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a b s t r a c t

In situ synthesis of inorganic nanoparticles (NPs) in polyelectrolytes multilayers (PEMs) has recently
gained much attention. Due to the versatility of their composition, PEMs offer a unique opportunity to
synthesize a variety of NPs. So far, mostly cationic precursors have been used and only few studies have
investigated the possibility of using amine groups to bind anionic precursors. Here, we use exponentially
growing poly(L-lysine)/hyaluronan (PLL/HA) films as a nanoreservoir to bind and sequester aurochlorate
(AuCl�4 ) anions thanks to the large number of free amine groups. The polypeptide–polysaccharide reactive
template enabled the formation in a spatially-confined environment of gold NP at a very high yield. The
synthesized gold NPs were homogenous and well-dispersed in the nanocomposite. Importantly, there
was no particular effect of the film-ending layer (either PLL or HA). The largest particles of �9 nm and
the largest amount of gold were obtained at acidic pH of 3. When the pH was increased, smaller and more
numerous NPs were synthesized but the total amount of gold was lower. Based on UV–visible spectrom-
etry, FTIR and TEM data, we finally propose a scheme for the mechanism of gold NPs formation, in which
several groups of PLL and HA contribute to the binding of gold ions, the nucleation and growth of NPs, and
their stabilization in the ‘‘bulk’’ of the film.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Metal nanoparticles are used in an increasingly large number of
biomedical applications [1] in the field of biotechnology, biosen-
sing [2,3], bioimaging [4], and drug and gene delivery [5] 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–inor-
ganic hybrid nanomaterials [6,7]. Hybrid nanocomposites are syn-
thesized 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 par-
ticles [8]. Assemblies of NPs and polyelectrolytes can be built in a
layer-by-layer (LbL) fashion to control the number and position of
nanoparticles [9–11], 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 [12]. This is most often achieved directly by adding precursor
ions into the polymeric solution [13]. However, the chemical syn-
thesis of metal nanoparticles, including platinum, silver or gold, of-
ten requires the use of harsh chemicals (i.e. detergents, solvents),
ll rights reserved.
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which are undesirable for biomedical applications [14]. In this re-
spect, biomolecules such as peptides [15,16], proteins, or polysac-
charides [17] 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 [18]. Typically, anionic groups can inter-
act with Ag+ [17] or Pb2+ ions [19] and cationic groups can interact
with negatively charged ion complexes, such as gold aurochlorate
ions (AuCl�4 or AuCl�2 ) [20]. Peptides can also contribute to the
reduction of precursor ions by acting as electron donors [16].
Moreover, peptides can act as stabilizer of the formed nanoparti-
cles, as they can specifically bind to certain inorganic surfaces [7].

Gold nanoparticles are particularly interesting due to their non-
toxicity [14], biocompatibility, photothermal properties [21], ease
of imaging and versatility of surface chemistry [22]. Polymers con-
taining amine groups have been widely used as binding sites for
gold aurochlorate ions (AuCl�4 ) and as stabilizer of gold nanoparti-
cles [18,23–25]. Natural biopolymers such as a-amino-acids are
also emerging as versatile templates [16], due to their capacity to
reduce gold ions and to bind to Au0. Importantly, not only do aro-
matic, amine or amide groups play a role in the synthesis of gold
NPs, but other groups such as CAOAC and carboxylate have been
shown to exhibit some reducing capacities [26,27].

Of particular interest are the possibility offered by biopolymers
to control nanoparticle sizes and morphologies [28], and also to
work in mild conditions, i.e. at ambient temperature, in non-toxic
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solvents or even in aqueous medium. Typically, reduction of tetra-
chloroauric acid (HAuCl4) can be achieved in a basic buffer such as
sodium borate or by photo-chemical UV-irradiation [6], which gen-
erates the necessary electrons to catalyze the reaction. This opens
new perspectives for the ‘‘green’’ biomimetic synthesis of nano-
composites. So far, the majority of studies have focused on forma-
tion of NPs from solutions containing a mixture of the
biomacromolecule and of the metallic ions [18,20,26]. However,
controlling the spatial organization, nucleation and growth of
monodisperse and non-aggregated NPs on 2D material surfaces
remains a challenge [29].

