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The layer-by-layer (LBL) assembly, based on sequential adsorp-
tion of oppositely charged components, is one of the most
established methods for the preparation of thin films with controlled
properties.1,2 The LBL technique is not limited to polyelectrolytes,
but almost any type of macromolecular species (charged preferred)
including inorganic molecular clusters,3 nanoparticles (NPs),4-5

nanowires,6 organic dyes,7 polypeptides,8 DNA,9 or viruses10 can
be used as the assembly components. Most of these LBL films
have been loaded with active moleculesonly during the preparation
by using the species of interest as active constituents in the film
buildup. The significance of finding a method to reversibly load
and unload NPs in LBL films is 4-fold. (1) Most obviously, it would
enable fast and universal preparation of NP-based coatings with a
variety of functionalities. (2) The mobility of NPs inside the
polymeric matrix would enable new methods of control over self-
assembly processes.11 (3) A dynamic exchange process is essential
in the development of fine separation tools for NPs. (4) Last but
not the least, it would create important opportunities for biomedical
applications using organic/inorganic nanocolloids, proteins, DNA,
RNA, etc. in controlled-release devices.

Recent advances in the fundamental studies of LBL films suggest
that the highly hydrated exponentially growing films12 can incor-
porate multivalent ions,13 dyes,14 and small drugs.15 These com-
pounds can be released upon triggering by an external signal, e.g.,
an ion exchange process,13a or a change in the pH.14 Along the
same lines, it was also observed that some LBL films are deformed
when put in contact with colloidal particles.16 Using these findings
as a foundation one can hypothesize that LBL films can indeed
have the ability to load/unload nanoscale species in a controlled
fashion. The concept of loading and unloading an LBL film after
its buildup would be of real interest and has not been validated
very well yet. It has just been observed that certain combinations
of polyelectrolytes allow for the completely irreversible loading of
proteins or nanoparticles.17 The fundamental possibility of reversible
loading-unloading processes is the subject of this communication
and is essential for enabling applications mentioned above.

To demonstrate this functionality we used exponentially growing
LBL films made from poly(diallyldimethylammonium chloride)
(PDDA) and poly(acrylic acid) (PAA). The films were prepared
by dipping alternatively a glass substrate in 0.5% w/v PDDA and
1% w/v PAA solutions. We note that exponential growth in the
PDDA/PAA system is quite unusual and to our knowledge has not
been reported yet (see Supporting Information). Exponential growth
stipulates an increased mobility of the polymer chains in the films,12

which, in turn, opens the possibility for fairly large colloids to
penetrate inside them. In the initial experiments we used negatively
charged thioglycolic acid-capped CdTe quantum dots (NP1, Figure

1a, 4 nm diameter, zeta potential) -50 mV). As prepared (PDDA/
PAA)n films, with n ) 45 (wheren is the number of LBL deposition
cycles), were exposed to a CdTe suspension at pH 9 (Figure 1a).
After 7 h of exposure, the films appeared highly swollen and
displayed characteristic adsorption and luminescence of NPs (Figure
1a, inset). Release of the incorporated CdTe and reproducibility
were demonstrated by immersing the CdTe-loaded films in pure
water at pH 9. The swollen films turned colorless in∼30 h
indicating release of NP1 from the films (Figure 1a).

Clear evidence of loading and unloading of NP1 in (PDDA-
PAA)100 multilayer films was obtained by confocal microscopy of
the cross sections (Figure 1b). After loading for 6 h, the films
appeared to be evenly filled with the NPs. The fluorescence signal
disappeared after the loaded films were placed in contact with pH
9 water for 24 h (Figure 1c) under identical conditions. Bright field
optical images of cross sections show no microscale morphological
changes of the films between the two loaded and empty states (Fig-
ure 1b,c, right panels). Distribution of NPs in the film may not
necessarily be uniform and can involve both lateral and vertical
gradients.

