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Membranes auto-supportées et nanocomposites à base de films multicouches de 
polyélectrolytes  
 
Résumé 
La technique d’auto-assemblage couche par couche de polyélectrolytes, permettant de 
construire des films appelés « multicouches », s’est grandement développée au cours des deux 
dernières décennies. Cette technique permet non seulement de modifier des surfaces de 
matériaux mais également d’élaborer des membranes auto-supportées. Dans cette thèse, j’ai 
étudié la croissance de deux systèmes multicouches assemblés dans des conditions extrêmes 
de pH pour accélérer leur croissance. Les films à base de poly(ethylene imine) et d’acide 
poly(acrylique) ont été utilisés pour réaliser, d’une part, des membranes possédant une 
capacité à répondre à l’humidité, et d’autre part, des membranes asymétriques présentant des 
propriétés anti-bactériennes. Les films à base de poly(L-lysine) et de hyaluronane ont été 
réalisé par croissance amplifiée par le pH, et l’effet du poids moléculaire du HA sur la 
croissance et les propriétés interne des films a été étudié. Ces films ont servi de réservoir pour 
le piégeage de précurseurs métalliques, qui ont ensuite été réduit in situ par irradiation UV, 
afin de former des nanoparticules. Ainsi, des films nanocomposites contenant des particules 
d’argent et des particules d’or ont été synthétisés. 
 
Mots Clefs: assemblage couche par couche, membrane, nanocomposite, pH, réduction in situ.  
 
Free-standing films and nanocomposites based on pH-amplified polyelectrolyte 
multilayer films 
 
Abstract 
Layer-by-layer assembly has witnessed great development during the last two decades and 
has expanded its application from surface modification to membrane construction. In this 
thesis, I studied the buildup of layer-by-layer films assembled at extreme pH (i.e. 
pH-amplified). I first focused on the fabrication of free-standing film made of poly(ethylene 
imine) and poly(acrylic acid). An application was to use these films as humidity sensors and a 
second one was to load silver ions in the films to create anti-bacterial membranes. Then, I 
worked on poly(L-lysine)/hyaluronan films and I investigated the effect of HA molecular 
weight on film growth and internal properties. Finally, nanocomposites were made via in situ 
synthesis of metal NPs in (PLL/HA) films: silver NP loaded (PLL/HA) free-standing films 
were constructed and their mechanical properties were tested; well dispersed gold NPs with 
sizes ranging from ~2 nm to ~9 nm were synthesized in (PLL/HA) films. 
 
Key words: layer-by-layer assembly, free-standing film, nanocomposite, pH, in situ reduction 
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Chapter 1 Introductions 

1.1  Layer-by-layer self-assembly 

Living bodies are the products of millions of years of evolution and their biological functions 

are realized through the weak interactions between a large number of macromolecules, such 

as proteins, nucleic acids, lipids…The realization of biological functions is largely dependent 

on the spontaneously formed complex and ordered structures (Zhang et al. 1999; Shen et al. 

2000). Single molecules are not able to demonstrate such function and bioactivity. 

Supramolecular self-assembly has been developed based on the principles of nature, that 

employs advantageously molecular self-assembly and self-organization. It refers to the 

building blocks that spontaneously form ordered structures in the absence of human 

intervention. It is based on the large possibility of weak interactions between molecules, 

including electrostatic interactions, van der Waals forces, hydrogen bonds, hydrophobic 

interactions, coordination bonds… (Lehn et al. 1995) 

Based on molecular self-assembly and self-organization, several techniques have been 

developed to design thin films at the molecular level, including Langmuir blodgett (LB) 

(Blodgett et al. 1937) and Self-assembled monolayers (SAM) (Bigelow et al. 1946). A LB 

film can be defined as one or more monolayers of molecules deposited from a liquid surface 

onto a solid substrate by dipping the substrate through a floating monolayer at a constant 

molecular density, and a SAM is an organized layer of amphiphilic molecules in which one 

end of the molecule, the “head group”, shows a specific, reversible affinity for a substrate. 

Both of the techniques showe great advantage in precisely controlling film structure and 

thickness, but their limitations are obvious. The most problematic are probably the poor 

stability and high cost of LB films, and the need for the presence of thiols on the molecules 

and only for noble metals and silane substrates in order to deposit SAMs. Therefore, much 

easier and more versatile deposit methods are needed. 

Firstly discovered by Iler in 1966 (Iler 1966) and then further developed by Decher, 

Moehwald and Lvov in early 90s’ (Decher et al. 1991; Lvov et al. 1993; Decher 1997), the 

layer-by-layer (LbL) self-assembly technique aims to assemble multiple layers of 

polyelectrolytes at a solid/liquid interface in a very simple manner. The principle is mostly 

based on ionic interactions. As shown in Figure 1.1, the substrate with positive surface 
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charges was placed in a polyanion solution to deposit a layer of polyanion on the surface and 

render the surface negatively charged (1). Then, the substrate was rinsed in water to remove 

the loosely bond polyanion (2). After that, the substrate was immersed into a polycation 

solution to form a new layer of polycation (3) followed by a second rinse (4). Multilayered 

film was achieved by repeating the above four steps. Within the past two decades, the 

technique has expanded and there are now experimental proofs that the driving force for 

layer-by-layer self-assembly can be of various type, including electrostatic interaction (where 

the entropy gain due to the release of counterions was proved to be the main reason (Bucur et 

al. 2006; Klitzing 2006)), hydrogen bonding (Stockton et al. 1997; Sukhishvili et al. 2002), 

molecular recognitions (Muller et al. 1993), covalent bonding (Chen et al. 1999; Gill et al. 

2010), coordinate bonding (Yang et al. 1993), and host-guest interactions (Crespo-Biel et al. 

2005). The technique can be used to prepare thin coatings in the nanometer to hundreds of 

nanometer range and event extent to form micrometer (or even more) thick coatings. It 

presents very interesting advantages: (i) it is easy to perform and needs only mild conditions; 

(ii) films can be formed on any kind of substrates independent of their shape and size (Crisp 

et al. 2003); (iii) it can incorporate a large range of charged as well as uncharged polymers, or 

other small molecules as building blocks; and (iv) the physico-chemical properties of the 

formed film can be precisely controlled. All these advantages render this technique very 

interesting and popular in various fields of applications, including optics (Shimomura et al. 

2010), energy (Lutkenhaus et al. 2007), biosensors (Tang et al. 2006; Iost et al. 2011; Lakard 

et al. 2011), surface modification of biomaterials (Leguen et al. 2007; Boudou et al. 2010), 

controlled drug release (Schneider et al. 2009; Sun et al. 2009; Delcea et al. 2011), separation 

(Bolto et al. 2011), tissue engineering (Mjahed et al. 2008; Grossin et al. 2009) and so on. 

 
Figure 1.1 Scheme of the assembly of a layer-by-layer film onto a positively charged substrate. 
(Reproduced from (Decher 1997)).  
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1.1.1 Linear versus exponential growth mode  

The entropy gain due to the release of the counterions was shown to play an important role in 

the film buildup for electrostatic layer-by-layer assemblies (Bucur et al. 2006; Klitzing 2006). 

It provides the driving force for the next layer deposition, and ensures the self-assembly can 

go on and on. Usually, charge overcompensation on the multilayer film surface occurred 

during polyelectrolyte deposit steps. Zeta potential measurements have shown that the charge 

is reversed after the deposition of each successive layer (Decher et al. 1994; Caruso et al. 

1999). 

For a large number of polyelectrolyte pairs, the amount of polyelectrolyte adsorbed onto the 

surface is the same for each step. That is to say, the mass or thickness of the film grows 

linearly as a function of the number of deposited layers (Figure 1.2). This is the so-called 

“linear growth mode” of the films. Many polyelectrolyte systems based on the strong 

polyelectrolytes and most of the weak polyelectrolytes follow the linear growth mode. The 

most common examples are (Poly(styrene sulfonate)/Poly(allylamine hydrochloride), 

PSS/PAH) (Decher et al. 1991; Caruso et al. 1997) and (Poly(acrylic acid)/PAH, PAA/PAH) 

(Yoo et al. 1998) systems (Figure 1.2). The thickness of a single layer pair can range from 

several angstrom to several nanometers (Decher et al. 2003). Although linearly growing films 

with thickness increments of 50-200 nm per layer have also been observed due to brush-like 

polymer conformations(Zhang et al. 2003), this kind of phenomenon is quite rare. 

 

 
Figure 1.2 (A) Quartz crystal microbalance (QCM) data for (PSS/PAH)i film growth (Reproduced 
from (Caruso et al. 1997)) (i being the number of layer pairs) and (B) thickness of (PAH/PAA)i film 
measured by ellipsometry for films built at different pH (Reproduced from (Yoo et al. 1998)). These 
films follow a linear growth mode. 
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Few years later, another kind of layer-by-layer growth mode was evidenced, where the film 

mass and thickness grow exponentially with the number of deposited layers. This growth 

mode was first evidenced for films made of polysaccharides and polypeptides by Hubbell and 

co-workers, who studies (Poly(L-lysine)/Alginate, PLL/ALG) films (Elbert et al. 1999). 

Voegel and co-workers observed a similar behavior for (PLL/Hyaluronan, PLL/HA) films 

(Picart et al. 2001). Figure 1.3 shows the growth of these two polyelectrolyte multilayer films 

followed either by ellipsometry or by quartz crystal microbalance with dissipation monitoring 

(QCM-D). 

 

 
Figure 1.3 (A) Dry thickness of (PLL/ALG) films measured by ellipsometry as a function of the 
number of layer pairs (Reproduced from (Elbert et al. 1999)); (B) QCM data for (PLL/HA) film 
growth (Reproduced from (Picart et al. 2001)). These films follow an exponential growth mode. 

 

Two main mechanisms have been proposed to explain this unusual exponential growth, which 

had indeed been also observed for (PSS/PAH) films (Ruths et al. 2000) and for (PSS/PDDA) 

films (McAloney et al. 2001) when the salt concentration in the deposit solutions was 

increased. The first mechanism of exponential growth is related to the roughness of the film, 

which increased when the number of deposited layers increased. With this increased 

roughness, the effective surface area for subsequent polyelectrolyte adsoption was higher. 

Thus, the adsorbed mass would also increase and finally lead to a super-linear growth. This 

explanation is plausible in some cases, where surface roughness was effectively shown to be 

increased. However, it could not be valid for most polypeptides and polysaccharides films, as 

their surface roughness tended, instead, to decrease when the number of layer pairs was 

increased (Picart et al. 2001). For (PLL/HA) films, it increased only in the first 8 layer pairs. 

In fact, these films grow by the progressive coalescence of droplets of polyelectrolytes 

deposited on the surface. 
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Another mechanism had thus to be proposed. The diffusion of the polypeptide PLL was 

anticipated from optical waveguide spectroscopy measurements (OWLS) (Picart et al. 2001) 

and was visualized by confocal laser scanning microscopy (CLSM) using a fluorescently 

labeled PLL (Picart et al. 2002; Lavalle et al. 2004) (Figure 1.4). In (PLL/HA) films, when 

the 19th PLL layer was replaced with PLLFITC (Fluorescein isothiocyanate, green label) and 

19th HA layer was replaced by HATR (Texas red, red label), the green color distributed 

throughout the whole film thickness while the red color was restricted in the place where 

HATR was deposited. These results clearly demonstrated that PLL chains can diffuse “in” and 

“out” of the film but HA chains did not in this condition. 

In fact, various types of molecules, such as PLL and Poly(L-glutamic acid) (PGA) as 

polypeptides (Picart et al. 2002; Lavalle et al. 2004), chitosan (CHI) as polysaccharide 

(Richert et al. 2004) and some synthetic polyelectrolytes such as poly(ethylene imine) (PEI) 

(Zacharia et al. 2007) can diffuse “in” and “out” of the film. In this case, these 

polyelectrolytes can diffuse in the film during the deposition step and can partially diffuse out 

of it during the deposition step of the next layer, by interaction with the incoming 

polyelectrolyte. 

 

 
Figure 1.4 Vertical sections through different film architectures containing labeled polyelectrolytes 
(HATR, red; PLLFITC, green) obtained from CLSM observations. The borosilicate substrate (bottom of 
the chamber) is indicated with a white line. (A) (PLL/HA)19-PLL multilayer containing two labeled 
layers, PLL19

FITC and HA19-TR. The image size is 26.2 µm × 8.4 µm. Green fluorescence 
(corresponding to PLLFITC) is visible over a total thickness of around 4 µm (white arrow). (B) 
(PLL/HA)25 multilayer containing two labeled layers, PLL19

FITC and HA19
TR. The image size is 36.6 

µm × 14.4 µm. Green fluorescence is visible over a total thickness of around 8.0 µm (white arrow). 
(Reproduced from (Picart et al. 2002)) 
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Figure 1.5 Proposed scheme for the buildup mechanism of a (PLL/HA) film. (A) At the end of a HA 
deposition step, the top of the film has a negative electrostatic potential. (B) PLL interaction with the 
surface renders it positive; PLL chains can cross the energy barrier and diffuse into the film. As they 
diffuse into the film, the chemical potential of free PLL chains increases and (C) diffusion stops when 
the chemical potential of the free PLL chains in the film is equal to that of the PLL chains in the 
solution. (D) During the rinsing phase with pure buffer, the free PLL chains can cross the electrostatic 
energy barrier in the reverse direction and diffuse out of the film. During this process, the chemical 
potential of these chains decreases as well. (E) When this film is further brought in contact with a HA 
solution, HA chains interact with the outer PLL layer to form PLL/HA complexes, which form the new 
outer layer of the film. The positive electrostatic barrier totally disappears. The remaining free PLL 
chains can thus diffuse out of the film. (F) The diffusion process stops when all the free PLL chains 
inside of the film have diffused out of it. (Reproduced from (Richert et al. 2004)) 

 

The proposed mechanism of diffusion is recapitulated in Figure 1.5 (Richert et al. 2004). For 

a HA-ending films (Figure 1.5A), the surface charge is negative and the electrostatic potential 

is also negative. When the film is put in contact with PLL solution, PLL molecules firstly 

interact with the HA on surface (Figure 1.5B) and turn the surface electrostatic potential to be 

positive. Then, the PLL molecules diffuse into the “bulk” of the film until the equilibrium of 

the chemical potential is reached (Figure 1.5C). The diffusion of PLL is concentration 

dependent and some PLL molecules that have diffused into the film remain as “free” PLL 

chains. After the rinsing step (Figure 1.5D), the loosely-bound PLL are removed and part of 

the “free” PLL diffuse out. When the film is immersed in the HA solution, free PLL 

molecules complex with the incoming HA molecules. The surface electrostatic potential 

becomes negative (Figure 1.5E). On the next deposit cycle, as the film is thicker, more PLL 

molecules can diffuse in the film and more HA can subsequently be deposited. Polyelectrolyte 
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diffusivity and the capacity of the film to act as reservoir are two key parameters for 

exponentially growing films. 

 

1.1.2 Quantification of diffusion and effect of physico-chemical 

parameters 

 

Recently, the exponential growth mechanism has seen significant developments. 

Quantification of the translational diffusion coefficients has been obtained based on 

fluorescence recovery after photo-bleaching (FRAP) (Picart et al. 2005; Nazaran et al. 2007; 

Crouzier et al. 2009) or after pattern photo-bleaching (FRAPP) measurements (Jourdainne et 

al. 2008). In FRAP measurements, CLSM was used to photo-bleach a circular area of several 

tens of µm on the film and to record the evolution of the fluorescence profile along a diameter 

of the bleached zone during a certain time. By assuming that the fluorescent molecules exhibit 

a Brownian motion, the molecular diffusion coefficient can be calculated. The FRAPP 

technique allows to detect more precisely different diffusion coefficients in case one 

population of the polyelectrolyte diffuses at a high speed and another population at a lower 

speed in the same film (Jourdainne et al. 2008). 

 

 

 
Figure 1.6 CLSM observations of vertical sections of PEI-(HA400/PLL360)80-HA400/PLL360

FITC- 
HA400/PLL55

Rho observed 1 hr after the deposition of PLL55
Rho  with polyelectrolyte solution 

concentrations of 3×10-3 M in monomer units (image size 76.8 µm × 27.9 µm). The white bar 
indicates the position of the glass slide. The fluorescent intensity profiles for both PLL360 FITC and 
PLL55

Rho are given on the right. (Reproduced from (Porcel et al. 2007)) 
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The diffusion coefficient is low for a system that is in a linear growing manner, such as 

(PSS/PAH), at less than 5×10-4 µm2/s (Nazaran et al. 2007). In contrast, the mean diffusion 

coefficient of PLL in (PLL/HA) films (0.15 M NaCl, neutral pH) that grow exponentially is 

about three orders of magnitude larger (around 0.2 µm2/s) (Picart et al. 2005). Besides the 

type of polyelectrolyte, molecular structure and conformation of the polyelectrolyte, i.e. linear, 

branched or star have an impact on diffusion (Zacharia et al. 2007; Choi et al. 2011). Also, 

molecular weight seems to be another important parameter for controlling chain diffusivity 

(Porcel et al. 2007; Sun et al. 2007; Zacharia et al. 2007). For instance, Porcel et al. (Porcel et 

al. 2007) found that the PLL chains with molecular weight of 55 000 Da or smaller could 

diffuse throughout the whole film thickness (more than 20 µm) in a few minutes, while PLL 

chains of high molecular weight (360 000 Da) were only found in the top 4 µm of the film 

even after 1 hr of deposition (Figure 1.6). 

 

The diffusivity of the molecules that is capable to diffuse can further be tuned by the 

environmental conditions, such as pH of the solution, temperature of the experiment and 

applied voltage. Below are given three examples for each parameter. 

 

pH. Related to the diffusion of a film component is the exchange of polyelectrolytes within 

the film, when the film is in contact with a solution of a third type of polyelectrolyte. 

Exchange can be followed by using Fourier transform infrared spectroscopy (FTIR) to trace 

the specific chemical signature of each polyelectrolyte (Hübsch et al. 2005). Zacharia and 

co-workers (Zacharia et al. 2007) investigated the interdiffusion and exchange of a series of 

polyamines with pre-assembled multilayer films. They found that the polyamines at much 

lower pH (i.e. fully charged or with high ionization degree) in dilute aqueous solutions was 

unable to diffuse through the multilayer film, whereas increasing the solution pH (i.e. 

decreasing the ionization of the polyamines) increased the mobility of the polycations, as 

illustrated in Figure 1.7. 
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Figure 1.7 Degree of ionization of various polyamines as a function of the solution pH. The 
conditions of pH where exchange of the polyamine with PXV (in the (PXV/PAA)25 multilayer) 
occurred, are marked by an x. For each polycation, there seems to be a degree of ionization above 
which exchange cannot take place. In the case of PAMAM, the dendrimer, this critical degree of 
ionization is lower, probably due to PAMAM’s geometry and high charge density, which makes it 
more likely to adsorb to a charged surface. (Reproduced from (Zacharia et al. 2007)) 

 

Temperature. As molecular diffusion is energy dependent, increasing temperature can 

enhance the molecular mobility. Salomaki et al. (Salomaki et al. 2005) demonstrated that 

(PSS/Poly(diallyldimethylammonium chloride), PSS/PDDA) and (PSS/PAH) films, which 

grew linearly under room temperature, showed an exponential growth behavior when the 

temperature was increased (Figure 1.8). 

 

 

 
Figure 1.8 (A) (PSS/PDDA) multilayers deposited in 0.1 M NaBr at different temperatures. (B) 
(PSS/PAH) multilayers deposited in 1 M NaCl at 55 ℃and 80 ℃. (Reproduced from (Salomaki et al. 
2005)) 
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Applied voltage. The polyelectrolyte mobility in solution as well as in the films can also be 

tuned by applying a voltage. Ngankam and Tassel (Ngankam et al. 2005) investigated in situ 

the kinetics of the formation of LbL films under an applied voltage by using OWLS. They 

found that the PLL deposit amount in (PLL/Dextran sulfate, PLL/DXS) film increased when 

the applied voltage increased from 0 to 2 V (Figure 1.9). 

 

 
Figure 1.9 (A) Adsorbed mass of polyelectroytes during the buildup of a (PLL/DXS) film, as a 
function of the adsorption step : at open circuit potential and under voltage. Mass was determined by 
OWLS. Error bars represent the standard deviation of two measurements. (B) Logarithmic plot of 
(PLL/DXS) film mass versus adsorption step number (the lines represent best linear fits to data before 
and after the 5th step). (Reproduced from (Ngankam et al. 2005)) 
 

1.1.3 pH effect on layer-by-layer film growth and film morphology 

Layer-by-layer assembly can be easily adjusted by changing the deposit conditions or 

performing a post treatment. Several parameters can have a considerable effect on 

layer-by-layer film growth as well as on the film structure formed. Two major parameters 

have been already largely varied and studied by different groups: ionic strength (McAloney et 

al. 2001; Ren et al. 2005) and pH (Yoo et al. 1998; Mendelsohn et al. 2000). Controlling pH is 

a powerful tool especially in the case of weak polyelectrolytes and of hydrogen bonded films 

(Sukhishvili et al. 2002). 

For weak polyelectrolytes, the ionization degree as well as molecular conformation is largely 

dependent on the solution pH. PAA was among the first examples whose ionization degree 

under different pH was thoroughly studied. Choi and Rubner (Choi et al. 2005) calculated the 

ionization degree of PAA in solution under different pH by casting PAA films from solutions 

of PAA at different pH. FTIR spectroscopy was used for this purpose since COOH and COO- 

groups have very different signature in FTIR spectrum and their peaks can be quantified. 

As shown in Figure 1.10A, the pKa of PAA in solution was ∼6.5 from FTIR study (Choi et al. 
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2005), this value being in very good accordance with the results obtained by other groups 

from titration measurements (Philippova et al. 1997; Bromberg 1998; Petrov et al. 2003). It 

was also noticed that the pKa of weak polyelectrolytes may change once they were assembled 

into multilayer films, due to interaction with polyelectrolytes of opposite charge (Fery et al. 

2001; Park et al. 2001; Mendelsohn et al. 2003; Choi et al. 2005). For instance, it was found 

that the ionization degree of PAA in the layer-by-layer films increased compared to the 

ionization degree of PAA in solution (Figure 1.10B).  

 

 
Figure 1.10 (A) Estimated degree of ionization of PAA in solution as a function of pH. Data from 
other studies are also plotted for comparison. Broken line indicates the pH at which 50% of the PAA 
units are charged (pH = 6.5). (B) Estimated degree of ionization of PAA within multilayers of 
(PAA/PAH), (PAA/PDAC), and (PAA/PVTAC) as a function of assembly pH. The degree of ionization 
of PAA in solution is also plotted for comparison. (Reproduced from (Choi et al. 2005)) 

 

pH effect on layer-by-layer film growth. Thus, the pH of the polyelectrolyte solution can have 

a significant effect on layer-by-layer film growth when weak polyelectrolytes are involved. 

This was first noticed and extensively studied in (PAA/PAH) films by Rubner and co-workers. 

Although the films still grow linearly at different pH condition (Yoo et al. 1998), their results 

evidenced that a small pH change in deposit solution can lead to a significant difference in the 

thickness of one layer pair (Shiratori et al. 2000). As shown in Figure 1.11, the thickness of a 

“bilayer” increased from less than 20 angstrom to 120 angstrom when the pH of PAH solution 

changed from 7.5 to 8.5. Over a pH range of 2.5 to 9, the pH of PAA solution seemed to have 

a predominant effect on film growth. Much larger layer pair thicknesses were obtained when 

the pH of PAA was lower than 5. At high pH, significant differences only appeared when the 

pH of PAH was equal or higher than 8.5. There was one exception when both PAA and PAH 
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were at very high pH of 9, which leaded to a very large thickness increment. This result can 

be explained by the effect of pH on charge density and molecular conformation of 

polyelectrolyte in solution (Shiratori et al. 2000; Park et al. 2002). At pH lower than 5, the 

PAA (pKa = 6.5) molecules were in coiled state with low charge density. Thus, compared to 

higher pH where PAA molecules were highly or fully charged, more PAA molecules were 

needed to compensate and reverse the surface charge of the film. Conversely, for PAH 

molecules (pKa = 9) only changed their conformational state at pH close to or higher than 9. 

Thus, tuning the pH toward the pKa values of the polyelectrolytes was found to lead to 

significant changes in the thickness of one layer pair. 

 

 
Figure 1.11 Complete pH matrix showing the average incremental thickness contributed by a 
(PAH/PAA) layer pair as a function of dipping solution pH. (Reproduced from (Shiratori et al. 2000)) 

 

The modulation of layer-by-layer assembly by changing the assembly pH of the 

polyelectrolytes was also observed for exponentially growing films. The initial conditions for 

building exponentially growing films corresponded to the same pH used for both polyanion 

and polycation. The pH effect on a typical exponentially growing film (PGA/PLL), in which 

both polyelectrolytes can diffuse, was studied by Richert and co-workers (Richert et al. 2004). 

As shown in Figure 1.12, either increasing the deposit pH from 7.4 to 10.4 or decreasing the 

pH from 7.4 to 4.4 resulted in a considerable acceleration of film growth and the acceleration 

could be further amplified as the deposit cycles went on due to the exponential growth nature. 
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Figure 1.12 (A) Thickness dA (nm) of PEI-(PGA/PLL)i films built at pH = 4.4 (△), 7.4 (□) and 10.4 
(○) as a function of the number of layer pairs i in the film, as measured by the OWLS technique. (B) 
Frequency shift measured for the same films by QCM-D as a function of i. For clarity, only the signal 
obtained at 15 MHz is represented. (Reproduced from (Richert et al. 2004)) 

 

For (Linear poly(ethylene imine)/PAA, LPEI/PAA) films, different phenomena were found. In 

the pH rang of 3.0 to 5.0 the film growth rate decreased when the deposit pH decreased (Yoo 

et al. 2008). As illustrated in Figure 1.13, the film grew linearly at pH 3.0 and showed very 

limited exponentially growth at pH 3.5. Above pH 4.0, the exponential growth was 

predominant and became even more pronounced when the pH increased. This is because 

LPEI was not able to diffuse under low pH (< 3.5) and its diffusivity increased when the 

solution pH increased (with a much lower charge density). Here, the importance of molecular 

diffusivity in exponentially growing film was again evidenced. 
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Figure 1.13 Ellipsometric observations of the film thickness growth with increasing the number of 
deposition in (LPEI/PAA) multilayers at different pH condition ranging from 3.0 to 5.0. Films are 
linearly growing below pH 3.5. Through the transition period at pH 4.0, films are exponentially 
growing above pH 4.5. Solid lines are linear fit lines or exponentially fit curves depending on growth 
characteristics. Error bars indicate standard deviations. (Reproduced from (Yoo et al. 2008)) 

 

When a pH shift was introduced into the exponentially growing system, for example 

(PEI/PAA), a significant different film growth behavior was observed (Fu et al. 2009). To 

clarify, the notation of (PAx/PBy)i means the multilayer film was built from polymer-A under 

pH x and polymer-B under pH of y, and the film is composed of i layer pairs. 

As demonstrated in Figure 1.14, film growth was largely amplified when the pH of PAA was 

decreased and that of PEI was increased. A film thickness of 3.25 µm for a (PEI/PAA) film 

made of 7 layer pairs was found. A thickness of 1.5 µm was obtained for the 7th layer pair, in 

the case where the pH of PAA was 2.85 and that of PEI was 9.0. The fast film buildup can be 

attributed to the amplified diffusion “in” and “out” of PEI chains throughout the whole film. 

CLSM evidenced that even in very low pH of 2.85, the PEI chains was still able to diffuse in 

the film (Figure 1.15). The extraordinary diffusivity of PEI chains in pH-amplified (PEI/PAA) 

system may come from two reasons: (i) the strong ionic attraction and repulsion in the film 

upon pH change and (ii) the loose bulk structure obtained in such fast buildup film. 

The pH-amplified film growth was also found in typical and well studied exponentially 

growing (PLL/HA) system (Wang et al. 2009). The film growth was incredibly amplified by 

increasing the PLL deposit pH to 9.5 and lowering the HA deposit pH to 2.9. Of note, when 

the pH of PLL was even higher than 9.5, unstable film growth can happen. 
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Figure 1.14 (a) QCM frequency shifts of multilayer films assembled at different pH: (PAA7.2/PEI7.2) 
(■), (PAA5.0/PEI8.0) (▲), and (PAA2.85/PEI9.0) (●). (b) Thickness of the multilayer films prepared 
at pH pair of (PAA2.85/PEI9.0) as determined by SEM of the film cross sections. (Reproduced from 
(Fu et al. 2009)) 
 
 

 
Figure 1.15 Vertical sections through different (PEI9.0/PAA2.85) multilayer films containing PEIFITC 
obtained from CLSM. For all of the multilayer films, PEIFITC was assembled in 16th layer. PEI* means 
PEI labeled by FITC. The glass substrate is indicated by the red line. (Reproduced from (Fu et al. 
2009)) 
 

pH effect on film surface morphology. Morphology and wettability are fundamental 

properties for solid surfaces as they can have a great impact on the adsorption of protein, 

adhesion of cells and microorganisms as well as other contaminants. Functional surfaces with 

special wettability have aroused numerous interests because of their great advantages in 

various applications (Feng et al. 2002; Hajicharalambous et al. 2009; Detry et al. 2010; 

Bhushan et al. 2011; Liu et al. 2011). For example, superhydrophobic surfaces with a water 

contact angle larger than 150° and a sliding angle less than 10° exhibit superexcellent 

water-repellent properties and known as self-cleaning or anti-adhesive (Feng et al. 2002), 

while hydrophilic surfaces can absorb water and water soluble moieties easily. Wettability and 
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surface morphology are related. Roughening the surface can make a hydrophobic surface even 

more hydrophobic while turning a hydrophilic surface even more hydrophilic (Sun et al. 

2004). It was shown that a superhydrophobic surface is a combination of micro-nano 

hierarchical structures with a coating by a low surface energy compound (Cebeci et al. 2006).  

 

The surface properties of LbL films made of pH-sensitive polyelectrolytes can be modified by 

post-treatments (Mendelsohn et al. 2000; Fery et al. 2001; Nolte et al. 2007). Techniques to 

introduce microporosity in polyelectrolyte multilayers based on a low-pH solution treatment 

were first suggested by Mendelsohn et al. on (PAA/Polyallylamine) film(Mendelsohn et al. 

2000). Since then similar techniques were used to induce micro and nanoporosity in a number 

of films including (PAA/PAH) (Hiller et al. 2002), (PSS/PAH) (Zhai et al. 2004) and 

(PAA/PEI) (Lutkenhaus et al. 2008) multilayers. 

 

Itano and co-workers (Itano et al. 2005) studied the surface morphology change upon 

immersion in solutions of different pH of the films containing PAH. Figure 1.16 displays in 

situ AFM images of (PAH/PSS) films recorded during treatment cycles of pH 2.0 and pH 10.5. 

The as-prepared dry film was relatively featureless with a low RMS (root mean square) 

roughness of 1 nm. Upon immersion of the as-prepared film in a pH 10.5 solution, the film 

morphology and roughness remained essentially unchanged. However, immersion into the 

first pH 2.0 solution produced a change in morphology towards globular structures with a 

RMS roughness that was more than an order of magnitude larger than the as-prepared film. 

Repeated cycling in the pH 2.0 and pH 10.5 solutions shifted the surface between globular 

morphology with high RMS (at pH 2.0) and wormlike morphology with low RMS (at pH 

10.5). Of note, the surface morphology change and its degree as well as the recovery ability 

also depended on the deposit pH during film buildup. 
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Figure 1.16 In situ AFM images of (PAH9.3/PSS9.3) films during treatment cycles of pH 2.0 and pH 
10.5: (r) the as prepared film in the dry state, (b) a pH 10.5 immersion of the as-prepared film, (a-1) 
the first pH 2.0 immersion, (b-1) the first pH 10.5 immersion, (a-2) the second pH 2.0 immersion, (b-2) 
the second pH 10.5 immersion, (a-3) the third pH 2.0 immersion, and (b-3) the third pH 10.5 
immersion. AFM images were recorded 3 min after immersion. All films started with a dry thickness 
of 50 ± 5 nm. (Reproduced from (Itano et al. 2005)) 

 

A more precise study on the morphology change upon post treatment at low pH on (PAH/PAA) 

films was realized by Sun et al. (Sun et al. 2011). Figure 1.17 shows a series of SEM images 

of the film morphology after incubation for 1 hr in aqueous solution at different pH. The film 

immersed in solution of pH 3.5 kept the original surface morphology. Decreasing the solution 

pH introduced porosity in the film and the size of the pores decreased from 10 µm to 0.3 µm 

when the solution pH was even lower. The post treatment of the film in pH 1.5 showed 

wormlike structures and a considerable decrease in film thickness was noticed. Immersing the 

film in solution of pH 1.0 was found to erase the film totally from silicon substrate. 
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Figure 1.17 SEM images showing top-down views of eight multilayered (PAH/1)20 films after 
immersion in aqueous solutions adjusted to eight different pH values (ranging from 1.0 to 3.5) for 1 hr. 
(Reproduced from (Sun et al. 2011)) 

 

Based on the fact that post low pH treatment can induce micro scale porosity into (PAH/PAA) 

films, Zhai and co-workers (Zhai et al. 2004; Zhai et al. 2006) constructed stable 

superhydrophobic films by combining the micro scale porosity with nanoparticle deposition. 

