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ABSTRACT: Macroporous structures can be developed within polyelectrolyte
multilayer films for efficient drug loading, but these structures tend to collapse or
fracture during conventional drying procedures. Herein, a facile dehydrating method
for macroporous polyelectrolyte multilayer films is proposed using solvent exchange
to ethanol and then spontaneous evaporation. During these processes, the collapse of
the macroporous structures can be effectively avoided, which can be ascribed to a
combined effect of two factors. On one hand, capillary pressure during ethanol
evaporation is relatively small since the surface tension of ethanol is much lower than
that of water. On the other hand, solvent exchange suppresses the interdiffusion of
polyelectrolytes and substantially increases the mechanical strength of the
macroporous films, more than three orders of magnitude, making the pore walls highly tolerant of the capillary pressure. The
stability of macroporous polyelectrolyte films to ethanol enables the repeated wicking from the ethanol solution of drugs, leading to a
higher loading beyond previous studies. Such a high loading is favorable for the long-term release of drugs from the surfaces of
modified substrates and maintaining a local drug concentration above the minimum effective concentration.

■ INTRODUCTION
There are a wide range of applications for porous polymeric
films, including but not limited to drug delivery, separation,
detection, and optics.1−5 Layer-by-layer (LbL) assembly, based
on the cyclical deposition of interacting species onto
substrates, has emerged as a versatile tool to construct
polymeric films with tunable thicknesses and compositions.6,7

Taking advantage of the sensitivity of assembled units to
external stimuli (electric field, pH, ionic strength, light, etc.),
the internals of LbL-based polymeric films can be readily
adjusted to generate various porous structures.8−10 The
formation of these porous structures are mainly determined
by the composition of the LbL films, the type of interchain
interactions (e.g., electrostatic, hydrogen-bonding, host−
guest), and especially the interdiffusion of polymeric chains,
which has been primarily investigated to understand the
buildup mechanism of LbL films.11 In general, porous
structures on the nanometer scale are typically developed in
LbL films with a limited level of chain interdiffusion.12 In
contrast, exponentially growing LbL films, which feature a high
interdiffusion of polyelectrolytes throughout the whole films,
can be exploited to fabricate macroporous films with a high
porosity.13−15 Using such macroporous platforms, we
previously enabled the unprecedented loading of drugs by
simply wicking from drug solutions, thus dramatically
increasing the efficiency and reducing the complexities
compared to other LbL films.16 Other applications, such as
super-hydrophobic surfaces,17 ionic conductors,18 and sup-
ports for catalysts,19 can be also developed. Nevertheless, after
formation in aqueous phases, the macroporous structures of

exponentially growing LbL films tends to collapse or fracture
during conventional drying procedures.20 This is mainly caused
by the impact of capillary pressures (P) on the pore walls and
the low strength of the films related to the high mobility of
polyelectrolytes.21,22 Dehydrating by lyophilization23,24 or
supercritical carbon dioxide25 can be an effective approach to
retain these macroporous structures, but it involves the
investment of specialized instrumentations and the problems
associated with complicated operations. Therefore, a simple
but efficient method is still desirable to dehydrate the
macroporous LbL films before further applications.
In this study, we demonstrate that the interdiffusion of

polyelectrolytes in LbL films can be restrained by exchanging
water with ethanol. A facile dehydrating method for macro-
porous LbL films was applied using solvent exchange to
ethanol and then spontaneous evaporation. During these
processes, the collapse of the macroporous structures was
found to be effectively avoided, which can be attributed to a
combined effect of two factors. On one hand, quenching the
interdiffusion of polyelectrolytes by solvent exchange sub-
stantially increases the mechanical strength of the macroporous
films more than three orders of magnitude, making the pore
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walls highly tolerant of the capillary pressure. On the other
hand, the capillary pressure (P ≈ γ) during ethanol evaporation
is relatively small since the surface tension of ethanol (γ = 22.9
mN m−1) is much lower than that of water (γ = 71.6 mN m−1).
Compared to the other drying methods, this approach has the
merits of simplicity, versatility, and low cost, and eliminates the
investment of expensive and specialized instrumentations.
Interestingly, the stability of macroporous LbL films to ethanol
enabled their repeated wicking from the ethanol solution of
drugs, leading to a higher loading beyond previous studies.
Such a high loading is favorable for the long-term release of
drugs from the surfaces of modified substrates and maintaining
the local drug concentration above what is called the minimum
effective concentration. Besides that, this study also provides
unique insight into the chain mobility of LbL films, which
correlates with the dynamic features of these films and may
lead to their new applications as intelligent materials.