Polyelectrolyte multilayer films (PEMs) 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 [30,31]. Synthetic and/or biolog-
ical polyelectrolytes that possess various functional groups, includ-
ing carboxylic acid, amine, and amide, can be used as building
blocks. The carboxylic groups of synthetic and natural polyanions
have been used for the trapping of silver ions in PEM films and
their subsequent reduction in situ [17,19,32,33]. The distribution
of silver NPs within the film [19], their size [32,34] and the total sil-
ver loaded amount [33] can be tuned by controlling the film
architecture.

It is only recently that the in situ synthesis of gold NPs in the
bulk or at the surface of PEM films has been reported [12,29]. Tsu-
kruk and coworkers showed that the deposition of the polyamino-
acid poly(L-tyrosine) as topmost layer on a poly(allylamine)/
poly(styrene sulfonate) (PAH/PSS) film, was able to direct nanopar-
ticle formation [29]. In this case, gold NPs were confined to the top-
most polyaminoacid layer due to absence of diffusion of gold ions
in the underlying stitched films. The ‘‘bulk’’ of PEM films can
potentially serve as nanoreservoir to synthesize NPs in a spatially
confined environment [12]. Rubner and coworkers used the reduc-
ing 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 films grow linearly [35] and exhibit a high de-
gree of ion pairing [36], they had to induce a nanoporosity transi-
tion by soaking them in a very acidic solution (pH < 2) to generate
free ammonium group and to allow diffusion of gold chloride ions.

In this context, exponentially growing films [37,38] that are
more swollen [39], are rich in unpaired amine groups and contain
other functional groups (i.e. carboxylic acid, hydroxyl) may offer
new potentialities for the loading of a high amount of gold ions
as well as for their reduction. Poly(L-lysine)/hyaluronan (PLL/HA)
films [37,38,40] that are now widely accepted as model exponen-
tially growing PEM films appear as an interesting candidate. Here,
we demonstrate that the in situ formation of gold NPs using UV-
reduction can be controlled solely by varying the solution pH of
the gold precursor solution. 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 homoge-
neously dispersed throughout the entire film depth over �2.5 lm
at a very high yield. These results show for the first time that expo-
nentially-growing PEM films rich in amine groups can be used as
nanoreservoirs for the spatially-confined growth of a large amount
of gold NPs.
2. Results and discussion

In this work, we used a biocompatible polypeptide/polysaccha-
ride 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 alternate deposition of the
polyelectrolytes followed by a water rinse and blow drying after
each deposited layer [40,41]. (PLL9.5/HA2.9)i films (i = 7.5 or 8,
being the number of layer pairs) of typical thickness between 2
and 3 lm [40] 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
[18], on nanoparticle formation. We also studied the influence of
the film ending layer (PLL versus HA). We analyzed the effect of
gold NP formation and film bulk structure by Fourier transform
infrared spectroscopy (FTIR). Furthermore, we quantified the size
of gold NPs and observed their distribution in the film cross-sec-
tion by means of high resolution transmission electron microscopy
(HR-TEM). Finally, the combination of UV–visible spectroscopy,
FTIR and TEM data allowed us to propose a mechanism for NP for-
mation within the PEM film.

2.1. 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 corresponded
respectively to pH 3, 6 and 9. The films were then simply rinsed
with water and air-dried before being analyzed by FTIR. Impor-
tantly, the film kept its integrity upon photo-reduction (Fig. S1)
as indicated by the similarities between the FTIR spectra obtained
prior to gold loading, after gold loading and after UV-irradiation.
Qualitatively similar spectra were obtained for HA-ending films
(data not shown). The in situ synthesis of gold NPs was followed
via UV–visible spectrometry (Fig. 1) since it is well known that gold
NPs exhibit a strong surface plasma resonance (SPR) band depend-
ing on the shape and size of nanoparticles [42,43]. Fig. 1 shows the
spectra obtained over time for both PLL-ending (A–C) and HA-end-
ing films (A0–C0) immersed in gold chloride solutions at different
pH. For all pH conditions, an absorbance peak emerged in the range
of 500–550 nm. It increased with the reduction time, which quali-
tatively indicated gold NPs were successfully synthesized [44]. The
width of the peak of �50 nm also indicated that the NPs were well-
dispersed and rather spherical [45]. The reduction was completed
in�35 h. The maximum absorbance values for each condition were
extracted and plotted as a function of the reduction time (Fig. 1D).
The films loaded with gold chloride at pH 3 exhibited the largest
increase in absorbance, followed by those loaded with the precur-
sor 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 have a key role in the gold NPs formation
process as both PLL-ending and HA-ending films behaved very sim-
ilarly. 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. Indeed, quantitative measurements of gold mass using
inductively-coupled plasma mass spectrometry (ICP-MS) con-
firmed that the total mass of gold in the film was higher when gold
aurochlorate was loaded at low pH (Table 1).