Firstly, they performed a combination of two low pH treatment (2 hrs in pH 2.7 followed by 4 

hrs in pH 2.3) to create a porous surface with the pore size at 440 nm (Figure 1.18A). Then 

they deposited a layer of silica nanoparticles after a thermal cross-linking to obtain 

micro-nano hierarchical structured surface (Figure 1.18B). Finally they coated the surface 

with low surface energy compound (semifluorinated silane) via chemical vapor deposition 

and the superhydrophobic surface was successfully fabricated. 
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A B

 
Figure 1.18 SEM images for surface morphology of (A) (PAH8.5/PAA3.5)100.5 film after 2 hrs 
incubation at pH 2.7 and another 4 hrs incubation at pH 2.3 and (B) film in A after silica nanoparticle 
deposition and low surface energy compound chemical vapor deposition. The insertion in B shows a 
water droplet on this superhydrophobic surface. (Reproduced from (Zhai et al. 2004)) 

 

The surface morphology can also be regulated directly by controlling the deposit pH. In the 

pH-amplified exponentially growing (PEI/PAA) system, the film surface morphology from 

different deposit pH were also studied (Fu et al. 2009). As demonstrated in Figure 1.19, a 

progressive increase in the roughness of the films was observed with increasing pH 

differences of the dipping solutions. Films prepared at pH 7.2 were flat and featureless with a 

slight granular structure. A more globular structure emerged in the multilayer films prepared 

from deposit PEI at pH 8.0 and PAA at pH 5.0. More interestingly, by further increasing PEI 

deposit pH to 9.0 and decreasing PAA pH to 2.85, the obtained multilayer films exhibited 

hierarchical structures with distinct features on the micro- and nanometer length scales: 

vermiculate patterns of 500-1500 nm as well as micropores on the order of 10 μm were 

observed. A magnification of the vermiculate patterns showed nanowrinkles of 100-200 nm. 

The (PEI9.0/PAA2.85) film with hierarchical structure can be turned to be superhydrophobic 

after coating with a low surface energy compound. In this case, no nanoparticle deposition 

was need. 
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Figure 1.19 SEM images of a (PAA/PEI) films made of 7.5 layer pairs constructed at different pH 
values: (A) (PAA7.2/PEI7.2), (B) (PAA5.0/PEI8.0), and (C) (PAA2.85/PEI9.0). Image D is an 
enlargement of image C. (Reproduced from (Fu et al. 2009)) 

 

For the same (PEI/PAA) system, more different surface morphologies can be obtained via 

carefully controlling the deposit pH (Cao et al. 2010). As shown in Figure 1.20, when the pH 

of PAA was kept at 2.89, varying the pH of PEI solution from 5.0, 6.5, 7.5 to 9.0, similar 

surface structures but with different texture sizes of 600, 1100, 1600 and 2300 nm, 

respectively, were obtained. These surfaces are mimicking the morphology of the skin of a 

pilot whale Globicephala melas, and were used to study the self-cleaning abilities based on 

nano-roughness. It was found that the settlement of zoospores of Ulva was strongly 

influenced by the size of the features present on the surfaces. The lowest level of settlement 

was observed for structures of the order 2 µm, the same size as features on the skin of 

Globicephala melas. The strength of adhesion of settled spores was lowest on the surface with 

the sub-micrometer-sized features. This may be related to the inability of the adhered spores 

to thoroughly bind to the entire surface area beneath them. 
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Figure 1.20 SEM topographic images of (PAA/PEI) multilayer films prepared by using 
polyelectrolyte solutions at different pH values: a) PAA pH 2.89/PEI pH 5.0; b) PAA pH 2.89/PEI pH 
6.5; c) PAA pH 2.89/PEI pH 7.5; d) PAA pH 2.89/PEI pH 9.0. (Reproduced from (Cao et al. 2010)) 
 

1.1.4 Incorporation of bioactive molecules in exponentially 

growing film 

Compared to linearly growing films, exponentially growing films show very different 

properties such as fast film buildup and loose film bulk structures. These properties make the 

exponentially growing film a good candidate for reservoirs to incorporate bioactive molecules 

(Vodouhe et al. 2006; Volodkin et al. 2011). 

Crouzier and Picart (Crouzier et al. 2009) studied the ion pairing in polyelectrolyte multilayer 

films containing polysaccharide and PLL using QCM-D and attenuated total internal 

reflectance infrared spectroscopy (ATR-FTIR). Their results showed that the monomer ratio 

of anion in the polysaccharide over lysine in the obtained films tends to 0.5 as the films 

buildup went on. Only about half of the amino groups on PLL chains interacted with 

carboxylate groups from HA chains in (PLL/HA) film. That means that the exponentially 

growing (PLL/HA) film is a good container (reservoir) for PLL chains as 50% of the PLL 

chains are incorporated but are free to move, i.e. they are not tightly interacting with HA 

chains. Thus, the (PLL/HA) film may be a good reservoir for negatively charged ions or 

polyelectrolytes, thanks to the excess positively charged amine groups that are presented in 

the film. 
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Figure 1.21 CLSM images of (PLL/HA)60/paclitaxelGreen 488 film sections. PaclitaxelGreen 488 was 
adsorbed from solutions at 10 µg mL-1 (A), 50 µg mL-1 (B) and 200 µg mL-1 (C). Image sizes are 
76.8×23.9 µm2. All CLSM settings are identical for the three images. (Reproduced from (Vodouhe et 
al. 2006)) 

 

Indeed, Lavalle and co-workers found that an antiproliferative agent paclitaxel can be loaded 

in (PLL/HA) films (Vodouhe et al. 2006). As demonstrated in Figure 1.23, paclitaxel 

molecules distributed homogenously throughout the whole film thickness (~ 12 µm). More 

interestingly, the paclitaxel local concentration in the film can achieve up to 50 times of the 

concentration in the solution for absorption. 

Much bigger molecules such as proteins can also be loaded into (PLL/HA) films. For instance, 

a growth factor (i.e. a protein) of 27 000 Da, which belongs to the family of Bone 

morphogenetic proteins (BMP-2), has been loaded into (PLL/HA) films (Crouzier et al. 2009) 

and in composite films made of (PLL/HA-HEP) (Crouzier et al. 2010). As shown in Figure 

1.22, thicker film adsorbed more rhBMP-2 molecules than the thinner ones. The overlay of 

the green and red channels for films containing 12 layer pairs indicated that rhBMP-2 diffused 

throughout the entire (PLL/HA)12 film and thus distributed homogenously in the film 

containing 12 layer pairs. As for (PLL/HA)24 film, rhBMP-2 seemed to accumulate in the 

upper part of the film with a limited diffusion within the film. Strikingly, the rhBMP-2 local 

concentration in the film was increased up to 500-fold when compared to its initial solution 

concentration (Crouzier et al. 2009). 
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Figure 1.22 (A,B) CLSM observations in HEPES/NaCl buffer (pH 7.4) of cross-linked 
(PLL/HA)i-PLLFITC-HA multilayer films loaded with rhBMP-2; (A) i=12 and (B) i=24. PLLFITC was 
used to visualize the whole film and rhBMP-2Rhod was adsorbed at 20 µg mL-1 (in 1mM HCl) and 
rinsed for 7 h in HEPES/NaCl buffer (pH 7.4) before observation. (C,D) The corresponding z-intensity 
profiles are given along with the film thickness (left y axes) for rhBMP-2Rhod (red) and for PLLFITC 
(green). (Reproduced from (Crouzier et al. 2009)) 

 

The film growth can be further enhanced by introducing a pH shift. For example, increasing 

the PLL solution pH and decreasing the HA solution pH can largely amplify the (PLL/HA) 

film growth. A film made of 5 layer pairs of (PLL9.5/HA2.9) can reach a wet thickness of 4 

µm (Wang et al. 2009). Trans-activating transcriptional factor peptide (TAT) can diffuse into 

the whole film and are distributed homogenously in the film. Besides, the pH-amplified 

(PLL/HA) film showed superiority over traditional (PLL/HA) film (built at neutral pH) in 

loading of a third part agent, such as TAT. As illustrated in Figure 1.23, the (PLL6.5/HA6.5)5 

film can load 0.12 µg/cm2 TAT at pH 6.5 whereas the (PLL9.5/HA2.9)5 film can achieve a 

loading of 15 µg/cm2 of TAT in the same conditions. Further increasing the pH of TAT to 9.5 

allowed to reach a loading amount of almost 30 µg/cm2 (Wang et al. 2009). 
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Figure 1.23 Amount of TAT loaded into the films with time: TAT at pH 9.5 loaded into 
(PLL9.5/HA2.9)5 film (■); TAT at pH 6.5 loaded into (PLL9.5/HA2.9)5 film (●); TAT at pH 6.5 loaded 
into (PLL6.5/HA6.5)5 multilayer (▲). The inset at bottom right corner also shows TAT at pH6.5 
loaded into (PLL6.5/HA6.5)5 multilayer. (Reproduced from (Wang et al. 2009)) 

 

Besides post-loading, the bioactive molecules, such DNA (Lvov et al. 1993; Shi et al. 2002), 

RNA (Recksiedler et al. 2006), vascular endothelial growth factor (VEGF) (Van den Beucken 

et al. 2007), bone morphogenetic proteins (BMP-2) (Van den Beucken et al. 2006) have also 

been incorporated into the LbL films by direct assembly. Here again, the pH-amplified LbL 

assembly showed great advantages not only in achieving a large loading amount but also in 

realizing a tunable polycation/polyanion ratio. Wang et al. (Wang et al. 2011) investigated the 

(PLL/DNA) system under pH-amplified buildup condition. DNA is commonly used as a 

model gene in gene therapy. DNA loading amount and DNA complex size after disassembly 

from the multilayers are two important factors for gene therapy efficiency. It was proved that 

by increasing the PLL deposit pH and decreasing the DNA deposit pH, DNA loading amount 

as high as 121.2 µg/cm2 was achieved within a (PLL10.0/DNA4.6) film made of 7.5 layer 

pairs. Moreover, the N/P ratio in the film can be tuned in a large range thus resulted in tunable 

DNA complex sizes. 

 

1.2 Free-standing films based on layer-by-layer assembly 

A free-standing film made by layer-by-layer assembly is a film that is first made on a 

supported substrate and subsequently detached from this substrate. Free-standing films 

usually refer to ultrathin membranes that can sustain their shapes and properties in air or 

liquid with no or little assistant from their substrates (Mamedov et al. 2000; Jiang et al. 2006). 
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Ultrathin free-standing film has attracted lots of interests due to its unique properties on glass 

transition (Mattsson et al. 2000), molecular motion, transport (Huang et al. 2004; Neyertz et al. 

2008; Bason et al. 2011) and mechanical properties (Vendamme et al. 2006), as compared to 

bulk polymer blends or supported films. For example, Forrest et al. established that 

free-standing poly(styrene) (PS) films exhibit a reduction in their Tg for films thinner than 60 

nm (Forrest et al. 1997). Similar phenomena were also found for other polymers, such as 

Poly(methyl methacrylate), Poly(4-tert-butylstyrene), Poly(α-methylstyrene), and 

Poly(2-vinylpyridine) (Paeng et al. 2011). The substrate can also have some effect on the 

molecular motion and glass transition temperature of the supported film (Torres et al. 2000). 

As shown in Figure 1.24, free-standing films showed lower glass transition temperature than 

the supported films (built on a strong or weak surface energy substrate) when the film 

thickness was less than 30 nm. 

 

 
Figure 1.24 Apparent glass transition temperature vs film thickness for films built on a strong surface 
energy (or weak surface energy) substrate, as compared to free-standing films. The estimated 
uncertainty in simulated Tg’s is approximately four times the size of the symbols. (Reproduced from 
(Torres et al. 2000)) 

 

Layer-by-layer assembly has proved itself as a good technique to construct free-standing films 

(Mamedov et al. 2000; Dubas et al. 2001; Mamedov et al. 2002; Tang et al. 2003; Jiang et al. 

2004) as it is a versatile and inexpensive technique. Composite films can be easily prepared 

by incorporating different kinds of charged and uncharged species, including inorganic 

nanoparticles. Besides, layer-by-layer film can be built on almost any kind of substrate, which 

may facilitate the film release after buildup. 

Although many techniques have been developed to follow the layer-by-layer film buildup on 

a supported substrate and to characterize their physico-chemical properties (adsorbed mass, 

conformation of polyelectrolytes), some parameters such as thermal properties or mechanical 

properties are easier to measure once the film is detached from the substrate. After forming a 
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free-standing membrane based on LbL films, Hammond and co-workers (Lutkenhaus et al. 

2005; Lutkenhaus et al. 2007) were among the first to carry out differential scanning 

calorimetry (DSC) and dynamic mechanical analysis (DMA) tests on free-standing films. 

These films were made of 100 layer pairs, and had a thickness of 8 µm and covered a surface 

of 4 cm2, so as to provide films with enough mass and dimension for performing DSC and 

DMA tests. 

 

1.2.1 Methods to release film from substrate 

Getting the films released from the supporting substrate is the key step in fabricating a 

free-standing film. Several methods to release films from their substrates have been 

developed until now. Of note, the integrity of the film is quite important for film release. The 

key point in the release step is that the interaction between molecules in the film should be far 

stronger than the interaction between the film and the substrate. 

Erosion of the substrate. This method has often been used in early studies for preparing TEM 

samples for layer-by-layer films. Harsh solution or solvent were used. For example, 

hydrofluoric acid (HF) was always used for silica substrates (Chia et al. 2008) and 

tetrahydrofuran (THF) was usually used for plastic substrates (Lavalle et al. 2005). As the 

harsh solution or solvent may destroy the film structure, this method can only be applied to 

very resistant films. Furthermore, care has to be taken to make sure that the film structure has 

not been drastically changed after the detachment procedure. 

Introduction of a sacrificial layer. In this method, a sacrificial layer is deposited or is cast on 

the substrate before the layer-by-layer assembly takes place. The films are released by 

dissolving the sacrificial layer. Cellulose acetate (Mamedov et al. 2000; Tang et al. 2003), 

which is stable in water and can be dissolved quickly in acetone was often used. 

pH-responsive multilayer films have also been introduced as a sacrificial layer recently (Ono 

et al. 2006; Gui et al. 2009). Ono and Decher (Ono et al. 2006) introduced a new strategy to 

obtain ultrathin free-standing polyelectrolyte multilayer membranes at physiological 

conditions. As demonstrated in Figure 1.25, on the surface of a substrate, a hybrid film 

structure composed of two compartments, (1) a pH-responsive film segment formed via 

hydrogen bonds and (2) a polyelectrolyte multilayer film on top of 1, was assembled. Finally, 

the pH-responsive polymer multilayer segments disintegrated at a neutral pH and the 

free-standing polyelectrolyte multilayer films was thus released. 
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Introduction of on-off binding sites. Ma et al. (Ma et al. 2007) found that Cu+ ions at pH 2 

could break the ionic interaction between PAA and PDDA while reinforcing the interaction 

between PAA and PAH. Based on this finding, they used CuCl2 solution of pH 2 as the 

exfoliate solution to get (PAA/PAH) free-standing films when PDDA was deposited as the 

first layer on the substrate. 

 

 
Figure 1.25 Scheme of the principle for preparing free-standing membranes using disintegration of a 
pH-responsive multilayer film as a sacrificial base. (a) Top: a hybrid structure composed of two 
components: a pH-responsive multilayer film segment and an electrostatically assembled 
polyelectrolyte film. Bottom: release of the free-standing membrane (b) pH response of hydrogen 
bonds between PAA and PEG by dissociation of carboxylic acid (-COOH) groups to carboxylate ions 
(-COO-) of PAA. (c) The layer-by-layer alternating spray depositions of hydrogen donor/acceptor or 
polycation/polyanion (top) and immersion of the substrates in a solution of neutral pH (bottom). 
(Reproduced from (Ono et al. 2006)) 

 

Using hydrophobic substrate. Hydrophobic substrates like Teflon show poor interactions with 

the film in dry state, thus the films can be released easily when the films are dried 

(Lutkenhaus et al. 2005). In case the film is dried after buildup, it is a good way to keep the 

original properties of the film by peeling it away from hydrophobic substrate directly without 

any post-processing steps. 

Using liquid or gas as template. If the films are built at air/liquid interface (figure 1.26), it is 

possible to get the free-standing film directly after film buildup (suspended in liquid or air). In 

this case, no substrate removal was needed (Ferri et al. 2005; Ferri et al. 2006). 
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Figure 1.26 Scheme for the preparation of ultrathin freestanding polyelectrolyte nanocomposites: (a) 
polyelectrolyte adsorption onto a lipid monolayer by subphase exchange in a pendant drop; (b) 
schematic of the multilayer assembly process at the air-water interface. (Reproduced from (Ferri et al. 
2005)) 
 
 

1.2.2 Free-standing films based on polypeptides and 

polysaccharides 

Ultrathin membranes are potentially interesting for applications in wound healing, in arterial 

repairs and as dermal substitute (Fujie et al. 2009; Okamura et al. 2009; Larkin et al. 2010). 

For such applications, biocompatibility, biodegradability and bioactivity should be considered. 

Free-standing films based on polypeptides and/or polysaccharides were constructed in this 

purpose as these polyelectrolytes are components of natural tissues. They could be used to 

mimic the properties of these tissues, especially their hydration and softness. The first trial 

was carried out by Lavalle and co-workers (Lavalle et al. 2005; Bernsmann et al. 2008). The 

multilayer films consisting of PLL and HA were deposited on glass slides or on polystyrene 

substrates. Two different methods were applied for detaching the films from the underlying 
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substrates. For film built on a PS substrate, THF was used to dissolve the polystyrene 

substrate and lead to a membrane possessing micrometric holes. For films built on a glass 

substrate and chemically cross-linked by 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) and N-hydroxysulfo-succinimide (sNHS), a dipping step in 0.1 M NaOH solution 

allowed to detach the film and to produce a non-porous and very smooth membrane (Figure 

1.27). The free-standing (PLL/HA) film were found to preserve the bioactivity of alkaline 

phosphatase, which was loaded after film detachment, for at least one week after 

incorporation (Lavalle et al. 2005). However, this method was not convenient in collecting 

free-standing film after detachment. The released film could adhere again to the collecting 

substrate when it is dried. Besides, large dimension films are not easy to obtain in this way. 

 

 
Figure 1.27 CLSM image of a (PLL/HA)68-PLLFITC membrane. The polyelectrolyte multilayer film, 
built on a glass slide, was cross-linked with EDC/sNHS before being detached from the substrate by 
dipping it in a 0.1 M NaOH solution for 30 min. The floating membrane has been re-deposited on a 
glass slide before observation in pure water: (a) (x, y) top view of free-standing membrane (image size 
76.8 µm×76.8 µm) and (b) (x, z) cross section view (image size is 72.5 µm×37.5 µm). The total 
thickness of the membrane is about 15 µm. (Reproduced from (Lavalle et al. 2005)) 

 

Larkin et al.(Larkin et al. 2010) studied the detachment of (CHI/HA) films in dry state with 

much larger dimension on an inert polypropylene (PP) substrate, which facilitated the 

multilayer film release without any post-processing step. In this case, detachable and robust 

films were obtained from films made of 50 layer pairs with thickness around 3 µm (Figure 

1.28). The Young’s modulus of these films was found to be in the range of 300-400 MPa after 

cross-linking, as measured by nanoindentations. The response of BALB/c 3T3 fibroblasts was 

also tested. The authors found that fibroblast adhered well on the multilayer films and 

colonized the entire surface over a six day period. 
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Figure 1.28 Detachable (CHI/HA)50 polyelectrolyte multilayer film. (Reproduced from (Larkin et al. 
2010)) 

 

In general, large dimension free-standing films obtained by releasing from inert hydrophobic 

substrate require a dry thickness up to 3 µm, in case of polysaccharide multilayers such as 

(CHI/HA). However, by using spin-assisted LbL technique and with the assistant of a 

water-soluble sacrificial membrane, polysaccharide free-standing films with large surface but 

sub-micron thickness was also made. Polysaccharide nanosheet with a thickness of less than 

100 nm, known as a “nano-adhesive plaster”, and in the dimension of approximately 4 cm2 

(Figure 1.29) was constructed by Fujie and co-workers. They used CHI and ALG as building 

blocks and employed the convenient manipulation of the polymer nanosheet involving 

ubiquitous transfer from the liquid-solid interface to the air-solid interface using a 

water-soluble sacrificial membrane (Fujie et al. 2007). The mechanical property of the 

nanosheet was tested via bulging test (Nolte et al. 2005; Fujie et al. 2009). The elastic 

modulus of the polysaccharide nanosheet was of the order of 1 GPa for 35 nm thick films. 

Similar values were obtained for (PSS/PAH) films having the same thickness (Jiang et al. 

2004). The elastic modulus of the polysaccharide nanosheet increased to ∼ 10 GPa when the 

film thickness reached 70 nm. This value is close to the typical elastic modulus of 1 µm thick 

cellulose films, which is also polysaccharide. Further increase the thickness of the nanosheet 

did not change their ultimate tensile strength and the elastic modulus (Fujie et al. 2009). These 

results were in good agreement with those reported by Rubner and co-workers (Nolte et al. 

2005), where the elastic modulus of ultrathin films composed of PAH and PSS reached a 

plateau value when the thickness was close to 70 nm. Besides, the polysaccharide nanosheet 

can be transferred to almost any kind of surface including organ and shows extraordinary 

nano-adhesion ability. The polysaccharide nanosheet was proved to be stable for at least 24 

hrs on human skin, despite perspiration from the skin and the risk of being rinsed away by 

washing with soap. Due to the good mechanical properties, nano-adhesive ability, good 

biocompatibility and ease in manipulation, the ultrathin polysaccharide nanosheet has found 
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potential application in tissue defect repair (Fujie et al. 2009; Fujie et al. 2010). 

 

 
Figure 1.29 Images of a polysaccharide nanosheet: (a) detached from the substrate and floating in 
acetone and (b) supported by a wire loop and observed in air. (Reproduced from (Fujie et al. 2007)) 

 

To further increase the mechanical property of polyelectrolyte multilayer free-standing films, 

inorganic nanoparticles were usually incorporated (this part will be discussed in section 1.3). 

Indeed, study has shown that the mechanical properties of silk matrices can be greatly 

enhanced by incorporationg inorganic nanoparticles (Kharlampieva et al. 2010; Kharlampieva 

et al. 2010). Up to 6-fold and 8-fold increase in elastic modulus and toughness, respectively, 

were found. 
 

1.2.3 Application of layer-by-layer free-standing films 

Free-standing films prepared by the LbL technique have seen significant development in the 

last decades due to advantages of the LbL fabrication method, including low cost, ease of 

functionalization and tunability of film components. The free-standing multilayered films 

have found applications in the fields of sensors (Jiang et al. 2004), capacitors (Byon et al. 

2011), conductors (Shim et al. 2010; Zhu et al. 2011), electrodes (Shim et al. 2007; Hammond 

2011), membranes for pervaporation (Von Klitzing et al. 2004; Yin et al. 2010; Zhao et al. 

2010; Bolto et al. 2011), cantilevers (Hua et al. 2004) as well as in biomedical fields (Kim et 

al. 2008; Fujie et al. 2010). 

Sensors. Highly sensitive sensor arrays are in high demand for prospective applications in 

remote sensing and imaging. Ultrathin, flexible membranes and microcantilevers are 

emerging as critical elements in various sensing devices, such as acoustic, chemical, pressure 

and thermal sensors (Rogalski 2003). Layer-by-layer assembly provides an easy way to 
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fabricate flexible and light weight ultrathin membrane for sensors by incorporating sensitive 

components, of which the amount and position (Jiang et al. 2004) as well as alignment 

(Correa-Duarte et al. 2005) can be easily and precisely controlled. 

A generation of membrane-based sensor arrays with extraordinary sensitivity and tremendous 

dynamic range was fabricated by Jiang and co-workers (Jiang et al. 2004; Jiang et al. 2005; 

Jiang et al. 2005). The membrane composed of two (PAH/PSS)n films sandwiched a gold 

nanoparticle layer. As shown in Figure 1.30, the membranes show very good linear 

relationship between temperature/pressure and deflection in a large range and the sensitivity is 

far better than silicon membrane. The free-standing organic/inorganic films are extremely 

strong, robust, have a long life, are highly sensitive, and show an unprecedented ability to 

recover from deflection. A free-standing film that has been deflected by high pressure and 

long loading time can recover to a flat shape in a few seconds. Interestingly, this 

deflection-recovery cycle can be repeated for several hundred times. The detection parameters 

can further expand to acoustic, chemical, and so on (Jiang et al. 2004). 

 
Figure 1.30 Pressure–temperature sensitivity of freely suspended ((PAH/PSS)9PAH-Au- 
PAH(PSS/PAH)9) membrane of 600 μm diameter in comparison with a silicon membrane of the same 
diameter. The relative variation of pressure is equivalent to relative variation of temperature (T ) for 
the isochoric regime. The results of two independent bulging tests (1 and 2) (open circles) for high 
deflections and AFM distributed-pressure results for nanoscale deflections (filled circles) are used to 
estimate the overall behaviour. The black arrow shows the membrane thickness. The insert shows a 
side-view of a deflected membrane. (Reproduced from (Jiang et al. 2004)) 
 

Battery related. Batteries are an ideal mode to store excess energy produced from alternative 

means (e.g. electronic cells, fuel cells, solar cells). Extensive works have been carried out by 

the group of Professor Hammond, who is working toward the elaboration of light batteries, 

ultra thin and flexible electrodes and electrolytes, taking advantage of the layer-by-layer 

technique (DeLongchamp et al. 2004; Nam et al. 2006; Ashcraft et al. 2010; Hammond 2011).  
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To achieve efficient electrochemical processes within multilayer thin films, ion transport must 

be possible within the multilayer thin films. Multilayer assembly is actually the ideal 

approach for tuning both electron and ion transport in thin films because of the ability to 

control these properties at the nanometer level and to create complex composite systems. 

Layer-by-layer films, either ionic bonded or hydrogen bonded, have been proved to act as a 

solid-state electrolyte (DeLongchamp et al. 2004; Lutkenhaus et al. 2007; Argun et al. 2008; 

Lutkenhaus et al. 2008; Argun et al. 2010). Fast ion-conduction was achieved within 

(LPEI/PAA) and (LPEI/Poly(acrylamidosulfonic acid), LPEI/PAMPS) films as well as 

(PEG/PAA) multilayer thin films. 

 
Figure 1.31 (A) Schematic diagram of the virus-enabled synthesis and assembly of nanowires as 
negative electrode materials for Li ion batteries. Rationally designed peptide and/or materials-specific 
peptides identified by biopanning were expressed on the major coat p8 proteins of M13 viruses to 
grow Co3O4 and Au-Co3O4 nanowires. Macroscopic ordering of the engineered viruses was used to 
fabricate an assembled monolayer of Co3O4 nanowires for flexible, lightweight Li ion batteries. (B) 
Phase mode AFM image of macroscopically ordered monolayer of Co3O4 coated viruses. Z-range is 
30°. (C) A lithium battery using Co3O4 nanowires assembled atop (LPEI/PAA) multilayers. The LbL 
film also acts as the polymer electrolyte. (D) Digital camera image of a flexible and transparent 
free-standing film of (LPEI/PAA)100.5 on which Co3O4 viral nanowires are assembled into 
nanostructured monolayer with dimensions of 10 cm by 4 cm. (Reproduced from (Nam et al. 2006)) 
 

A very original approach was developed by the group of professor Hammond in collaboration 

with the group of professor Belcher (both at MIT). They investigated the insertion of rigid 

M13 viruses as a third component in (LPEI/PAA) films (Yoo et al. 2008). They evidenced that 

the interdiffusion present in these exponentially growing films favored virus ordering at the 
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film surface. Virus ordering and the distance between them could be controlled by 

manipulating the deposit pH of the underlying polyelectolyte multilayers. More importantly, 

the patterned M13 virus on (LPEI/PAA) film surface can be used as heterostructured 

templates and are suitable for the growth of monodisperse, highly crystalline nanowires such 

as cobalt oxide (Nam et al. 2006). As shown in Figure 1.31, a light-weight and flexible Li 

battery was obtained using the patterned nanowires assembled atop (LPEI/PAA) multilayer 

film as anode, where the layer-by-layer film also acts as the polymer electrolyte (Nam et al. 

2006; Lutkenhaus et al. 2007). 
 

Biocompatible Patch. Layer-by-layer ultrathin free-standing film has also found applications 

in the biomedical field, such as drug delivery (Lavalle et al. 2005; Kim et al. 2008) and 

wounding dressing (Fujie et al. 2007; Fujie et al. 2009; Fujie et al. 2009; Fujie et al. 2010). 

Fujie and co-workers constructed biodegradable 75 nm (CHI/ALG) polysaccharide 

free-standing films for wound sealing (Fujie et al. 2009). As illustrated in Figure 1.32, a water 

soluble polyvinyl alcohol (PVA) layer was casted atop (CHI/ALG) multilayer to facilitate the 

manipulation of the nanosheet after detachment. When the film was used for wound healing, 

water or PBS was added to dissolve the PVA layer when the nanosheet adhered on the defect. 
 

 
Figure 1.32 Schematic representation of the polysaccharide nanosheet integrated for tissue-defect 
repair. a) Fabrication method for a free-standing polysaccharide nanosheet using a Spinning Assisted 
layer-by-layer method and a water-soluble supporting PVA film. b) Schematic explanation of 
tissue-defect repair using a polysaccharide nanosheet. (Reproduced from (Fujie et al. 2009)) 

 

The nanosheets show tremendous adhesion onto the organs. The bursting pressure of the 

nanosheet in visceral pleural defect repair was 30 cm H2O immediately after operation and 

increased to 60 cm H2O after 24 hrs, which is the same as the bursting pressure of fibrin 

nanosheet. The high flexibility of the polysaccharide nanosheet ensured the well attachment 

and densely overlapping to the defect site without any air leakage. The good attachment 

combined the biocompatibility finally facilitated the fast wound healing (Figure 1.33). 
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Figure 1.33 Representative histological findings at different time points after repair 
(hematoxylin-eosin staining, magnification 4×) using the polysaccharide nanosheet or the fibrin sheet. 
Upper and lower panels correspond to the polysaccharide nanosheet and the fibrin sheet, respectively, 
at 3 hrs (a, d), 3 days (b, e) and 7 days (c, f) after repair. At 7 days, angiogenesis occurred in the 
polysaccharide nanosheet groups while strong adhesion between the fibrin sheet and the chest wall 
(CW) was observed. (Reproduced from (Fujie et al. 2009)) 
 
 
 

1.3  Organic/inorganic nanocomposite made by Layer-by-Layer 

assembly 

Inorganic nanoparticles, including carbon nanotubes (Yu et al. 2000; Mamedov et al. 2002), 

montmorillonite (MTM) platelets (Kotov et al. 1998; Manevitch et al. 2004), and metal 

nanoparticles (NPs) (Wang et al. 2002; Jiang et al. 2004), are of great interest for adjusting the 

mechanical, optical and other properties of polymer materials when they were used as fillers. 

Inorganic NPs/polyelectrolyte composites are used in an increasingly large number of 

biomedical applications in the field of biotechnology, sensing (Anker et al. 2008; Sepulveda et 

al. 2009; Iost et al. 2011), bioimaging (Agarwal et al. 2011), and drug and gene delivery 

(Volodkin et al. 2009; Volodkin et al. 2009), due to their interesting mechanical, optical and 

electrical properties. 

During the past years, many studies have focused on the introduction of inorganic NPs into 

organic matrix to form organic/inorganic hybrid nanomaterials. The polymer matrix can 

stabilize the NPs and keep them from aggregation. Meanwhile, the NPs can provide organic 

materials with special functionality such as high mechanical properties (Mamedov et al. 2002), 

particular optical properties (Goulet et al. 2005), or selective permeability (Van Ackern et al. 

1998; Struth et al. 2001). 

Layer-by-layer assembly technique provides a versatile approach for constructing 
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organic/inorganic nanocomposite, as this technique allows the incorporation of modified and 

unmodified NPs and polyelectrolytes in a controlled way. 

 

1.3.1 Incorporation versus in situ synthesis 

 

Organic/inorganic nanocomposites are synthesized via two major strategies. The first consists 

in assembling prefabricated inorganic NPs with polymers, either by chemical grafting or by 

adsorption of the polymer onto the particles. Assemblies of NPs and polyelectrolytes can be 

built in a layer-by-layer fashion to control the number and position of NPs (Fendler 1996; Hao 

et al. 2000; Mamedov et al. 2000; Eckle et al. 2001; DeRocher et al. 2011). This has been the 

most widely employed method to construct nanocomposites based on LbL assembly. 

The second and less common strategy uses an organic solution (or “matrix”) as a template to 

nucleate and grow in situ inorganic NPs, usually for metal NPs (Wang et al. 2002). This is 

most often achieved directly by adding precursor ions into the polymeric solution or 

polyelectrolyte multilayer films. These ions are usually positively charged (such as Ag+) or 

negatively charged (tetrachloroaurate ions, AuCl4
-), thus can be anchored by charged groups 

via ionic interaction. Moreover, polymers bearing primary, secondary or tertiary amine groups 

are able to form complexes with a wide variety of transition metal cations (Belfiore et al. 

2000). For instance, uncharged amine groups can coordinate with Ag+. The reduction of metal 

NPs from their precursors can be realized via several ways, including photoreduction (UV 

light) (Eustis et al. 2005), thermal reduction (Dai et al. 2002) and chemical reduction (Sohn et 

al. 2001). In this latter case, the reduction is performed by using a strong reducing agent such 

as sodium tetrahydroborate (NaBH4), Ascorbic Acid and so on. 