■ MATERIALS AND METHODS

Materials. Poly(ethylenimine) (PEI, Mw 25 000), poly-
(acrylic acid) (PAA, Mw 100 000), and a special cleaning
concentrate (Hellmanex III) for glass substrates were
purchased from Sigma-Aldrich (Germany). Triclosan, mala-
chite green chloride, and fluorescein isothiocyanate isomer I
(FITC) were obtained from Aladdin (Shanghai, China).
Phosphate buffered saline (PBS) was purchased from Sangon
Biotech (Shanghai, China). Hydrochloric acid (HCl) and
sodium hydroxide (NaOH) were purchased from Beijing
Chemical Works (China). Deionized water was produced
through a water purification system (Millipore, America). The
pH values of various aqueous solutions were adjusted by
utilizing 1.0 M HCl or 1.0 M NaOH as needed. FITC-labeled
PEI (PEIFITC) was synthesized by mixing 5 mg of FITC into 80
mL of 0.5 wt % PEI aqueous solution and then maintaining the
mixture at 4 °C for 48 h. After that, the mixture was dialyzed
against deionized water for two weeks, and the final solution
was freeze-dried to give an orange slime.
Film Assembly. Glass substrates were soaked in an

aqueous solution (1.5 vol %) of Hellmanex III at 75 °C for
15 min and then rinsed with deionized water thoroughly. PEI/
PAA films were constructed by alternately dipping the
precleaned glass substrates into PEI solution (1 mg mL−1,
pH 9.0) for 15 min and PAA solution (3 mg mL−1, pH 2.9) for
15 min. After each dipping step, the substrates were rinsed
using deionized water and blown dry by a stream of nitrogen.
These steps were repeated until a desired number of PEI/PAA
bilayers were assembled onto the substrates. In this study, PEI/

PAA films are referred to as (PEI/PAA)n, where n corresponds
to the number of PEI/PAA bilayers.

Post-Assembly Treatment. The as-prepared PEI/PAA
films were dipped into a bath of acidic solution (pH 2.9) for a
predetermined time to induce the development of macro-
porous structures. After that, the macroporous films were
soaked into ethanol for 30 min to allow solvent exchange. The
films were then taken out and put into a vacuum chamber to
remove the residual ethanol. In this study, the effectiveness of
this drying method was compared to that of lyophilization.
Therefore, a series of macroporous films were dehydrated
through a lyophilizer (Lichen LC-10N-50A, China) as a
control.

Drug Loading and Release. The macroporous films were
partially dipped into an ethanol solution of triclosan to enable
the wicking process. The films were taken out and put into a
vacuum chamber to remove the ethanol. This loading process
can be repeated to further increase the loading amount. To
measure the loading amount, triclosan was first extracted using
ethanol from the films and then analyzed using a UV−vis
spectrophotometer (Shimadzu UV-2600, Japan). The triclo-
san-loaded films were immersed in PBS (pH 7.4, 37 °C) to
investigate their release kinetics. The PBS was frequently
replaced with a fresh one to ensure a constant release
condition, and the solutions were analyzed using the UV−vis
spectrophotometer.

Zone Inhibition Test. Zone inhibition testing was carried
out using Escherichia coli (ATCC 8739). Drug-loaded films (5
mm × 5 mm) were placed onto nutrient agar plates that had
been seeded with 0.2 mL of bacterial suspension (1.0 × 107

CFU mL−1). The plates were examined for a zone of inhibition
after incubation at 37 °C overnight. An agar plate with a bare
glass substrate (5 mm × 5 mm) was used as a control.

