outermost 

layer is CHI but significantly more negative at high pH if the outermost layer is ADA. This 

suggest that the zeta potential is more sensitive to the overall composition of the multilayer 

film than to the charging state of the outermost layer (when the outermost layer is CHI, the 

layer contains more CHI than when the outermost layer is ADA, while the layers contain the 

same amount of ADA in the two cases). The last observation thus follows the same trend as 

the pH-induced swelling and collapsing observed by QCM-D (Figure 2) where the behavior is 

very similar for the multilayer films capped with ADA and CHI at an ionic strength of 100 mM 

and very different at an ionic strength of 1 mM. Thirdly, independently of if the multilayer film 

is capped with ADA or CHI, the magnitude of the zeta potential (at all pH values) decreases 

with increasing ionic strength. This trend is not specific to the multilayer films but is a general 

trend for the zeta potential of any charged interface, e.g. a bare silica surface (supporting 

information Figure S3). This is because the zeta potential is a measure of the effective net 

charge of the surface (both non-mobile and mobile charges) within the volume given by the 

slipping plane. Thus, when the double layer is compressed and more ions are available to 

compensate the non-mobile surface charges, the zeta potential will decrease. 

    Finally, we note that the isoelectric point of the multilayered film appears almost unaffected 

by the ionic strength when the layer is capped with CHI while being shifted towards lower pH 

values for lower ionic strengths when the layer is capped with ADA.  

4. Discussion 
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    Concerning polyelectrolyte multilayer films, or in general thin polymeric films, one can 

often expect two distinct zones in the film in terms of structure and chain conformation, i.e., a 

dense inner zone with interpenetrated chains and a dilute outer zone comprising dilute dangling 

chains. In the case of weak polyelectrolyte multilayer films, these two regions also possess 

distinguished degrees of electrostatic association and complexation. Hence, variations in the 

pH and ionic strength are expected to affect these zones in different manners. The common 

surface analysis methods are each sensitive to a certain property/region of the thin polymeric 

film.53–55 Therefore, detection of the swelling behavior can strongly depend on the analysis 

method. On this basis, one can often expect apparent discrepancies, both qualitatively and 

quantitatively, between the outcomes of the surface analysis methods that are sensitive to the 

periphery of the film, i.e., QCM-D and AFM colloidal probe, against those that are sensitive to 

the dense interior region, i.e., spectroscopic ellipsometry. 

 

Scheme 1 Schematic illustration of structural conformation and swelling behavior of CHI/ADA multilayer films 

capped with either ADA (left panel) or CHI (right panel) at different pH and ionic strengths.   

    Considering this information, we have investigated the swelling behavior and structural 

properties of CHI/ADA multilayer films, capped with either CHI or ADA, using QCM-D and 

AFM colloidal probe. To discuss the swelling behaviors, we considered two different 

mechanisms for the inner and outer zones of the multilayer films. The inner zone is found in 

the least swollen state at pH 6 due to the charge neutrality condition. Increasing the pH to 9 

leads to significant swelling of the film whereas changing the pH to 3 results in minor swelling. 

The outermost layer, on the other hand, can swell or collapse depending on pH variations with 

respect to the corresponding pKa value. This overall picture, which is schematically illustrated 
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in Scheme 1, was mostly successful in describing the trends we observed in Sections 3.2 and 

3.3,  

    When the multilayer is capped by ADA, the inner and outermost layer both swell at pH 9. 

On the other hand, changing the pH between 6 and 3 produced no significant swelling 

according to the results. As shown schematically, this can be due to the opposing phenomena 

in the inner and outer regions, i.e., the inner part is slightly more swollen, but the outer zone is 

more collapsed at pH 3 compared to pH 6. Hence, while the results here suggest rather 

insignificant swelling between pH 3 and pH 6, the overall structure of the multilayer film might 

be different between these two states. Increasing the ionic strength seems to have a general 

screening effect. Accordingly, the multilayer film in general partially collapses, while it is still 

more swollen at pH 9 compared to other pH values. On the other hand, the multilayer film 

seems to have a rather similar structure at pH 3 and pH 6, which can be attributed to the collapse 

of the outermost layer by salt. 