In case of the in situ synthesis of NPs, layer-by-layer films show great advantages as 

templates for precursor loading: (i) phase separation can be totally avoided in LbL films; (ii) 

charged groups, such as carboxylate and amine which show specific affinity to the precursors, 

can be introduced and their amount and distribution can be precisely controlled down to a 

molecular level. Thus, the amount, position, homogeneity and even alignment of the inorganic 

components can be precisely controlled when keeping them well separated. 

 

Table 1.1 and Table 1.2 summarize the typical works concerning construction of hybrid 

nanocomposites based on layer-by-layer assembly, either by directly assembling the as 
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prepared NPs (Table 1.1) or by synthesizing nanoparticles in situ (Table 1.2). Of note, other 

NPs, including TiO2 (Kim et al. 2002; Dontsova et al. 2011), SiO2 (Bravo et al. 2007), 

Quantum Dots (Komarala et al. 2006), Magnetite NPs (Mamedov et al. 2000; Pichon et al. 

2011) were also introduced into LbL films in direct incorporation as layers in the film. 

 

Table 1.1 Overview of studies dealing with the design of nanocomposite films based on layer-by-layer 
assembly of NPs with polyelectrolytes. 

Inorganic 
NPs 

PEM Main findings Ref 

Carbon 
Nanotube 

((PEI/PAA) 
(PEI/SWNT)5)n 

High CNT loading, Extremely high mechanical 
properties 

(Mamedov et al. 
2002) 

(PVA/SWNT) Homogeneity, optimized electrical, mechanical, and 
optical properties. 

(Shim et al. 
2007) 

(Poly(aniline)/ 
CNT) 

Strain and corrosion processes tracing (Loh et al. 2007)

(Polypyrrole/ 
MWNTs) 

Electron transfer enhancement, higher bioactivity 
carrier 

(Korkut et al. 
2008) 

Chitosan/ 
MWNTs/ 

glucose oxidase 

Rapid response, good reproducibility, long-term 
stability  

(Zou et al. 2008)

Antimicrobial 
lysozyme/ 

SWNT 

Large scale, significant antimicrobial activity, high 
Young’s Modulus, controlled SWNT orientation 

(Nepal et al. 
2008) 

MTM clay PDDA/MTM 
 

Unusual high strength, flexibility, resistance to crack  
 
Surface roughness tuned by PDDA concentration 

(Kotov et al. 
1998; Duffel et 
al. 1999) 

Styrene-poly(di-
allylammonium-
chloride)/MTM 

Film roughness reduced, barrier functionality 
improved  

(Vuillaume et al. 
2002) 

Chitosan/MTM Decreased interfacial interaction, decreased 
toughness 

(Podsiadlo et al. 
2007) 

PEI/PAA/ 
PEI/MTM 

Exponential growth, exfoliate the short stacks of 
MTM into single lamella 

(Podsiadlo et al. 
2008) 

Poly(vinyl 
alcohol)/MTM 

Record-high mechanical properties, high 
transparency 

(Podsiadlo et al. 
2007) 

Silk/MTM All-natural, transparent, enhanced mechanical 
properties 

(Kharlampieva 
et al. 2010) 

(PSS/PAH)6-MT
M-(PSS/PAH)6 

Hindered ion diffusion (Struth et al. 
2001) 

Au NP PDDA/PAA/ 
PDDA/Au NPs 

Interaction between the NPs in adjacent layers 
studied  

(Malikova et al. 
2002) 

(PSS/PAH)n-Au- 
(PAH/PSS)n 

High mechanical properties, flexibility (Jiang et al. 
2004) 

Polyaniline/Au 
NPs 

Electrocatalyst, DNA detection (Tian et al. 
2004) 

Polyviologen 
derivative/Au  

Different NP deposition times lead to different NP 
morphology: very long time caused aggregation 

(Terzi et al. 
2009) 

Glucose oxidase 
/Au NPs 

Enzyme activity increased with the increase of layer 
number 

(Hoshi et al. 
2007) 

Au NPs on 
(PLL/HA) film 

Au NPs aggregated on film surface, near IR triggered 
DNA release 

(Volodkin et al. 
2009) 
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Ag NP Poly(propylene- 
imine)/AgNPs 

Surface enhanced Raman scattering 
 

(Goulet et al. 
2005) 

(PAH/PSS)n-Ag- 
(PAH/PSS)n 

Mechanical property enhancement (Gunawidjaja et 
al. 2006) 

Chitosan/Ag 
NPs 

Improved hydrophilicity, antibacterial activity, 
hemocompatibility, cytocompatibility 

(Yu et al. 2007) 

(PDDA/MTM) 
(PDDA/Ag) 

Excellent structural stability, antibacterial activity (Podsiadlo et al. 
2005) 

 
Table 1.2 Studies on the in situ synthesis of NP using LbL films as templates. 

Inorganic 
nanoparticles 

PEM Main findings Ref 

Ag NP [(PAH/PAA)n 
(PSS/PDDA)m]I 

Silver NPs synthesized in (PAH/PAA) region, 
refractive index tunable 

(Wang et al. 
2002) 

Chitosan/ heparin Antibacterial, NP size controlled by the assembly 
pH and loading pH 

(Yuan et al. 
2010) 

PDDA/PSS Silver NP amount and size adjusted by the salt 
concentration 

(Zan et al. 2009)

HA/PDDA The Ag NP amount and antibacterial ability tuned 
by layer number 

(Cui et al. 2008)

Au NP (PLA-PEI/PAA)8, 
(PEI/PLA)8, 
(PVPON/PLA)8 

Au NPs served as probe for optical reporting of 
biodegradation process 

(Orozco et al. 
2010) 

(PAH/PAA), 
(PAH/PSS) 

Au NP loading, size and distribution tuned by 
loading pH 

(Chia et al. 
2008) 

(PAH-PSS)2PAH- 
silk fibroin 

Au NP size controlled by silk secondary structure (Kharlampieva 
et al. 2009) 

 

 

1.3.2 Importance of charged groups  

 

The charged groups, such as carboxylate and amino groups are important in stabilizing and 

positioning the metal NPs especially when the metal NPs are incorporated by in situ synthesis, 

because they can anchor the precursors via electrostatic interactions. For example, carboxylate 

groups can interact with positively charged metal ions like Ag+ (Wang et al. 2002) and Pb2+ 

(Joly et al. 2000). Amino groups show specific association with negatively charged metal ion 

complex like AuCl4
- (Leff et al. 1996; Sohn et al. 2001). Moreover, some groups such as 

amino are important in the stabilization and positioning of the reduced metal NPs as they can 

interact with the NPs via coordination. 

Thanks to the association between silver ions and negatively charged carboxylate groups, the 

in situ synthesis of silver NPs, whose precursor is positively charged, is possible in LbL films. 

For example, Wang et al. (Wang et al. 2002; Nolte et al. 2004) reported the fabrication of 

one-dimensional photonic structure based on the combination of layer-by-layer assembly of 
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polyelectrolytes and in situ silver nanoparticle synthesis. The periodic (PAH/PSS)n 

(PAH/PAA)m films were constructed as the template to load silver ions for further reduction 

and offered precise control over layer thicknesses. Meanwhile, the in situ silver NP synthesis 

facilitated the tuning of refractive index within specific region (Figure 1.34) as silver ions 

associated with carboxylate groups but not sulfite. Furthermore, the refractive index can be 

controlled by varying in situ synthesis cycles because the negatively charged carboxylate 

groups were regenerated once silver NPs were synthesized, and were capable to interact with 

silver ions again. 

 
Figure 1.34 Cross-sectional TEM images of a 4.5 period Brag stack after a) one cycle of Ag NP 
synthesis and b) five cycles of NP synthesis. In (a), the high index strata (dark contrast) have average 
thickness of 120 ± 4 nm and the low index strata (light contrast) have average thickness of 137 ± 6 nm. 
In (b), after five cycles of NP synthesis, the average thickness of the high index stratum is 167 ± 7 nm 
(containing ~ 19 vol. % Ag) and of the low index stratum is 148 ± 9 nm. Note that the surface 
imperfections at the top of the stack resulted from damage caused by ultramicrotomy; RMS surface 
roughness of < 10 nm was measured by profilometry. (Reproduced from (Wang et al. 2002)) 

 

In situ synthesis of silver NP approach was also employed in (PAH/PAA) (Li et al. 2006; 

Agarwal et al. 2010), (CHI/HEP) (Yuan et al. 2008; Yuan et al. 2010) and (HA/PDDA) (Cui et 

al. 2008) films to constructed anti-bacterial coatings. Agarwal and co-workers(Agarwal et al. 

2010) used (PAH/PAA) multilayer film as template to load silver ions and then reduce them in 

situ to form silver NPs (Figure 1.35). The amount of Ag NPs embedded in the film can be 
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controlled by adjusting the deposit pH, or by repeating the silver ions loading and reduction 

steps. This provides the film with a capacity to kill bacteria effectively while, at the same time, 

supporting mammalian cell growth. 

 

 
Figure 1.35 Schematic illustration of the layer-by-layer deposition of multilayers of (PAH/PAA) on a 
charged substrate. Post-assembly, the multilayer super-lattice is incubated with a solution of AgNO3 in 
order to promote the exchange of the silver ions with protons of the carboxylic acid groups of PAA 
within the film. Subsequently, silver ions within the film are reduced to silver NPs by a chemical 
reducing agent (NaBH4). Chemical reduction of the silver ions to silver NPs also regenerates the 
carboxylic groups within the film. (Reproduced from (Agarwal et al. 2010)) 

 

Gold NPs are particularly interesting due to their non-toxicity, biocompatibility, photothermal 

properties, ease of imaging and versatility of surface chemistry. In the preparation of gold NPs, 

amino group were shown to be very important both for anchoring aurochlorate precursors and 

for stabilizing the resultant gold nanoparticles. By controlling the organization of specific 
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groups, such as amine, the control of the aggregation state of gold NPs can be achieved either 

in solution or on a surface. 

Sardar et al. (Sardar et al. 2008) used poly(allylamine) solution as template to synthesize gold 

NPs of 3 nm in diameter. They observed the reversible organization of the NPs upon changing 

of solution pH. In this way, the synthesized Au NPs were good “dyes” to visualize the 

poly(allylamine) conformation in solution, because the Au NPs were tightly bonded to amino 

groups (Figure 1.36). At high pH theNPs were in aggregated states showing coiled and 

compact conformation of poly(allylamine), whereas in low pH the well separated NP 

formation indicating stretched and lined conformation of poly(allylamine) chains. 

 

 
Figure 1.36 TEM images of PAH stabilized Au NPs at pH of (A) 1.5, (B) 3.5, and (C) 12.5. (D) 
Schematic illustration of reversible changes in pH-dependent nanocomposite organization. 
(Reproduced from (Sardar et al. 2008)) 

 

To avoid harsh solvent or agent, redox active peptides or proteins, like Silk fibroin, were used 

by Tsukruk and co-workers as template to synthesize gold NPs (Kharlampieva et al. 2009). 

They found that the gold NP size can be controlled by protein secondary structures. The 

presence of β-sheet in silk facilitated tyrosine (an amino acid that has redox-active properties) 

ordering thereby resulting in well-dispersed, uniform NPs with diameters of less than 6 nm, 

whereas the random structure in silk resulted in much larger and inhomogeneous NP 

formation. 
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1.3.3 Mechanical property of layer-by-layer hybrid films 

 

The mechanical properties and stability of layer-by-layer films are essential for several 

applications. Different strategies can be used to enhance mechanical properties, which rely 

usually on chemical or physical stiffening. For instance, films can be chemically cross-linked 

by carbodiimide chemistry (Richert et al. 2004), by photo-cross-linking (Kadi et al. 2009) or 

by natural cross-linking agents (Hillberg et al. 2009). Alternatively, the incorporation of 

inorganic NPs such as MTM clay, carbon nanotube and metal nanoparticles is a good mean to 

enhance film mechanical properties. 

Inorganic NPs like MTM clay (with the in-plane modulus of elasticity on the order of ~270 

GPa (Manevitch et al. 2004)) and carbon nanotube (with toughness up to 300 GPa (Yu et al. 

2000)) are always used as reinforcing fillers for enhancing the mechanical properties of 

commercial plastics. A significant enhancement of strength, elastic modulus and toughness 

has been observed upon addition of just a few volume percentages of the inorganic filler. 

However, above the few percentiles, the mechanical properties begin to deteriorate due to 

strong tendency of inorganic fillers to phase segregate and aggregate, thus creating fatal 

defects (Podsiadlo et al. 2009). The layering of the NPs with polyelectrolyte show an 

interesting promise for overcoming these problems thanks to a number of advantages: (i) the 

nanocomposite are constructed by alternating deposit nanometer thick layers of 

polyelectrolyte and NP, thus allowing for nanometer-level control of preparation; (ii) 

alternating the layers of inorganic NP with few-nanometer-thick layers of polymers translates 

into volume fractions upwards to 50 vol%; (iii) the colloidal self-assembly process restricts 

adsorption of NPs to well-exfoliated ones; and (iv) sandwiching of the NPs between polymer 

layers and strong interfacial bonding prevent phase segregation of the nanofillers. 

 

Supported films. For supported layer-by-layer films, researchers were more concerned about 

the film stability. It was thus shown that the incorporation of inorganic clay in the film 

improved crack resistance of the film (Kotov et al. 1998). 

Several research groups subsequently aimed at precisely measuring the film mechanical 

properties for organic/inorganic nanocomposite films. To this end, nanoindentation and 

nanoscratch techniques (Olek et al. 2006) were employed. It was found that the interaction 

between inorganic filler and polyelectrolyte was important for enhancing film mechanical 

properties, especially when carbon nanotube was incorporated (Olek et al. 2006). Yeom et al. 
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(Yeom et al. 2006) studied the effect of interfacial adhesion on the mechanical properties of 

organic/inorganic hybrid nanolaminates. They found that, in the case of formation of strong 

interfacial adhesion between the organic and the inorganic layers, the fracture toughness and 

the crack resistance of hybrid multilayer films were significantly improved. According to 

them, this may from the redistribution of stress concentration and from the dissipation of 

fracture energy by the plasticity of the organic polyelectrolyte layers. On the other hand, 

samples with relatively low interfacial adhesion between the organic and the inorganic layers 

had little effect on the improvement of fracture toughness of the hybrid films. 

 

Free-standing films. The mechanical property of layer-by-layer free-standing films has often 

been measured by tensile or bulge test (Nolte et al. 2005) or point-load nanodeflection 

(Markutsya et al. 2005) depending on film dimension and mechanical properties. For films 

composed of pure polyelectrolytes, the elastic modulus is ~ 1 GPa for 35 nm thick films (e.g. 

(PSS/PAH), (CHI/ALG) films) (Jiang et al. 2004; Fujie et al. 2009). Increasing the film 

thickness resulted in an increase in the elastic modulus up to ~ 10 GPa (Nolte et al. 2005; 

Fujie et al. 2009).  To further increase the mechanical properties, inorganic NPs, like metal 

NPs, MTM clay, carbon nanotubes, were usually incorporated into layer-by-layer 

free-standing films (Mamedov et al. 2002; Jiang et al. 2006; Podsiadlo et al. 2009; Podsiadlo 

et al. 2009; Podsiadlo et al. 2009). 

Tsukruk and co-workers (Jiang et al. 2004; Jiang et al. 2004; Jiang et al. 2005) constructed 

nanocomposite membrane via embedding a layer of gold NPs (12.7 ± 1 nm in diameter) 

between two spin assisted layer-by-layer (PAH/PSS)n films. The mechanical properties from 

bulging test show that the elastic modulus of the free-standing film increased from 1.5 to 9.6 

GPa by incorporating 3.9% of gold NPs (Jiang et al. 2004). 
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Figure 1.37 (a) Mechanical properties of (PDDA/MTM)n films. Stress (σ) versus strain (ε) curves of 
free-standing films made from (PDDA/MTM)50, (PDDA/MTM)100, (PDDA/MTM)200 and 
(PDDA/MTM)100 ion-exchanged with 1M Ca(NO3)2 for 24 h. (b) The derivatives of the stretching 
curves in (a) in the low- and intermediate-stress regions revealing the saw-tooth pattern. (PDDA/ 
MTM)50, (PDDA/ MTM)100, (PDDA/ MTM) 200 and Ca(NO3)2 ion-exchanged (PDDA/ MTM)100 
curves were shifted along the δσ/δε axis for clarity with baselines being 550, 250, and 1 600 MPa, 
respectively. The saw-tooth patterns for stretching macroscopic samples are not as pronounced as for 
single-molecule experiments due to averaging over a large ensemble of polymer molecules, which 
necessitates using the differential coordinates. The data were obtained at a relative humidity of 32%, 
T=25 ℃. (c, d) Polyelectrolyte folding and PDDA- MTM clay ion-pair formation with and without 
Ca2+ ion exchange. (e, f) Topographic AFM images of PDDA molecules adsorbed between the clay 
platelets. Elevated areas of irregular shape represent PDDA coils adsorbed to MTM platelets. Arrows 
track the partially decoiled macromolecules stretched between the clay platelets. (Reproduced from 
(Tang et al. 2003)) 

 

The incorporation of MTM platelets into the layer-by-layer free-standing films was studied by 

Tang et al. (Tang et al. 2003; Podsiadlo et al. 2007; Podsiadlo et al. 2007) to replicate nacre 

and bone structures. By assembling negatively charged MTM with PDDA in a layer-by-layer 

fasion, free-standing films with thicknesses of 1.2, 2.4 and 4.9 µm were obtained for 50, 100 

and 200 layer pairs, respectively. A tensile test was carried out to measure the mechanical 

properties of the free-standing films (Figure 1.37a). The ultimate strength and modulus were 

found to be 100 ± 10 MPa and 11 ± 2 GPa, respectively. The material was stronger and stiffer 

than some of the strongest commercial plastics and the enhancement of strength and stiffness 
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over the base PDDA polymer was nearly 10× and 50×. After initial plastic deformation under 

fairly low stress, films revealed abrupt hardening on further stretching and exhibited a 

characteristic step pattern of the stress-strain curves. The non elasticity of the materials can be 

seen even more clearly in the differential form of the stretching curves, which showed clear 

saw-tooth-like patterns (Figure 1.37b). The pattern was attributed to a successive opening of 

polymer intra-chain loops formed from different polymer segments connected by ionic 

linkages, which are sequentially broken when extending the macromolecule. These sacrificial 

bonds were found to be the molecular basis of the mechanical toughness of biocomposites, 

which help to effectively dissipate the stretch energy. High-resolution AFM images (Figure 

1.37e and f) obtained for PDDA adsorbed on clay platelets confirm the extensive coiling of 

the polyelectrolyte which leads to the formation of loops with macromolecular segments 

linked together by van der Waals and ionic interactions. The ionic interactions are probably 

brought about by negative surface charges on the clay surface and negative counter ions. It 

was also found that introduction of Ca2+ ions resulted in a competition for binding, and the 

loss of some polycation-clay contacts (Tang et al. 2003). 

The polyelectrolyte molecular coiled nature and its strong interaction with MTM clay were 

confirmed to be critical for the high strength and toughness of the polyelectrolyte/MTM clay 

nanocomposite free-standing films. Methods that can reinforce the interaction between 

polyelectrolyte chains and MTM clay can dramatically enhance the mechanical property of 

the nacre replica. It is found even a small amount of L-3,4-dihydroxyphenylalanine (DOPA) 

(Waite et al. 1981), the marine adhesive of mussels, has a dramatic effect on the mechanical 

properties: the ultimate strength increased 2× and the toughness by 8× (Podsiadlo et al. 2007). 

 

 
Figure 1.38 (a) SEM image of the surface and broken edges of ((PEI/PAA)(PEI/SWNT)5)8. (b, c) 
TEM images of ruptured areas of the free-standing films. The arrows indicate the possible positions of 
the stubs of the broken nanotube bundles. They were identified as such because the diameter of both of 
them is similar to that of the actual SWNT bundle bridging the gap, and their mutual positioning 
presents an almost perfect match with the expected location of the ends of a bundle broken during gap 
opening. (Reproduced from (Mamedov et al. 2002)) 
 



54 
 

Even high strength (220 MPa) and elastic modulus (35 GPa) were obtained for layer-by-layer 

free-standing film containing single wall carbon nanotubes (SWNT) (Mamedov et al. 2002; 

Shim et al. 2009). Mamedov and co-workers constructed nanometer-scale uniform and 

defect-free composite free-standing films with SWNT loading as high as 50 wt%. The film 

was constructed by layering negatively charged (COO-) SWNT with PEI into 

((PEI/PAA)(PEI/SWNT)5)8 multilayer and sequential thermal cross-linking. The good 

dispersion of SWNT in the whole film and the strong interaction between the polymer chains 

and SWNT are key parameters in achieving high strength and modulus. TEM examination of 

the initial stages of rupturing showed that virtually no fiber pullout occurred in the LbL 

multilayers (Figure 1.38b). For many TEM images obtained in different areas of the 

free-standing films, the authors were able to observe only one SWNT bundle bridging the 

break region (Figure 1.38c).The same image also shows two broken carbon fiber stubs 

imbedded in the walls of the crack (marked by arrows in Figure 1.38c). These results indicate 

that there is an efficient load transfer in the LbL composite. For multiwall carbon nanotubes 

(MWNT), the structure and morphology of the MWNT are important for the mechanical 

properties of the resultant composite films (Olek et al. 2004). 

 

1.4 Objective of the thesis 

 

Previous works in the group of Professor Ji at Zhejiang University have demonstrated that the 

exponential growth of films made of weak polyelectrolytes can be enhanced by increasing the 

deposit pH of the polycation and decreasing the deposit pH of the polyanion. This is the 

so-called pH-amplified LbL assembly (Fu et al. 2009; Wang et al. 2009). My thesis takes 

advantages of the newly explored pH-amplified layer-by-layer assembly. 

One aim was to investigate the potential applications of this amplified growth mode. 

Two different systems were used: the first one involves poly(ethylene imine) (PEI) and 

poly(acrylic acid) (PAA), a largely studied exponentially growing synthetic polyelectrolyte 

pair. The second one concerns poly(L-lysine) (PLL) and hyaluronic acid (HA) films, one of 

the most studied exponentially growing systems based on natural polymers. 

 

For (PEI/PAA) multilayer films, the aim was to construct two kinds of asymmetric 

free-standing films:  
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The first one possesses a top surface that is superhydrophobic and a bottom surface that is 

hydrophilic, to form a humidiy sensor (chapter 2.1).  

The second membrane is to be used as anti-bacterial dressing (chapter 2.2). It contains silver 

ions that can be essentially released by the bottom surface, which is hydrophilic and possesses 

a top surface that is self-cleaning. 

 

For (PLL/HA) multilayer films, the first aim was to investigate the effect of the molecular 

weight of HA on film growth and to get insight into the mechanism of the accelerated growth 

of (PLL/HA) film under pH amplified condition (Chapter 3).  

In the subsequent step, we explored the possibility of using these exponentially-growing films, 

which are rich in amine and carboxylic groups, as a template to synthesize NPs in situ and to 

constructing hybrid films. To this end, two types of NPs were synthesized: silver NPs (chapter 

4.1) and gold NPs (chapter 4.2). Both silver NP and gold NP were synthesized within the bulk 

of (PLL/HA) film in mild conditions using UV photoreduction to reduce their precursor ions. 
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Chapter 2 Asymmetric free-standing (PEI/PAA) 

multilayered films 

2.1 Humidity Responsive asymmetric free-standing multilayered 

film 

2.1.1 Summary 

Introduction 
Biomimetic is a big and interesting topic in material designing. Stimuli-responsive behavior, 

which is an intrinsic property of living systems, has become a key guidance for developing 

new materials and devices. The bending/unbending responsive materials are of great interests 

as the movement can be easily observed by naked eyes. For materials able to bend/unbend 

under various stimuli, the asymmetric response to the applied stimuli is crucial. One example 

of such stimuli-responsive material is modulated gels also called bigels.(Hu et al. 1995) Such 

gels consist of a controlled layer that is responsive to the environmental stimuli and a 

nonresponsive substrate layer. A 10-fold change in volume can be reached for the control 

layer as a consequence of a thermally induced abrupt change in the gel microstructure. The 

drastic swelling and shrinking of the control layer guarantees that the bigel strip bends 

uniformly upon heating to form an arch and recovers to the strip upon cooling. Of note, as the 

membranes’ sensitivity relies on film thickness, thinner membranes will be more sensitive. A 

metal/polymer composite bilayered film with a thickness at the micrometer scale was 

prepared(Ma et al. 2009) in which 10% of absorbed water within the polymeric layer was 

enough for the bilayered film to exhibit such bending/unbending movement upon humidity 

changes. 

In this work, we constructed a free-standing polyelectrolyte multilayered film with 

asymmetric wettability, superhydrophobic vs hydrophilic. The bending/unbending movement 

of the asymmetric free-standing film under humidity change was studied. 
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Results and discussion 

Teflon plate was alternately immersed into poly(ethylene imine) (PEI, 1 mg/mL) at pH 9.0 

and poly(acrylic acid) (PAA, 3 mg/mL) at pH 2.9 (for 15 min each) to form 20-bilayer 

multilayer films. After thermal cross-link and chemical deposition of low surface energy 

silane, the films can be easily peeled away from the Teflon plate to yield a free-standing film. 

The pH shift in (PEI/PAA) film build-up process resulted not only in the amplified film 

growth but also in roughening of film surface morphology. The top surface of the film, which 

was previously facing air, showed micro-nano hierarchical structures and got a water contact 

angle as high as 161.2° with a low surface energy silane coating; the surface morphology of 

the bottom surface of the free-standing film, which was facing the substrate before 

detachment, was relatively smooth with only micrometer scale structures and the water 

contact angle on the bottom surface declined rapidly to 25.6°. 

The sharp differences on wettability of the two surfaces brought asymmetric responses upon 

water or vapor for the two surfaces and thus leaded to bending/unbending movement of the 

free-standing film. The film was in the state of rolling bottom surface inside at low humidity, 

when the film was then shifted to high humidity it first extended and then rolled up and 

wrapped the upper surface inside. In case the humidity changed from high to low, the opposite 

unbending/bending transition was observed. 

Conclusion 

A facile method for creating asymmetrical free-standing films has been demonstrated in this 

work based on the alternated deposition of PEI at high pH and PAA at low pH on a Teflon 

substrate. After coating with a layer of a low surface energy compound, the released 

free-standing films with asymmetric surface morphology and wettability can exhibit 

reversible humidity-induced shape transitions. 
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2.1.2 Article  

Humidity responsive asymmetric free-standing multilayered film 

L.Shen, J. Fu, K. Fu, C. Picart, and J. Ji, Langmuir. 2010, 26(22), 16634–16637. 

 

Humidity responsive asymmetric free-standing multilayered film 

Liyan Shen, Jinhong Fu, Ke Fu, Catherine Picart, and Jian Ji, 

 

Abstract 

A humido-responsive free-standing film has been created using layer-by-layer assembly 
technique. Polyethylenimine (PEI) at high pH was assembled with poly(acrylic acid) (PAA) at 
low pH on a Teflon substrate to yield a micro-nano structured surface that can be made 
superhydrophobic after being coated with a low surface energy compound. The resulting 
asymmetric freestanding film with one surface being superhydrophobic while the other is 
hydrophilic after detachment from the substrate can undergo reversible bending/unbending 
shape transitions when the environmental humidity is changed. The bending/unbending 
movement of the free-standing film can be ascribed to the different responses of these two 
surfaces to humidity. 

 

Stimuli-responsive behavior is an intrinsic property of living systems that has become a key 
guidance for developing new materials and devices. Smart polymeric materials, such as 
hydrogels,1,2 capsules,3,4 and multilayers,5 can respond with a considerable change in their 
volume, shape, or other properties to even small changes in the environment. Materials that 
exhibit reversible shape transitions such as bending/unbending hold great promise in 
applications such as artificial muscles,6,7 cantilevers,8 sensors,9 actuators,10,11 and so on. For 
materials able to bend/unbend under various stimuli, the asymmetric response to the applied 
stimuli is crucial. One example of such stimuli-responsive material is modulated gels also 
called bigels.12 Such gels consist of a controlled layer that is responsive to the environmental 
stimuli and a nonresponsive substrate layer. A 10-fold change in volume can be reached for 
the control layer as a consequence of a thermally induced abrupt change in the gel 
microstructure. The drastic swelling and shrinking of the control layer guarantees that the 
bigel strip bends uniformly upon heating to form an arch and recovers to the strip upon 
cooling.12 Wang and co-workers synthesized polyaniline asymmetric membranes with integral 
skin.11 The asymmetric volume expansion/ contraction because of the presence/ absence of 
counterions makes the membrane undergo bending/unbending movement. It has to be noted 
that, as the membranes’ sensitivity relies on film thickness, thinner membranes will be more 
sensitive. A metal/polymer composite bilayered film with a thickness at the micrometer scale 
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was prepared by Sun and Ma,13 in which 10% of absorbed water within the polymeric layer 
was enough for the bilayered film to exhibit such bending/unbending movement upon 
humidity changes. 

Wettability is a fundamental property of a solid surface, which plays an important role in 
the adhesion of proteins, cells, microorganisms as well as other contaminants on surfaces. 
Functional surfaces with controlled wettability have raised great interest because of their great 
advantages in various applications.14-17 For example, superhydrophobic surfaces with a water 
contact angle larger than 150° and a sliding angle less than 10° exhibited excellent 
water-repellent properties, while hydrophilic surfaces can absorb water and water-soluble 
moieties easily. Such superhydrophobic surfaces are known as self-cleaning or anti-adhesive. 
It would be interesting to design an ultrathin film with asymmetric wettability, since the 
opposite surfaces may respond unequally to water. 

The layer-by-layer (LBL) assembly (also called multilayer assembly) provides a simple, 
versatile, and robust tool for constructing ultrathin films with different functionalities.18-22 The 
sensitivity of the LbL film toward the environmental parameters (including pH, ionic strength, 
etc.) further provides the possibility to modulate the layered nanostructure at will. Recently, 
the facial LBL technique has become an attractive way to fabricate free-standing films.23-33 
Many efforts have been devoted to both improve mechanical properties25-28 and explore novel 
functionalities29-32 of LbL free-standing films. Although the LbL assembly provides an 
approach to fabricate asymmetric films since the top and the underlying layer can be easily 
made of different polyelectrolytes with different structures and functionalities, only few 
studies23,33 have paid attention to the asymmetric properties of free-standing films. Herein, we 
report the facial fabrication of a free-standing LbL multilayer film with asymmetric 
topography, which further exhibits an asymmetric wettability, namely, superhydrophobic and 
hydrophilic. We found that the free-standing film with asymmetric topography and wettability 
presents extraordinary shape-transition properties based on reversible humidity changes. 

The approach is based on our previously published method to develop hierarchical micro- 
and nanostructured surfaces by the alternating deposition of the polycation at high pH and the 
polyanion at low pH.34 Following the method initially reported by Lutkenhaus et al.23 of 
preparing a free-standing film after deposition of the film onto a low surface energy substrate, 
we immersed a Teflon plate alternately into polyethylenimine (PEI, 1 mg/mL) at pH 9.0 and 
poly(acrylic acid) (PAA, 3 mg/mL) at pH 2.9 (for 15min each) to form multilayers. The films 
were then thermally crosslinked following an established procedure for the heat-induced 
amide formation of the carboxylate-ammonium complexes.35 This was achieved in a sealed 
chamber in the presence of a low surface energy silane (tridecafluoroctyl)-triethoxysilane, 
which was employed here to reduce the film’s surface energy to render it superhydrophobic. 
The treatment was performed at 130 ℃ for 2.5 h. Finally, the free-standing film with opposite 
wettability was obtained by peeling it away from the substrate. As shown in our previous 
study,34 the pH shifts during the assembly of the weak polyelectrolytes PEI and PAA lead to a 
drastic change in the ionization degree of the polyelectrolytes in the multilayer. This enhances 
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PEI diffusion into and out of the films and hence increases the deposited mass per cycle. The 
synergetic action of the pH-dependent charge density and diffusivity of the weak 
polyelectrolytes provided a facile method to rapidly fabricate multilayers. The film build-up 
process was monitored by quartz crystal microbalance (QCM), and its thickness was 
estimated by scanning electron microscopy (SEM) after performing a cross section (Figure 1). 
The film grows exponentially and rapidly as the number of deposited layers increases.  

 
Figure 1. QCM data of the PEI/PAA film growth on a QCM crystal. Insert: film thickness of PEI/PAA 
film deposited on silicon and measured by SEM. 

 

A film made of nine layers leads to a frequency shift of 18 500 Hz, which corresponds to 
a mass of 126.8 μg/cm2 according to Sauerbrey’s equation. A 16-layer film reached a 
thickness of 5.6 μm as observed by SEM cross-sectional measurements. Although the films on 
Teflon substrate grew much more slowly due to poor initial absorption onto the substrate, the 
free-standing (PEI/PAA)20 film reached a thickness of 11.6 μm (Figure 2A), as can be 
observed by SEM. The enlarged diffusion “in” and “out” of PEI due to the pH shift not only 
resulted in the amplified exponential growth but also in the roughening of the film surface. 
Figure 2B shows that the surface initially facing the substrate (indicated as bottom surface) 
was relatively smooth while the upper surface ending with PAA was very rough (Figure 2C), 
with wormlike features of 5-10 μm in size, in which many granular nanostructures and 
nanopores can be observed (Figure 2D). The detachment of the films from the hydrophobic 
substrate did not change the morphology of the upper surface. The film thermal crosslinking 
was confirmed by infrared spectroscopy (Supporting Information Figure S1). The 
disappearance of the amine band around 3380 cm-1 and emergence of an amide A band around 
3000 cm-1 indicated amide formation. The peaks corresponding to COOH and COO- groups 
did not change much because of the large number of COOH and COO- groups compared to 
amino groups in the films terminated by PAA as the outermost layer. Silane can be grafted to 
the film by reacting with the free amino groups on the film surface17 (see Supporting 
Information Scheme S2). X-ray photoelectron spectroscopy data confirmed the successful 
deposition of the silane (Supporting Information Figure S2). 
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Figure 2. SEM images of the free-standing films after detachment from the Teflon substrate. A) 
Cross-section of free-standing (PEI/PAA)20 film, which is 11.6 µm thick. B) Surface morphology of the 
bottom surface which was facing the Teflon substrate before detachment. C) Surface morphology of 
the upper surface. D) Magnified image of C). The insets in B) and C) show the corresponding water 
contact angle measurements. The contact angle was high (161.2°) on the upper surface, while it 
rapidly decreased to 25.6° on the bottom surface. 