Characterization. The thickness of PEI/PAA films was
measured using a thin-film analyzer (Filmetrics F20, America).
Scanning electron microscopy (SEM, Hitachi S4800, Japan)
was performed to reveal the structural features of samples as
needed. The electrostatic interactions within polyelectrolyte
multilayers were studied by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR, Varian Excalibur
3100, America) in water, in ethanol, and in air. Note that the
test in water was performed in D2O instead of H2O to reduce
the overlap of the vibrational peaks of carboxylate band with a
strong water band. The stiffness of PEI/PAA films was tested
using a nanoindenter (Piuma Optics11, Netherlands)
equipped with a 44.6 N probe. Fluorescence recovery after
photobleaching (FRAP) experiments was investigated using a

Figure 1. (A) (PEI/PAA)15 films were immersed into an acidic solution (pH 2.9) to induce the formation of macroporous structures. (B−E) SEM
cross-sectional images of (PEI/PAA)15 films after being exposed to pH 2.9 for 0, 30, 60, and 90 min, respectively. Note that lyophilization was
applied to dehydrate the samples before SEM observation.
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confocal laser scanning microscope (Zeiss LSM800 with
Airyscan, Germany) to demonstrate the interdiffusion of
polyelectrolytes qualitatively. Briefly, a (PEIFITC/PAA)15 film
was photobleached over a 20 μm circular region with a laser
beam, and fluorescent images were subsequently captured at 0
and 15 min, respectively.

■ RESULTS AND DISCUSSION

There are two growth modes identified in the literature for
polyelectrolyte multilayers, which can grow either linearly or
exponentially depending on the mobility of polyelectrolytes
“in” and “out” of the assemblies.26,27 In this study, cationic
poly(ethylenimine) (PEI) was LbL assembled with anionic
poly(acrylic acid) (PAA) to yield an exponentially growing
film. Both of these two species are weak polyelectrolytes with a
low density of charges along main chains as well as sparse
bonding sites to the assemblies, and their high mobility
throughout the films has been well demonstrated by our own
and others’ previous studies.28,29 After assembly, the PEI/PAA
films was immersed in a bath of acidic solution (pH 2.9) to
induce the formation of macroporous structures (Figure 1A).
Such acid-induced transformation can be ascribed to the
protonation of PEI (pKa ≈ 6.5) and PAA (pKa ≈ 4.5−5.5),
dissociation of interchain ionic bonds, interdiffusion of
polyelectrolyte chains, and subsequent phase separation.30

Note that the PEI/PAA films can lose some polyelectrolytes
during acid treatment, which has been systematically studied
previously.31 It has been found that the percentage of mass loss
mainly depends on the pH value of acidic solutions and the
duration of acid treatment. In our study, the percentage of
mass loss is approximately 6.74% for a (PEI/PAA)15 film
exposed to pH 2.9 for 60 min, which was calculated by
measuring the change of film mass before and after acid
treatment (Figure S1).
In order to facilitate the characterization of morphological

features, the films were further dehydrated by lyophilization to
prevent the collapse of macroporous structures, which has
been found to be inevitable during conventional dehydrating
by evaporation. Figure 1B−E shows the cross-sectional images
of (PEI/PAA)15 films that had been exposed to pH 2.9 for
different lengths of time. The pristine (PEI/PAA)15 film
appears compact and featureless, while a series of macroporous
structures can be developed by acid treatment. The pore sizes
were calculated to be 22.6 ± 3.5, 39.7 ± 5.4, and 52.9 ± 6.1
μm for macroporous (PEI/PAA)15 films exposed to pH 2.9 for
30, 60, and 90 min, respectively. Extending the time of acid
treatment also increased the thickness of the macroporous
films as well as the volume of pore spaces. The porosity (v%)
of the films was estimated using an equation described in our
previous study:16

=
−

×v
T T

T
% 100%t

t

0

where Tt and T0 are film thickness before and after acid
treatment for a certain length of time (t), respectively. The film
thickness was extracted from the SEM cross-sectional images
of corresponding samples. The porosity of the films reached
∼78.2% after 30 min of acid treatment, to ∼84.5% after 60
min, and to ∼90.1% after 90 min, respectively. In light of the
positive correspondence between the macroporous structures
and the length of time, applying acid treatment can be viewed

as a reliable approach to tailor the porous structures within
polyelectrolyte multilayers.
Although dehydrating by lyophilization is an effective