Furthermore, we plotted the maximal wavelength (kmax) of the
SPR peak as a function of the pH of the precursor solution (Fig. 1E).
For PLL-ending as well as for HA-ending films, kmax decreased
when the pH increased, which qualitatively indicated that gold
NPs were smaller at high pH [45]. These results qualitatively in
agreement with previous results showing that the size of NPs
formed in bulk solutions of poly(allylamine) was slightly modu-
lated by the pH. It varied between 3.7 and 2.6 nm when the pH
was increased from 1.5 to 12.5 [20], with a corresponding variation
in kmax of 6 nm [20]. Thus, the wavelength shift observed in our
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Fig. 1. UV–visible absorption spectra acquired at different time points during UV-photoreduction in (PLL9.5/HA2.9)7-PLL9.5 films (A–C) and (PLL9.5/HA2.9)8 films (A0–C0).
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Table 1
Quantification by ICP-MS of the mass of gold synthesized in situ in the (PLL9.5/HA2.9)
multilayer films and of the density of gold NP based on cross-sectional TEM images, in
function of the pH of the gold chloride solution. PLL-ending and HA-ending films are
respectively (PLL9.5/HA2.9)7-PLL9.5 and (PLL9.5/HA2.9)8 films.

Total gold mass (lg) 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

Gold NP density (particle/lm2)
PLL-ending films 2500 26,000 63,000
Fold increase (compared to pH 3) 1 X 10.4 X 25.2
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case (�40 nm for 6 pH units of difference from 3 to 9) indicated at
first sight that the formed NPs were much bigger.

Further insight into the bulk organization of the nanocomposite
films was obtained by scanning electron microscopy (SEM) (Fig. 2).
Drastic differences between the different samples emerged. When
the precursors were loaded at pH 3, gold NPs homogeneously cov-
ered the entire film surface and appeared as bright spots of various
sizes (Fig. 2A and A0). Furthermore, the gold NPs were distributed
throughout the whole film thickness over �2.5 lm (Fig. 2A00). Of
note, large gold crystals were also formed in the film/silicon inter-
face. This may originate from the fact that the SiO2 layer at the sur-
face of the silicon substrate is positively charged at very low pH
[46]. It may thus serve as nucleation site for gold chloride ions.
As the loading pH increased to 6 (Fig. 2B and B0), homogeneously
distributed gold NPs were observed at the film surface, but of smal-
ler size than those observed at pH 3. However, no NPs could be
visualized in the film cross-section at this magnification
(Fig. 2B00). We noted that the film prepared at pH 9 (Fig. 2C–C00)
was very difficult to observe due to charge effects. Here again, no
NP was visualized in the cross-section at this magnification.
Fig. 2. SEM images of gold nanoparticles synthesized in situ in (PLL9.5/HA2.9)7-PLL9.5 fi
cross-sections (right column). Gold chloride was loaded at pH 3 (A–A00), 6 (B–B00), and 9
Meanwhile, we noticed that the film thickness increased after
immersion in the Au-precursor solution of lower pH (Fig. 2A00–
C00). This may due to a swelling of the film immersed in more acidic
pHs of 6 and 3 [47]. Indeed, when the PLL-ending film (initially at
pH 9.5), was immersed in Au-precursor solution of lower pH, COO�

gradually turned to be COOH and NH2 gradually became NHþ3 .
Thus, more positive charges and less negative charge are present
when solution pH is lowered from 9 to 6 and then to 3. This may
lead to swelling of the film and increase in film thickness.

Also, the surface and cross-section morphology of HA-ending
films made of 8 layer pairs (Fig. SI2) were almost identical to their
PLL-ending counterparts, except that the film thickness was about
0.5 lm thicker. Considering the very similar behavior of PLL-end-
ing and HA-ending films regarding gold NP synthesis (Fig. 1), we
next only focused on PLL-ending films.