To better understand the loading/unloading mechanism, we
measured the release kinetics of NP1 in water at pH 9 and 7 and
in films covered with a capping layer of a linear polyelectrolytes
LBL combination of (PDDA-PSS)10.18 In the past, it was demon-
strated that exponentially growing LBL films can be capped with
impermeable capping layers made either from linearly growing LBL
films18 or from hydrolyzable polyesters.19 We found that the pH 9
environment resulted in the release of the NPs in a characteristic
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Figure 1. (a) Loading and unloading of (PDDA-PAA)45 films (pH 9) with
green fluorescence-emitting NP1 as followed by UV-vis absorbance at
530 nm (note the large change in absorbance). The insets are fluorescence
photographs of the filled (top) and empty (bottom) films. (b) Confocal
microscopy images of (PDDA-PAA)100 films loaded by 6 h of exposure to
NP1 solution and (c) empty films after 24 h exposure to pH 9 water. The
right panels show white light images.
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time of∼3-10 h. At pH 7, the amount of released particles was at
least 2 orders of magnitude lower than that at pH 9 even after 25
h (Figure 2). The reason for this difference is that the fraction of
negatively charged carboxylate groups at pH 7 is lower than that
at pH 9, hence creating a larger excess of positively charged groups
in the film (protonation of the quaternary ammonium groups of
PDDA is pH independent) and resulting in increasing the interac-
tions between NP1 and the LBL film. However, when the NP1
loaded (PDDA-PAA)100 film was capped with a linear LBL film
of (PDDA-PSS)10, the NPs got trapped inside the films. The release
kinetics of NP1 was found comparable to that found at pH 7 (Figure
2). This trend was also confirmed by the fluorescence of the
solutions used to extract the NP1 for 25 h (inset in Figure 2).

The fluorescence intensity of the NP1 suspension before and after
the loading of (PDDA-PAA)100 films was used for estimating the
concentration of NP1 incorporated in the films, and it was found
to be 300( 50 mg/mL. This corresponds to a volume fraction of
∼30%, which is quite high. The corresponding partition coefficient
in the film with respect to the solution is 60( 10 (see Supporting
Information). The fact that the loading-unloading of the film is
reversible allows using Boltzman’s statistics to evaluate the stabil-
ization energy of the NP1 in the film. It can be calculated to be
4 kBT, which is significant but should not impede the release kinetics
of the NPs, as is indeed observed. When the film is topped with a
positively charged PDDA layer, the partition coefficient increases
to 80 ( 15. In order to estimate the amount of NPs released after
30 h into pH 9 water, the fluorescence of the solution in contact
with the film was regularly measured. Upon integrating the fluores-
cence due to the release of NP1, it appeared that at least 60-70%
of the NPs incorporated in the films were released, which can also
be seen in Figure 1a.

The fact that not all of the fluorescence is recovered, which was
expected in the case of quantitative release, can be due to partial
trapping of the NPs in the films or to quenching of the fluorescence
in the supernatant due to the aggregation of particles. Figure 1c
shows that the release is close to quantitative hence the assumption
of particle aggregation leading to fluorescence quenching has to
be made. The mass fraction of NP1 inside the (PDDA-PAA)100

film was also obtained by thermogravimetric analysis (TGA).
Compared to (PDDA-PAA)100 alone, there was a residual mass
corresponding to 20-22% of the initial mass of the film when
loaded with NP1. This result is consistent with the volume fraction
obtained by the depletion experiments.

One technological prospect for opening by reversible loading
and unloading mentioned above is NP separation. To demonstrate

this and to ascertain the mechanism of the NP1 association in the
film, we synthesized positively charged NP2 using 2-(dimethy-
lamino)ethanethiol (DMAET) as a stabilizer (zeta potential) +1.2
mV). Depletion measurements indicate that they display a partition
coefficient of (10( 3). This result was also confirmed by TGA
(7-8% of the film mass remains). This is indeed significantly lower
than that for the negatively charged NP1 but overall remains fairly
high, which points to incorporation of negatively charged NPs due
to extrinsic charge compensation in the films similar to that found
in ion exchange membranes12 and nonelectrostatic interactions
between NPs and polymers.20 These observations indicate prefer-
ential selectivity of incorporation and release of NPs in such films.

In summary, we demonstrate here for the first time postassembly
reversible loading and unloading of NPs in a swollen polyelectrolyte
film. The variations of the structure of the LBL layers (capping/
topping layer) and the NPs can be used to control the incorporation
and release of the NPs, making possible sophisticated sensing,
protective, biological, and optoelectronic functionalities.
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Figure 2. Release of NP1 from (PDDA-PAA)100 as measured by
fluorescence intensity of the solution in contact with pure water at pH 9
(O) and 7 (9). Effect of capping of the film by a (PDDA-PSS)10 film (4)
after particle loading in presence of water at pH 9. Six experiments/point,
error bars correspond to( 1 standard error. The inset shows the fluorescence
of the supernatant at pH 9 (left) and of the (PDDA-PSS)10 capped film
(right).
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