approach to retain these macroporous structures,16,32,33 it
involves the investment of specialized instrumentations and the
complexity associated with multistep operations. Therefore, a
simple but efficient method is highly desirable to dehydrate
macroporous polyelectrolyte films before further applications.
In this study, a facile dehydrating method for the macroporous
(PEI/PAA)15 films was developed using solvent exchange to
ethanol and then spontaneous evaporation (Figure 2A). Unlike

direct water evaporation which led to the severe destruction of
macroporous structures (Figure 2B), this dehydrating method
made much less of an impact on the profiles of the
macroporous films (Figure 2C). The performance of this
method depends on the time of acid treatment as well as the
characteristics of macroporous structures. For the macro-
porous films undergoing 30 and 60 min of acid treatment, this
dehydrating method can effectively avoid the collapse of the
macroporous structures (Figure S2), which is comparable to
the effectiveness of lyophilization. Further prolonging the acid
treatment will influence its applicability, resulting in a
dehydrated film with slightly twisted pore walls (Figure S2).
For example, after 90 min of acid treatment, macroporous films
dehydrated by this method have a porosity of ∼86.2%, slightly
less than that of the same films dehydrated by lyophilization. It
can be ascribed to the thinning of pore walls (Figure S2) and
the lowering of their mechanical resistance against the capillary
pressure of ethanol. Even so, this method can still be an
attractive alternative to lyophilization considering its simplicity
and cost advantage.

Figure 2. (A) Schematic of two dehydrating methods for macro-
porous polyelectrolyte films. One is to evaporate water directly, and
the other involves solvent exchange to ethanol. The latter was
followed by ethanol evaporation, which can be carried out without
significantly affecting the profiles of the macroporous films. (B−C)
SEM cross-sectional images of macroporous (PEI/PAA)15 films
exposed to pH 2.9 for 60 min and subsequently dehydrated using (B)
direct water evaporation and (C) first solvent exchange to ethanol and
then spontaneous evaporation.
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The structural collapse of macroporous films during
traditional drying procedures, e.g., direct water evaporation,
has been previously investigated in detail.20 In this drying
method, the vaporization of water forms liquid−vapor menisci
within the porous structures, which recede over time and
generate a capillary pressure (P) onto the pore walls.34 The
magnitude of such capillary pressure is related to the diameter
(r) of pores, the surface tension (γ) of contained liquid, and
the contact angle (θ) between the liquid and the pore wall,21,35

as illustrated in Figure 3A. Since the size of two neighboring
pores is usually different, the capillary pressures on both sides
of a pore wall are asymmetrical, and this produces a lateral
force to collapse the porous structures (Figure 3B). As an
alternative, the macroporous (PEI/PAA)15 films in this study
was dehydrated using solvent exchange to ethanol and then
spontaneous evaporation. Compared with water, which has a γ
value as high as 71.6 mN m−1, the surface tension of ethanol is
much smaller, only 22.9 mN m−1.36 Therefore, the capillary
pressure arising during ethanol evaporation is relatively small,
which is favorable for the preservation of macroporous
structures.
Besides reducing capillary pressure, exchanging water with

ethanol also influences the interdiffusion of polyelectrolytes
within (PEI/PAA)15 films, as revealed by the fluorescence
recovery after photobleaching (FRAP) experiments (Figure
3C). In such experiments, the recovery of fluorescence
intensity in the bleached zone is generally due to the
interdiffusion of unbleached fluorescent polyelectrolytes from
outside of the zone.37,38 As shown in Figure 3C, the
fluorescence recovery of (PEI/PAA)15 films in ethanol is
considerably less noticeable than that in deionized water,
indicating that the interdiffusion of polyelectrolyte chains can
be effectively suppressed by solvent exchange to ethanol. Since
the macroscopic strength of a polymeric material can be
affected by its chain mobility,22,39,40 we further tested the