 

The film with an asymmetric surfacemorphology here provides a platform to construct a 
free-standing film with asymmetric wettability. After coating with a layer of a low surface 
energy silane and thermally crosslinking the films, the water contact angle of the upper 
surface reached 161.2° (Figure 2 C inset), indicating that it was superhydrophobic. 
Conversely, the water contact angle of the bottom surface was relatively low at 25.6°. This 
sharp difference in wettability leads to a very different behavior of these two surfaces when 
put in contact with water. 

Indeed, this leads to extraordinary shape transitions induced by humidity changes. Figure 3 
shows the shape changes that can be observed upon variation in the relative humidity (RH) of 
the environment. The film initially equilibrated at RH 75% under 20 ℃ was rolled bottom 
surface inside (Figure 3A). When the film was exposed to higher humidity (95% at 20 ℃), it 
first extended (Figure 3B) and then rolled up and wrapped the upper surface inside (Figure 3 
C). Such shape transition occurred in about 1 min. When the film thereafter was put back to a 
lower humidity (75% at 20 ℃), it behaved exactly the inverse way (Figure 3D-F and 
Supporting Information 3). It first relaxed to be flat from the upper surface inside situation 
and then rolled down and wrapped the bottom surface inside. This phenomenon was totally 
reversible over 50 cycles. 
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Figure 3. Time lapse images of shape transitions of an asymmetric free-standing (PEI/PAA)20 film 
after changing the relative humidity of the environment. The upper surface of the film is 
superhydrophobic. Left: the RH was increased from 75% to 95% (from A to C); right: the RH was set 
back to 75% and the shape changes were observed (from D to F). The experiments were performed at 
room temperature (20 °C). Scale bar is 1 cm. 
 

Hydrodynamic shape transition of LbL related film has been investigated by Fujie et al.36 A 
free-standing film consisting of thermoresponsive 47 nm thick pNIPAM polymer brushes on a 
41 nm thick polysaccharide nanosheet was constructed by the combination of 
spin-coating-assisted layer-by-layer assembly and atom transfer radical polymerization 
(ATRP). The film was found to exhibit reversible structural color changes when the 
temperature changes. However, the film fabrication process was relatively complex and the 
stimuli responsive ability mainly came from the relatively thick pNIPAM polymer brushes 
and not the LbL film. In fact, previous works have reported that multilayer films can respond 
to environmental stimuli such as humidity changes and undergo water absorption and 
desorption coupled with dimension expanding or shrinking.13,37,38 For example, Kleinfeld and 
Ferguson found that PDDA/hectorite multilayered films adsorbed water rapidly and reversibly 
upon cycling repeatedly between dry and wet atmospheres. The ellipsometric thickness of a 
(PDDA/hectorite)25 film increased from 67.2 nm at RH 0.5% to 82.1 nm at RH 87%.37 Here, 
we found the relative mass of (PEI/PAA)20 free-standing films changes reversibly when 
cycling between high RH and low RH (see Supporting Information Figure S3). More 
interestingly, we show that, by introducing an asymmetric wettability into two surfaces of an 
ultrathin film, the shape changes can be significantly amplified and be coupled to a curvature 
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transition. The asymmetric free-standing film with a superhydrophobic upper surface and a 
bottom hydrophilic surface which is water absorbable converts the small volume and/or 
dimension changes to a noticeable shape and curvature transition. 

After thermal crosslinking, the mass of the film decreased by 10% (0.0262 g out of 0.26 g 
initially for the whole film), indicating some water was expelled out of the film during the 
crosslinking procedure and evaporated in the sealed chamber. We estimate that the increase in 
water vapor pressure during the crosslinking process leads to a 13% increase in RH (see the 
Supporting Information), which may explain why the film appears flat at RH  85%. Our 
hypothesis is that the film may “memorize” the shape it had at the end of the crosslinking 
process. 

This humidity can be considered as the critical point. Figure 4 D to F represents 
schematically the different shapes of the asymmetric free-standing films upon different 
humidity. When the humidity is increased from 85% to 95% (at 20 ℃), the bottom surface 
absorbs more water and expands in length. However, the upper surface is water resistant and 
remains at its original size. 

The mismatch between the two surfaces leads to a film bending upward and coiling of the 
superhydrophobic surface inside (Figure 4 A and D). This coiled shape was obtained in 30 s 
and maintained under the atmosphere of high humidity (95% at 20 ℃). When the humidity is 
decreased, the film loses water from the bottom surface and its length decreases. When the 
humidity is lower than the “memorized” point (85% at 20 ℃ in this case), for example, at RH 
75%, the bottom surface contracts and the film bends down to the bottom side (Figure 4 C and 
F). It takes around 80 s for the film to coil the hydrophilic surface inside. This appears 
reasonable and is indeed in accordance with the results reported elsewhere,36 because the 
water desorption from the film is much slower than adsorption by the film. 

The superhydrophobicity obtained from the combination of micro-nano hierarchical surface 
structures and low surface energy coating of the upper surface is crucial for the reversible 
humido induced shape-transition. Two other asymmetric free-standing films were also 
constructed (see Supporting Information Scheme S1): One is of asymmetric topography; that 
is, the upper surface is micro-nano hierarchical structured but without low surface energy 
coating. In this case, the water contact angle on the upper surface is 90°; the other one has a 
flat upper surface (see Supporting Information Figure S4) and is coated with a low surface 
energy compound, which provides it with asymmetric wettability (water contact angle of the 
upper surface is 107.5°). The fact that the upper surfaces were hydrophobic, not 
superhydrophobic, limited the humido-response of the films, resulting in weakening or even 
loss of their ability to sustain reversible shape transitions. The rough/flat asymmetric 
free-standing film always wrapped the bottom surface inside at high, low, and intermediate 
RH; and the hydrophobic/hydrophilic asymmetric free-standing film rolled irregularly and 
irreversibly when exposed to higher humidity (data not shown). 
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Figure 4. Left: Images of the steady-state shapes of a (PEI/PAA)20 free-standing film under different 
RH (T = 20℃). A) at 95% RH, the upper surface is rolled inside, B) at 85% RH, the film is almost flat, 
C) at 75% RH, the bottom surface is rolled inside. Right: Schematic illustration of shape transitions of 
an asymmetric free-standing film towards humidity changes. The upper surface is superhydrophobic 
and the lower surface is hydrophilic (E). The bottom surface can either shrink (F) or expand (D) 
leading to different shape transitions. Scale bars show 1 cm. 
 

All together, these data indicate that asymmetries in topography as well as in wettability are 
both required to achieve the optimal effects. The fast and pronounced responses combined 
with robustness of the free-standing film make it a good candidate for applications as a sensor 
or detector. Modulation of the crosslinking conditions may provide an additional way to 
further tune the relative humidity range over which the film can respond. 

In conclusion, we have demonstrated a facile method for creating an asymmetrical 
free-standing film by the alternated deposition of PEI at high pH and PAA at low pH on a 
Teflon substrate. After coating with a layer of a low surface energy compound, the released 
free-standing films with asymmetric surface morphology and wettability can exhibit 
reversible humidity-induced shape transitions. The concept of asymmetric functionalization 
may largely expand the fundamental research area and broaden the application fields of the 
free-standing films. Other functionalities and associated properties originating from the 
asymmetry of free-standing films will be investigated in future studies. 
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Supporting information 1 
 

Free-standing film fabrication:  

PEI/PAA multilayer films were constructed using 1 mg/mL PEI (pH 9.0) and 3 mg/mL 

PAA (pH 2.9) aqueous solutions on the hydrophobic Teflon substrates. The multilayer films 

were built by first immersing Teflon plate into the PEI solution for 15 min followed by 

rinsing with pure water (with an pH of approximately 5.5) for three times and blowing dry 

with a gentle stream of nitrogen; The substrates were then immersed into PAA solution for 

15min followed by washing three times with pure water and nitrogen blowing dry. The 

adsorption, washing and drying steps were repeated until 19.5 layer pairs (for PEI outermost 

films) and/or 20 layer pairs (for PAA outermost films) were obtained. The films were then 

thermally crosslinked by heating at 130°C for 2.5 hours in a sealed chamber with (for 

superhydrophobic/hydrophilic and hydrophobic/hydrophilic asymmetric films, Scheme S1 (A) 

and (C)) or without (for rough/flat asymmetric film, Scheme S1 (B)) 

(tridecafluoroctyl)triethoxysilane. (Tridecafluoroctyl)triethoxysilane is used here as a low 

surface energy compound to obtain very low surface energy surfaces via chemical vapor 

deposition. Finally, the multilayered films were peeled away from the hydrophobic substrate 

using tweezers. 

The superhydrophobic/hydrophilic asymmetric free-standing film Scheme S1 (A) was 

reported in the paper gaining humido-responsive ability. The other two free-standing films 

were made to confirm the importance of superhydrophobicity of the upper surface for 

humido-responsive capability. 
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Scheme S1: Schematic illustration for the fabrication of three kinds of asymmetric 

free-standing films.  

 

Scheme S2: Schematic illustration of the reaction between silane and amino groups on 

PEI/PAA film when chemical vapor deposition of silane occurred. 
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Figure S1: Infrared spectrum of (PEI/PAA)8 film before (blue) and after (red) thermal 

crosslinking. The films were built on silicon wafer and the spectra were collected in transition 

mode. 

 

Figure S2: XPS data of a (PEI/PAA)8 film before (a) and after (b) silane deposition. The 

films were built on silicon wafer. 

  a 

a
 
a

b
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Figure S3: Relative mass of (PEI/PAA)20 free-standing film as a function of relative humidity. 

The square (dash line) corresponds to a decrease in RH while the circle (solid line) 

corresponds to an increase in RH. The mass of (PEI/PAA)20 free-standing film after thermally 

crosslinking was used as reference. Measurements performed at room temperature, T=25 ℃ 

by electronic balance. 

 

 

Figure S4: SEM image of PEI outermost upper surface. The surface morphology of PEI 

ending film is flat and featureless with a slight granular structure. The water contact angle 

after being coated with a low surface energy (tridecafluoroctyl)-triethoxysilane is 107.5°. 
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Water vapor pressure increment calculation: When the film was heated in a sealed 

chamber, water adsorbed on the film can go out of the film and increase water pressure in the 

chamber. According to Clapeyron equation for ideal gas 

PV=nRT 

Where P is the pressure increment of the gas of interest, V is the volume the gas filled, n is 

the mole of gas, R is the gas constant (8.314472 L·kPa·K·mol) and T is the absolute 

temperature (293.15 K).  

The water vapor pressure increment at a given temperature can be estimated by knowing the 

volume of the chamber (12 L) and the mass decreased for a film after crosslink, which was 

caused by water evaporation (0.0262 g in this case). The water vapor pressure increment was 

calculated to be 295.5 Pa, which can be easily transformed to relative humidity at a given 

temperature. For example, the saturated water vapor pressure at 20°C is 2337.8 Pa, so 295.5 

Pa corresponds to an increase of 13% of the relative humidity. Considering the relative 

humidity in the lab is around 75%, the water vapor pressure at the end of crosslink equals to 

about RH 85% at 20°C. 
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2.2 Asymmetric Free-Standing Film with Multifunctional 

Anti-Bacterial and Self-Cleaning Properties 

2.2.1 Summary 

Introduction 

Free-standing films have aroused numerous research interests due to their unique properties 

compared to bulk materials, such as transparency, flexibility, selective permeability, 

adhesiveness and so on. Recently, free-standing film has also found application in biomedical 

fields as membrane for defect repair (Fujie et al. 2009). 

Multifunctionality can be needed in some cases such as for wound dressing (Boateng et al. 

2008). Infection is one of the big problems after surgery as well as for burning defects, for this 

reason, antibacterial activity is demanded for wound dressing materials; to promote wound 

healing, semi-permeation of the membrane is required for keeping water and useful moieties 

in contact with the wound but getting away the smelling gas; and the wound dressing 

membrane should protect the defect from the outer environment. 

Layer-by-layer assembly is a suitable technique to construct ultrathin coatings or films with 

multifunctionality as this method allows the incorporation of multiple functional components 

and can control their deposition in a nanometer level. Meanwhile, previous work has already 

proved the successful fabrication of asymmetric free-standing film via layer-by-layer 

assembly. 

In this work, a silver nanoparticles loaded free-standing film with one surface 

surperhydrophobic and the other surface being hydrophilic was created via amplified 

layer-by-layer assembly. The anti-adhesive and self-cleaning properties of the 

superhydrophobic surface and the bactericidal activity of the hydrophilic surface which 

extensively releases silver ions were studied. 

 

Results and discussion 

Teflon substrate (or PET) was alternately dipped into poly(ethylene imine)-Ag+ complex 

(PEI-Ag+) solution and Poly(acrylic acid) (PAA) solution for 15 min respectively to form 

multilayers. After thermal cross-linking and chemical vapor deposition of low surface energy 
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silane, the free-standing film with one surface hierarchically structured and superhydrophobic 

(CA=168.2°) and the other surface being flat and hydrophilic (CA=52.7°) was obtained. Of 

note, the asymmetric free-standing film embedded with silver nanoparticles, which were 

reduced from silver ions on the thermal cross-linking step. 

Silver ions were found to release one-directionally from the bottom surface due to the 

anti-wetting properties of the superhydrophobic top surface, and ensured the film with high 

antibacterial activity. Meanwhile, the superhydrophobic surface showed extraordinary 

self-cleaning and anti bacterial adhesion abilities. 

 

Conclusion 

An easy way to construct asymmetric free-standing film loaded with silver nanoparticles by 

amplified layer-by-layer assembly was reported. The solid isolated free-standing films have 

asymmetric surface morphology, which resulted in asymmetric wettability of 

superhydrophobic vs hydrophilic. The superhydrophobic surface was proved to limit bacterial 

adhesion and to be self-cleaning, while the hydrophilic surface can extensively deliver 

bactericidal silver ions. 
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2.2.2 Article 

Asymmetric Free-Standing Film with Multifunctional Anti-Bacterial and Self-Cleaning 

Properties 

L. Shen, B. Wang, J. Wang, J. Fu, C. Picart, J, Ji,  

submitted to ACS Applied Materials & Interfaces 

 

Asymmetric Free-Standing Film with Multifunctional Anti-Bacterial and 

Self-Cleaning Properties 

Liyan Shen, Bailiang Wang, Jinlei Wang, Jinhong Fu, Catherine Picart, Jian Ji 
 

ABSTRACT:  

A superhydrophobic/hydrophilic asymmetric free-standing film has been created using 
layer-by-layer assembly technique. Poly(ethylene-imine)-Ag+ complex (PEI-Ag+) at pH 9 was 
assembled with poly(acrylic acid) (PAA) at pH 3.2 on a Teflon substrate to yield a 
micro-nanostructured surface that can be turned to be superhydrophobic after being coated 
with a low surface energy compound. Silver nano-particle loaded free-standing film with one 
surface being superhydrophobic while the other surface is hydrophilic was then obtained after 
detachment from the substrate. The superhydrophobicity enabled the upper surface with anti 
adhesion and self-cleaning properties and the hydrophilic bottom surface can release silver 
ions as antibiotic agent. The broad-spectrum antimicrobial capability of silver ions released 
from the bottom surface coupled with superhydrophobic barrier protection of the upper 
surface may make the free-standing film a new therapy for open wound. 

 

KEYWORDS: Asymmetric, superhydrophobic, free-standing films, anti adhesion, drug 
release, layer-by-layer assembly 

 

INTRODUCTION 

Free-standing films can sustain their shape and other properties in air or liquid after been 
released from the substrates.1 Thin free-standing films have aroused great interest because 
they exhibit dramatically different behavior when compared to bulk materials, with changes 
in properties such as glass transition,2-4 transport,5-7 and stress to failure.8,9 Meanwhile, 
free-standing films have found great potential use as sensors,10,11 barrier materials,12 
reflectors,13 and electronic films.14,15 Due to their unique properties including high flexibility, 
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non-covalent adhesiveness, transparency and large aspect ratio, free-standing films have 
found new use in the biomedical field.16-23 Fujie et al.16-18 reported the fabrication of a 
polysaccharide free-standing film via a spin-coating assisted layer-by-layer method, using 
alternating deposition of oppositely charged polysaccharides through electrostatic interactions. 
The polysaccharide free-standing films were proved to be capable to tightly and firmly repair 
a pleural injury/defect after thoracic surgery so as to prevent air leakage and postsurgical 
adhesion.17 Recently, attention has been paid to the asymmetric properties, such as wettability 
and morphology, for the two surfaces of free-standing films. Lutkenhaus and co-workers24 

fabricated an asymmetric membrane with a fine porous skin layer and a thick microporous 
underlying layer via acidic postassembly treatment of a linear poly(ethylene-imine)/PAA 
(LPEI/PAA) multilayer. The same authors25 also pointed out the possibility of constructing 
free-standing films with asymmetric wettability just after detachment of Poly(ethylene 
oxide)/PAA (PEO/PAA) LBL multilayer from substrates. The LBL assembly technique 
actually provides its attractive advantage to fabricate asymmetric free-standing films since the 
top and the underlying layer can be easily made of different polyelectrolytes with different 
structures and functionalities. Multifunctionality is desired for several applications. For 
example, the cure for wound dressing should be on one hand antibacterial and on the other 
hand keep the wound from the outer environment. We have previously constructed a humidity 
responsive free-standing (PEI/PAA) film via pH-amplified layer-by-layer assembly.26 We 
showed that the film exhibited a fast and reversible humidity responsiveness, which 
originated from its asymmetric superhydrophobic/hydrophilic wettability. Indeed, we believe 
that the asymmetric wettability can be explored as more functionality since surface wettability 
plays a pivotal role in the contact of liquids with solids and in surface adhesion as well. A 
surperhydrophobic surface is known to be water-repellent and self-cleaning.27 It provides a 
barrier to prevent water molecules from penetrating the film and protect it from the outer 
environment. In addition, the superhydrophobic barrier may also keep water and other 
moieties from leakage via diffusion, while water and water soluble moieties can be absorbed 
and/or desorbed by the hydrophilic surface easily. 

In this work, a free-standing film loaded with silver nanoparticles with one 
surperhydrophobic surface and the other being hydrophilic was created via amplified 
layer-by-layer assembly on hydrophobic polytetrafluoroethylene (PTFE, name here Teflon). 
The LBL film was subsequently released from the substrate. The anti adhesive and 
self-cleaning properties of the superhydrophobic upper surface and the bactericidal activity of 
the hydrophilic surface which extensively release silver ions were studied. 

 

EXPERIMENTAL SECTION 

Fabrication of Free-standing films. PEI-Ag/PAA multilayer films were built by firstly 
immersing the Teflon substrate into PEI-Ag+ solution (1 mg/mL, pH 9.0, Ag+ 1.6 mM) for 15 
min followed by three rinsing with pure water (with pH of approximately 5.5) and dried in a 
stream of N2. The substrate was then immersed into PAA solution (3 mg/mL, pH 3.2) for 15 
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min followed by three washes with pure water and drying. The adsorption and washing steps 
were repeated until 40 layers were obtained. Chemical vapor deposition of 
triethoxy-tridecafluoro-n-octylsilane was performed on the films to obtain surfaces with very 
low surface energy. The multilayer films were placed in a sealed chamber together with 
triethoxy-tridecafluoro-n-octylsilane, the sealed chamber was placed in an oven at 130°C for 
2.5 hrs. Then, the samples were withdrawn from the chamber, and placed in an oven at 180°C 
for 1.5 hrs to remove unreacted silane molecules. The thermal crosslinking, ie 
thermally-induced imide formation, and the reaction with silane and amino groups during 
chemical vapor deposition have been already established in our previous work.26 Finally, the 
multilayer film was peeled away from the hydrophobic substrate using tweezers. For the 
studies on supported films, PET (polyethylene terephthalate) was always used as substrate. 

Scanning Electron Microscopy (SEM). The surface morphology of both upper and bottom 
surfaces as well as the cross-section of the (PEI-Ag/PAA)20 free-standing film was imaged 
using a field emission scanning electron microscope (FESEM; FEI, SiRion100).  

Water Contact Angle. Surface wettability for both free-standing and supported films was 
determined via sessile drop contact angle (CA) measurements taken with a KRUSS DSA 
100-MK2 contact angle system at ambient temperature. At five different positions, a 4 µL 
water droplet was dispensed onto the substrate and the average CA was measured and 
averaged for each sample. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Silver ions release was carried 
out by immersing pieces of 5x5 mm2 free-standing (PEI-Ag/PAA)20 films in to 50 mL PBS at 
37°C. For PET supported films, (PEI-Ag/PAA)19-PEI-Ag or (PEI-Ag/PAA)20 films with or 
without silane coating were studied in the same conditions. The Ag+ concentrations at 
different release times were measured using ICP-MS PQ3 (X II, Thermo Scientific). To 
measure the total Ag NPs loading amount, a 5x5 mm2 piece of film was dissolved in 1 mL 
HNO3 and diluted to 50 mL, then the silver ion concentrations were determined by ICP-MS. 

Bacteria Initial adhesion. The bacterial strain used herein was Escherichia coli (E. Coli 
BL21). The PET supported films were immersed in a bacterial suspension (10 ml) of 106 cells 
per mL in a sterile test tube. The test tube was then shaken at 37 °C for 4 h. After that the 
samples were taken out and washed three times with sterile PBS. The bacteria were then fixed 
in 3% glutaraldehyde for 30 min followed by step dehydration using 25%, 50%, 70%, 95% 
v/v water/ethanol mixture and finally pure ethanol. The samples were imaged by a field 
emission scanning electron microscopy (FESEM; FEI, SiRion100) after sputtering a thin gold 
layer. The number of E. Coli adhered on the samples were counted from the SEM images 
taken at magnification X5000. At lease 6 images were counted to give an average number for 
each sample. 

Bactericidal Activity of the films. The bactericidal activity of the silver NPs incorporated 
films was tested using a Kirby-Bauer assay.28 Briefly, the solid slabs of agar made from 
Cation-adjusted Mueller Hinton Broth II (CMHB) media and BactoAgar were used for 
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bacterial culturing. 1000 cells were planted on each plate, on which free-standing film bottom 
surface as well as PET supported films were placed film upside down. The plates were 
incubated at 37 °C overnight and then the inhibition zones were measured. All experiments 
were done in triplicate. 

Digital camera images and videos were captured by Sony digital camera (SONY-H 9). 

 

Teflon

+ + + + +
PEI‐Ag+  pH=9.0

PAA  pH=3.2

Alternate deposition

PET

Teflon

(PEI‐Ag+/PAA)20

+ +
+ + + +

+ + + +

CL 
+ Silane coating

Asymmetric free‐standing 
film with Ag NPs

superhydrophobic

hydrophilic

PET
+ +

+ + + +
+ + + +

(PEI‐Ag+/PAA)20

PET
+ +

+ + + +
+ + + +

PEI‐Ag+ ending film

CL
+ Silane coating

CL 

PET

superhydrophobic

PET

rough hydrophobic

PET

CL 
+ Silane coating 

flat hydrophobic

+

PEI

PAA

Ag+

Ag NP

a

b

c

d

 
Scheme 1. Schematic illustration of the fabrication of free-standing (a) and supported (b, c, d) films. 
Teflon substrate was used to construct free-standing film and PET substrate was used for the 
supported films. First, the substrates were alternately immersed in PEI-Ag+ (pH=9.0) and PAA 
(pH=3.2) solutions to form 20 (a, b, c) or 19.5 (d) bilayered films (PAA-ending films or 
PEI-Ag+-ending films). Then, the films were heated in a sealed chamber to be thermally crosslinked 
(CL) in the presence (a, b, d) or absence (c) of an additional silane coating. Finally, free-standing film 
with top surface superhydrophobic and bottom surface hydrophilic (a) was obtained from Teflon 
substrate, and supported superhydrophobic film (b), supported hydrophobic rough film (c) and 
supported hydrophobic flat film (d) were obtained on PET substrate. 

 

RESULTS AND DISCUSSION  

We have previously reported the construction of superhydrophobic multilayered films via 
silver ion amplified exponential growing layer-by-layer deposition.28,29 Here we employed the 
same protocol while slightly increased the pH of PAA deposition solution, so that part of 
silver ions can still be captured in the films (see Table SI1). As shown in the scheme, the 
substrate (Teflon or PET) was alternately dipped into poly(ethylene imine)-Ag+ complex 
(PEI-Ag+) solution and poly(acrylic acid) (PAA) solution for 15 min respectively to form 
multilayers. The films were then cross-linked by heating and coated with 
triethoxy-tridecafluoro-n-octylsilane to reduce surface energy via chemical vapour deposition. 
Meanwhile, the silver ions incorporated were reduced to be silver nanoparticles31,32 which can 
serve as the source for Ag+ release.33 Finally, the free-standing films with inverse wettability 
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were obtained by peeling them away from the Teflon substrates with tweezers. When the PET 
substrate was used, supported films with either flat or rough surface morphology depending 
on the outermost layer were constructed. 

 

 
Figure 1. (A) SEM image of the cross-section of free-standing (PEI-Ag/PAA)20 film. (B) Digital photo 
of a free-standing (PEI-Ag/PAA)20 film deposited on skin of finger. The top surface is 
superhydrophobic and the film is transparent. 

 

The thickness of a (PEI-Ag/PAA) film made of 20 layer pairs was of 19.5 ± 1.6 μm after 
peeling off from the Teflon substrate, as indicated in Figure 1 A. The free-standing film can 
be transferred to most liquid/air or solid/air interface including the human tissues easily, 
especially in wet state. As shown in figure 1 B, the free-standing film was flexible and 
attached easily to human skin. SEM was also applied to monitor the surface morphology for 
both top and bottom surfaces of free-standing film (see supporting information figure SI 1). 
The surface previously attached to the substrate (indicated as the bottom surface) was 
relatively smooth with some micro scale structures (figure SI 1 A) while the other surface 
which was far away from substrate (indicated as top surface) exhibited micro and 
nano-hierarchical topography (figure SI 1 B and C). These micro- and nano- structures 
combined with a low surface energy coating by a silane (triethoxy-tridecafluoro-n-octylsilane) 
ensured the superhydrophobicity of top surface. If the film was ending with PEI-Ag, quite flat 
surface morphology26 with silver nanoparticles was observed (figure SI 1 D). 

Water contact angles for PET-supported films and for free-standing films were measured. 
They are listed in table 1. The water contact angle on the hierarchically structured surface of 
the free-standing film was as high as 168.2°, indicating it was superhydrophobic whereas that 
of the bottom surface was relatively low at 52.7°. The sharp difference on wettability leads to 
very different behaviors of the two surfaces when set in contact with water. Two pieces of 
free-standing films were put on water, one with its top surface facing air (the left one in 
Supporting information 2) and the other with the bottom surface facing air (the right piece in 
Supporting information 2). Both films were well spread at the air-water interface. When water 
droplets were deposited onto the films, the water droplet on the top (superhydrophobic) 
surface remained a sphere for a long time, as anticipated, whereas a water droplet on the 
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bottom surface was gradually absorbed into the film. After ∼ 16 s, the 15 µL droplet 
disappeared on the bottom surface. 
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Figure 2. (A) Silver ion release in percentage for different films including free-standing 
(PEI-Ag/PAA)20 film (■), (PEI-Ag/PAA)20 film adhering to PET without silane (●) and with silane (▼), 
PET supported (PEI-Ag/PAA)19-PEI-Ag film with silane (▲). (B, B’, C and C’) E. Coli inhibition zone 
on agar nutrition with the bottom (hydrophilic) surface of a free-standing (PEI-Ag/PAA)20 film (B) and 
a free-standing (PEI/PAA)20 film (B’), PET supported (PEI-Ag/PAA)20 film (C) and 
(PEI-Ag/PAA)19-PEI-Ag film (C’) with silane. The sizes of inhibition zone were 8.9, 0, 1.8 and 3.9 mm 
for B, B’, C and C’, as indicated in the right top corner of the images, respectively. (D) Plot of the 
inhibition zone sizes against relative silver ions release. Scale bar in B is 1 cm. 
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Table 1 Water contact angles for supported and free-standing films. Supported films are made of 40 
layers for PAA-ending films, or of 39 layers for PEI-ending films.  

 (PEI-Ag/PAA) film on PET (PEI-Ag/PAA)20 
free-standing film 

 Thermal 
crosslinking 

Thermal crosslinking
+ silane coating 

Thermal crosslinking 
+ silane coating 

PAA-ending 126.2±1.3° 169.2±3.5° 168.2±2.5°a , 52.7±5.7°b

PEI-ending 98.6±0.8° 112.1±1.9°  

a measured on the top surface of (PEI-Ag/PAA)20 free-standing film; b measured on the bottom surface of (PEI-Ag/PAA)20 
free-standing film 

 

The amount of Silver NPs loaded in the free-standing (PEI-Ag/PAA)20 film was 2.17 ± 
0.08 μg/cm2 determined by ICP-MS. The silver nanoparticles here provided a good source for 
Ag+ release, to act as antibacterial agent 34. The silver ions release behavior of both supported 
and free-standing films was tested. As demonstrated in figure 2 A, the free-standing film 
released silver ions rapidly and most of its silver ions were released in the first 12 hrs. In 
contrary, for PET supported superhydrophobic (PEI-Ag/PAA)20 film, only 6% of the total 
silver was released in 48 hrs. These differences between free standing film and supported film 
clearly demonstrated that most of the Ag+ in free-standing film was released from the bottom 
(hydrophilic) surface. To further understand the Ag+ entrapment, the silver ions release 
behavior was also investigated for PET-supported hydrophobic films with rough 
(PAA-ending without silane coating) or flat (PEI-ending with silane coating) surfaces. As 
shown in figure 2 A, silver ions released quickly from the rough film (PAA-ending without 
silane coating). Indeed, this film released 89% of its Ag+ content in 48 hrs. Compared to the 
lowest release for the PET supported superhydrophobic film (PAA-ending with silane 
coating), which released only 6% of silver ions, it is clearly demonstrated that the silane 
coating was important for Ag+ entrapment. However, the micro-nano structure of the surfaces 
also contributed to the entrapment of Ag+. The PET supported hydrophobic flat film, which is 
PEI-Ag+ ending and coated with silane, can still release silver ions but in a much more 
gradually motion (∼ 59% release in 48 hrs). Wetting plays a very important role in the release 
of water soluble moieties embedded within the film, such as Ag+ here. For the bottom 
(hydrophilic) surface of free-standing film, water can diffuse in the film and this facilitated 
the ion release process. In contrary, for the top (superhydrophobic) surface, as water could not 
wet it, the release of Ag+ was greatly inhibited.  

Of note, neither the micro-nano structure on film surface alone (eg PAA-ending film 
without silane, CA=126.2°) nor a low surface energy coating alone (eg PEI-Ag-ending film 
with silane, CA=112.1°) can effectively prevent the release of Ag+ ions. But combining 
micro-nano structure with silane coating could effectively prevent silver ions from releasing. 
Therefore, the asymmetric film with inverse superhydrophobic/hydrophilic wettability 
delivered Ag+ one-directionally from the bottom surface.  
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Silver ions are known as a wide-spectrum anti-bacterial agent.34 The bactericidal activity of 
the silver NPs loaded films was examined by a Kirby-Bauer assay28 using E. Coli. As 
indicated in figure 2, inhibition zones were found for samples with Ag NPs but no inhibition 
zone was observed for film without Ag NPs (figure 2 B’). While a big inhibition zone of 8.9 
mm was found when the bottom surface of (PEI-Ag/PAA)20 free-standing film was turned up 
(figure 2 B), the inhibition zone decreased drastically to 1.8 mm on the PET supported 
superhydrophobic (PEI-Ag/PAA)20 film which is supposed to be similar as the up surface of 
(PEI-Ag/PAA)20 free-standing film (Figure 2C). It is not difficult to understand the results if 
we consider the relationship between the inhibition zone and the amount of relative released 
silver ion of different samples (Figure 2 D).  And the results of the Kirby-Bauer assay 
confirmed again the asymmetric release rate of Ag+ from the asymmetric free-standing film, 
which will led to asymmetric anti-bacterial ability. 

 

A B

A’ B’

 
Figure 3. Digital images of superhydrophobic (PEI-Ag/PAA)20 film on PET (A, A’) and PTFE (B, B’) 
with dust (A, B) and after adding 3 mL (A’) and 7 mL (B’) of water dropwise. 