    When the multilayer is capped by CHI, the inner zone swells the most at pH 9 whereas the 

outermost layer is most swollen at pH 3. In all cases, we have detected a more swollen state at 

pH 3 based on the AFM measurements, which underlines that AFM colloidal probe is quite 

sensitive to the periphery of the film than to the interior. At low ionic strengths, the multilayer 

film was suggested to show minor swelling between pH 6 and 9, which we again correlate it to 

counterbalancing effects, i.e., the inner layer swells when pH is increased to 9 but the outermost 

layer collapses. Increasing the salt concentration seems to have a large screening effect on the 

outermost layer; hence, the layer is found to be more swollen at pH 9 compared to pH 6. Thus, 

it is evident that in order to predict and control the pH-responsiveness and structural properties 

of multilayer films, one requires a deeper understanding of the governing mechanisms in the 

outermost and on the inner part of the multilayer film. The findings of this work bring up two 

important points that need extra attention. First, thin polymer films possess a non-uniform 

segment density in interior and periphery regions and that each surface analysis method could 

be more sensitive to a certain region. Accordingly, investigation of swelling behavior and 

structural conformation of thin polymer films requires extra care and verification, otherwise, 

one could infer misleading information about the film properties. For instance, we herein 

investigated the swelling behavior of the multilayer film capped with CHI at pH 6 and 3. Both 

QCM-D and AFM colloidal probe data suggested significant swelling when the pH is changed 

from 6 to 3. However, the previous ellipsometry measurements suggest that no significant 

swelling occurs. Accordingly, the significant changes detected by QCM-D and AFM could 
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both be attributed to the changes in the outermost layer only. In addition, based on the previous 

ellipsometry data, we estimate the thickness of the dense inner part of the multilayer films 

herein to be in the range of 5-20 nm (most collapsed to most swollen). However, the repulsive 

forces measured by AFM colloidal probe are in the range of 10-90 nm. This observation again 

indicates that the outermost layer is significantly swollen and that the AFM colloidal probe 

data are quite sensitive to the periphery. Second, while there exists a vast number of studies on 

polysaccharide multilayer systems and their performance, the significant role of the outermost 

layer seems to be neglected. We have herein demonstrated that the pH-responsiveness, salt-

responsiveness, swelling behavior, interaction, and electrostatic properties of such multilayer 

systems substantially depend on the outermost layer. Hence, we suggest that besides fabrication 

parameters such as pH, ionic strength, and the number of layers, one can tune the interfacial 

properties of polysaccharide multilayer films by choice of the outermost layer.      

5. Conclusion 

    In this work, we have investigated the swelling behavior, interaction, and electrostatic 

properties of CHI/ADA multilayer films, capped either with CHI or with ADA, at different pH 

and ionic strengths. The results were justified by discussing the structural effects in the inner 

and outer zones of the multilayer films. The results herein highlight the importance of the role 

of the outermost layer on the swelling behavior and interaction of polyelectrolyte multilayer 

films, which is of great importance in better understanding the underlying mechanisms behind 

polyelectrolyte multilayer systems as well as the applications of polysaccharide multilayers as 

functional coatings.      
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Figure S1 the sensitivity of cantilevers as a function of force at pH 6 and 10 mM NaCl using bare silica 

partial and bare silica wafer.  

    Two cantilevers are employed to check the sensitivity of this type of cantilever. It can be 

obtained that the type of cantilever (CSC37/Cr-Au, Mikromasch, Estonia) has the sensitivity 

of 41±2 nm·V-1. When performing the force measurements, a higher setpoint of 4 V is 

employed to ensure hard contact between two surfaces at the end. The multilayer films are thin 

at pH 6, which is regarded as the standard for the sensitivity of the cantilevers. Here, the 

sensitivity of 40 nm·V-1 is reasonable. 
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Figure S2 Approach force-distance curves between the symmetric multilayer films plotted at different 

pH values (the black open squares, red open circles, and blue open triangles represent pH 3, 6, and 9, 

respectively). More than 100 approach force curves are plotted here for each case. The left (A, B, and 

C) is the force interaction between multilayer film capped with ADA while the right (D, E, and F) 

provides the force interaction for multilayer film capped with CHI. The salt concentration increases 

from up to down and the arrows indicate different salt concentration. 

    The force curves are beach processed at the standard software of the instrument. The 

software could only give the zero points at the contact points of multilayer film and not of the 

end hard contact, as using the beach processing function.   
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Figure S3 ζ-potential as a function of pH value for silica wafer at the different salt concentration. 