Cross-sections of the films were observed by TEM at low (Fig. 3)
and high resolution (HR-TEM) (Fig. 4). First, we noticed that gold
NPs were always well dispersed throughout the whole film thick-
ness, regardless of the pH of the gold chloride solution, which indi-
cated that aurochlorate ions had diffused homogeneously in the
film (Fig. 3). 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 (Fig. 3A00–C00). 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 size of gold NPs. High resolution TEM imaging of
the gold NPs was performed to investigate their nanocrystalline
structure (Fig. 4). Parallel lattices of the nanocrystals were clearly
observed for gold NPs synthesized in acid and neutral conditions
(Fig. 4A0 and B0). Furthermore, the electron diffraction pattern con-
firmed the typical rings characteristic of a polycrystalline phase,
which was indexed in the reciprocal space by superposition of
lms: surface morphology at different magnifications (left and middle columns) and
(C–C00). The scale bars are 30 lm for (A–C) and 2 lm for (A0–C0).
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the X-ray diffraction of Au powder (Fig. 4A00 and B00). Conversely,
the gold NPs formed at pH 9 (Fig. 4C and C0) were too small to
get enough electron diffraction signals (Fig. 4C00). However, the en-
ergy dispersive X-ray (EDAX) data confirmed the existence of gold
NPs in these films as well (Fig. SI3). Based on TEM images of the
cross-sections, the gold NP density was quantified for the different
conditions. A 25-fold increase in NP density was observed when
the pH was increased from 3 to 9 (Table 1).

Thus, (PLL9.5/HA2.9) films played the role of a nanoreservoir for
gold aurochlorate ions and enabled the spatially-confined growth
and stabilization of a very large number of gold NPs. The gold
NPs were homogeneously dispersed in the bulk of the
nanocomposite.

2.2. Possible mechanism of gold NPs photosynthesis in (PLL/HA) films

In order to understand the molecular mechanism underlying
in situ synthesis of gold NPs in (PLL9.5/HA2.9) multilayer films
and to investigate which functional groups were important, we
performed additional experiments in solution using the gold chlo-
ride solution at different pH and the individual film components.
Fig. 5 shows UV–visible spectra of a pure 1 mM HAuCl4 solution
adjusted to different pH and of this solution in the presence of
either HA (3 mg/mL) or PLL (1 mg/mL), taken before and after
UV irradiation (Fig. 5). The corresponding images of the solutions
are shown in Fig. SI4. As shown in Fig. 5A, 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 [48]. The corresponding images showed a slightly yel-
low color for this solution. This band disappeared when the pH
of the solution was increased. The Au–Cl–H2O system has been
studied [18] and it is known that AuCl�4 is stable over a wide
pH range (0–7.5) [49]. However, destabilization of the system at
higher pH can lead to a transition to AuCl�2 . Indeed, the Au+ ions
of AuCl�2 can be more easily reduced in Au0 than Au3+ of AuCl�4
[50]. Increasing the pH to 6 and 9 probably resulted in destabili-
zation of AuCl�4 with a subsequent transition to AuCl�2 , which does
not exhibit any specific peak in the UV–visible range. When HA
was added to the HAuCl4 solution, the UV–visible spectra were
very similar to the case where no HA was present (Fig. 5B). In
the case where PLL was mixed to the HAuCl4 in solution, the
charge-transfer band was shifted to �385 nm (Fig. 5C) and the
complex gave rise to a yellow color (Fig. SI4) [48]. The band
was also broader and of lower intensity. This is compatible with
the formation of ion complex between amine groups on PLL
chains and gold ions:

COO�—NHþ3 þHþ þ Au3þCl�4 ! COOHþ NHþ3 Au3þCl�4 ð1Þ



Fig. 4. High resolution TEM images of gold NPs synthesized in situ in (PLL9.5/HA2.9)7-PLL9.5 films. (A, A0 , B, B0 , C, C0): the conditions for the pH are the same as for Fig. 3. The
corresponding electron diffraction patterns of the samples are also shown (A00–C00). Scale bars are 10 nm for (A–C) and 5 nm for (A0–C0).
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Thus, PLL can first play a role in the stabilization of the AuCl�4
ions and subsequently in the stabilization of the gold nuclei.