 

Superhydrophobic surfaces are also well known as anti-adhesive or self-cleaning27 like 
lotus leaves, which can get rid of dusts in the presence of water droplets. The self-cleaning 
property of PET supported suprhydrophobic (PEI-Ag/PAA)20 film was examined. The 
hydrophobic Teflon substrate, which is a commercially available self-cleaning material, was 
chosen here as control. The substrates were initially covered with dusts (figure 3 A and B). 
When water was added dropwise on the film, the droplet rolled down from the film surface 
and took away the dusts on its path. After adding 3 mL water, all the dusts on the film surface 
had been taken away (figure 3 A’). In comparison, for the Teflon substrate, water droplet slid 
down on the surface and could not remove the dusts. Even after addition of 7 mL water, the 
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dusts were still on Teflon surface (figure 3 B’). (Video was shown in supporting information 
3) 
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Figure 4. SEM images of PET supported (PEI/PAA) films after incubation in E.Coli solution for 4 h. 
(A) PET control; (B) (PEI/PAA)19-PEI film with silane deposition; (C) (PEI-Ag/PAA)19-PEI-Ag film 
with silane deposition, (D) (PEI/PAA)20 film with silane deposition, (E) (PEI-Ag/PAA)20 film with 
silane deposition. (F) Corresponding bacterial counts on the different samples, averaged from 6 
images for each sample. 

 
Furthermore, the superhydrophobic surface exhibited anti-adhesive properties for 

microorganism. Thus, the initial E. Coli adhesion on PET supported and silane coated films 
with either PAA-ending or PEI-ending was tested. As illustrated in figure 4, E. Coli adhered 
separately on PET substrate but aggregated on (PEI/PAA)19-PEI surface (figure 4 B). When 
E.Coli was incubated with (PEI-Ag/PAA)19-PEI-Ag film (figure 4 C), less bacteria were 
found on the surface compared to (PEI/PAA)19-PEI film, and the bacteria were not in a 
normal shape. This may be because the bacteria were killed by the released silver ions. 
Interestingly, almost no E. Coli was be found on the PAA-ending films with silane coating 
containing or no Ag+ ions (figure 4 D, E). The excellent anti-adhesion ability may come from 
the combination of micro- nano structure and superhydrophobicity. Indeed, Cao et al. have 
revealed that the settlement of zoospores of Ulva was strongly influenced by the size of the 
features present on the surfaces.35 The lowest level of settlement was observed for structures 
of the order of 2 µm, a size similar to that of the spores of Ulva. Furthermore, the lowest 
settlement strength was on the surface with the sub-micrometer-sized features. This may be 
explained by the inability of the adhesive to thoroughly bond to the entire surface area 
provided. Here, we prove that the combination of micro-nano hierarchical structure and 
superhydrophobicity can lead to anti bacteria adhesion. Of note, the size of micro-structure on 
the PAA-ending film here was ∼2-5µm, close to the size of E. Coli. 
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CONCLUSIONS 

In conclusion, we have demonstrated a facile method for creating asymmetrical 
free-standing films via amplified layer-by-layer assembly. The free-standing films have 
asymmetric surface morphology, which resulted in asymmetric wettability: the upper surface 
being superhydrophobic while the lower one being hydrophilic. The superhydrophobic 
surface was proved to limit bacterial adhesion and to be self-cleaning, while the hydrophilic 
surface could extensively deliver bactericidal silver ions. Importantly, the film can be 
transferred to another interface, such as human skin. Therefore, these asymmetric, 
multifunctional films may be of great potential for use as patches for open wound, as well as 
in the area of barrier, separation, transportation or drug delivery. 
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Supporting information 1 
 
Table SI1. Element ratio of films at various deposition layers for (PEI-Ag+(9.0)/PAA(3.2)) 

films. The concentration of silver nitrate is 1.6 mM. 

Element content PEI-Ag+(9.0)/PAA(3.2) 
CK NK OK AgL 

9 layers 54.59 17.07 28.08 0.26 
10 layers 61.43 13.93 24.52 0.12 
11 layers 61.75 13.64 24.19 0.42 
12 layers 63.64 13.25 22.90 0.21 

 

 
Figure SI1. SEM images for surface morphology of the bottom surface (A) of free-standing 

film and top surface (B, C) of free-standing film as well as the surface of supported PEI-Ag 

ending film. Scale bar was 50 µm for A, B and D and 2 µm for C. 
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Chapter 3 pH-Amplified Multilayer Films 

Based on Hyaluronan: Influence of HA 

molecular weight and concentration on film 

growth and stability 

3.1 Summary 

Introduction 

Layer-by-layer assembly has seen great development since it has been introduced by Decher 

et al. The internal composition and growth properties of polyelectrolyte multilayers are an 

intensive field of research. Differences in growth modes, i.e. linear versus exponential, have 

been evidenced depending on the buildup conditions and on the polyelectrolyte intrinsic 

properties. Physico-chemical parameters such ionic strength of the suspending medium or pH 

of the polyelectrolytes solutions during deposition will influence the growth mode. Recently, 

the pH-amplified exponential growth for weak polyelectrolytes pairs was reported, where the 

lowering of polyanion pH and the increasing of polycation pH can significantly accelerate 

film growth. 

In addition to pH and ionic strength variation, the nature of the polyelectrolyte itself, its 

structure, flexibility as well as its molecular weight, may provide additional ways to modulate 

film growth and film properties. However, up to now, the influence of polyelectrolyte 

molecular weight on film growth is less well understood and there are only few available 

studies. 

In this work, we would like to see the influence of the molecular weight of HA on (PLL/HA) 

film growth, for films built in pH-amplified conditions with intermediate drying steps. Quartz 

crystal microbalance with dissipation monitoring was used to obtain information on the 
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deposited mass and Fourier Transformed Infrared spectroscopy was employed to analyze the 

structure of PLL in the films as well as follow film growth. Furthermore, the behavior and the 

stability of these films in a physiological buffer were also investigated. 

 

Results and discussion 

Three HA with different molecular weight were used in this research, namely HA200 

(MW=200 kDa), HA400 (MW=400 kDa) and HA1300 (MW=1300 kDa). 

The film growth was followed by QCM-D in dry state step-by-step. It was demonstrated that 

film growth behavior depended strongly on the molecular weight of HA, with a much more 

rapid growth when the molecular weight of HA was increased. (PLL/HA1300) grew steadily 

and rapidly exhibiting a clear exponential trend, whereas in the growth of (PLL/HA400) and 

(PLL/HA200) slightly decreases in (Δf3/3) occurred upon PLL deposit steps. Similar growth 

modes were confirmed by monitoring the film growth with FTIR. 

The film stability in PBS was investigated and found it relied on film ending layer as well as 

HA molecular weight. PLL-ending films were more stable than their HA-ending counterparts 

and films with HA of higher molecular weight showed better stability. 

FTIR was also used to investigate PLL secondary structures in the film as well as in solutions 

of different pH. Although the β-sheet structures can be observed for PLL at pH 9.5 in solution, 

they turned to random structures when layered with HA of low pH. HA ionization degree in 

the film was estimated from the FTIR spectra. It was shown that HA1300 at pH 2.9 in 

solution got an ionization degree around 15%, this ionization degree increased when HA was 

assembled into (PLL/HA) multilayer and kept increasing when the layer number increased. 

The surface morphology of dried films was imaged by SEM. The films made of HA200 were 

very smooth. The films built with HA400 displayed the highest surface roughness followed 

by those built from HA1300. Both PLL-ending film and HA-ending film showed similar 

surface features. PLL diffusion in different films were quantified by FRAP, and found PLL 

showed higher diffusivity when layered with much higher molecular weight HA. 

The effect of HA1300 concentration on film growth was also studied by QCM-D. The results 

showed that, at low concentration the films grew irregularly; when in the range of 0.5 to 2 

mg/mL, the film growth increased significantly as the concentration increased; at even higher 

concentration, films growth tended to be in a steady stage. 

Finally, a scheme was proposed to explain the differences in (PLL/HA) film growth with HA 
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of different molecular weight. The interaction between PLL and HA in each assembly step as 

well as inter and intra molecular interactions of HA chains were highlighted. 

 

Conclusion 

The influence of hyaluronan molecular weight and of its concentration on the growth and 

structure of PEM films fabricated from PLL at high pH and HA at low pH has been 

extensively investigated. It is found that the film thickness of the high molecular weight HA 

increased exponentially and much more rapidly than for HA of lower molecular weight. In 

addition, HA concentration in solution had an important effect on film growth. These films 

also contained numerous hydrogen bonds and exhibited inter and intra molecular associations 

between HA chains. Furthermore, films ending by PLL were much more stable and PLL 

diffusion was found to be significantly faster in the films made of higher molecular weight 

HA. Overall, HA molecular weight, HA concentration and the nature of the outermost layer of 

the films are all important parameters contributing to film growth, internal cohesion and 

stability in a physiological medium. 
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3.2 Article 

pH-Amplified Multilayer Films Based on Hyaluronan: Influence of HA Molecular Weight and 

Concentration on Film Growth and Stability 

L,Shen, P, Chaudouet, J, Ji, and C, Picart, Biomacromolecules, 2011, 12, 1322-1331 

 

pH-Amplified Multilayer Films Based on Hyaluronan:  

Influence of HA Molecular Weight and Concentration on  

Film Growth and Stability 

Liyan Shen, Patrick Chaudouet, Jian Ji, and Catherine Picart 

 
 

ABSTRACT:  

In this study, we investigate the growth and internal properties of polyelectrolyte multilayer 
films made of poly(L-lysine) and hyaluronan (PLL/HA) under pH-amplified conditions, that 
is, by alternate deposition of PLL at high pH and HA at low pH. We focus especially on the 
influence of the molecular weight of HA in this process as well as on its concentration in 
solution. Film growth was followed by quartz crystal microbalance and by infrared 
spectroscopy to quantify the deposited mass and to characterize the internal properties of the 
films, including the presence of hydrogen bonds and the ionization degree of HA in the films. 
Film growth was significantly faster for HA of high molecular weight (1300 kDa) as 
compared with 400 and 200 kDa. PLL was found to exhibit a random structure once deposited 
in the films. Furthermore, we found that PLL-ending films are more stable when they are 
placed in PBS than their HA counterparts. This was explained on the basis of more cohesive 
interactions in the films for PLL-ending films. Finally, we quantified PLLFITC diffusion into 
the films and observed that PLL diffusion is enhanced when PLL is paired with the HA of 
high MW. All together, these results suggest that besides purely physicochemical parameters 
such as variation in pH, the molecular weight of HA, its concentration in solution, and the 
possibility to form intermolecular HA association play important roles in film growth, internal 
cohesion, and stability. 

 

INTRODUCTION 

Polyelectrolyte multilayer films made by self-assembly of polyelectrolytes onto solid 
substrates1 have received considerable interest because of their versatility2 and large potential 
applications in fields as diverse as optical devices,3 biomaterials coatings,4 electrochemistry or 
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biosensors.5 

The internal composition and growth properties of polyelectrolyte multilayers (PEMs) are 
an intensive field of research since the past decade.2,6-8 Differences in growth modes, that is, 
linear versus exponential, have been evidenced depending on the buildup conditions and on 
the polyelectrolyte intrinsic properties.9-11 Physico-chemical parameters such as ionic strength 
of the suspending medium12 or pH of the polyelectrolytes during deposition will influence the 
growth mode.13,14 Studies mostly concern films based on synthetic polyelectrolytes, which 
offer a large working range of chemistries, structure, and charge densities.15 Poly(allylamine 
hydrochloride)/ poly(acrylic acid) (PAH/PAA) films made of two weak polyelectrolytes have 
probably been the most investigated films13,16 with respect to pH variations. Significantly 
different polymer adsorption behaviors were observed when the charge density of weak 
polyelectrolytes was varied over a very narrow pH range. By controlling pH, Rubner and 
coworkers have shown that it is possible to vary the thickness of an adsorbed polycation or 
polyanion layer from < 1 nm to almost 10 nm.13 More recently, one of us evidenced that film 
growth can be drastically amplified by a large shift of pH during assembly of the 
polyelectrolytes.17 Thus, in the case where PAA at low pH was assembled with PEI at high pH, 
a nonlinearity in film growth became much more pronounced with increasing pH difference.17 
In addition to pH and ionic strength variation, the nature of the polyelectrolyte itself, its 
structure, flexibility as well as its ability to form secondary interactions such as hydrogen 
bonds can all greatly influence film growth. Variation in the polyelectrolyte molecular weight 
may be an additional way to modulate film properties.18 However, up to now, the influence of 
polyelectrolyte molecular weight on film growth is less well understood,19 and there are only 
a few available studies. 

Films made of natural polyelectrolytes such as polysaccharides or polypeptides have more 
recently begun to be investigated.8,10,20 These films, which can be viewed as a novel kind of 
biomimetic self-assemblies, offer numerous possibilities for the design of biofunctional 
coatings.21,22 For such biopolymeric films, which are most often built at constant deposit pH, 
the exponential character of their initial growth is now becoming a more and more common 
feature.8,20,23 This growth results from the diffusion “in” and “out” of the films of at least one 
of the polyelectrolytes constituting the multilayer.11 Exponentially growing films are indeed 
now advantageously used as reservoirs for bioactive molecules24 or loading nanoparticles.25 

Among the exponentially growing films based on biopolymers, the poly(L-lysine)/ 
hyaluronan system has become one of the most studied “model systems”.11,26-28 These films 
offer several advantages as they become rapidly thick (on the order of micrometer) after 
deposition of a few layer pairs. In addition, they offer the possibility to visualize and quantify 
PLL diffusion easily by means of several different optical techniques.11,28 Schaaf and 
coworkers employed PLL/HA films built at neutral pH to focus on the linear regime that is 
reached after the initial exponential growth.26 They evidenced that the film thickness 
increment per deposition step in the linear growth regime was fairly independent of the 
molecular weight of the polyelectrolytes. In a recent study, one of us investigated the effect of 
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pH shifts on (PLL/HA) films growth29 and employed these films for loading an oligo-peptide. 
Interestingly, exponential film growth was further amplified by depositing PLL at high pH 
and HA at low pH. 

In this work, our aim was to study the influence of the molecular weight of HA on 
(PLL/HA) film growth for films built in pH-amplified conditions with intermediate drying 
steps. We employed Quartz crystal microbalance with dissipation monitoring to obtain 
information on the deposited mass and Fourier transform infrared (FTIR) spectroscopy to 
analyze the structure of PLL in the films as well as follow film growth. Furthermore, we 
investigated the behavior and the stability of these films in a physiological buffer and 
measured the diffusion coefficient of PLL in these assemblies. 

 

MATERIALS AND METHODS 

Preparation of Polyelectrolyte Multilayer Films. Poly(L-lysine) hydrobromide (PLL, Mw 
47.9 kDa) and FITC-labeled poly(L-lysine) (PLL-FITC, Mw 68.3 kDa) were purchased from 
Sigma-Aldrich (Saint Quentin Fallavier, France). Hyaluronan (HA) of three different 
molecular weights, 200 (HA200), 400 (HA400), and 1300 kDa (HA1300), were purchased 
from Lifecore (Chaska, MN) and Fluka. 

The films were built on gold-coated crystals (QSX 301 quartz crystals, Q-sense), 12 mm 
diameter glass slides (VWR Scientific), or silicon wafers previously cleaned with 2% (v/v) 
HELLMANEX II (Hellma GmbH, KG, Germany) aqueous solution at 70 ℃ for 15 min, then 
rinsed thoroughly with water and dried with a stream of nitrogen. 

PLL/HA films were built layer-by-layer using PLL at 1 mg/mL (pH 9.5) and HA at 3 
mg/mL (pH 2.9) unless indicated. The pH of the polyelectrolyte solution was adjusted by 
using HCl or NaOH. The substrates were first dipped in PLL for 10 min then rinsed in water 
(pH 9.5) three times before being dried under a stream of nitrogen. Similarly, they were then 
immersed in HA solution for 10 min, followed by dipping in water (pH 2.9) three times and 
drying. The same procedures were repeated until the desired number of layer pairs was 
reached to prepare (PLL/HA)i films (with i = 8 typically). In the following, we will denote the 
films (PLLx/HAy)i with x being the pH of PLL, y being that of HA, and i being the number of 
layer pairs. 

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D). The film buildup 
process on gold-coated quartz crystals was monitored by a quartz crystal microbalance 
(QCM-D, D300, Q-sense). The frequency shifts Δf were measured in air on dried films after 
deposition of each layer. The same crystal was used for monitoring the whole build-up of the 
multilayer. The layer was deposited on the crystal, which was then rinsed and dried under 
nitrogen flow before being mounted for the measurements (three independent measurements 
for each layer). The crystal was then unmounted for depositing the subsequent layer and 
mounted again for measurements. Δf was used to estimate the mass adsorbed after each 
deposit step, which was calculated using the Sauerbrey equation30 
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Δm= - C Δf/ν 

where C is the mass sensitivity constant (17.7 ng· cm-2 Hz-1 at 5 MHz) and ν is the overtone 
number. 

Experiments for each type of HA were performed in triplicate. QCM-D was also employed 
to investigate film stability in phosphate-buffered saline (PBS). To this end, 
(PLL9.5/HA2.9)7-PLL9.5 or (PLL9.5/HA2.9)8 films were immersed in PBS for a given time 
period; then, the crystals were briefly rinsed with water to remove salt and dried in a stream of 
nitrogen before the frequency changes were recorded. 

Fourier Transform Infrared Spectroscopy. Film buildup on a silicon wafer was 
investigated by FTIR spectroscopy in transmission mode with a Vertex 70 spectrophotometer 
(BrukerOptic Gmbh, Ettlingen, Germany) equipped with an MIR detector. The spectrum from 
the bare Si surface coated with one PEI layer (20 min of immersion in 5 mg/mL, salt-free PEI 
solution, followed by water rinsing and blow drying) was taken as reference. After each 
polyelectrolyte layer deposit and rinsing step, a single-channel spectrum from 1024 
interferograms was recorded between 400 and 4000 cm-1 with a 2 cm-1 resolution using 
Blackman-Harris three-term apodization and the standard Bruker OPUS/IR software v6.5 
(Bruker OpticGmbh). The different peaks characteristic of the polyelectrolytes and of the 
films are identified in Table 1.31,32 The characteristic peaks of saccharide rings on HA were 
visible in the 960-1200 cm-1 region, with the most intensive peak at 1045 cm-1.This 
polysaccharide band was composed of five main saccharide peaks at 995, 1045, 1080, 1105, 
and 1155 cm-1, which were deconvoluted using the Opus Software after residual water 
removal and baseline correction. We assumed all bands to be Gaussian. 

     
TABLE 1. Attribution of the main bands of HA and PLL in (PLL/HA)8 dried films analyzed by FTIR in 
transmission mode. 

Chemical bond Wavenumber (cm-1) 
vC-OH (hydrogen-bonded O-H groups of HA) 3400 
vN-H (hydrogen-bonded N-H groups of HA and PLL) 3275 
vC-H methylene C-H stretching of HA and PLL 2936, 2862 
vC=O  of COOH groups of HA 1735 
Amide I : β-sheet structure of PLL 1694, 1623 
Amide I : random structure of PLL and HA 1650 
vC-O

-
 of COO- of HA 1605 

vC-OH...of alcool (H-bonded) and vC-O-C  ring mode of HA  1078 
vC-OH…of alcool in HA (possibly H-bonded) 1045 

 

For film cross-linking, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 
(EDC) and N-hydroxysulfosuccinimide (sNHS) were dissolved in water at pH 5.5 with the 
final concentration of 50 and 11 mg/mL, respectively. The film-coated substrates were put in 
contact with the freshly prepared EDC/sNHS solution overnight at 4 ℃, followed by three 
rinses in water (pH 5.5) and air drying. 

Scanning Electron Microscopy (SEM). For SEM observations, the films of either 
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HA-ending (8 layer pairs) or PLL-ending (7.5 layer pairs) with the different MW HA were 
prepared on silicon wafer following the procedure described above. The morphology of these 
dried films was visualized using an S-4500 SEM (Hitachi, Tokyo, Japan) after sputtering a 
thin layer of carbon on the samples (Emscope-TB500 apparatus, Elexience, Verriere le 
Buisson, France). 

Confocal Laser Scanning Microscopy (CLSM) and Fluorescence Recovery after 
Photobleaching (FRAP). For CLSM observations, the films made of 7.5 
((PLL9.5/HA2.9)7-PLL9.5 FITC) or 8 layer pairs (PLL9.5/HA2.9)7-PLL9.5FITC/ HA2.9 were 
built on glass slides and observed with an LSM510 confocal microscope (Carl Zeiss, 
Germany, 25 mW argon laser) as previously described.33 Images were acquired in air or in 
PBS. For FRAP experiments, the PLL-ending films were photobleached over a 56 μm circular 
region with the laser at 15% laser power, and time-lapse microscopy was subsequently 
performed by acquiring the images every 30 s over a 5 min period. The images were analyzed 
using the LSM software. Because the exact determination of the diffusion coefficient requires 
a complex simulation procedure, we used a simplified form of the full equation given in Picart 
et al.,33 which can be approximated in the case where τ=(4Dt)/(a2) <1 (where D is the 
diffusion coefficient in μm2/s and a is the bleached diameter in μm)34 

 

When t tends to 0, this can be approximated by 

 

Thus, α and b were easily deduced from the linear regression obtained by plotting c(t)/c0 = 
f((t)1/2). 

From the slope b, a first approximation of D can be deduced 

 

Of note, D estimated here is a mean coefficient measurement obtained by assuming that all of 
the molecules are diffusing. 

 

RESULTS AND DISCUSSION 

Buildup of Multilayer Films. (PLL9.5/HA2.9) multilayer films were fabricated under 
pH-amplified conditions, that is, with PLL at high pH (pH 9.5) and HA at low pH (pH 2.9) 
with no added salt in the polyelectrolyte solutions. These deposit conditions are typically 
followed by intermediate drying steps. We first investigated the effect of HA molecular 
weight on film growth for HA of increasing MW (200, 400, and 1300 kDa, respectively). Step 
by step film growth was monitored by QCM-D for PLL at 1 mg/mL and HA at 3 mg/mL 
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(Figure 1A). We observed that film growth depended strongly on the MW of HA, with a much 
more rapid growth when the molecular weight of HA was increased. Film growth with 
HA1300 exhibited a clear exponential trend (y = 116 exp(0.438x), where x is the number of 
layers and y is the QCM-signal at 15 MHz). For comparison, film growth entirely in PBS 
solution (no pH shifts) was drastically slower, and a 10-fold difference was noted in the 
frequency shifts ( 2200 Hz for buildup in PBS as compared with 22 300 for buildup in 
water) for a film made of eight layer pairs. It is indeed known that weakly charged polymers 
tend to take more of a globular shape in solution and adsorb to surfaces in a conformation 
reach in loop and tails with fewer ionic links to the surface per chain. 
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FIGURE 1. Film growth followed by QCM-D. (A) Differences in the frequency shifts (Δf/ν) measured 
at 15 MHz at the end of each polycation and polyanion deposition for (PLL9.5/HA2.9)8 films with 
HA1300 ( ), HA400 (□), HA200 (∇), in comparison to (PLL7.4/HA7.4) films built in PBS (▲). (B). 
Increment in frequency shift per layer Δ(Δf/ν) plotted for PLL layers (gray symbols) and for HA layers 
(open symbols) for the same films as in (A). The symbols for the HA of different MW were kept 
identical to (A) for more clarity. 
 

The differences in frequency shifts emerged more clearly by plotting the differences in 
frequency shifts (Δ(Δf3))/3 as a function of the number of deposited layer pairs (Figure 1B). 
When HA layers were deposited (open symbols), the frequency shifts were always positive, 
and they increased when the molecular weight of HA increased. Conversely, the frequency 
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shifts were very low or even negative for PLL layers. Notably, the increment in PLL paired 
with HA1300 was always positive and was steadily increasing, whereas that of PLL paired 
with the low- MW HA was decreasing when the number of deposited layer pairs increased. 
This suggests that there may be some polyelectrolyte desorption during the PLL deposition 
steps when PLL is paired to HA200 and 400. This decrease may also be related to a 
densification of the films via repulsion of water molecules out of the films.8  

Because QCM-D gives information on the film mass including solvent molecules,35 we 
employed infrared spectroscopy as a complementary technique to probe the chemical 
signature of the polyelectrolytes in the film. FTIR is known to sense the “dry film mass”. 
Figure 2A shows the spectra acquired during a (PEI/HA2.9) (PLL9.5/HA2.9)6-PLL9.5 film 
buildup (with HA1300), which were obtained in air after each deposition step. Three main 
regions were revealed in these spectra: a broad and intense band in the 3700 to 3000 cm-1 
region, corresponding to hydroxyl O-H and amide N-H stretching and which is mostly 
representative of H-bonds in the film associated with N-H and O-H. The first peak at 3400 
cm-1 can tentatively be attributed to O-H of alcohols engaged in hydrogen bonds and to 
watermolecules.31 It is maximal for HA-ending films (Figures 2A and 3A). The second peak 
at 3275 cm-1, which is maximal for PLL-ending films (Figures 2A and 3A), can be attributed 
to hydrogen-bonded amide N-H groups.32 The presence of these very large and steadily 
increasing bands indicates that a large number of H bonds are present in these LbL 
assemblies. 

The second intense region contains the amide I ( 1650 cm-1) as well as the carboxylate 
(1605 cm-1) and carboxylic acid (1735 cm-1) peaks; the third main region between 960 and 
1200 cm-1 includes the characteristic peaks of saccharide rings.36 The intensity of the most 
intense saccharide peak at 1045 cm-1 was used to compare the absorbance values of the 
different films during film buildup (Figure 2B). 

For film made of HA1300, the intensity steadily increased for each HA deposit. The slight 
intensity increase upon PLL deposition may be due to slight changes in the pH of the film, 
which may affect the hydration degree of the alcohol H-bonded groups.31 For films made of 
HA400 and HA200, the absorbance increased to a less extent and a slight decrease may 
potentially be observed. 

PLL Structure in the Film and HA Ionization Degree. Beside film growth, FTIR can be 
employed to get information on PLL conformation in the film37 as well as on the degree of 
ionization of the carboxylate groups in the films.7 Spectra of PLL-ending and HA-ending 
films were compared with spectra of pure PLL (pH 9.5) or HA (pH 2.9) droplets dried after 
deposition (Figure 3A,B). The H-bond associated with the O-H group is particularly visible 
for HA at pH 2.9 and for films ending by HA (Figure 3A). The N-H bond vibration at 3275 
cm-1 is particularly visible for PLL at pH 9.5 and can also be seen in PEM films. This band is 
indeed slightly higher for PLL-ending films. The peak at 3100 cm-1 can be attributed to the 
Fermi resonance of N-H bond. Other peaks characteristic of CH2 groups are also emerging at 
2862 and 2936 cm-1. 



98 
 

 

HA1
PLL1

HA2
PLL2

HA3
PLL3

HA4
PLL4

HA5
PLL5

HA6
PLL6

HA7
PLL7

HA8

A
bs

or
ba

nc
e 

at
 1

04
5 

cm
 -1

 (a
.u

.)

0.0

0.2

0.4

0.6

0.8
HA 1300 kDa 
HA  400 kDa
HA  200 kDa 

Wavenumber (cm-1)
100015002000250030003500

Ab
so

rb
an

ce
 (a

.u
.)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
PLL7 
HA7 
PLL6 
HA6 
PLL5 
HA5 
PLL4 
HA4 
PLL3 
HA3 
PLL2 
HA2 
PLL1 
HA1 

H-bonded N-H and O-H Amide I

Saccharides

 
FIGURE 2. (A) FTIR spectra acquired after the deposition of each layer during the buildup of a 
(PEI/HA2.9) (PLL9.5/HA2.9)6-PLL9.5 film with HA1300. (B) Absorbance at 1045 cm-1 (most intense 
saccharide peak) after each layer deposit for HA of different MW: HA1300 ( ), HA400 (□) and 
HA200 (∇). 
 

At basic pH, PLL is known to form secondary structures such as β sheets in solution or in 
films.32,38 The β-sheet structures can indeed be observed for PLL at pH 9.5, with two clear 
peaks centered at 1694 and 1623 cm-1. However, once engaged with HA in the 
(PLL9.5/HA2.9) films, the β-sheet structure of PLL was totally lost as no peak emerged at 
these wavenumbers. In contrary, a new amide I band appeared at 1650 cm-1, which 
corresponded to random structures. 

For HA in solution at pH 2.9, both carboxylic acid and carboxylate groups were identified 
at 1735 and 1605 cm-1, respectively. From the integration of these two peaks, the ionization 
degree of HA dried from solution at pH 2.9 was estimated at 15%. However, in (PLL/HA) 
films made of eight layer pairs, the carboxylic acid band was absent for PLL-ending films or 
very weak for HA-ending films. This is the first indication that the carboxylic group has a 
high degree of ionization in the films. 
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FIGURE 3. FTIR spectra acquired for a PLL-ending (PLL9.5/HA2.9)7-PLL film (thick plain line), a 
HA-ending (PLL9.5/HA2.9)8 film (plain line) as well as for PLL in solution at pH 9.5 (dashed line) and 
HA in solution at pH 2.9 (gray line): (A) 3650-2000 cm-1 region, (B) 1800-1450 cm-1 region. (C) 
Degree of ionization of the carboxylic groups in the films as a function of the deposited layers. 
 

Using COOH and COO- bands, we calculated the ionization degree of HA in the films at 
each deposition step (Figure 3C). The procedure based on the quantification of the specific 
peaks in ATR-FTIR spectra has already been employed to estimate the ionization degree of 
carboxylic groups in various other PEM films.7,39,40 We always found a 100% ionization 
degree for PLL ending films, as can be seen from the absence of a peak at 1735 cm-1 in the 
PLL-ending spectrum (Figures 3B and 2A). For HA-ending films, the ionization degree 
increased significantly with the number of deposit cycles from 20 to 85%, an upper value that 
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was reached for films made of eight layer pairs. Thus, the pairing of HA with PLL forces the 
COOH groups to ionize in the films. In a previous study, Barrett et al. reported a decrease in 
acid strength of HA and base strength of PLL when (PLL/HA) was assembled at pH 7.41 They 
hypothesized that a certain degree of secondary conformational ordering was present in such 
films to compensate for this decrease. In the present work, we find that HA ionization is 
increased during buildup and that PLL does not form β-sheets in the pH-amplified 
(PLL9.5/HA2.9) film. 

SEM Observation of the Film Surface. The surface morphology of dried films was imaged 
by SEM (Figure 4). Unlike the films built under physiological conditions (neutral pH, 0.15 M 
ionic strength, and no intermediate drying step) that have a typical roughness of a few 
nanometers,8 the films built under pH-amplified condition exhibited a much higher roughness. 
The films made of HA200 were very smooth. The films built with HA400 displayed the 
highest surface roughness, followed by those built from HA1300. Of note, both PLL-ending 
film and HA-ending film showed similar surface features (data not shown). Unfortunately, the 
very high roughness of the HA1300 and HA400 films did not enable us to image them by 
AFM over a large area (50 μm × 50 μm) because of the limits in the z-displacement of the 
piezoelectric ceramic, but the roughness of 1 μm × 1 μm images of (PLL/HA1300) films was 
on the order of 10 nm (data not shown). 
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FIGURE 4. Scanning electron microscopy images of HA-ending films made of 8 layer pairs and of 
PLL-ending films made of 7.5 layer pairs (bottom row) for the HA of different MW. Scale bar is 60 µm. 
 

Stability of the Films in PBS. Because these films are built in a solution containing no 
added salt and with intermediate drying steps after each layer deposit, we further investigated 
their stability in a physiological medium (PBS, 0.15 M NaCl, pH 7.4). QCM measurements of 
film mass after immersion for different time periods in PBS are shown in Figure 5. For all 
films, a mass loss of 20-50% occurred within the very first hours (typically 3-5 h); then, the 
mass remained constant over several days (Figure 5A). The remaining film mass after 1 day 
of immersion in PBS (single immersion without medium change) is also represented in Figure 
5B. As a general trend, we found that PLL-ending films were all more stable than HA-ending 
ones, whatever the MW of HA. In addition, HA-ending film stability was also increased when 
the MW of HA was higher ( 50 to 78%).We observed that film stability was slightly higher 
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when the film was dipped only once in PBS. This systematically higher stability of 
PLL-terminated films may be explained by the fact that (i) the film is more stitched because 
HA is fully ionized in such films (Figure 3C) and (ii) the pH jump from 9 to 7.4 (PBS) is less 
drastic than that between 2.9 (HA-ending films) and 7.4, a transition during which HA can 
swell. 
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FIGURE 5. Stability of the pH-amplified films in PBS measured by QCM. (A) Fraction of the initial 
mass of the films after immersion in PBS for given time periods. Gray symbols correspond to 
PLL-ending films made of 7.5 layer pairs and open symbols correspond to HA-ending films made of 8 
layer pairs. Data are shown for HA1300 (circles), HA400 (squares), and HA200 (triangles). (B) 
Fraction of the initial mass remaining after immersion for 24 h in PBS for PLL-ending films (left) as 
well as HA-ending films (right). 
 

CLSM Imaging of Film Swelling in PBS and Quantification of PLL Diffusion. Because 
HA is known to have a very high water retention capacity,42 we further probed the swelling 
capacity of the films once introduced in PBS as well as their morphology. Indeed, previous 
studies on PAH/HA films43 as well as PLL/HA films built at pH 5 or 941 have shown that 
these films can greatly take up water and swell by 800% depending on the pH of the LbL 
assembly. 