    The zeta potential of bare silica wafer was employed to research the effect of pH value and 

salt concentration. The zeta potential of the multilayer film is complex, which can be evident 

in Figure 4. The dissociation of silanol groups provides more negative charges with increasing 

pH value, resulting in a monotonous drop of zeta potential. High salt concentration generates 

short Debye length, meaning that the electrochemical double layer is compressed. More 

counterion ions appear and compensate fastly the initial surface charges, so that higher salt 

concentration brings about a lower magnitude of zeta potential. 
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The pH-responsiveness and swelling of CHI/ADA multilayer films can be modulated 

by the assembly pH and the oxidation degree of ADA. CHI/ADA multilayer films are 

promising coating materials for biomedical application such as targeted drug delivery 

and tissue engineering. 



 



Page 1 of 11 
 

 

 

 

 

Chitosan/Alginate Dialdehyde Multilayer Films with Modulated  

pH-responsiveness and Swelling 

 

Junhao Huang,† Saeed Zajforoushan Moghaddam,† and Esben Thormann*, † 

 

†Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 2 of 11 
 

Abstract: Oxidation of alginate is a promising method that creates aldehyde groups, 

which can form stable crosslinks with amine groups on chitosan. In this work, we 

suggest that a systematic variation in the oxidation degree of alginate dialdehyde allows 

for effective tuning of the swelling capacity of chitosan/alginate dialdehyde multilayer 

films. Besides, we demonstrate that the pH-responsiveness of the multilayer films can 

be regulated by choice of pH at which the layer-by-layer assembly is conducted. The 

combination of these two parameters enables us to design multilayer films with 

desirable properties, which is useful for various biomedical applications ranging from 

oral drug delivery to tissue engineering. 

    Multilayer films of chitosan (CHI) and alginate (ALG) have drawn increasing 

attention due to their non-toxicity, biocompatibility, biodegradability, and tunable 

physicochemical properties.1–3 These films are produced using the layer-by-layer (LbL) 

assembly method, in which a charged substrate is alternately immersed in CHI and ALG 

solutions.4 The electrostatic interactions between the oppositely-charged components 

promote LbL deposition and film growth. LbL assembly itself is a facile, efficient, 

versatile, and tunable method.5 Considering the advantages associated with the material 

properties as well as the method, CHI/ALG multilayer films are promising candidates 

for multiple biomedical applications ranging from tissue engineering to drug delivery.6–

9  

    The interior part of the multilayer films maintains charge-neutrality at the pH where 

the LbL assembly is conducted.10,11 In other words, the number of positively-charged 

amine groups on CHI and negatively-charged carboxyl groups on ALG are roughly 

identical, showing 1:1 charge stoichiometry. Changing the pH perturbs the charge-

neutrality condition, which can result in excessive swelling and 

dissolution/disintegration of the film. Based on this feature, CHI/ALG multilayer films 

have been utilized as drug carriers that burst when exposed to a specific pH rendering 

immediate release.12,13 Nevertheless, some applications, e.g., oral delivery to the 

gastrointestinal tract, require a more stable multilayer film with moderate swelling and 

pH-responsivity rather than prompt disintegration.14,15  

    To address this issue, one can post-crosslink the multilayer film to inhibit excessive 

swelling and disintegration.16,17 This procedure has, in general, has several 

shortcomings: (i) the common crosslinkers, e.g., glutaraldehyde, are mostly toxic, (ii) 

the introduced crosslinker could affect the physicochemical properties of the film, (iii) 
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additional post-crosslinking and rinsing steps are required, (iv) diffusion barrier could 

cause inhomogeneous crosslinking within the film, and (v) controlling the crosslinking 

density is challenging since it requires changing the concentration of crosslinker, 

crosslinking time, or crosslinker type.  

    Oxidation of ALG using sodium metaperiodate produces aldehyde groups that can 

then directly bind to amine groups through a Schiff base reaction.18–22 Therefore, 

oxidized alginate, also known as alginate dialdehyde (ADA), allows for continuous 

crosslinking during LbL deposition. Accordingly, while the chief driving force for LbL 

assembly is the electrostatic attraction, the adsorbed polymer chains upon each 

deposition step directly crosslink to the beneath layer. Hence, this method provides a 

more homogenous crosslinked network without the need for hazardous chemicals or 

rigorous post-treatment. We recently showed that CHI/ADA films fabricated at pH 6 

respond to pH changes (acidic and alkaline) in terms of reversible swelling/shrinkage 

without disintegration up to 6 days.23  

    In this work, we demonstrate that we can effectively modulate the pH-responsiveness 

and swelling of CHI/ADA multilayer films by: (i) changing the crosslinking density 

through systematically varying the oxidation degree of ADA and (ii) fabricating the 

films at different pH values. To do so, we prepared CHI/ADA multilayer films using 

ADA of different oxidation degrees (0, 5, 25, and 75 %) at two different pH values (3 

and 6). In-situ quartz crystal microbalance with dissipation monitoring (QCM-D) and 

spectroscopic ellipsometry measurements were conducted to monitor the film 

properties.   