Research has shown that AuCl�4 can be excited by absorbing a
photon and can be reduced to Au2+, which is unstable and rapidly
disproportionated to Au3+ and Au+. Au+ can be re-excited by
absorbing another photon and finally be reduced to Au0 [51]:

HAu3þCl�4 !
hv ðHAu3þCl�4 Þ

� excitation ð2Þ
ðHAu3þCl�4 Þ

� ! HAu2þCl�3 þ Cl reduction ð3Þ
2HAu2þCl�3 ! HAuþCl�2 þHAu3þCl4 disproportionation ð4Þ

HAuþCl�2 !
hv ðHAuþCl�2 Þ

� excitation ð5Þ
ðHAuþCl�2 Þ

� ! Au0 þHClþ Cl� reduction ð6Þ
nAu0 ! ðAu0Þn rapid formation ð7Þ

It has been proven that ACH2AOH groups can serve as reducing
agents to reduce gold ions that are in an excitation state [52,53].
These groups may be involved in steps (3) to (6) of the reactions
to favor gold NP synthesis [44,51]. Of note, the UV reduction of gold
precursors released H+ and made the film more acid.

In our case, a weak and broad peak at �550 nm was observed in
the HAuCl4 solution only at pH 9 (Fig. 5A0) after UV irradiation. The
solution became blue with large and aggregated clusters (Fig. 5A0

inset). When HA was added to the HAuCl4 solution, the change in
the absorbance spectra was even larger, especially at pH 9
(Fig. 5B0 with a broader peak that was shifted to the right
(�595 nm). A larger number of precipitated gold clusters were ob-
served in this case (inset of Fig. 5B0).

In the case of PLL addition, a very small increase in UV absor-
bance at �560 nm was noted after UV-reduction, especially at pH
9. The mixture at pH 9 exhibited a red color and contained well-
dispersed NP of �10 nm in size, as was observed by TEM
(Fig. SI5). Thus, PLL appeared to act as good stabilizer of Au0 atoms,
as was previously observed for poly(ethylene imine) [18].

To further elucidate the chemical modifications inside the films,
we investigated the changes in the FTIR spectra obtained at differ-
ent steps of the procedure, highlighting the appearance or disap-
pearance of specific groups. Fig. 6 shows different spectra
obtained after loading with the gold chloride solution at different
pHs (Fig. 6A–C) and after UV-irradiation (Fig. 6A0–C0). In parallel,
control experiments were performed in which the films were only
soaked in water at different pH, without any gold precursors, be-
fore being UV-irradiated.

Upon addition of the chloroaurate solution on a PLL-ending film,
we observed specific differences in the FTIR spectra. First, we



Fig. 5. UV–visible absorbance spectra of 1 mM HAuCl4 solution (A, A0), 1 mM HAuCl4 and 3 mg/mL hyaluronic acid solution (B, B0) and 1 mM HAuCl4 and 1 mg/mL poly(L-
lysine) solution (C, C0) at different pH before UV irradiation (left column) and after UV irradiation (right column). Insets are digital images of the same solutions obtained after
UV irradiation at pH 9.
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noticed a marked decrease in the COO�peaks at 1604 cm�1 (also vis-
ible on the second peak at 1400 cm�1) and a concomitant increase in
COOH peak at 1735 cm�1, especially at pH 3 (�40%) and to a lesser
extent at pH 6 (�9.2%) (Fig. 6A and B and Table 2). This may be attrib-
uted to conversion of COO� to COOH. Secondly, we observed a slight
decrease of the peaks at 1047 cm�1 and 1078 cm�1, indicating a
change in the hydroxyl groups of HA [54]. Third, a significant in-
crease was observed at �1656 cm�1, corresponding to the amide
band of PLL [40]. Again, the change was more pronounced at acidic
pH (+18.7%) than as neutral pH (+2.5%). This change may originate
from the interaction of PLL with gold ions. Of note, all the observed
changes exhibited the same trends at all pH conditions, but they
were more pronounced at pH 3 (Fig. 6A–C).