Top view and z-section images in dried and wet state obtained by CLSM are shown in 
Figure 6. The film built with HA200 appeared very thin. The HA400 kDa film seemed to be 
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the most heterogeneous with uncontinuous features, which confirmed the SEM observations. 
On the contrary, (PLL9.5/HA2.9)8 films built with HA1300 were homogeneous with a dry 
thickness of 2.8 μm. The immersion of the films in PBS induced a notable swelling, and 
hydrated thicknesses ranged from a few micrometers to 25 μm. The swelling ratios, which 
were measured for each condition, are gathered in Table 2. They were similar for the three 
PLL ending films at 400%. A greater hydrated thickness and swelling was found for the 
HA-ending film (HA1300) with a swelling of 600%. Of note, fluorescence distribution in the 
(PLL9.5/HA2.9) film (HA1300) also exhibited differences depending on the outermost layer. 
A homogeneous fluorescence in the z-direction was observed for the PLLFITC-ending film 
(Figure 6C2), indicating that PLL chains were diffusing homogeneously throughout the whole 
films. Conversely, for HA-ending films, the fluorescence was heterogeneous and mostly 
localized at the film surface, with large patches of fluorescence (Figure 6D2). These 
observations indicate that when placed in PBS, PLL molecules interacted more strongly with 
HA and were distributed more homogenously in PLL-ending films as compared with 
HA-ending ones. This confirms that PLL-ending films are more stable. 
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FIGURE 6. Confocal images of the films made of HA of different MW observed in dry (upper row, A 
to D) and wet states (middle and bottom row). From the left to the right, PLL-ending films made of 
HA200 (A), HA400 (B) and HA1300 (C) as well as a HA-ending film with HA1300 (D). For each 
conditions in the wet state, a (X,Z) section is shown (X=142.8 µm and Z scales are respectively 8 µm 
for A, and 12 µm for B, C and D). For each condition in the hydrated state, a (X,Y) top view is shown 
(142.8 µm x 142.8 µm) as well as a (X,Z) section (X=142.8 µm and Z scales are respectively of 15.7 
µm for A2, 38 µm for B2, 37.5 µm for C2 and 45 µm for D2). 
 
TABLE 2. Comparison between the (PLL/HA)8 films built from HA of different MW. 

 HA1300 
HA-ending 

HA1300 
PLL-ending 

HA400 
PLL-ending 

HA200 
PLL-ending 

Mass(mg/cm2)a 0.395 0.316 0.148 0.074 
Dry Thickness 

(µm) a 3.3 2.7 1.2 0.6 

Wet thickness (µm) b ~18-25 ~10-12 ~5 ~2 
Swelling (%) ~600 ~400 ~400 ~300 

aMass and dry thickness were calculated from QCM data. The film density was assumed to be 1200 kg/m3. bWet thickness 
was measured by CLSM on films immersed in PBS 



103 
 

 

To quantify PLL diffusion in hydrated films ending by PLLFITC, we performed FRAP. The 
normalized intensity ratio of the bleached area is plotted as a function of the recovery time 
(Figure 7A), from which the PLL diffusion coefficient was calculated (Figure 7B). 
Interestingly, the diffusion coefficient of PLL was found to depend on the MW of HA. The 
higher the MW was, the greater the diffusion. Thus, PLL mobility was about three times 
significantly higher in the (PLL9.5/HA2.91300) films than in HA400-based films and 

15-fold higher as compared with HA200 films. 
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FIGURE 7. FRAP experiments on (PLL9.5/HA2.9)7-PLLFITC films made of the different HA. (A) The 
fluorescence intensity ratio in the bleached area is represented for each type of film as a function of 
the time; (B) PLL diffusion coefficients deduced from these curves (means + standard deviation on 
three independent measurements). The diameter of the bleached circular area was 56 µm. 
 

Influence of HA Concentration and Intermolecular Associations between HA Molecules. 
Because HA1300-based films appeared to be the thickest, most homogeneous (Figure 6), and 
most stable assemblies (Figure 5), we decided to investigate further whether the concentration 
of HA plays a role in film growth and whether intra- and intermolecular associations of HA 
are present in such films. Figure 8 shows film growth, followed by QCM for different 
concentration of HA (Figure 8A) as well as FTIR spectra obtained for (PLL9.5/HA2.91300)8 
films for HA at two different concentrations (Figure 8B). We observed a striking effect of HA 
concentration on film growth (Figure 8A). Films grew slowly and almost linearly in the 0.5 to 
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1 mg/mL region, whereas the exponential growth became prominent when HA concentration 
was ≥2 mg/mL. For these films, FTIR spectra also showed, besides the increase in the amide 
(1700-1600 cm-1) and saccharide bands (960-1200 cm-1), a strong increase in the H-bond 
associated to O-H and N-H bands when HA concentration was changed from 1 to 3 mg/mL. 
This indicates that the number of all different types of H-bonds is much higher for these latter 
films. Of note, the H-bonded O-H peak at 3400 cm-1 is dominant in the film fabricated from 
HA at 3 mg/mL, whereas the H-bonded N-H stretching is more intense in the film from HA at 
1 mg/mL. 
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FIGURE 8. (A) Film growth followed by QCM-D for (PLL9.5/HA2.9)8 films with HA1300 at different 
concentration of HA : 0.5 mg/mL ( ), 1 mg/mL ( ), 2 mg/mL (▼) and 3 mg/mL (Δ). The differences 
in the frequency shifts (Δf/ν) measured at 15 MHz are given for each deposited layer. Insert: frequency 
shifts (Δf/ν) measured at 15 MHz for (PLL9.5/HA2.91300)8 films built HA at different concentrations. (B) 
FTIR spectra of (PLL9.5/HA2.91300)8 films obtained for films built with HA at 1 mg/mL (gray line) and 
at 3 mg/mL (black line). 
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To investigate whether intermolecular associations of HA were present in such multilayer 
films, we applied a cross-linking protocol using EDC as cross-linker. The basic idea was to 
characterize the type of bonds present in the (PLL9.5/HA2.9) films after cross-linking. If HA 
molecules are preferentially interacting with PLL, then covalent amide bonds are expected to 
form between ammonium and carboxylic groups. This is indeed what has already been shown 
for (PLL7/HA7) films built under physiological conditions.44 However, if HA is 
self-associating or tightly packed, then other bonds such as ester bonds are expected to form. 
It is also known that HA gels can be cross-linked with EDC.45 In this case, not only amide 
bonds but also ester bonds can be formed. Such bonds involve ester formed by the reaction of 
hydroxyl and carboxylic groups of HA or acid anhydride formed by the reaction between two 
carboxylic groups. Indeed, it has already been evidenced that ester bonds can be formed in 
layer-by-layer made of polysaccharides (chitosan and hyaluronan).46  

Figure 9 shows the differences between the spectra obtained after and before cross-linking 
for HA at 1 and 3 mg/mL. The highest differences in the values of peak absorbance emerged 
for HA1300 at 3 mg/mL. Several bands decreased, especially the C-O-H stretching at 1078 
cm-1 as well as the carboxylic peaks (at 1600 and 1410 cm-1, respectively). Concomitantly, the 
intensity of several other bands increased: the C-O-C anhydrate band at 1050 cm-1, the C-O 
ester band in the 1180-1300 cm-1 region,45,46 the amide I and II bands (in the 1630-1700 cm-1 
region and in the 1500-1580 cm-1 region, respectively), the C=O ester bands at 1740 and 1720 
cm-1, and C=O anhydrate bands at 1783 and 1806 cm-1. As anticipated, the decrease in the 
carboxylic peaks of HA and the concomitant increase in the amide bands proves the reaction 
between the corresponding chemical groups and the ammonium groups of PLL. The 
disappearance of the characteristic saccharide peaks and the appearance of ester bands at 

1238 and at 1740 cm-1 suggest the formation of ester bonds. Here the reaction presumably 
occurs between hydroxyl and carboxylic groups of HA or between two COO- groups of HA. 
This proves the intermolecular association of HA molecules. To quantify this further, we 
plotted the intensity ratio between the ester band (at 1740 cm-1) and the methylene bands (at 
2936 cm-1), which is attributed to CH2 vibrations and can be used as reference.34,42 We found a 
higher intensity ratio in the case of HA1300 at 3 mg/mL than for HA at 1 mg/mL (0.71 versus 
0.57). This indicates that intra- and intermolecular associations between HA molecules are 
favored under this condition. Of note, similar findings were found for HA of different MW: 
the intra/intermolecular associations are higher for HA1300 as compared with HA400 and 
HA200 (ratio of, respectively, 0.71, 0.51, and 0.47). 
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FIGURE 9. FTIR differences of spectra obtained after and before crosslink for (PLL9.5/HA2.91300)8 
films corresponding to HA concentration of 1 mg/mL (gray line) and 3 mg/mL (black line). 
 

General Discussion. We investigate in this study the influence of HA molecular weight and 
of HA concentration on the buildup, stability, and internal properties of pH-amplified 
(PLL/HA) films. In solution, both PLL (pH 9.5) and HA (pH 2.9) are partially ionized and in 
a coiled conformation, which allows thicker layers to be deposited than when both 
polyelectrolytes are deposited at neutral pH.29 Indeed, this had first been evidenced for 
linearly growing poly(allylamine hydrochloride)/ poly(acrylic acid) (PAH/PAA) films built 
with polyanions and polycations solutions set at the same pH13 and more recently for 
exponentially growing poly(ethylene imine)(PEI)/PAA films.17 Importantly, besides pH shift, 
other parameters such as MW of HA and its concentration in solution are also key parameters. 
We found a drastic enhancement of film growth, which was particularly striking for the HA of 
high MW(Figure 1). The effect of HA MW of (CHI/HA) films growth had already been 
highlighted by Winnik et al.,47 who found that the larger film thickness was attributed to an 
earlier onset of the step exponential growth phase in the case of the high-molecular-weight 
pair. In our case, the effect of MW is much more pronounced and impacted not only the film 
growth rate but also the film homogeneity, swelling (Figure 6), stability (Figure 5) as well as 
PLL diffusion within the film (Figure 7). Importantly, we also found that the concentration of 
HA has a drastic effect on the presence of H-bonds in the films (Figure 8B) as well as on 
intermolecular associations between HA molecules (Figure 9). We hypothesize that the 
important role of the MW of HA and of its concentration on film growth are revealed because 
HA is deposited at low pH (2.9), close to the value of 2.42, where concentrated HA solutions 
(at 10 mg/mL) exhibited a sol/gel transition.48 Because hyaluronan local concentration in the 
film is much higher than its concentration in the deposit solution (3 mg/mL), one may expect 
that the confinement of HA chains in the films leads to the formation of nano or microgels. 
Such intermolecular interactions between HA chains are favored by chain length, which is 6 
times longer for a molecule of HA1300 as compared with HA200 as well as by the 
concentration of chains. Interestingly, a noticeable effect of the concentration of HA was 
recently evidenced on the formation of poly(allylamine)/HA films on a CaCO3 template.49 It 
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was indeed shown that films formed with HA at 5 mg/mL better resisted the dissolution step 
to form a hollow polyelectrolyte microcapsule. 

Of note, PLL in such pH-amplified PLL/HA films adopted a random structure, in contrast 
with what has been observed for other polypeptide-based films such as PLL/Poly(glutamic 
acid) films.37 Furthermore, PLL diffusion also depended on the molecular weight of HA 
(Figure 7). The ionization degree of HA in the films was maximum when PLL was the 
outermost layer in the films (Figure 3C) and such PLL-ending films were indeed found to be 
the most stable ones (Figure 5) with an homogeneous repartition of PLLFITC in the films 
(Figure 6). Hydrogen bonds appeared to be numerous in the pH-amplified PLL/HA films, 
especially for the HA of high molecular weight at high concentration. 
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FIGURE 10. Schematic drawing of the buildup mechanism of a (PLL/HA) multilayer films with HA at 
different MW: HA of low MW (upper row) and HA of high MW HA (lower row). (A,A’) starting with a 
PLL ending layer, the film is put in contact with the HA solution at different MW. (B,B’) some HA200 
chains interact with PLL and adsorb onto the film. In the case of HA1300, which contains a 6-fold 
higher number in chains, interactions are more numerous and there are also a large number of HA 
intermolecular associations. (C,C’) after rinsing PLL assembly followed, which diffuses into the films 
and adsorbs onto the films. For HA of low MW, (PLL/HA) complex formation is associated to partial 
desorption whereas HA of high MW forms more numerous interactions with PLL, leading to an 
enhanced stabilization of the film. 

 

Altogether, these results suggest that the superior properties of the pH-amplified films built 
with HA1300 may be a combination of an accumulation of higher amounts of HA during HA 
deposit, enhanced PLL diffusion, and enhanced stability of the films due to secondary 
interactions (hydrogen bonds) and intermolecular associations. The scheme presented in 
Figure 10 highlights the major differences between films built with HA of low molecular 
weight (HA200) and those built with HA1300. We start here with a PLL-ending layer (Figure 
10A, A’). At pH 2.9, PLL in the film is almost fully charged, whereas HA in solution is 
partially charged with an ionization degree of 15%. Therefore, the numbers of charges for 
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PLL (MW 47.9 kDa), HA200 (MW 200 kDa), and HA1300 (MW 1300 kDa) at pH 2.9 are 
230, 75, and 450 per molecule, respectively. So, when HA deposits on PLL-ending film at pH 
2.9, one HA 1300 molecule can interact with two or even more PLL chains, whereas one HA 
200 molecule may interact with only one PLL chain. That is to say HA200 will establish only 
few interactions with PLL molecules, whereas HA1300 will establish both interactions with 
PLL molecules and intermolecular association between HA chains via H-bonds. The resulting 
films contain more HA in the case of HA1300 than for HA200 (Figure 10B, B’). The increase 
in HA chain length and of HA concentration in solution are thus both contributing to 
strengthen the whole cohesion of the film. Upon subsequent PLL deposition (Figure 10C, C’), 
two phenomena are likely to occur simultaneously:8 (i) diffusion of PLL chains inside the film 
and (ii) complexation between the incoming PLL chains and the HA molecules at the 
film-liquid interface to promote film growth. Because there is less HA-PLL interaction and 
few HA intermolecular associations in films ending with HA200, a partial desorption of some 
(PLL/HA) complexes occurs for HA of low MW. This does not occur in the case of the HA of 
high MW. 

In summary, we have investigated the influence of hyaluronan molecular weight and of its 
concentration on the growth and structure of PEM films fabricated from PLL at high pH and 
HA at low pH. We observed striking differences depending on HA MW. We found that the 
thickness of the high MW HA increased exponentially and much more rapidly than that for 
HA of lower MW. In addition, HA concentration in solution had an important effect on film 
growth. Structural insights obtained by FTIR revealed that PLL had a random conformation in 
such films and that the degree of COOH ionization, which increased upon film growth, was 
higher for PLL-terminated films. These films also contained numerous hydrogen bonds and 
exhibited intermolecular associations between HA molecules. Furthermore, the extent of film 
swelling in PBS was of the order of 400-600%, and notably, films ending by PLL were much 
more stable. PLL diffusion was found to be significantly faster in the films made of higher 
MW HA. Overall, HA molecular weight, HA concentration, and the nature of the outermost 
layer of the films are all important parameters contributing to film growth, internal cohesion, 
and stability in a physiological medium. 
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Chapter 4 Metal NP in situ synthesis in 

pH-Amplified (PLL/HA) films 

4.1 Construction of Silver nanoparticles loaded (PLL/HA) 

free-standing films 

4.1.1 Introduction 

The elaboration of free standing films based on the Layer-by-layer technique has seen 

significant development in the last decades due to the versatility and low cost of this 

deposition method. Free-standing films made of polysaccharides and/or polypeptides have 

recently been shown to exhibit potential applications in wound healing, in arterial repair and 

as dermal substitutes (Fujie et al. 2009; Larkin et al. 2010). 

As an ultrathin membrane, the mechanical property is quite important for manipulation in 

further applications. The elastic modulus and ultimate tensile strength of (CHI/ALG) 

free-standing films are E=1.1 GPa, σmax=51 MPa for 35 nm thick film and E=8.1 GPa, 

σmax=123 MPa for films that thicker than 75 nm, respectively (Fujie et al. 2009). One 

common way to enhance the mechanical properties of polyelectrolyte multilayers is to 

incorporate nanometer-size inorganic compounds such as clays (Tang et al. 2003), carbon 

nanotubes (Mamedov et al. 2002) and metal nanoparticles (Jiang et al. 2004). Many works 

have been done to construct inorganic/organic hybrid multilayer films (either supported or 

free-standing) with high toughness and ultimate strength. However, such approach has barely 

been used for films made of polypeptide and/or polysaccharide, the mechanical properties are 

most commonly tuned by chemical cross-linking (Richert et al. 2004; Boudou et al. 2009). 

Very recently, Kharlampieva and co-workers constructed all-natural and robust nanoscale 

free-standing films by layering silk fibroin matrix with montmorillonite (MTM) clay 

(Kharlampieva et al. 2010) or silica nanoparticles with silsesquioxane cores (POSS) 

(Kharlampieva et al. 2010). They found the incorporation of inorganic nanoparticles coupled 

with cross-linking can largely enhance the mechanical properties of the silk matrix. 
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Furthermore, they reported that the mechanical properties of the hybrid films fabricated from 

a single-solution approach gained more enhancement than those from LbL way, due to the 

homogenous dispersion of inorganic components (Kharlampieva et al. 2010). 

Beside direct assembly of inorganic nanoparticles with polymeric components, in situ 

synthesis of nanoparticles in a polymeric template provides another way to control 

nanoparticle size, shape, organization and distribution in the film. (PLL/HA) film is amongst 

the most investigated layer-by-layer coating to tune cell behavior and to serve as a drug 

delivery vehicle, due to its excellent biocompatibility. In chapter 3, we have shown that a 

large amount of HA is incorporated in pH amplified (PLL/HA) multilayer films. The 

numerous COO- groups of HA may be used to trap Ag+ ions, thus making the loading of a 

large amount of silver ions possible.  

The aim of this work was: firstly, to investigate whether it is possible to synthesize silver NPs 

in situ in pH amplified (PLL/HA) film. This hypothesis was based on the fact that the number 

HA contain COO- groups for the binding of Ag+; second, to investigate whether it is possible 

to control NP size and distribution via the loading method and concentrations of silver ion and 

via the outermost layer (PLL versus HA); finally, to study the mechanical properties of 

free-standing films made of these nanocomposite films. 

4.1.2 Materials and methods 

Preparation of multilayer films and silver NP in situ synthesis. Poly(L-lysine bromide) (PLL, 

MW=68.3 kDa) and silver nitrate (99.0%) were purchased from sigma and hyaluronic acid 

(HA, MW=1 300 kDa) from Fluka. 

The substrates, 14 mm diameter glass slides (VWR Scientific, France) or silicon wafers 

(SILTRONIX SAS ARCHAMPS, France), were cleaned with 2% (v/v) HELLMANEX® II 

(Hellma GmbH&Co. KG, Germany) aqueous solution at 70 ℃ for 15 min, then rinsed 

thoroughly with water, and dried with a stream of nitrogen. Teflon was cleaned via 

ultrasonicating in acetone, ethanol, and water for 15 min each and dried under nitrogen 

stream. 

The film was built via immersing the substrate alternately in PLL solution (1 mg/mL) at pH 

9.5 and HA (3 mg/mL) at pH 2.9 with intermediate rinse in water of according pH and 

blowing dry until predetermined layer were obtained. Either 7.5 layer pairs PLL-ending or 8 

layer pairs HA-ending films were used in this work. To load silver ions, PLL-ending or 

HA-ending films were immersed into silver nitrate solution (AgNO3) at different 
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concentrations from 1 to 10 mM for 15 min, followed by three water rinse, then dried in air at 

37 ℃ for about half an hour. The largest concentration of 10 mM was chosen according to 

literature (Cui et al. 2008; Yuan et al. 2010). The pH of freshly prepared silver nitrate is about 

6. Meanwhile, the silver ions were also introduced into the film via pre-complexation where 

silver nitrate was added to PLL solution before film buildup and PLL-Ag+ complex solution 

(Dai et al. 2002) (with AgNO3 concentration of 2 mM) was used instead of PLL solution for 

layer-by-layer assembly. In situ nanoparticle reduction was carried out by irradiating with UV 

lamp (VL-215.LC, France, Power=30 W) at a distance of ~1 cm for 35 hours. The reduction 

light used here is with λ= 254 nm. 

For the preparation of free-standing films, Teflon substrate, coated with (PSS/PDDA)8 

multilayer to turn the surface from hydrophobic to hydrophilic, was used as substrate. The 

same film buildup procedure as mentioned above was performed and the resulted 

free-standing films were peeled off from the Teflon substrate with tweezers without any 

post-proceeding steps. 

UV-visible spectrometry. Films were built on 14 mm diameter glass slides and their 

UV-visible spectra were taken using a UV-visible microplate reader (Tecan Infinite M1000, 

Australia) at predetermined time intervals to follow the reduction process. The wavelength 

ranges from 230 nm to 800 nm with 1 nm step size. The bandwidths for 230 to 300 nm and 

301 to 800 nm are 2.5 nm and 5 nm respectively.  

Inductively Coupled Plasma Mass Spectrometry. Ag nanoparticle loading amount in the 

films were determined by an Inductively Coupled Plasma Mass Spectrometry (ICP-MS, 

Thermo Corporation Inc, USA). Films embedded with Ag nanoparticle of a certain surface 

(around 5 × 4 mm2) were put into 1 mL HNO3 for 10 min to turn Ag0 to Ag+ ions. Finally, the 

solutions were diluted to 200 mL and the Ag+ concentrations were quantified by ICP-MS. 

Scanning electron microscopy. For SEM observations, the films of either HA-ending (8 layer 

pairs) or PLL-ending (7.5 layer pairs) embedded with silver nanoparticles were prepared on 

silicon wafer following the procedure described above. The surface morphology as well as 

cross-section of the nanoparticle embedded films was visualized by using a FEG 250 SEM 

(QUANTA FEG 250, FEI, Czech Republic). The vCD mode was used to enhance the element 

contrast to better identify the silver nanoparticles. 

Atomic force microscopy. The surface morphology of films with silver nanoparticles was 

imaged by a Veeco AFM (Technical Manufacturing Corporation, Peabody, MA, USA). The 

final images were treated with Gwyddion software version 2.22. 
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Transmission electron microscopy. The cross-section morphology of the silver nanoparticle 

embedded films and Ag NP distribution in film Z-direction were monitored by TEM. 

Transmission electron microscopy and High Resolution TEM were carried out with a 

JEM-2010 TEM (ELECTRON MICROSCOPE, JEOL, Japan) operating at 200 kV with a 

0.19 nm point to point resolution. Cross-section samples preparation was realized by the 

tripod polishing method (Ayache et al. 1995). The specimen was prepared in the form of a 

silicon-film with Ag NP-resin sandwich to get a cross-section. The specimen was glued onto 

the glass stub of the tripod polisher. Samples were polished on both sides using a series of 

plastic diamond lapping films, with grains of decreasing sizes (30µ, 15µ, 6µ, 1µ, 0.5µ). One 

side was planar polished. In the second stage the specimen was removed from the glass stub 

support with polished side stuck back. Polishing on the other side was performed with a tilt 

angle of 0.3-0.6° adjusted with the micrometer screws. Further polishing was achieved with 

identical steps as on the first side. An optical inverted microscope was used to check 

frequently the residual specimen thickness so as to obtain less than 10 µm thick. Finally, the 

specimen was removed by dissolving in acetone from the glass stub and glued onto a one-hole 

TEM grid. Low-angle ion beam milling was used for final perforation of the samples to be 

sure to have a large electron transparent area. 

Tensile test. The mechanical properties of the free-standing film with and without silver 

nanoparticles were characterized via stress-strain curves measured by a mechanical strength 

microtest (Deben, U.K.). The stress where the film break was taken as ultimate stress and the 

elastic modulus was deduced from the linear part of the stress-strain curve. 10 tests were 

carried out for each sample. 

4.1.3 Results and discussion 

Silver nanoparticle in situ reduction follow-up. Two methods were applied to load silver ions 

(silver nitrate): complexing silver nitrate with PLL in solution before LBL assembly or 

post-diffusion of silver nitrate into (PLL/HA) films. 

The in situ reduction of silver nanoparticle was triggered by UV irradiation (UV irradiation 

condition: λ=254 nm, power=30 W, distance=~1 cm) and UV-visible spectrometer was used 

to follow the in situ reduction of the nanoparticle (Figure 4.1). Upon UV irradiation, the 

plasma resonance peak of silver emerged in the UV-visible spectra. For pre-complexed films, 

two broad peaks centered at λ=398 nm and λ= 530nm were be observed, suggesting two 

populations of silver nanoparticles with different sizes were synthesized in the films 
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(Soltwedel et al. 2010). The reduction time was about 35 hrs. For post-loaded films, the 

absorbance was relatively low. The main peaks are around λ=450 nm, with a shoulder at 

around λ=500 nm. But for HA-ending film, the shoulders were not so visible, especially after 

a reduction time of 8 hrs. Silver ions were completely reduced in about 2 hrs. 
 

 

 
Figure 4.1 UV-visible spectra of silver nanoparticle in situ reduction in (PLL/HA) films at different 
UV irradiation time for pre-complexed films with PLL-ending (A) and HA-ending (B) and post-loaded 
films with PLL-ending (C) and HA-ending (D). UV irradiation condition: λ=254nm, power=30W, 
distance= ~1cm. The AgNO3 post loading concentration was 10 mM. 
 

The silver NPs loading amount in the films were determined by first dissolving silver NPs in 

HNO3 then measuring the silver ion concentration by ICP-MS (Figure 4.2). For post-loaded 

samples, HA-ending films load more Ag NPs than the PLL-ending counterparts. Increasing 

AgNO3 concentration from 1 mM to 10 mM did not change the final Ag NPs loading in 

PLL-ending films but drastically increased the Ag NPs loading amount in HA-ending films. 

We may tentatively attribute these differences to the presence of some free COO- groups in 

HA-ending films. In contrary, for PLL-ending film, the silver ion loading was almost 

saturated when the post loading concentration is 1 mM; whereas for HA-ending film more 

loading amount can be achieved by increasing the concentration of AgNO3 solution. 

Slighly more Ag NPs were found in pre-complexed PLL-ending film than its HA-ending 

counterpart, indicating part of the silver ions may diffuse into HA solution upon HA deposit 

step. 
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Figure 4.2 Silver NPs loading amount in different films. 

 

To further study the nanoparticle size and distribution on film surface as well as in film bulk 

structure, SEM, AFM and TEM were performed. 

 

Surface morphology and silver NP distribution of (PLL/HA) films with Ag+ introduced via 

Pre-complexation. Surface morphology as well as cross-section of the silver nanoparticle 

loaded films was observed by SEM. The silver nanoparticles were not homogeneous in size 

and in vertical direction in the pre-complexed films. As can be observed in Figure 4.3, the 

diameters of particles on film surface ranges from less than 50 nm to almost 200 nm, 

suggesting nanoparticle aggregated during synthesis in the film. This is in accordance with 

UV-visible spectra data which had two absorption peaks. In Z-direction, most of the silver 

particles were found aggregated on the film surface for PLL-ending film, but there were only 

few silver particles on HA-ending film surface. Of note, lots of charges accumulated on 

HA-ending film surface (Figure 4.3B) due to the poor conductivity caused by lack of NPs, 

this makes the imaging on film surface difficult especially in a much higher magnification. At 

high magnification, only images of the HA-ending surface with NP were obtained (Figure 

4.3B’). 
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Figure 4.3 SEM images of surface morphology (A, A’, B, B’) and cross-section (A’’ and B’’) for silver 
nanoparticle pre-complexed (PLL/HA) films with PLL-ending (A) and HA-ending (B). A’ and B’ were 
the magnified images for A and B, respectively. 
 

 

A A’

B B’

 
Figure 4.4 AFM images of both height images (A, A’) and amplitude images (B, B’) for silver 
nanoparticle pre-complexed (PLL/HA) films with PLL-ending (A, B) and HA-ending (A’, B’). 
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Film surface morphology was further confirmed by AFM images. As shown in Figure 4.4, 

almost no nanoparticles were found on HA-ending film surface, whereas a large number of 

nanoparticles with sizes of 50 nm to 200 nm can be observed on PLL-ending films. Of note, 

holes sized bigger than 50 nm appeared on HA-ending film surface (Figure 4.4A’, B’), these 

holes may caused by the contraction of the polymer when the underneath Ag nanoparticle was 

formed under UV irradiation. 

The nanoparticle distribution in the Z-direction of the pre-complexed films could be clearly 

visualized in TEM images in Figure 4.5. The silver nanoparticles separated on the top and in 

the middle and at the bottom of the PLL-ending film (Figure 4.5A). At higher magnification 

(Figure 4.5A’ and A”), two populations of silver nanoparticles with the diameters of ~ 16 nm 

and ~ 50 nm, respectively, were found in the bulk of the film. For the HA-ending film, most 

of the silver nanoparticles were settled at the bottom of the film, and also two populations of 

different sizes were observed. 

In the pre-complexed films, the silver ions were added in PLL solution. On PLL-Ag+ complex 

deposit steps, silver ions may interact with COO- of HA chains in the film when PLL chains 

diffused into the film, thus after UV reduction the nanoparticles were formed on film surface 

as well as in the film bulk. When another HA layer was added at pH 2.9, the ionization degree 

of carboxyl acid in the film decreased. Thus, part of the COO- groups were protonated to be 

COOH and released part of the silver ions in the film. Meanwhile, the HA chains in solution 

of pH 2.9 have low charge density, which may lead to a very low number of Ag+ ions trapped. 

In this case, the HA-ending films in which AgNO3 was pre-complexed lead to a formation of 

silver nanoparticles only at the bottom of the film, i.e. close to the film/silicon interface. 
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Figure 4.5 TEM cross-section images of silver nanoparticle pre-complexed (PLL/HA) films with 
PLL-ending (A-A”) and HA-ending (B-B”). 
 
 

Surface morphology and silver NP distribution in (PLL/HA) films with Ag+ introduced via 

post-loading. For the post-loaded films, the same techniques were used to analyze the 

morphology and distribution of reduced silver nanoparticles. 

As demonstrated in Figure 4.6, the silver nanoparticles coverage on film surface was high, 

although the absorbance in UV spectra was low. The nanoparticle size was much smaller than 

that observed on pre-complexed films. Silver nanoparticle distribution at the surface of 

PLL-ending film was more homogeneous than on HA-ending film. Two different regions 

were observed on HA-ending films with domains of low amount of nanoparticles surrounded 

by large amounts of particle covered areas. This looks like a phase separation, as if silver ions 

could interact with negatively charged carboxylate groups on HA, the areas fully covered by 

particles can be ascribed to HA aggregations with high amount of negative charges. The low 

nanoparticle coverage domains might be HA-PLL complexes with less unpaired carboxylate 

groups. In the cross-section, PLL-ending film got a band near film surface embedded with 

more and larger sized nanoparticles. On the part close to silicon-film interface, the 

nanoparticles were less numerous and of smaller size. In the HA-ending films, a band with 

few nanoparticle just beneath the film surface was visible as well as a band with more 

homogeneous particles on the film surface. In the part of the film close to silicon-film 

interface, no silver nanoparticles could be observed at the magnification of 20 000. The band 
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with few nanoparticles beneath the film surface in HA-ending film cross-section may 

probably correspond to the HA-PLL complexed region with few free COO- groups, which 

tended to disappear in the edge of Figure 4.6B”. Indeed, in some places of HA-ending film 

cross-section, no such band was observed. 
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Figure 4.6 SEM images of surface morphology (A, A’, B, B’) and cross-section (A’’ and B’’) for silver 
nanoparticle post-loaded (PLL/HA) films with PLL-ending (A-A”) and HA-ending (B-B”). A’ and B’ 
were the magnified images for A and B. The upper and lower part of B’ corresponded to the 
magnification of different part in B, indicated as a and b respectively. The AgNO3 loading 
concentration is 10 mM. 

 

A A’ A”

B B’ B”

 
Figure 4.7 AFM images of both height images (A-A”) and amplitude images (B-B”) for silver 
nanoparticle post-loaded (PLL/HA) films with PLL-ending (A, B) and HA-ending (A’, B’, A” and B”). 
The AgNO3 loading concentration is 10 mM. 



121 
 

 

AFM images gave more detail information about film surface morphology and particle size. 

As can be observed in Figure 4.7, only very small nanoparticles were found on PLL-ending 

film surface. Large and more numerous nanoparticles were observed on HA-ending films. As 

already shown in SEM images (Figure 4.6B and B’), the nanoparticles distribution on 

HA-ending surface was not homogenous. Figure 4.7A’ and A” were taken at different places 

on HA-ending film surface, differences in Ag NPs amount can be noticed. Again, holes were 

found on PLL-ending film surface. The same as the case of HA-ending pre-complexed film, 

the holes may caused by the contraction of the polyelectrolyte when the underneath Ag 

nanoparticles were formed under UV irradiation. 

Silver nanoparticle distribution in film Z-direction was confirmed in TEM images (Figure 

4.8). As already found in SEM images, silver nanoparticles mostly located on the top of the 

PLL-ending film (Figure 4.8A). Only few and very small nanoparticles were found randomly 

separated in the bottom part of the film (Figure 4.8A’ and A”). For the HA-ending film, a 

“vacuum” region with almost no Ag nanoparticles existed just beneath the film surface. Two 

layers of large nanoparticles were aligned at both sides of the “vacuum” region. More and 

smaller nanoparticles were found towards the film/silicon interface. Of note, the small Ag 

nanoparticles aligned in rows close to silica substrate, indicating layered structures in 

HA-ending films. 

 
Figure 4.8 TEM cross-section images of silver nanoparticle post-loaded (PLL/HA) film with 
PLL-ending (A-A”) and HA-ending (B-B”). The AgNO3 loading concentration is 10 mM. 
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Mechanical properties of free-standing films. When Teflon was used instead of hydrophilic 

substrate, the films can be easily peeled away from substrate just after the films were dried in 

the air. 