ADA with different oxidation degrees was obtained by adding different molar ratios of 

sodium metaperiodate (NaIO4) to sodium alginate.24,25 To ensure firm attachment of the films 

to the substrate, the silica surface was modified using 3-glycidoxypropyltrimethoxysilane 

(GPS), so the first CHI layer is covalently grafted to the surface.26,27 The LbL assembly of the 

films was conducted in the QCM-D liquid cell for in-situ ellipsometry measurements (QELM 

401, Biolin Scientific, Gothenburg, Sweden). 200 ppm ADA and 100 ppm CHI solutions were 

prepared in 15 mM citric buffer (pH 3) and 15 mM PBS (pH 6). The polymer solutions were 

sequentially loaded (150 μl min-1) into the liquid cell for 40 min with 20 min rinsing steps in 

between. An overall number of 15 layers were deposited with CHI as the outermost layer; then, 

a reductive amination reaction was conducted in the same buffer and pH for 1 h to ensure 
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formation of permanent covalent bonds. Detailed synthesis procedure, experimental 

parameters, and analysis methods are available in our previous report.28 

 

Figure 1 QCM-D data for multilayer films comprising ADA with different oxidation degrees (ALG is 

referred to as ADA-0%) fabricated in citric buffer at pH 3 (A) and PBS buffer at pH 6 (B). 

    Figure 1 presents the QCM-D frequency (f) and dissipation (D) shifts (for the third 

overtone) corresponding to the LbL assembly of the films. The observed decrement in 

the frequency implies enhanced “sensed mass” while the increment in the dissipation 

hints to formation of a viscoelastic film. In addition, the ratio of ∆D/∆f is a semi -

quantitative measure of film softness/rigidity. Regarding LbL assembly at pH 3 (Figure 

1A), the multilayer films possess considerably small ∆D/∆f ratios (≤ 1 %), indicating a 

compact and rigid structure with low water content. Increasing the oxidation degree of 

ADA, in general, does not affect the growth characteristics as rather similar f and D 

shifts are obtained within the experimental error. Regarding LbL assembly at pH 6 

(Figure 1B), the multilayer films are characterized by slightly larger ∆D/∆f ratios (~ 2-

5 %) that can suggest a somewhat softer and more swollen film structure. Increasing the 

oxidation degree again has an insignificant effect on the amount of adsorbed polymer 

and growth kinetics. At pH 3, CHI and ADA are expected to be strongly- (pKa ~ 6-7) 

and partially charged (pKa ~ 3-4), respectively. On the other hand, at pH 6, CHI and 

ADA are expected to be partially- and strongly charged. Hence, the multilayer films 

fabricated at pH 6, in general, should comprise a relatively larger amount of CHI 

(compared to pH 3), so the charge neutrality condition is fulfilled. It has been suggested 
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that the adsorbed CHI at neutral pH values has a more coil-like conformation that can 

produce a less compact interior.29  

    Next, we discuss how the fabricated films respond to pH changes in terms of charge 

imbalance and structural variations. To do so, three consecutive pH cycles are performed 

between pH 2 and 6, as well as between pH 6 and 9. Regarding the films fabricated at pH 3, 

increasing the pH to around 6 makes ADA more charged, whereas CHI becomes partially 

charged, which can create a slight charge imbalance within the film. Further increasing the pH 

to 9 should produce a more pronounced effect as CHI should be uncharged while ADA is 

completely deprotonated. Therefore, the multilayer film becomes negatively-charged 

promoting the adsorption of counterions (Na+), which creates osmotic pressure and swelling. 