After UV-irradiation, the COO� peaks as well as the hydroxyl
peaks all further decreased (Fig. 6A0–C0 and Table 2). The amide I
peak at 1656 cm�1 also decreased significantly. Again, the changes
were more pronounced at pH 3 with a decrease of the order of 11–
17% (Table 2). At pH 6 and 9, the changes were of the order of 6–9%
at maximum. In parallel, there was a large increase of the COOH
peak at 1735 cm�1, which was also higher at pH 3.

All together, the FTIR data highlighted three major changes un-
der UV-irradiation occurred: (1) conversion of COO� to COOH, (2)
decrease of H-bonded CAOH of alcohols and CAOAC in HA at
1047 cm�1 and 1078 cm�1 and (3) for the amide I of PLL, a decrease
at 1656 cm�1. The magnitude of the changes was in the order pH
9 < pH 6 < pH 3.

Thus, besides amine groups, HA molecules can be implicated in
the photo-reduction process. Indeed, several studies have already
shown that CH2AOH groups, which are present in the backbone
of HA, can facilitate gold ion reduction under photo irradiation
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Fig. 6. FTIR characterization of gold salt loading and UV-irradiation in (PLL9.5/
HA2.9)7-PLL9.5 films. The colors represent the pH of the gold precursor solution: pH
3 (black line), pH 6 (red line) and pH 9 (blue line). (A) Differences between the FTIR
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Table 2
Changes of the major peaks of the FTIR spectra measured as% of the initial value:
Amide I (1656 cm�1), COO� (1604 cm�1) and saccharide ring (1047 cm�1) changes
after contact with the chloroaurate solution, before or after UV irradiation, as
compared to the initial values of these peaks 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 +18.7 +2.5 +1.2 �17.1 �5.7 �5.5
1604 �40.5 �9.2 �3.7 �12.7 �8.9 �7.3
1047 �9.1 �2.2 �2.2 �10.9 �6.8 �6.6
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[26,55,56]. It has also been proven that hyaluronic acid can help
the formation of silver NP under UV irradiation by oxidation of
CH2OH groups to CHO [57]. The carboxylic group itself might even
play a role in the reduction of gold ions, as was recently suggested
by Wang et al. [28] as it is a proton acceptor.

It is already acknowledged that the conformation and structure
of an organic template are crucial parameters in the nucleation
and/organization of inorganic nanoparticles [58,59]. Also, it is
now well accepted that the synthesis of gold NPs involves a two-
step process [56]. 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 me-
tal ions present in the surrounding. The coalescence of atoms leads
to the formation of metal clusters and these are effectively stabi-
lized by ligands, surfactants or polymers.

Based on UV–visible spectrometry, FTIR data and TEM images,
we propose the following mechanism for gold NP formation in
(PLL9.5/HA2.9)7-PLL9.5 films (Scheme 1). At pH 3, amine groups
were mostly protonated in NHþ3 groups and carboxyl groups were
partially ionized (the pKa of PLL and HA are of �9 and �3, respec-
tively), generating more free NHþ3 groups and allowing maximal
interactions with incoming AuCl�4 ions. The Au nucleation speed
was slow but growth was steady, generating a lower number of
NPs but of larger diameter (�8.7 nm).

At pH 6, both of the amine groups and the carboxyl groups were
fully ionized, so there were fewer interactions with aurochlorate
anions. The major form of gold ions was AuþCl�2 ions at this pH
[49], so the nucleation process was faster than in case of pH 3. A
larger number of gold NPs grew over the whole film thickness
but their growth was limited to size of �3 nm in diameter.

At pH 9, about half of the amine groups were protonated and
COO� groups of HA were fully ionized, allowing even fewer inter-
actions with gold ions. At high pH, the AuCl�2 form was easily re-
duced and the number of nuclei was higher [50]. In fact it is
proven that the nucleation of nanoparticles are favored in basic
pH [6]. However, the NPs formed were rapidly stabilized by the
amine groups and their growth was limited to �2 nm. Indeed, this
very small size was associated with the appearance of a very small
SPR peak (Fig. 1C and C0) and with the absence of a clear diffraction
pattern (Fig. 4C00).

In all cases, part of the CH2AOH groups on HA chains served as
reducing agents and turned to CHO and some COO� groups con-
verted to COOH after gold NP UV-reduction (which released H+).
The extent of these changes is related to the amount of gold NPs
formed in the different conditions.