8 bilayers of (PDDA/PSS) was built on Teflon to turn the hydrophobic surface hydrophilic 

and promote (PLL/HA) film growth. After film build-up/ions loading and UV reduction, the 

films with silver nanopaticles can be easily and totally taken away from the substrate. As 

shown in Figure 4.9 the released film got exactly the same size of the substrate. 

 
Figure 4.9 Digital photo of (PDDA/PSS)8-(PLL-Ag/HA)8 free-standing film. 

 

These free-standing films were cut into small pieces of 3×15 mm2 and used for tensile 

microtest. The ultimate stress and elastic modulus for the different conditions are listed in 

Table 4.1 in the form of absolute value as well as relative value in ratio compared with the 

film with no silver nanoparticles. 

From Table 4.1, we can see the mechanical properties of the (PLL/HA) free-standing films 

are quite poor, the ultimate stress and elastic modulus are far less than the reported value for 

75 nm (CHI/ALG) free-standing films (E=8.1 GPa, σmax=123 MPa), even after reinforced by 

silver NPs. However, we can still find some trends that the nanoparticle loading amount, 

distribution, and its size can affect the reinforcement on (PLL/HA) multilayer when silver 

nanoparticles were inorporated. 
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Table 4.1 Mechanical properties of free-standing films averaged from at least 6 measurements. 

Free-standing films 
Ultimate Stress (σmax) Elastic Modulus (E) Ag 

loading 
amount 

(µg/cm2)
Absolute 
(MPa) 

Relative
In ratio 

Absolute 
(GPa) 

Relative 
In ratio 

(PDDA/PSS)8(PLL/HA)8 17±2 1 0.699±0.103 1 0 
(PDDA/PSS)8(PLL-Ag/HA)8 17±2 1.0 0.734±0.123 1.05 8.68 
(PDDA/PSS)8(PLL/HA)8-Ag 
1 mM 19±1 1.1 0.923±0.137 1.32 23.15 

(PDDA/PSS)8(PLL/HA)8-Ag 
3 mM 19±2 1.1 0.922±0.118 1.32 51.87 

(PDDA/PSS)8(PLL/HA)8-Ag 
5 mM 21±2 1.2 0.925±0.078 1.32 88.59 

(PDDA/PSS)8(PLL/HA)8-Ag 
10 mM 28±2 1.6 1.115±0.170 1.64 126.16 

(PDDA/PSS)8(PLL/HA)7 
-PLL 12±1 1 0.465±0.081 1 0 

(PDDA/PSS)8(PLL-Ag/HA)7
-PLL-Ag 20±4 1.7 0.958±0.159 2.06 13.09 

(PDDA/PSS)8(PLL/HA)7 
-PLL-Ag 10 mM 26±1 2.2 1.146±0.085 2.46 14.03 

 
 

Compared the four different HA-ending post-loaded films, one can notice that no 

enhancement in mechanical properties was observed for films with low nanoparticle loading 

amount. A noticeable reinforcement in mechanical properties only happens when the 

nanoparticle amount reaches a certain level. 

Nanoparticle distribution in the film is important for mechanical properties. Films with 

nanoparticles on surface, in the middle and at the bottom of the film (PLL-ending 

pre-complexed film, see Figure 4.5A) got an increase in ultimate stress and elastic modulus 

of the films compared to the pure (PLL/HA) film, whereas the films with nanoparticles only 

at the bottom of the film (HA-ending pre-complexed film, see Figure 4.5B) did not change 

the film mechanical properties. 

Besides, the nanoparticle size can also have an effect on reinforcement of film mechanical 

properties. The PLL-ending pre-complexed film and the PLL-ending post-loaded film have 

similar nanoparticle loading amount, but much higher enhancement on stress and modulus 

was achieved in PLL-ending post-loading film (with much smaller nanoparticle size, see 

Figure 4.8A). 
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4.1.4 Conclusion 

A nanocomposite film made of (poly(L-lysine)/Hyaluronan) and containing silver 

nanoparticles has been formed by in situ UV reduction of silver ions, which were loaded 

either by pre-complexation with PLL or by post-diffusion. Ag nanoparticle size synthesized in 

the film depended on the method for the loading of silver ions: pre-complexation method 

leads to much bigger and almost two populations of nanoparticles while post-load way 

resulted in much smaller nanoparticles. 

Ag nanoparticle distribution on film surface as well as in the whole film thickness relies on 

the ending layer. For pre-complexed film, silver nanoparticles were mostly aggregated on the 

film surface for PLL-ending film, but there were only few at the surface of HA-ending films. 

PLL-ending film loaded more silver NPs than HA-ending counterpart. For post-loaded films, 

silver NP distributed evenly in PLL-ending film but unhomogeneously on surface as well as 

in bulk of HA-ending film. This suggested there are large HA aggregations in HA-ending film 

and the aggregations disappear when another PLL layer was added. Silver nanoparticles 

loading amounts did change in PLL-ending films when the AgNO3 concentration was 

increased from 1 mM to 10 mM. While for HA-ending film, larger AgNO3 concentration lead 

to a higher amount of Ag loaded. 

Free-standing films made of (PLL/HA) and containing silver nanoparticles were obtained by 

peeling them away from Teflon substrate in dry state. Their mechanical properties were tested. 

The ultimate stress and elastic modulus of hybrid free-standing films depended on several 

parameters, including the loading amount of nanoparticle, their distribution and size. 
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4.2 In situ synthesis of gold nanoparticles in 

exponentially-growing layer-by-layer films 

4.2.1 Introduction 

Metal nanoparticles are used in an increasingly large number of biomedical applications 

(Liao et al. 2006) in the field of biotechnology, biosensing (Anker et al. 2008; Sepulveda et al. 

2009), bioimaging (Murphy et al. 2008), and drug and gene delivery (Huang et al. 2007), due 

to their interesting optical and electrical properties. During the past years, several studies have 

focused on the directed assembly of metal nanoparticles into organic solutions to form 

organic-inorganic hybrid nanomaterials (Chen et al. 2010; Pastoriza-Santos et al. 2010). 

Hybrid nanocomposites are synthesized via two major strategies. The first consists in 

assembling prefabricated inorganic nanoparticles (NPs) with polymers, either by chemical 

grafting or by adsorption of the polymer onto the particles (Galyean et al. 2009). Assemblies 

of NPs and polyelectrolytes can be built in a layer-by-layer fashion to control the number and 

position of nanoparticles (Schrof et al. 1998; Dong et al. 2003; Lee et al. 2006), but the 

rinsing steps may possibly affect the stability of the assembly. The second uses an organic 

solution (or “matrix”) as a template to nucleate and grow in situ inorganic NPs (Chia et al. 

2008). This is most often achieved directly by adding precursor ions into the polymeric 

solution (Esumi et al. 1998). However, the chemical synthesis of metal nanoparticles, 

including platinum, silver or gold, often requires the use of harsh chemicals (i.e. detergents, 

solvents), which are undesirable for biomedical applications (Connor et al. 2005). In this 

respect, biomolecules such as peptides (Tan et al. 2010; Toroz et al. 2011), proteins, or 

polysaccharides (Cui et al. 2008) are interesting due to the presence of numerous charged 

groups in their chains. This enables them to interact with positively charged or negatively 

charged metal ions precursors, thereby stabilizing them (Richardson et al. 2006). Typically, 

anionic groups can interact with Ag+ (Cui et al. 2008) or Pb2+ ions (Joly et al. 2000) and 

cationic groups can interact with negatively charged ion complexes, such as gold aurochlorate 

ions (AuCl4
- or AuCl2

-) (Sardar et al. 2008). Peptides can also contribute to the reduction of 

precursor ions by acting as electron donors (Tan et al. 2010). Moreover, peptides can act as 

stabilizer of the formed nanoparticles, as they can specifically bind to certain inorganic 

surfaces (Chen et al. 2010).  

Gold nanoparticles are particularly interesting due to their non-toxicity (Connor et al. 2005), 
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biocompatibility, photothermal properties (Hu et al. 2006), ease of imaging and versatility of 

surface chemistry (Boisselier et al. 2009). Polymers containing amine groups have been 

widely used as binding sites for gold aurochlorate ions (AuCl4
-) and as stabilizer of gold 

nanoparticles (Cho et al. 2005; Mei et al. 2005; Newman et al. 2006; Richardson et al. 2006). 

Natural biopolymers such as α-amino-acids are also emerging as versatile templates (Tan et al. 

2010), due to their capacity to reduce gold ions and to bind to Au0. Importantly, not only 

aromatic, amine or amide groups play a role in the synthesis of gold NPs, but other groups 

such as C-O-C and carboxylate have been shown to exhibit some reducing capacities (Mallick 

et al. 2005; Kar et al. 2010). 

Of particular interest are the possibility offered by biopolymers to control nanoparticle 

sizes and morphologies (Tan et al. 2009), and also to work in mild conditions, i.e. at ambient 

temperature, in non-toxic solvents or even in aqueous medium. Typically, reduction of 

tetrachloroauric acid (HAuCl4) can be achieved in a basic buffer such as sodium borate or by 

photo-chemical UV-irradiation (Pastoriza-Santos et al. 2010), which generates the necessary 

electrons to catalyze the reaction. This opens new perspectives for the “green” biomimetic 

synthesis of nanocomposites. So far, the majority of studies have focused on formation of NPs 

from solutions containing a mixture of the biomacromolecule and of the metallic ions 

(Mallick et al. 2005; Richardson et al. 2006; Sardar et al. 2008). However, controlling the 

spatial organization, nucleation and growth of monodisperse and non-aggregated NPs on 

material surfaces remains a challenge (Kharlampieva et al. 2008).  

Polyelectrolyte multilayer films (PEM) constitute a versatile and easy system to build 

architectures whose properties can be tuned in terms of thickness, film internal structure and 

degree of ionization of the polyelectrolytes (Decher 1997; Yoo et al. 1998). Synthetic and/or 

biological polyelectrolytes that possess various functional groups, including carboxylic acid, 

amine, and amide, can be used as building blocks. Interestingly, PEM film thickness can grow 

linearly (Caruso et al. 1997) or exponentially (Picart et al. 2001; Picart et al. 2002), which 

leads to highly stitched films in the former case (Jaber et al. 2007) and to more swollen films 

in the latter case (Crouzier et al. 2009). PEM films made of synthetic polyelectrolytes have 

recently been used as a template for in situ reduction of gold precursors(Chia et al. 2008; 

Kharlampieva et al. 2008). Poly(L-tyrosine), a polyaminoacid, which was deposited as 

topmost layer on a poly(allylammine)/poly(styrene sulfonate) (PAH/PSS) film, was able to 

direct nanoparticle formation (Kharlampieva et al. 2008). However, the gold NPs were 

confined to the topmost polyaminoacid layer due to absence of diffusion of gold ions in the 

underlying stitched films. Beside its surface, the PEM film can potentially serve as 
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nanoreservoir to synthesize NPs in a spatially confined environment, i.e. in the “film bulk”. 

Rubner and coworkers performed the very first attempt to grow NPs in the entire depth of the 

film (Chia et al. 2008). They used the reducing properties of amine groups of PAH to 

synthesize gold NP within the bulk of polyacrylic acid/PAH (PAA/PAH) and (PAA/PSS) films. 

However, as these linearly growing films exhibit a high degree of ion pairing, they had to 

surpass the difficulties in introducing the gold chloride ions into them. To this end, they 

introduced a nanoporosity transition by soaking the film at very acidic pH (<2) to generate 

free ammonium groups.  

In this context, exponentially growing films that are rich in unpaired amine groups and that 

contain other functional groups (i.e. carboxylic acid, hydroxyl), such as 

poly(L-lysine)/Hyaluronan (PLL/HA) films (Picart et al. 2001; Picart et al. 2002; Shen et al. 

2011) may appear interesting for the loading of a high amount of gold ions as well as for their 

reduction. Furthermore, their tunable thickness over a large range (Richert et al. 2004) may 

allow a very large amount of NPs to be formed in such spatially-confined environment. We 

have recently studied the internal structure of pH-amplified (PLL/HA) films, with regards to 

their growth, presence of hydrogen bonds, ionization degree of HA and diffusive properties of 

PLL (Shen et al. 2011).  

Here, we aim to use these pH-amplified (PLL/HA) films as template for in situ synthesis of 

gold NPs using UV-reduction. We demonstrate that the formation of NPs, especially their size 

and bulk density, can be controlled solely by varying the solution pH of the gold precursor 

solution from pH 3 to 9. Homogenous gold NPs were formed at varying pH, with diameter 

ranging from ∼1.7 nm (high pH) to ∼9 nm (low pH). Very interestingly, the gold NPs were 

homogeneously dispersed throughout the entire film depth over ∼2.5 µm. To our knowledge, 

these results show for the first time the spatially-confined growth of a tunable amount of 

well-dispersed and homogeneous gold NPs, using a micrometer-thick PEM film as organic 

template. 

 

4.2.2 Experimental section 

Preparation of multilayer films. Poly(L-lysine) bromide (PLL, P2636, MW=68 kDa) and 

gold chloride trihydrate (HAuCl4·3 H2O, 99.9 % purity) were purchased from Sigma. 

Hyaluronic acid, (HA, MW=1 300 kDa) was a product of Fluka. 14 mm diameter glass slides 

(VWR Scientific, France) or silicon wafers (Siltronix SAS, Archamps, France) taken as 
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susbtrates were cleaned by soaking in 2% (v/v) Hellmanex® II (Hellma GmbH, Müllheim, 

Germany) aqueous solution at 70°C for 15 min, then rinsed thoroughly with water, and dried 

with a stream of nitrogen. The film was built by immersing the substrate alternately in PLL 

solution (1 mg/mL) at pH 9.5 and HA (3 mg/mL) at pH 2.9 with intermediate rinse in water of 

same pH and blowing dry. In this study, we built (PLL9.5/HA2.9)7-PLL9.5 films (films made 

of 7.5 layer pairs, ending by PLL) and (PLL9.5/HA2.9)8 (films made of 8 layer pairs, ending 

by HA).  

Gold NP in situ synthesis. For gold salt loading, the PLL-ending or HA-ending films were 

immersed into 10 mM gold chloride salt solution for 15 min, followed by three water rinses, 

before being air dried in an incubator at 37 ℃ for 30 min. As the pH of the 10 mM gold 

chloride solution is ∼2, NaOH was added drop wise until the desired pH was achieved. The 

gold-salt-loaded samples were irradiated with an ultra violet lamp (365 nm, VL-215.LC, 

France, Power = 30 W) at a distance of ~1 cm for 35 hrs, as described by others (Chia et al. 

2008). 

Fourier Transform Infrared Spectroscopy. Film structure was investigated by Fourier 

transform infrared (FTIR) spectroscopy in transmission mode using a Vertex 70 

spectrophotometer (Bruker Optics GmbH, Ettlingen, Germany) equipped with a mid-infrared 

(MIR) detector. All the films were deposited on silicon wafers for these experiments. The 

spectrum from the bare Si was always taken as reference. A single-channel spectrum from 256 

interferograms was recorded between 400 and 4000 cm-1 with a 2 cm-1 resolution, using 

Blackman-Harris three-term apodization and the standard Bruker OPUS/IR software v6.5 

(Bruker Optics GmbH). The different peaks characteristic of the polyelectrolytes and of the 

pH-amplified (PLL/HA) films have identified in our previous work (Shen et al. 2011). 

Basically, there are three absorption regions in the FTIR spectra. The band from 3500 to 3000 

cm-1 is mainly associated with hydrogen bonded N-H and O-H groups. The region from 1750 

to 1350 cm-1 contains COOH (1735 cm-1), amide I (1656 cm-1, random), amide II (1560 cm-1) 

and COO- (1605 and 1400 cm-1). The characteristic peaks of saccharide rings on HA are 

visible in the 960-1200 cm-1 region, with the most intensive peaks at 1045 and 1080 cm-1.  

UV-visible spectrometry. Films were built on 14 mm-diameter glass slides and their 

UV-visible spectra were taken using a spectrofluorimeter (Infinite M1000, Tecan, Australia) at 

predetermined time interval to follow the reduction process. The wavelength ranges from 230 

nm to 800 nm with 1 nm step size. The bandwidth was of 2.5 nm over the range 230-300 nm 

and of 5 nm over the range 301-800 nm. 
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The amount of Au 

nanoparticle loaded in the films was determined by an Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS, X-series, Thermo Corporation Inc, USA). Films embedded with Au 

nanoparticle of a certain surface (around 5 x 4 mm2) were put into 1 mL freshly prepared aqua 

regia (HNO3: HCl v:v = 1:3) for 10 min to turn Au0 to Au ions. Finally, the solutions were 

diluted to 200 mL and the Au ion concentrations were quantified by ICP-MS. 

Scanning electron microscopy. For SEM observations, the PLL-ending (7.5 layer pairs) or 

HA-ending (8 layer pairs) films were prepared on silicon wafer following the procedure 

described above. The surface morphology and the cross-section of the NPs synthesized in the 

films were visualized by using a field emission gun (FEG) SEM (Quanta FEG 250, FEI, 

Czech Republic). The low voltage high contrast (vCD) detector mode was used to enhance the 

element contrast and better identify the gold NPs. 

Atomic force microscopy. The surface morphology of films with or without gold NPs was 

imaged in tapping mode using a Veeco Di 3100 AFM (Veeco, France) with OMCT-240 

tapping mode cantilevers (Olympus, France). The final images were treated with Gwyddion 

software version 2.22.  

Transmission electron microscopy. The cross-section morphology of nanocomposite films 

was monitored by transmission electron microscopy (TEM) and high-resolution TEM 

(HR-TEM) using a JEM-2100 LaB6 (JEOL, Japan) operating at 200 kV with a 0.19 nm 

point-to-point resolution. Two pieces of film-coated silicon were embedded face-to-face in 

epoxy (M-bond 610) for 2 hrs at 150 ℃ such as to form a silicon-film-resin-film-silicon 

sandwich (∼1.5 x 2 x 2.5 mm3). This sandwich was further cut into 2-3 pieces before being 

polished by the tripod polishing method (Ayache et al. 1995). To this end, the specimen was 

glued onto the glass stub of the tripod polisher (model 590 TEM, South Bay Technology, San 

Clemente, USA). Samples were polished on both sides using a series of plastic diamond 

lapping films (Escil, Lyon, France), with grains of decreasing sizes (30 µm, 15 µm, 6 µm, 1 

µm, 0.5 µm respectively). The first side of the sandwich was polished to achieve a 300-500 

µm in thickness. Then, it was reverted to continue with the polishing of the second side, the 

sample being tilted at an angle ∼ 0.6 °. An optical inverted microscope was used to check 

frequently the residual specimen thickness so as to obtain a thickness < 10-15 µm. Finally, the 

sample was removed from the glass stub and glued onto a TEM copper grid containing a 

central hole. Low-angle ion beam milling (Gatan, Colorado, USA) was used for the final 

precision polishing of the samples. The final thickness around the perforated area is <100 nm. 

Energy dispersive X-ray (EDAX) spectra were also collected perpendicular to the sample 
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surface.  

Image analysis. Particle size was measured for each sample using Image J software v1.38x 

(NIH Bethesda, USA, http://rsbweb.nih.gov/ij/index.html) The reported particle sizes are the 

number average from at least 240 particles. The particle size distribution was also generated 

by Sigma Plot software (Systat, USA). 

 

4.2.3 Results and discussion 

In this work, we used a biocompatible polypeptide/polysaccharide made by alternating 

deposition of PLL at pH 9.5 and HA at pH 2.9 (i.e. a (PLL9.5/HA2.9) film) as template for in 

situ synthesis of gold NPs in mild conditions, i.e. in pure water. The films were built as 

described in our previous studies by alterning deposition of the polyelectrolytes followed by a 

water rinse and blow drying after each deposited layer (Richert et al. 2004; Shen et al. 2011). 

(PLL9.5/HA2.9)i films (i = 7.5 or 8, being the number of layer pairs) of typical thickness 

between 2-3 μm (Shen et al. 2011) have been used for all experiments. Aurochlorate ions 

were loaded as precursors by simple adsorption performed after film buildup. Here, we 

investigated the potentiality of these films to spatially confine the growth of gold NPs and to 

stabilize them. We focused on the effect of pH of the gold chloride solution, which is known 

to affect the stability of the Au-Cl-H2O system (Richardson et al. 2006), on nanoparticle 

formation. We also studied the influence of the film ending layer (PLL versus HA). We have 

analyzed the effect of gold NP formation and film bulk structure by Fourier Transform 

infrared spectroscopy (FTIR). Furthermore, we have quantified the size of gold NPs and 

observed their distribution in the film cross-section by means of high resolution transmission 

electron microscopy (HR-TEM). Finally, the combination of UV-visible spectroscopy, FTIR 

and TEM data allows us to propose a mechanism for NP formation within the PEM film. 

In situ synthesis of gold nanoparticles in the bulk of (PLL/HA) multilayer films 

We loaded the gold aurochlorate ions into (PLL9.5/HA2.9)7-PLL9.5 films by soaking the 

film in 10 mM gold chloride solutions under acidic, neutral or basic conditions, which 

correspond respectively to pH 3, 6 and 9. The films were then simply rinsed with water and 

air-dried before being analyzed by FTIR (Figure 4.10). Figure 4.10A, A’ shows typical 

spectra for a PLL-ending film taken prior and after loading with the gold chloride solution at 

pH 6, as well as after UV-irradiation. Overall, the spectra look very similar over the whole 

range investigated (3700-900 cm-1), which indicates at first sight that the film keeps its 
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integrity upon gold photo-reduction. Qualitatively similar spectra were obtained for HA 

ending films (see Figure 4.11). However, by plotting the differences between the spectra of 

PLL-ending films after loading with the gold precursors ion and after UV-reduction, as 

compared to the initial (PLL9.5/HA2.9)7-PLL9.5 films, slight differences showed up for some 

specific peaks (Figure 4.10B, B’). We first noted in the band at 3400 cm-1 a minor decrease 

of H-bonds associated with OH groups (Haxaire et al. 2003). It is already known that these 

bands can be easily affected by the presence of water molecules (Wolkers et al. 1998). Second, 

we observed that COO- groups (at 1604 and 1400 cm-1) as well as C-OH and C-O-C peaks 

from the saccharide groups (at 1047 and 1078 cm-1) are slightly decreased. Conversely, the 

COOH peak at 1735 cm-1 is increased. Overall, these changes indicated a very slight change 

in the protonation state of the carboxylic acid and a change in H-bonds. 
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Figure 4.10. FTIR spectra of the films after gold chloride loading and UV-reduction. The gold 
chloride solution was adjusted to pH 6. (A,A’) FTIR spectrum of a (PLL9.5/HA2.9)7-PLL9.5 film built 
in pH-amplified conditions (pH = 2.9 for HA and pH = 9.5 for PLL deposition). The spectrum is 
shown over the range (A) 3600-2000 cm-1 and (A’) 1800-900 cm-1, respectively. (B, B’) Differences 
between the FTIR spectra of the films taken after loading of the gold chloride solution (gray line) and 
after UV-irradiation (thick black line) over the same ranges as for A and A’.  
 



132 
 

Wave number (cm-1)
900100011001200130014001500160017001800

A
bs

or
ba

nc
e

0.0

0.2

0.4

0.6

0.8 8B 
8B-Au6 
8B-Au6+UV365 

Wave number (cm-1)
900100011001200130014001500160017001800

A
bs

or
ba

nc
e

-0.06

-0.04

-0.02

0.00

0.02

0.04

7.5B-Au6 diff 
7.5B-Au6+UV365 diff 

Wave number (cm-1)
200022002400260028003000320034003600

Ab
so

rb
an

ce

0.0

0.1

0.2

0.3

0.4

0.5

0.6

8B 
8B-Au6 
8B-Au6+UV365 

Wave number (cm-1)
200022002400260028003000320034003600

A
bs

or
ba

nc
e

-0.04

-0.02

0.00

0.02

0.04

0.06

7.5B-Au6 diff 
7.5B-Au6+UV365 diff 

A A'

B'B

1604 cm-1

1400 cm-1
1047 cm-1

1656 cm-1

1735 cm-1

1604 cm-1

1400 cm-1

1047 cm-1

 

Figure 4.11. FTIR spectra of (PLL9.5/HA2.9)8 (i.e. HA-ending) film after gold chloride loading and 
UV-reduction. The gold chloride solution was adjusted to pH 6. (A, A’) FTIR spectrum of the film 
built in pH-amplified conditions (pH = 2.9 for HA and pH = 9.5 for PLL deposits). The spectrum is 
shown over the range (A) 3600-2000 cm-1 and (A’) 1800-900 cm-1, respectively. (B, B’) Difference 
between the FTIR spectrum of the film taken after loading of the gold chloride solution (gray line) and 
after UV-irradiation (thick black line). Same ranges as for A and A’.  
 
 

Next, we followed the in situ synthesis of gold NPs via UV-visible spectrometry (Figure 

4.12) since it is well known that gold NPs exhibit a strong surface plasma resonance (SPR) 

band depending on the shape and size of nanoparticles (Link et al. 2000; Haes et al. 2004). 

Figure 4.12 shows the spectra obtained over time for both PLL-ending (A-C) and HA-ending 

films (A’-C’) immersed in gold chloride solutions at different pH. For all pH conditions, an 

absorbance peak emerged in the range of 500-550 nm. It is increased with the reduction time, 

which qualitatively indicated gold NPs were successfully synthesized (Eustis et al. 2006). The 

width of the peak of 50 nm also indicated that the NPs were well-dispersed and rather 

spherical (Eustis et al. 2006). The reduction was completed in about 35 hrs. The maximum 

absorbance values for each condition were extracted and plotted as a function of the reduction 

time (Figure 4.12D). The films loaded with gold chloride at pH 3 exhibited the largest 

increase in absorbance, followed by those loaded with the precursor solution at pH 6. When 

the pH of the precursor solution was of 9, a small but steady increase was observed. Of note, 

the ending layer of the films did not appear to have a key role in the gold NPs formation 
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process as both PLL-ending and HA-ending films behaved very similarly. These results 

qualitatively indicated that the amount of gold NPs formed was directly dependent on the pH 

of the precursor solution: the lower it was the higher was the amount of NPs formed. 

Interestingly, these qualitative results were confirmed by quantitative measurement of gold 

mass using inductively coupled plasma mass spectrometry (ICP-MS) (Table 4.2). 

 
 
 
Table 4.2. Quantification by ICP-MS of the mass of gold synthesized in situ in the PLL-ending and 
HA-ending films (respectively (PLL9.5/HA2.9)7-PLL9.5 and (PLL9.5/HA2.9)8 ) films as a function of 
the pH of the gold chloride solution. The mass is given in µg. 

Total gold mass (µg) pH 3 pH 6 pH 9 
PLL-ending films 12.8 ± 0.4    8.5 ± 0.4    6.6 ± 0.2    
HA-ending films 11.9 ± 0.3    7.6 ± 4.6    7.1 ± 0.1    

 

 

Furthermore, we plotted the maximal wavelength (λmax) of the SPR peak as a function of 

the pH of the precursor solution (Figure 4.12E). For PLL-ending as well as for HA-ending 

films, λmax was found to decrease when the pH was increased, which qualitatively indicated 

that gold NPs size was smaller at high pH (Eustis et al. 2006). Of note, the wavelength shift 

was 40 nm for 6 pH units of difference (from 3 to 9). These results qualitatively agreed with 

previous results showing that the size of NPs formed in bulk solutions of poly(allylamine) 

was slightly modulated by the pH, over a range from 1.5 to 12.5 (Sardar et al. 2008). However, 

in this case, the variation of λmax was only of 6 nm. This suggests that the size of NPs formed 

in PEM films covers a broader range of diameters. 
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Figure 4.12. UV-visible absorption spectra acquired at different time points during UV-photoreduction 
in (PLL9.5/HA2.9)7-PLL9.5 films (A, B, C) and (PLL9.5/HA2.9)8 films (A’, B’, C’). Gold chloride 
was loaded at different pH: pH = 3 (A, A’), pH = 6 (B, B’) or pH = 9 (C, C’). (D) Maximum of the 
SPR peak plotted as a function of the reduction time. (E) Wavelength of the maximum SPR peak, 
plotted as a function of the pH of the precursor solution.  
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Figure 4.13. SEM images of gold nanoparticles synthesized in situ in (PLL9.5/HA2.9)7-PLL9.5 films: 
surface morphology at different magnifications (left and middle columns) and cross-sections (right 
column). Gold chloride was loaded at pH 3 (A-A”), 6 (B-B”), and 9 (C-C”). The scale bars are 30 µm 
for (A, B, C) and 2 µm for (A’, B’, C’). 

 

After gold NP photoreduction, film surface morphology and cross-sections were visualized 

by scanning electron microscopy (SEM) using low voltage high contrast (vCD) detector to 

enhance element contrast (Figure 4.13). Drastic differences between the different samples 

emerged. When the precursors were loaded at pH 3, gold NPs homogenously covered the 

entire film surface and appeared as bright spots of various sizes (Figure 4.13A, A’). 

Furthermore, the gold NPs were distributed throughout the whole film thickness, over 2.5 

μm (Figure 4.13A”). As the loading pH increased to 6 (Figure 4.13B, B’), homogenously 

distributed gold NPs appeared on the film surface, but of smaller size than those observed at 

pH 3. However, no NPs could be visualized in the film cross-section at this magnification 

(Figure 4.13B”). We noted that the film prepared at pH 9 (Figure 4.13C-C”) was very 

difficult to observe. Some charges accumulated on the surface when observing this film, 

which may be due to the limited amount of gold NPs on the surface (Figure 4.13 C’) or to the 
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fact that the NPs were too small to release the accumulated charges. Here again, no NP were 

visualized in the cross-section at this magnification. Of note, large gold crystals were also 

formed in the film/silicon interface after loading gold chloride at pH 3. This may originate 

from the fact that the SiO2 layer at the surface of the silicon substrate is positively charged at 

very low pH (Parks 1965). It may thus serve as nucleation site for gold chloride ions. 

We noted that the surface and cross-section morphology of HA-ending films made of 8 

layer pairs (Figure 4.14) were almost identical to their PLL-ending counterparts, except that 

the film thickness was about 0.5 μm thicker. Considering the very similar behavior of 

PLL-ending and HA-ending films regarding gold NP synthesis (Figure 4.12) and the minor 

changes in film structure change after UV irradiation (Figure 4.10), we now only focus on 

PLL-ending films. 
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Figure 4.14. SEM images for gold nanoparticles embedded in (PLL9.5/HA2.9)8 films: surface 
imaging (left and middle columns) and z-cross-section (right column). Gold chloride was loaded at 
different pH of 3 (top row), 6 (middle row), and 9 (bottom row). The scale bars are 30 µm for (A, B, C) 
and 2 µm for (A’, B’, C’). 
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Figure 4.15. AFM images of the surface morphology of (PLL9.5/HA2.9)7-PLL9.5 films imaged after 
synthesis of the gold NPs. The pH of the gold ion solution was adjusted to pH 3 (A,A’), 6 (B, B’) or 9 
(C,C’). (A-D) are height images and (A’-D’) are phase images. A control UV-irradiated film but 
without gold salt loaded is also shown (D, D’). Image size is 1 µm x 1 µm. 
 

To further confirm film surface morphology and get a first estimate of the NP size at the 

film surface, we performed AFM imaging. Height and phase images of the films prepared by 

loading the gold precursor at the different pH (3, 6 and 9) are shown in Figure 4.15. The 

surface of the films was quite rough with a maximum Z distance of 100 to 200 nm in the 

area of 1x1 μm2. Gold NPs were barely visible on height images but could be identified in the 

phase images. The size of gold NP estimated from these images was of 18 nm, 11 nm and 

10 nm for pH 3, pH 6 and pH 9, respectively. This confirms the decrease of NP size when 

the loading pH of the precursor solution is increased. 

We next observed cross-sections of the films by TEM at low and high resolution (HR-TEM) 

(Figure 4.16 and Figure 4.17). TEM images of the film/silicon interface are shown in Figure 

4.16 at different magnifications. First, we noticed that gold NPs were always well dispersed 

throughout the whole film thickness, regardless of the pH of the gold chloride solution, which 

indicates that aurochlorate ions could diffuse homogeneously in the film. Here again, we 

observed that large NPs of 30-60 nm in diameter have nucleated at the silicon/film interface, 

in the case of pH 3. From these TEM images, we quantified the gold NP size distribution 

(Figure 4.16A1-C1). The median size of gold NPs synthesized from pH 3, 6 and 9 was of 8.6, 

2.8 and 1.7 nm, respectively. Thus, increasing the loading pH of gold chloride resulted in a 

significant decrease of the gold NP size. 
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Figure 4.16. Cross-sectional TEM images through (PLL9.5/HA2.9)7-PLL9.5 films showing gold NPs 
dispersed over the entire film thickness. Gold chloride was loaded at different pH of 3 (A-A”), 6 
(B-B”), and 9 (C-C”). Images are shown at different magnifications. The black zone corresponds to 
the silicon substrate and the white zone to Epoxy resin. The gold NPs were formed homogeneously 
throughout the whole film thickness, as observed by the presence of very small to large black dots. 
The corresponding particle size distribution deduced from these TEM images is given in Figure A1, 
B1 and C1. The red dashed lines indicate the median NP size, which is of 8.6 nm, 2.8 nm and 1.7 nm, 
respectively for films loaded with gold chloride at pH 3, 6 and 9. Scale bars are 200 nm for (A, B, C) 
100 nm for (A’, B’, C’) and 20 nm for (A”, B”, C”). 
 