When the film is not crosslinked, this significant charge imbalance could give rise to excessive 

swelling, irreversible structural changes, and even dissolution of the film. Introducing chemical 

crosslinks between aldehyde and amine groups prevents immoderate swelling, i.e., the layer 

swells until a balance between the osmotic effect and the entropy of stretching of chains 

between the crosslink points is reached. A similar scenario applies to the multilayer films 

fabricated at pH 6, but with a slight difference. While increasing the pH to 9 should enhance 

the negative charge in the film, the produced charge imbalance herein (fabricated at pH 6, pH 

shift: 6 → 9) is expected to be relatively smaller (in comparison to: fabricated at pH 3, pH shift: 

3 → 9). This is because the charge neutrality condition is closer to pH 9 and also because a 

smaller amount of ADA exists in the film. On the other hand, changing the pH to acidic 

condition, makes CHI strongly charged, and ADA partially charged. Therefore, the multilayer 

film should become positively-charged leading to adsorption of counterions (Cl−) and osmotic 

swelling. In a similar fashion, the non-crosslinked films are expected to undergo irreversible 

structural changes, whereas crosslinked films render controlled swelling/shrinkage. 

Figure 2 illustrates QCM-D data for the non-crosslinked (CHI/ADA-0%) films. 

Regarding the film fabricated at pH 3 (Figure 2A), increasing the pH to 6 leads to small 

negative and positive shifts in f and D, respectively. Decreasing the pH to 2 has an 

inverse effect on f and D with minor hysteresis. Accordingly, the film partly swells when 

pH is raised to 6 and then collapses when pH is changed to 2; nevertheless, these 

structural changes are minor considering the insignificant f and D shifts. In contrast, 

consecutive pH cycles between 6 and 9 demonstrate substantial and irreversible changes 

in the film structure. Accordingly, large irreversible shifts in f and D, significant and 

somehow irregular overtone-dependence, as well as considerable hysteresis is found. 
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This observation might suggest partial disintegration of the film and the formation of 

large aggregates on the surface. Accordingly, the non-crosslinked film fabricated at pH 

3 is stable when increasing pH to 6 (modest charge imbalance) but increasing the pH to 

9 (drastic charge imbalance) leads to substantial structural changes.  

 

Figure 2 QCM-D data of consecutive pH cycles on the non-crosslinked multilayer films (CHI/ADA-

0%) prepared in citric buffer at pH 3 (A) and in PBS buffer at pH 6 (B). 

Regarding the film fabricated at pH 6 (Figure 2B), pH cycles between 6 and 2 

demonstrate reversible structural changes. Accordingly, decreasing the pH to 2 results 

in a decrement in f and increment in D, confirming a partially positively-charged state 

and film swelling. Increasing the pH back to 6 leads to collapse of the films as a charge-

neutral condition is reached. pH cycles between 6 and 9 demonstrate similar trend but 

in a more pronounced manner. Accordingly, increasing the pH to 9 leads to relatively 

larger shifts in f and D, which implies a marked charge imbalance condition and more 

substantial swelling. This leads to some irreversible structural changes in the film as a 

large hysteresis is found in the f and D shifts following each cycle. Therefore, the non-

crosslinked film seems stable when pH is changed between 2 and 6, whereas increasing 

the pH to 9 results in structural changes with notable hysteresis. Next, we check how 

crosslinking can affect the pH-induced structural changes in the films.  
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Figure 3 QCM-D data of consecutive pH cycles on the crosslinked multilayer films prepared 

in citric buffer at pH 3 (A) and in PBS buffer at pH 6 (B). In each case, three different oxidation 

degrees of ADA, i.e., ADA-5%, ADA-20%, and ADA-75% are examined. 

Figure 3 provides the QCM-D data for the pH cycles performed on the crosslinked films. 

When fabricated at pH 3 (Figure 3A), the films undergo insignificant structural changes when 

pH is changed between 2 and 6, whereas increasing the pH from 6 to 9 has a substantial effect 

in terms of f and D shifts. Increasing the oxidation degree of ADA leads to smaller f and D 

shifts, meantime the shifts become more reversible. Accordingly, CHI/ADA-5% demonstrates 

relatively large f and D shifts with significant hysteresis after the cycles. This is, however, not 

the case for CHI/ADA-20% and CHI/ADA-75% films where f and D shifts are relatively 
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smaller, and the hysteresis becomes almost negligible. Accordingly, while all the films are 

responsive to alkaline pH, the amount of swelling is controllable by the oxidation degree of 

ADA.   