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 ‘‘green’’ method to synthesize in situ in
mild conditions a large number of gold NPs in exponentially-grow-
ing films of soft biopolymers appears very promising. The gold NPs
spatially-confined in PEM films may advantageously be used to
functionalize different types of materials or devices, as LbL films
can be easily deposited on any solid substrates of any shape. The
PEM-based nanocomposites may be employed as coating for imag-
ing purpose or for biosensing. They may also find applications in
the treatment of cancer as Au NPs efficiently convert the strongly
absorbed light into localized heat, which can be exploited for the
selective laser photothermal therapy of cancer [60].
3. Experimental section

3.1. Preparation of multilayer films

Poly(L-lysine) bromide (PLL, P2636, MW = 68 kDa) and gold
chloride trihydrate (HAuCl4�3H2O, 99.9% purity) were purchased
from Sigma. Hyaluronic acid, (HA, MW = 1300 kDa) was a product
of Fluka. 14 mm diameter glass slides (VWR Scientific, France) or
silicon wafers (Siltronix SAS, Archamps, France) taken as substrates
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
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layer pairs, ending by PLL) and (PLL9.5/HA2.9)8 (films made of 8
layer pairs, ending by HA).
3.2. 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, fol-
lowed by three water rinses, before being air dried in an incubator
at 37 �C 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 ul-
tra violet lamp (365 nm, VL-215.LC, France, Power = 30 W) at a dis-
tance of �1 cm for 35 h, as described by others [12].
3.3. Fourier transform infrared spectroscopy

Film structure was investigated by Fourier transform infrared
(FTIR) spectroscopy in transmission mode using a Vertex 70 spec-
trophotometer (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 [40]. Basically, there are three
absorption regions in the FTIR spectra. The band from 3500 to
3000 cm�1 is mainly associated with hydrogen bonded NAH and
OAH 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 sac-
charide rings on HA are visible in the 960–1200 cm�1 region, with
the most intensive peaks at 1045 and 1080 cm�1.
3.4. 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.
3.5. Inductively coupled plasma mass spectrometry (ICP-MS)

The amount of Au nanoparticle loaded in the films were deter-
mined by a Inductively Coupled Plasma Mass Spectrometry (ICP-
MS, X-series, Thermo Corporation Inc, USA). Films embedded with
Au nanoparticle of a certain surface (around 5 � 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
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to 200 mL and the Au ion concentrations were quantified by ICP-
MS.

3.6. 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 follow-
ing the procedure described above. The surface morphology and
the cross-section of the NPs synthesized in the films were visual-
ized 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 iden-
tify the gold NPs.

3.7. 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.

3.8. 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 h at 150 �C such as to form a silicon-
film-resin-film-silicon sandwich (�1.5 � 2 � 2.5 mm3). This sand-
wich was further cut into 2–3 pieces before being polished by
the tripod polishing method [61]. 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 lm, 15 lm, 6 lm,
1 lm, 0.5 lm respectively). The first side of the sandwich was pol-
ished to achieve a 300–500 lm 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 lm. 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
surface.

3.9. Image analysis

Particle size was measured for each sample using Image J soft-
ware v1.38x (NIH Bethesda, USA, http://rsbweb.nih.gov/ij/in-
dex.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. Conclusions

We prepared a nanocomposite film using exponentially grow-
ing polyelectrolyte multilayer films as a nanoreservoir to synthe-
size in situ gold NPs in a spatially-confined 2D environment. The
process was easily achieved by loading gold ions from an aqueous
solution, then irradiating the dry film under UV light. Gold NPs of
�2 nm to �9 nm in diameter were successfully formed at a high
yield. They were distributed homogeneously throughout the whole
film thickness (�2.5 lm). Besides the ammonium groups of PLL,
which interacted with chloroaurate ions and stabilized the formed
NPs, carboxylic and hydroxyl groups of HA played a key role in the
formation of gold NPs. Thus, the efficient nucleation and growth of
gold NPs appeared to be dependent on the presence of specific
functional groups in the film and on the mobility and even distri-
bution of PLL in the film as well. 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 nanocom-
posites containing a very high amount of gold NPs may find appli-
cations as biosensors, drug reservoirs or for imaging of opaque
materials.
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