Of note, the size of particles inside the films, as measured by TEM, was lower than that 

estimated by AFM for the gold NPs on the film surface. Differences may be due to the 

formation of larger nanoparticles at the film surface. They may also rise from the 

measurement method. High resolution TEM imaging of the gold NPs was performed to 

investigate their nanocrystalline structure (Figure 4.17). Parallel lattices of the nanocrystals 

can be clearly observed for gold NPs synthesized in acid and neutral conditions (Figure 

4.17A’ and B’).  

Furthermore, the electron diffraction pattern confirmed the typical rings characteristic of a 

polycrystalline phase. It could be indexed in the reciprocal space by superposition of the 

X-ray diffraction of Au powder (Figure 4.17A”, B”). Conversely, the gold NPs formed at pH 

9 were too small to get enough electron diffraction signals (Figure 4.17C”). However, the 

energy dispersive X-ray (EDAX) data confirmed the existence of gold NPs in these films as 

well (Figure 4.18). 
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Figure 4.17. High resolution TEM images of gold NPs synthesized in situ in 
(PLL9.5/HA2.9)7-PLL9.5 films. (A, A’, B, B’, C, C’): the conditions for the pH are the same as for 
Figure 4.16. The corresponding electron diffraction patterns of the samples are also shown (A”, B”, 
C”). Scale bars are 10 nm for (A, B, C) and 5 nm for (A’, B’, C’). 
 
 

 

Figure 4.18. EDX spectrum of gold nanoparticles embedded in a (PLL9.5/HA2.9)7-PLL9.5 film, for 
gold loading at pH 9. 
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Based on the TEM images, we quantified in the cross sections the gold NP density for the 

different conditions. A 25-fold increase in NP density was observed when the pH was 

increased from 3 to 9 (Table 4.3). 

 
Table 4.3. Quantification of the gold NP density based on cross-sectional TEM images of the films 
(shown in Figure 4.16, same PLL-ending films as in Table 4.2). The NP density is given as number of 
particle/ µm2 in transverse sections of the films. Mean values are given (uncertainty being of the order 
of 15%). The fold increase as compared to the values measured at pH 3 is also given. 
Gold NP density  pH 3 pH 6 pH 9 
PLL-ending films  2 500   26 000  63 000  
Fold increase 1  × 10.4   × 25.2   
 

Thus, (PLL9.5/HA2.9) films allow the spatially-confined growth and stabilization of a very 

large number of gold NPs. The gold NPs embedded in the 2.5 μm thick surface-adsorbed 

polymeric matrix are well-dispersed and of homogeneous size. The green synthetic chemistry 

constitutes a promising method to confine gold NPs at a very high density on a surface for 

applications in biosensing or biodetection. 

 

Possible mechanism of gold NPs photosynthesis in (PLL/HA) films 

In order to further understand the molecular mechanism underlying in situ synthesis of gold 

NPs in (PLL9.5/HA2.9) multilayer films, we performed additional experiments in solution 

using the gold chloride solution at different pH and the individual components of the film. To 

this end, we acquired the UV-visible spectra of a 1 mM HAuCl4 solution adjusted to different 

pH and of the same solution in the presence of either HA (3 mg/mL) or PLL (1 mg/mL) 

(Figure 4.19A-C). The corresponding images of the solutions are shown in Figure 4.20. The 

UV-visible spectra were also recorded after UV-irradiation (Figure 4.19A’-C’). 

As shown in Figure 4.19A, the absorbance of the HAuCl4 solution at pH 3 exhibited a peak 

at  313 nm, which can be attributed to the charge-transfer band from chloride p to gold d 

orbitals (Gangopadhayay et al. 1961). The corresponding images showed a slightly yellow 

color for this solution. This band disappeared when the pH of the solution was increased. The 

Au-Cl-H2O system has been studied (Richardson et al. 2006) and it is known that AuCl4
- is 

stable over a wide pH range (0-7.5) (Kelsall et al. 1993). However, destabilization of the 

system at higher pH can lead to a transition to AuCl2
-. Indeed, the Au+ ions of AuCl2

- can be 

more easily reduced in Au0 than Au3+ of AuCl4
- (Kurihara et al. 1983). Increasing the pH to 6 

and 9 probably results in destabilization of AuCl4
- with a subsequent transition to AuCl2

-, 

which does not exhibit any specific peak in the UV-visible range. 
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Figure 4.19. UV-visible absorbance spectra of 1 mM HAuCl4 solution (A,A’), 1 mM HAuCl4 and 3 
mg/mL hyaluronic acid solution (B,B’) and 1 mM HAuCl4 and 1 mg/mL poly(L-lysine) solution (C, 
C’) at different pH before UV irradiation (left column) and after UV irradiation (right column). Inserts 
are digital images of the same solutions obtained after UV irradiation at pH 9. 

 

When HA was added to the HAuCl4 solution, the UV-visible spectra (Figure 4.19B) were 

very similar to the case where no HA was present (Figure 4.19A). In the case where PLL was 

mixed to the HAuCl4 in solution, the charge-transfer band was shifted to 385 nm (Figure 

4.19C) and the complex gave rise to a yellow color (Figure 4.20) (Gangopadhayay et al. 

1961). The band was also broader and of much lower intensity. 

This is compatible with the following ion exchange process between tetrachloride aurate 

ions and complexed ammonium groups: 
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COO-NH3
+ + H+ + Au3+Cl4

- → COOH + NH3
+Au3+Cl4

-   (1) 

Thus, PLL can first play a role in the stabilization of the AuCl4
- ions and subsequently in 

the stabilization of the gold nuclei. 
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Figure 4.20. Digital images of the HAuCl4 solutions at different pHs and in the absence (upper row) 
or in the presence of HA at 3 mg/mL (middle row) or PLL at 1 mg/mL (bottom row). 

 

Changes that have occurred upon UV irradiation were also investigated. For the HAuCl4 

solution alone, a weak and broad peak ∼550 nm was observed only for pH 9 (Figure 4.19A’). 

The image of the solution revealed a blue color, with the formation of large and aggregated 

clusters (Figure 4.19A’ inset). 

When HA was added to the HAuCl4 solution, the change in the absorbance spectra was 

even larger, especially at pH 9 (Figure 4.19B’). The absorbance peak was broader and shifted 

to the right (∼595 nm). We indeed observed a larger number of precipitated gold clusters in 

this case (inset of Figure 4.19B’). 

In the case of PLL addition, a very small increase in UV absorbance at ∼550 nm was noted 

after UV-reduction, especially at pH 9. The mixture at pH 9 exhibited a red color and 
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contained well-dispersed NP of ∼10 nm in size, as was observed by TEM (Figure 4.21). Thus, 

PLL appeared to act as good stabilizer of Au0 atoms, as was previously observed for 

poly(ethylene imine) (Richardson et al. 2006). 

All together, these results suggest that PLL can first interact with gold ions and then lead to 

the formation of well-dispersed nanoparticles. Interestingly, they also suggest that HA 

molecules can be implicated in the photo-reduction process, especially at neutral and basic pH. 

In fact, several studies have already shown that CH2-OH groups, which are present on HA 

backbone, can facilitate gold chloride reduction under photo irradiation (Eustis et al. 2005; 

Mallick et al. 2005; Mallick et al. 2005). 

 

   

Figure 4.21. TEM image of gold nanoparticles synthesized from 1 mM HAuCl4 and 1 mg/mL 
poly(L-lysine) solution at pH 9, corresponding to Figure 4.19C’ blue short dash line and insert picture. 

 

The direct photolysis of water in the presence of a UV source is: 

H2O  →  H• + OH•    (2) 

According to Mallick et al. (Mallick et al. 2005), -CH2-OH is a scavenger of H• and OH• 

radicals. It can be excited under UV irradiation to form the following radicals: 

-CH2-OH  →
•OH

 -CH•-OH + H2O     (3) 

-CH2-OH  →
•H

-CH•-OH + H2       (4) 

These radicals are able to reduce gold ions as follows: 

Aun++-CH•-OH  →  Au0 + -CHO + nH+  (5) 

Indeed, it has also been proven that hyaluronic acid can help the formation of silver NP 
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under UV irradiation by oxidation of CH2OH groups to CHO (Cui et al. 2008). Furthermore, 

the COO- groups of HA is a proton acceptor. The carboxylic group itself might even play a 

role in the reduction of gold ions, as was recently suggested by Wang et al. (Tan et al. 2009). 

To elucidate on the changes in the film internal composition, in particular the appearance or 

disappearance of specific groups, we further investigated the changes in the FTIR spectra 

obtained at different steps of the procedure (Figure 4.22). We focused on changes that 

occurred after loading with the gold chloride solution at different pHs (Figure 4.22A-C) and 

after UV-irradiation (Figure 4.22A’-C’). In parallel, control experiments were performed in 

which the films were only soaked in water at different pH, without any gold precursors, 

before being UV-irradiated.  

Upon addition of the aurochlorate solution on a PLL-ending film (final deposition of PLL 

at pH 9.5), we observed specific differences in the FTIR spectra. The changes exhibited the 

same trends at all pH conditions, but they were more pronounced at pH 3 (Figure 4.22A, B, 

C).  

First, we noticed a strong decrease in the COO- peaks at 1604 and 1400 cm-1 and a 

concomitant increase in COOH peak at 1735 cm-1 (Figure 4.22A, B and Table 4.4). As the 

pH of the film is lowered from 9.5 (pH of the PLL-ending layer) to pH 3, COO- are converted 

to COOH. This indicated that COO- became protonated, the change being maximal at pH 3 (- 

40%). This is due to the lowering of the pH upon immersion of the film at pH3, as the 

PLL-ending layer was deposited at pH 9.5.  

Secondly, we observed a very slight decrease of the peaks at 1047 cm-1 and 1078 cm-1, 

indicating a change in the hydroxyl groups of HA. 

Third, we also noticed a significant increase in the amide band of PLL and HA at 1656 cm-1, 

which was again more pronounced at acidic pH (+18.7%). This may be a consequence of the 

interaction of PLL with gold ions.  

After UV-irradiation, these shifts were further enhanced (Figure 4.22A’-C’ and Table 4.4). 

Here, the amide I peak at 1656 cm-1, the COO- peaks as well as the hydroxyl peak all 

decreased. Again, the changes were more pronounced at pH 3 with a decrease of the order of 

11 to 17% (Table 4.4). At pH 6 and 9, the changes were of the order of 6 to 9 % at maximum 

(Table 4.4). In parallel, there was a large increase of the COOH peak at 1735 cm-1, which was 

also higher at pH 3. Of note, HA-ending films behaved very similarly (Figure 4.23). For these 

films, the only structural differences were observed after gold loading at the different pHs (i.e. 

before UV irradiation), as the final deposited layer was HA at pH 2.9 (instead of pH 9.5 in the 
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case of PLL-ending films). But importantly, the major bands that changed during 

UV-irradiation were the same and the amplitude of the changes were similar.  
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Figure 4.22. FTIR spectra of (PLL9.5/HA2.9)7-PLL9.5 films acquired after gold salt loading and UV 
irradiation. The pH of the gold ions solution was adjusted to 3 (A, A’), 6 (B, B’) or 9 (C, C’). (A, B, C) 
Differences between FTIR spectra of the film measured after gold chloride loading and before (thick 
line). The control experiment, i.e. solution at the same pH but without gold ion, is also shown (thin 
line). (A’, B’, C’) Differences between FTIR spectra of the film measured after and before 
UV-irradiation (thick line). The control experiment, i.e. solution without gold ion that has been 
UV-irradiated in similar conditions (thin line) is also shown.  
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Table 4.4. Changes of the major peaks of the FTIR spectra measured as percentage of the initial value: 
Amide I (1656 cm-1), COO- (1604 cm-1) and saccharide ring (1047 cm-1) changes after contact with the 
gold chloride solution (but before irradiation), or after UV irradiation, as compared to the initial value 
for the (PLL9.5/HA2.9)7-PLL9.5 films.  
Peak 
(cm-1)  Before UV 

(%)   After UV 
(%)  

 pH 3 pH 6 pH 9 pH 3 pH 6 pH 9 
1656 cm-1 + 18.7 +2.5 + 1.2 -17.1 -5.7 -5.5 
1604 cm-1 -40.5 -9.2 -3.7 -12.7 -8.9 -7.3 
1047 cm-1 -9.1 -2.2 -2.2 -10.9 -6.8 -6.6 
 
 

All together, the FTIR data indicated that the major changes under UV-irradiation occurred: 

1) for the COO-/COOH groups, COO- being transformed to COOH, 2) for H-bonded C-OH of 

alcohols and C-O-C in HA, a decrease at 1047 cm-1 and 1078 cm-1 ; of note, a decrease in 

hydroxyl (possibly H-bonded) was also observed at 3400 cm-1 (data not shown), and 3) for the 

amide I of PLL and HA, a decrease at 1656 cm-1. The magnitude of the changes was in the 

order pH 9 < pH 6 < pH 3. 

 

It is already acknowledged that the conformation and structure of an organic template are 

crucial parameters in the nucleation and/organization of inorganic nanoparticles (Lee et al. 

2006; Chen et al. 2008). Also, it is now well accepted that the synthesis of gold NPs involves 

a two-step process (Mallick et al. 2005). First, there is a nucleation step, in which part of the 

metal ions are reduced and act as nucleation centers. Second, the nucleation centers catalyze 

the reduction of the remaining metal ions present in the surrounding. The coalescence of 

atoms leads to the formation of metal clusters and these are effectively stabilized by ligands, 

surfactants or polymers. It is also known that Au+ ions are more easily photoreduced than 

Au3+ ions (Kurihara et al. 1983). Indeed, photo irradiation in the presence of water molecules 

induces reduction of Au3+ into Au2+, which is itself instable and can disproportionate to form 

Au+ and Au3+ (Eustis et al. 2005). The Au+ is then photoreduced by absorbing another photon, 

leading to the net disproportionation equation (Eustis et al. 2005): 

3 Au+Cl2
-→ Au3+Cl4

- + 2 Au0 + 2 Cl-   (6) 

Once atoms are formed they can act as catalysts for the reduction of the remaining metal 

ions present in the solution. After their formation the atoms coalesce, which results in cluster 

formation, i.e. NP growth (Mallick et al. 2005). 
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Figure 4.23. FTIR spectrum of (PLL9.5/HA2.9)8 films acquired after gold salt loading and after UV 
irradiation. The pH of the gold ions solution was adjusted to 3 (A, A’), 6 (B, B’) or 9 (C, C’). (A, B, C) 
Differences between FTIR spectra of the film measured after gold chloride loading and before (thick 
black line). The control experiment (solution at the same pH but without gold ion) is also shown. (A’, 
B’, C’) Differences between FTIR spectra of the film measured after UV-irradiation and before (thick 
black line). The control experiment (solution without gold ion that has been UV-irradiated in similar 
conditions) is also shown. 
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Scheme 4.1. Proposed mechanism for in situ formation of gold NP in (PLL9.5/HA2.9) PEM films at 
different pHs. The protonation degree of HA and PLL both depends on pH; the number of protonated 
COOH groups is higher at low pH and decreases when the pH is increased; Also, the number of 
protonated NH3

+ groups decreases when the pH is increased. After AuCl4
- loading, the ions interact 

with NH3
+ groups that were either free or paired with COO- groups; thus, a fraction of COO- groups 

becomes protonated in COOH; this fraction is higher at low pH of 3. AuCl4
- ions may also be reduced 

to AuCl2
- ions, especially at high pH of 9 and to some extent at pH6. Both ions may associate with free 

H+ ions of the films. After UV irradiation, gold NPs are formed in all conditions but the NPs are larger 
and less numerous at low pH (median size of ∼ 8.6 nm). Their size decreases when the pH is increased 
to reach 3 nm at pH 6; In both conditions, UV-visible spectra showed a clear increase as a function of 
time and the diffraction pattern of Au was intense. At very high pH of 9, gold NPs have a small 
median diameter of 1.7 nm, but they have formed at a very high density in the film. However, due to 
their very small size, the UV-visible spectrum exhibits only a minor increase, the SPR peak is small 
and there is no diffraction signal. In all case, the CH2OH groups of HA can be reduced to CH=O 
during UV-irradiation. 
 

Based on UV-visible spectrometry, FTIR data and TEM images of the in situ synthesized 

NPs, we propose the following mechanism for gold NPs formation in the 

(PLL9.5/HA2.9)7-PLL9.5 films (Scheme 4.1). At pH 3 (Scheme 4.1), HAuCl4 dissociates 

into AuCl4
-, which interacts with the NH3

+ groups of PLL. Indeed, amine groups were mostly 

protonated in NH3
+ groups at this pH and carboxyl groups were partially ionized (the pKa of 

PLL and HA are of ~9 and ~3, respectively), generating more free NH3
+ groups and allowing 

maximal interactions with incoming AuCl4
- ions. Nevertheless, some NH3

+ groups that were 

interacting with COO- groups, probably via loose interactions with diffusible PLL molecules, 

could be displaced by AuCl4
- anions. Thus, COO- groups became more protonated in COOH. 

The interaction of AuCl4
- with the ammonium groups of PLL slightly affected the amide I 
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band at 1656 cm-1. The UV-reduction process leads to further formation of COOH and loss of 

H-bonds from the C-O-H and C-O-C groups. Different groups of HA are thus important for 

the stabilization of the as-formed gold NPs. The additional decrease of the amide peak upon 

UV-irradiation may correspond to structural changes due to the stabilization of the gold NPs 

by the polyelectrolytes. The gold NPs formed at this pH were numerous and larger in diameter 

(∼8.7 nm) as the condition for nucleation, growth and stabilization seemed optimal.  

At pH 6 (Scheme 4.1), most of the amine groups were protonated but most of the carboxyl 

groups were fully ionized, so there were fewer interactions with AuCl4
- anions. Electrostatic 

interactions between PLL and HA are more numerous. Thus, the decrease of COO- peak was 

lower and the associated changes in the hydroxyl groups and amide I band were also lower. 

The nucleation process was efficient and NPs grew over the whole film thickness but the 

growth stopped when the NPs reached only ∼2.8 nm in diameter.   

At pH 9 (Scheme 4.1), about half of the amine groups were protonated and COO- groups of 

HA were essentially ionized. At high pH, the AuCl2
- form can be easily reduced and the 

number of nuclei is higher (Bhargava et al. 2005). This pH is indeed close to that of sodium 

borate buffer, which favor the conditions of nucleation of nanoparticles (Pastoriza-Santos et al. 

2010). We hypothesize that the nucleation process is faster than for the other pHs. However, 

the NPs formed in situ are rapidly stabilized by the amine groups and their growth is very 

limited. In this case, a very large number of NPs are effectively formed, but these NPs have a 

small diameter of ∼ 1.7 nm. Indeed, this very small size was associated with the appearance of 

a small SPR peak (Figure 4.12C,C’) and with the absence of a clear diffraction pattern 

(Figure 4.17 C”). 

Thus, the large number of ammonium, carboxylic and hydroxyl groups as well as PLL 

diffusion within the film all contributed to the formation of homogenous NPs that were 

spatially-confined in the “bulk” of the film. 

This simple and efficient method to synthesize in situ a large number of well-dispersed and 

homogenous NPs after gold loading from an aqueous solution appears very promising. The 

gold NPs spatially-confined in PEM films could advantageously be used to functionalize 

different types of materials or devices of any shape, as LbL films can be easily deposited on 

any solid substrates. The PEM-based nanocomposites could be employed as optoelectronic 

devices or as catalysts for surface reactions. They may also find applications in photo-thermal 

cancer treatments, as Au NPs efficiently convert the strongly absorbed light into localized 

heat, which can be exploited for the selective laser photothermal therapy of cancer (Jain et al. 
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2007). 

 

4.2.4 Conclusions 

We prepared a nanocomposite film using (PLL/HA) multilayer films as a template to 

synthesize in situ gold NPs. The process was easily achieved by loading gold ions from an 

aqueous solution, then irradiating the dry film under UV light. Importantly, gold NPs formed 

in all conditions regardless of the pH of the gold solution (pH 3, 6 and 9), but their size and 

density depended on the loading pH. Highly homogeneous and well-dispersed gold NPs of ∼2 

nm to ∼ 9 nm in diameter were successfully prepared and were distributed throughout the 

whole film thickness (∼2.5 µm). This indicated that amino groups were evenly distributed in 

the film. Furthermore, these groups were able to interact with aurochlorate ions. We also 

evidenced that, besides the ammonium groups of PLL, the hydroxyl groups and carboxylic 

groups of HA played a key role in the reaction by allowing the generation of free radicals and 

of protonated groups. Thus, the efficient nucleation and growth of gold NPs appeared to be 

dependent on the presence of specific functional groups in the film, but also on the mobility 

and even distribution of PLL in the films. Other exponentially-growing polypeptide and 

polysaccharide PEM films that present a charge imbalance between the polyelectrolytes may 

be further used to synthesize a large variety of gold NPs. The gold NPs/PEM nanocomposites 

containing a very high amount of gold NPs may find applications as biosensors or as drug 

delivery reservoir.  
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Conclusions 

Major conclusions and perspectives for the thesis 

In this work, two different pH-amplified layer-by-layer assembly films were studied, where 

the films were constructed by depositing polycation at high pH and polyanion at low pH. 

The first one was consisted of poly(ethylene imine) (PEI) and poly(acrylic acid) (PAA). 

Assembling PEI at high pH with PAA at low pH makes it possible to fabricate a relatively 

thick film within limited deposit cycles (up to 3.25 µm for films of 7 layer pairs) and provides 

a facial way to construct micro nano-structured surface morphology, which can be easily 

turned to superhydrophobic surface via coating with a layer of low surface energy compound. 

The fast-growing and superhydrophobic (PEI/PAA) film can be peeled away from Teflon 

substrate in dry state and therefore the asymmetric free-standing film with one surface 

hierarchically rough and superhydrophobic while the other surface being flat and hydrophilic 

was obtained. The asymmetric free-standing film showed extraordinary responsiveness to 

humidity change. Furthermore, when silver nanoparticles were embedded into this 

asymmetric free-standing film, multifunctional thin membrane with one surface self-cleaning 

and the other surface being bactericidal was achieved. 

The second system was based on poly(L-lysine) (PLL) and hyaluronic acid (HA), where PLL 

was assembled at high pH and HA was deposited at low pH. The effect of HA molecular 

weight on film growth as well as film stability was firstly studied with the attempt to get an 

insight into the mechanism of the pH-amplified assembly. Thereafter, organic/inorganic 

hybrid multilayer films were constructed via using the pH-amplified (PLL/HA) films as 

templates to load metal ions and then to reduce them in situ into metal nanoparticles. Firstly, 

silver nanoparticle loaded (PLL/HA) films were constructed and the mechanical properties of 

the free-standing hybrid films were tested. Secondly, gold nanoparticles with sizes ranging 

from around 1.7 nm to 8.6 nm were synthesized in (PLL/HA) films by changing the pH of 

aurochlorate precursor loading solution from pH 9 to pH 3. 
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Asymmetric (PEI/PAA) free-standing film 

Our previous work has demonstrated that deposit PEI at high pH and PAA at low pH can 

largely enhance the film growth rate and reach a thickness in micrometer level in only 6 

deposit cycles on silica substrate. Moreover, the PAA ending film got micro nano hierarchical 

surface structures, which can be turned to be superhydrophobic after coated with a layer of 

low surface energy silane. In this thesis, we further developed the pH-amplified (PEI/PAA) 

system by using Teflon as substrate and releasing them to be free-standing multilayered films. 

Thanks to the hierarchical-structured nature of the PAA ending film, asymmetric free-standing 

film with one surface rough and superhydrophobic and the other surface being flat and 

hydrophilic was obtained. 

The film asymmetric properties on surface morphology and wettability were verified by SEM 

and water contact angle measurement, respectively. The drastic differences on wettability of 

the two surfaces of free-standing film lead to very different behaviors of the two surfaces 

when they were in contact with water molecules. The superhydrophobic surface is believed to 

be water-repellent and can effectively stop water molecules from penetrating in or out of the 

surface, whereas water molecules can diffuse in and out of the film on the bottom hydrophilic 

surface freely. In this case, the hydrophilic surface of the free-standing film can expand at 

higher humidity but contract at lower humidity while the superhydrophobic surface keeps its 

original dimension whatever the environment humidity is. The mismatch in dimensions of the 

two surfaces resulted in an obvious bending/unbending movement of the free-standing film 

when the humidity changes. Furthermore, the asymmetric wettability (superhydrophobic vs 

hydrophilic) also provides the possibility for the free-standing film to find potential 

applications in wound dressing. A multifunctional free-standing film with one surface 

self-cleaning and the other surface extensively releasing anti-biotic drug was constructed via 

incorporating silver nanoparticles into the (PEI/PAA) asymmetric free-standing film. The 

silver ions releasing test measured by ICP-MS showed that the silver ions released 

one-directionally from the hydrophilic surface of the free-standing film, and the film 

bactericidal activity on its hydrophilic bottom surface was confirmed by the Kirby-Bauer 

assay. On the other hand, the self-cleaning ability on the superhydrophobic top surface as well 

as the anti-bacteria adhesion properties was verified. The asymmetric properties of the two 

surfaces of free-standing film may open a new avenue to design and functionalize 

free-standing films and find more applications of the ultrathin membranes.  
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pH-amplified (PLL/HA) films 

It is also proved that increasing the deposit pH of PLL solution and decreasing the pH of HA 

solution can accelerate the film growth. In this thesis, we firstly studied the effect of 

molecular weight and concentration of HA deposit solution on film growth behavior and 

stability of pH-amplified (PLL/HA) films. QCM and FTIR were used to follow the film 

growth and found when PLL was layered with HA of higher molecular weight or higher 

concentration much faster and more steady film growth was observed. Concerning film 

stability in PBS, it was found that the PLL-ending films were much stable than their 

HA-ending counterparts, meanwhile, higher molecular weight HA also resulted in much more 

stable film. FTIR was also applied to investigate PLL secondary structures as well as HA 

ionization degree. Evidences showed that the PLL chains lost their β-sheet structures when 

layered with HA and the ionization degree of HA in the films increased when the layer 

number increased. What’s more, PLL chains layered with higher molecular weight HA 

diffused much faster as measured by fluorescence recovery after photobleaching (FRAF). 

Finally, it is suggested that higher molecular weight HA provided stronger interaction with 

PLL molecules and also more inter and intra molecular interactions between HA chains in the 

solution as well as in the film. These interactions make the films grow much faster and more 

steadily. 

The pH-amplified (PLL/HA) films were then used as template to load silver ions, either by 

pre-complex or post-loading, and the silver nanoparticles were synthesized in situ with the 

intention to enhancing the mechanical properties of the multilayered film. SEM and TEM 

images were used to visualize the nanoparticle size and distribution on film surface as well as 

in the cross-section. It was shown that the nanoparticle size depended on the method for 

incorporating silver ions, pre-complexed silver ions with PLL chains leaded to bigger size and 

the post-loading way resulted in smaller size. The nanoparticle distributed over the whole film 

thickness for post-loaded and PLL-ending pre-complexed films but mostly aggregated at the 

bottom of HA-ending pre-complexed film. Micro stretch test was carried out to measure the 

mechanical properties of the silver nanoparticle loaded free-standing multilayers, and found 

the silver loading amount, the nanoparticle distribution and the nanoparticle size can have 

effect on the film ultimate stress and elastic modulus. However, the reinforcement of the 

silver nanoparticles on film mechanical properties was not very satisfying, reached only 2.2× 

and 2.5× for ultimate stress and elastic modulus, respectively. This may because: the loading 

amount is not high enough; the nanoparticle distribution in the film is not homogenous; or the 

interaction between silver nanoparticle and polyelectrolyte is not strong enough. 
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Finally, gold nanoparticles were synthesized in pH-amplified (PLL/HA) films via in situ UV 

reduction and aurochlorate was used as precursor. Highly homogeneous and well-dispersed 

gold nanoparticles of ∼1.7 nm to ∼ 8.6 nm in diameter were successfully synthesized and were 

distributed throughout the whole film thickness (∼3 µm), as evidenced by SEM and TEM 

images. The nanoparticle size can be tuned just by changing the pH of precursor loading 

solutions. The effect of pH on aurochlorate ions and the role of HA and PLL molecules in 

gold nanoparticle UV reduction were also studied. UV-visible spectra and FTIR data showed 

that increasing solution pH can destabilize aurochlorate ions and facilitate gold nanopartice 

reduction process, HA molecules (probably the hydroxyl groups) can further accelerate gold 

reduction rate, and the amino groups on PLL chains can form complex with gold ions and also 

stabilize reduced gold nanoparticles. The well-dispersed and highly homogeneous distribution 

of gold nanoparticles originated from the well distributed PLL chains in the whole (PLL/HA) 

film. 

 

Perspectives  

Layer-by-layer assembly has witnessed great development since the first reports by Decher 

and coworkers. It is proved to be a versatile and effective way for surface modification. 

Releasing the polyelectrolyte multilayer film from the substrate expands the application of the 

layer-by-layer technique from surface coating to free-standing membranes. Free-standing 

films based on layer-by-layer films aroused even more interests especially when dry films in 

large dimensions can be easily peeled off from hydrophobic substrate without any 

post-processing step. 

One of the great challenges for developing free-standing films based on layer-by-layer is to 

achieve a very fast film buildup and to provide functionalities to such films. 

pH-amplified layer-by-layer assembly, which can provide film dry thicknesses in the 

micrometer level by depositing about 8 pairs of layers, provides a way for rapid film 

construction. This technique can be used for most multilayers concerning weak 

polyelectrolytes. Other methods, like the recently developed co-spray method where the 

polycation and polyanion were sprayed onto the substrate continuously and simultaneously 

(Lefort et al. 2010), can make contributions to accelerate the film buildup process. In fact, it is 

possible to release (PLL/HA) films from an inert substrate, such as Teflon, when the film dry 

thickness reaches 2-3 µm. The thermal and mechanical properties of the (PLL/HA) multilayer 
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can be tested. 

Poor mechanical properties of the membranes based on natural polymers may limit their 

future application. Trials to introduce inorganic NPs into natural polymer films showed that 

the position of the inorganic NPs is important for the enhancement of film mechanical 

properties (Kharlampieva et al. 2010; Uğur et al. 2011). In my work, the silver NP loaded 

(PLL/HA) film were only 2 times stiffer than the unloaded ones. This may be due to the 

inhomogeneous dispersion of the Ag NPs (see chapter 4.1). To achieve well-dispersed NP in 

the whole film, another method may be used. Silver ions can be complexed with HA or 

modified HA (to be cross-linkable so as to stabilize the film) in solution via ionic interaction. 

Then, the same solution can be used to deposit layer after layer using spin coating on a 

sacrificial layer such as cellulose acetate. Silver NPs can be synthesized either by chemical 

reduction or by photoreduction after film cross-linking. It can be anticipated that with 

well-dispersed and a proper loading amount, which can be tuned by Ag+ concentration, the 

HA-Ag film can get much better mechanical properties. HA and silver NPs gained lots of 

interest in wound healing due to the capacity of HA molecules to retain water and to the broad 

spectrum of antimicrobial activity of Ag NPs. The HA-Ag film may find applications in the 

repair of tissue defects after surgery. 

In contrary to Ag NP, in situ synthesized Au NPs in (PLL/HA) films were found to be 

homogenous and distributed throughout the whole film thickness (see chapter 4.2). By 

releasing the Au NPs loaded (PLL/HA) films from their substrate, it would be possible to 

study the effect of NP size (by tuning the loading pH), of the amount of Au NPs (by adjusting 

the precursor concentration) on film mechanical properties. Control experiments of layering 

prefabricated Au NP into (PLL/HA) films can also carried out to study the effect of NP 

position on film mechanical properties. Besides mechanical properties, the effect of NP size, 

amount, and position on electrical and optical properties could also be explored. Moreover, 

considering the biocompatibility of both the film and Au NP and the special optical and 

photothermal properties of Au NP, the Au NPs loaded (PLL/HA) films may find applications 

in the fields of controlled drug delivery, bioimaging and biosensor. 

Composite films made of multiple strata provide a convenient way to combine different 

functionalities together. Free-standing films made of (PLL/HA) films as underlying layer and 

(PEI/PAA) as top layer may found applications in wound dressing. The (PEI/PAA) top layer 

can be superhydrophobic and self-cleaning so as to keep the defect from the environment. 

And the underlying (PLL/HA) film, due to its hydration nature, may keep the contacted defect 

in a humid atmosphere and retain the enzyme and other useful molecules expressed by the 
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defect. This is expected to facilitate wound healing (Korting et al. 2011). 

Also, composite free-standing film made of tough natural polymers as underlying layer and 

hydrated films as top layer may be interesting. The tough underlying layer, such as silk fibroin 

whose mechanical properties can be further reinforced by introducing inorganic NPs, can 

provide the film with good mechanical properties for easy manipulation. Meanwhile, the top 

layer, such as (PLL/HA) or (CHI/HA) which is easy to be biofunctionalized, could be used to 

tune cell behavior by cross-linking or by incorporating functional species. For instance, 

grafting REDV peptide on soft film surface can selectively promote endothelial cell adhesion 

and growth and prevent thrombosis (Monchaux et al. 2007; Plouffe et al. 2007; Lin et al. 

2010). In case the film is constructed inside a tube with suitable diameter, man-made 

blood-vessels may be obtained. 

Indeed, the functionalization of supported multilayered films that has now been realized for 

numerous applications can be employed to the free-standing films. Moreover, the asymmetric 

properties of the two surfaces of the membrane may bring another way to functionalize the 

free-standing film. 
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