Regarding the films fabricated at pH 6 (Figure 3B), we observe structural variations 

when pH is changed to both acidic and alkaline conditions, while the latter effect is more 

distinguished. Increasing the oxidation degree of ADA has a similar effect in terms of 

diminishing the f and D shifts and allowing for more reversible changes. Accordingly, 

CHI/ADA-5% multilayer renders reversible shifts when pH is changed between 6 and 

2, but the pH cycle between 6 and 9 displays a minor degree of hysteresis. CHI/ADA-

20% demonstrates smaller f and D shifts with minor hysteresis, while CHI/ADA-75% 

exhibits even smaller shifts with almost no hysteresis. Therefore, all the films are 

responsive to both acidic and alkaline conditions, while increasing the oxidation degree 

effectively modulates the swelling and hysteresis. To further examine the pH-

responsiveness and swelling of the films, we performed in-situ ellipsometry 

measurements.  

 

Figure 4 Variations in the ellipsometry thickness as a function of pH of the multilayer films prepared 

in citric buffer at pH 3 (A) and in PBS buffer at pH 6 (B). In each case, the initial thickness (estimated 

thickness at the pH where the layer is fabricated) is subtracted from the data. 

    Figure 4 illustrates the variations in the estimated thickness of the multilayer films as a 

function of pH. A two-component optical model (Bruggeman effective medium 

approximation) comprising dry polymer (Cauchy parameters: A = 1.6, B = 0.005) and pure 

water is used herein. It is noteworthy that these two surface analysis methods are sensitive to 

different properties of the film. A thin polymeric film generally comprises a polymer-rich zone 

close to the substrate with dilute tails on top. QCM-D is more sensitive to the periphery of the 
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film with the dangling tails, whereas ellipsometry is more sensitive to the variations in the 

dense region. 

    Regarding the films built at pH 3 (Figure 4A), we see minor variations in the thickness 

when pH is switched between 2 and 6, meaning that the bulk-like part of the film does 

not swell significantly, even when the film is not crosslinked. On the other hand, the 

film thickness undergoes substantial changes when the pH is varied between 6 and 9. 

For non-crosslinked film, the estimated thickness (upon first pH change from 6 to 9) 

increases to irrational value of around 400 nm and a water content very close to 100 v/v 

%. We suggest this is an uncertainty in the modeling procedure; hence, the multilayer 

film is considered to be disintegrated (the thickness values are not plotted after this 

point). Increasing the oxidation degree of ADA effectively reduces the swelling. 

Accordingly, the increment in the thickness of multilayers with 5, 25, and 75% oxidation 

degrees is around 120, 55, and 40 nm, respectively. Therefore, increasing the oxidation 

degree could enhance the crosslinking density and moderate the swelling.   

Regarding the films prepared at pH 6 (Figure 4B), the non-crosslinked film 

demonstrates an increment in thickness of around 15 nm when the pH is switched 

between 6 and 2. The crosslinked multilayers, however, do not show a significant 

change in thickness. Accordingly, the observed shifts in QCM-D data might be 

attributed to the structural variations in the periphery of the film rather than the interior. 

On the other hand, pH cycles between 6 and 9 affirm film swelling but in a moderate 

way (compared to the films built at pH 3). The non-crosslinked film undergoes 

substantial swelling with considerably large degree of hysteresis, which again suggests 

irreversible changes in the multilayer structure. Increasing the oxidation degree of ADA 

reduces the swelling capacity as well as the structural hysteresis. Accordingly, the 

increase in the thickness of the multilayers with 5, 25, and 75% oxidation degrees are 

approximately 30, 20, and 10 nm, respectively.   

Conclusions 

    We have demonstrated that pH-responsiveness and swelling of CHI/ADA multilayer 

films could be effectively tuned. The pH at which the multilayer is fabricated 

significantly affects the pH-responsiveness. For a film that is built at pH 3, increasing 

pH to 6 has no significant effect, whereas further increasing the pH to 9 leads to 

considerable swelling. For a film that is built at pH 6, the film is sensitive to both acidic 
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and alkaline conditions, while the latter is more pronounced. When the films are not 

crosslinked, increasing the pH to 9, in general, produces uncontrolled and irreversible 

structural changes. The films seem to be stable at neutral and acidic conditions. 

Increasing the oxidation degree of ADA was confirmed to affect the crosslinking 

density, which could reduce the swelling and variations in thickness. Hence, besides the 

previously reported assets of ADA, one can also modulate the stability and swelling 

capacity by merely changing the oxidation degree of ADA. 
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