mechanical properties of (PEI/PAA)15 films in deionized water
and in ethanol (Figure 3D). It can be found that the Young’s
modulus of the films is 1030.98 ± 78.45 MPa in ethanol, which
is three orders of magnitude higher than 1.81 ± 0.59 MPa in
deionized water. The increased strength in ethanol can make
the pore walls of macroporous (PEI/PAA)15 films highly
tolerant to the capillary pressure during ethanol evaporation
and hence is beneficial to the stability of macroporous
structures. It should be noted that the pH of deionized water
is approximately 5.5, in which the formation of macroporous
structures cannot be induced. Lowering the pH value to 2.9
can highly activate the interdiffusion of polyelectrolytes and
enable the porous transition, but this makes the mechanical
analysis very difficult to realize. Despite this, it can be
reasonably deduced that the mechanical strength of PEI/PAA
films in pH 2.9 is smaller than that in pH 5.5, considering the
negative correlation between the mechanical strength of
polymers and the mobility of polymeric chains.
The softening of PEI/PAA films in water seems quite

understandable since water is a potent plasticizer for
hydrophilic polymers. However, the PEI/PAA films are
additionally stabilized by electrostatic interaction between
−NH3+ groups on PEI and −COO− groups on PAA.
Therefore, the effect of water on such electrostatic interactions
is crucial to understand the softening of the PEI/PAA films. As
a solvent with a high dielectric constant (78.4 F m−1, 25 °C),
water has been studied as a potent plasticizer for polyelec-
trolyte multilayer systems, capable of disrupting ionic bonds
between chains and increasing the free volume for the
movement of chain segments.37,38 In contrast, ethanol has a
much lower dielectric constant, 24.3 F m−1 at 25 °C.
Therefore, exchanging water with ethanol can make the
interchain ionic bonds more difficult to dissociate and thus
increase the resistance of chain mobility. Nevertheless, such an
explanation remains to be verified by experimental data.

Figure 3. (A) An approximate equation describing that the magnitude of capillary pressure is related to the diameter (r) of pores, the surface
tension (γ) of the contained liquid, and the contact angle (θ) between the liquid and the pore wall. (B) Schematic illustration of how a pore wall is
collapsed by the impact of capillary pressures. Since the size of two neighboring pores is usually different, the capillary pressures on both sides of a
pore wall are asymmetrical, and this produces a lateral force to collapse the porous structures. (C) Confocal microscope images of (PEIFITC/PAA)15
films taken at 0 and 15 min after photobleaching over a 20 μm circular region, which is marked using a dotted circle. The top set of images
correspond to a sample immersed in deionized water, while the bottom set are that in ethanol. (D) Young’s modulus of (PEI/PAA)15 films in
deionized water and in ethanol. It can be found that solvent exchange to ethanol substantially increases the mechanical strength of the films.
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Accompanied by the screening of electrostatic interaction
between PEI and PAA, the polarity of both the −NH3

+ groups
on PEI and the −COO− groups on PAA is expected to be
attenuated. This can be verified through attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectros-
copy, which has been carried out in air, water, and ethanol,

respectively. As shown in Figure 4A, 1800−1200 cm−1 was
chosen for analyzing the electrostatic interactions between
−NH3

+ and −COO−. 1627 cm−1 is assignable to the bending
vibration of −NH3

+ groups, while 1554 cm−1 corresponds to
the asymmetric stretching vibration of −COO− groups. When
the film was immersed in water from air, the vibrating peak of

Figure 4. (A) ATR-FTIR spectra of a (PEI/PAA)10 film tested in water, in ethanol, and in air. 1800−1200 cm−1 was chosen for analyzing the
electrostatic interactions between −NH3+ and −COO−. 1627 cm−1 is assignable to the bending vibration of −NH3+ groups, while 1554 cm−1

corresponds to asymmetric stretching vibration of −COO− groups. (B) Schematic illustration of how water molecules influence the electrostatic
interactions between −NH3+ and −COO−. Note that vinylamine and acrylic acid were adopted here to represent PEI and PAA for the sake of
simplicity.

Figure 5. (A) Time-lapse images of a macroporous (PEI/PAA)15 film wicking from an ethanol solution of malachite green (5 mg mL−1), indicating
the presence of an interconnected porous network across the whole film. (B) Plot of triclosan loading into a macroporous (PEI/PAA)15 film with
respect to the concentration of triclosan−ethanol solutions. The inset shows the molecular formula of triclosan. (C) Loading amount of triclosan
into a macroporous (PEI/PAA)15 film as a function of the number of its wicking from a triclosan−ethanol solution (50 mg mL−1). (D) Release
profiles of macroporous (PEI/PAA)15 films with a triclosan loading of 65.42 ± 12.85 and 324.15 ± 47.13 μg cm−1. (E) Inhibition zones against
Escherichia coli of macroporous (PEI/PAA)15 films with a triclosan loading of 0, 65.42 ± 12.85, and 324.15 ± 47.13 μg cm−1, respectively. Insets are
photographs of inhibition zones.
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−NH3
+ groups entirely disappeared and that of −COO−

groups shifted to a higher wavenumber. In contrast, these
peaks remained almost unchanged in ethanol, indicating that
water has a greater impact on the electrostatic interactions
between −NH3

+ and −COO− (Figure 4B).
In the past decade, the LbL technique has emerged as a

striking tool for engineering drug delivery systems (DDSs)
with controlled structure and composition.41,42 Using macro-
porous (PEI/PAA)15 films, we enabled the loading of drugs by
simply wicking from their concentrated solutions,43 thus
dramatically increasing the efficiency and reducing the
complexities compared to other LbL films. The wicking
behavior of a macroporous (PEI/PAA)15 film is illustrated in
Figure 5A. When one end of the film came into contact with an
ethanol solution of malachite green (a brilliant green dye for
tracking liquid fronts), the green liquid rapidly climbed up the
film, and only 10 s was spent to turn the whole film colored,
implying the presence of an interconnected porous network
across the whole film. Triclosan, a hydrophobic bactericide,
was then used as a model drug to investigate the loading
capacity of the films. As shown in Figure 5B, the loading
amount of triclosan increases linearly with the concentration of
triclosan−ethanol solutions, reaching 147.62 ± 20.25 μg cm−1

for a given solution of 50 mg mL−1. After the vaporizing of
ethanol under a vacuum, the macroporous structures of the
film can be well retained (Figure S3), and this facilitated
another wicking from the drug solution. Actually, because of
the stability of the macroporous films, the wicking process can
be repeated multiple times, and drug loading can be increased
correspondingly. Figure 5C shows that the loading amount of
triclosan into a macroporous (PEI/PAA)15 film with respect to
the number of its wicking from a triclosan−ethanol solution
(50 mg mL−1). It can be found that the triclosan loading
increased to an unprecedented value of 324.15 ± 47.13 μg
cm−1 after just three wicking processes. The drug loading can
be further increased by increasing the wicking processes,
although its increment will decline continuously (Figure 5C).
The latter can be attributed to the occupation of pore volumes
by the drug already loaded and the decrease of pore channels
available for the next wicking process.
The release profile of triclosan from macroporous (PEI/

PAA)15 films was investigated by immersing the samples in
PBS. As shown in Figure 5D, the duration of drug release can
be increased with more drug loaded into the films. The
releasing of triclosan lasted for ∼90 h when the films had a
triclosan loading of 65.42 ± 12.85 μg cm−1, while it
dramatically increased to 180 h as the loading was up to
324.15 ± 47.13 μg cm−1. Besides the releasing time, increasing
drug loading can also affect the diffusion rate of a drug from
the films. This can be qualitatively illustrated by an agar
diffusion assay against Escherichia coli, given that triclosan is a
bactericide. As demonstrated in Figure 5E, a film with a
triclosan loading of 324.15 ± 47.13 μg cm−1 formed a zone of
inhibition larger than that with less triclosan loaded, indicating
that more triclosan was released from the former within the
same time. Increasing the diffusion rate of a drug from a
substrate is favorable to maintain the local drug concentration
above a certain level, which is essential to make the drug work
effectively.44−46

■ CONCLUSIONS
In summary, a facile dehydrating method for macroporous
polyelectrolyte multilayers was developed to avoid the collapse

of macroporous structures. This approach was carried out
simply using solvent exchange to ethanol and then
spontaneous evaporation. Compared with conventional drying
procedures, this method reduced the capillary pressure within
the macropores and simultaneously increased the mechanical
strength of the pore walls, both of which are favorable for the
preservation of macroporous structures. Additionally, the
stability of macroporous LbL films to ethanol facilitated their
repeated wicking from the ethanol solution of drugs, leading to
a higher loading beyond previous studies. Such a high loading
is favorable for the long-term release of drugs from the surfaces
of modified substrates and maintaining the local drug
concentration above the minimum effective concentration.
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