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ABSTRACT: Layer-by-layer (LbL) assembled films have
been exploited for surface-mediated drug delivery. The drugs
loaded in the films were usually released via diffusion or the
degradation of one of the film components. Here we
demonstrate that drug release can also be achieved by
exploiting the dynamic nature of hydrogen-bonded LbL
films. The films were fabricated from tannic acid (TA), a
model polyphenolic drug, and poly(vinyl pyrrolidone)
(PVPON). The driving force for the film buildup is the
hydrogen bonding between the two components, which was
confirmed by Fourier transform infrared (FTIR) spectra. The film growth is linear, and the growth rate of the film decreases with
increasing assembly temperature. Because of the reversible/dynamic nature of hydrogen bonding, when soaked in aqueous
solutions, the PVPON/TA films disassemble gradually and thus release TA to the media. The release rate of TA increases with
increasing pH and temperature but decreases with increasing ionic strength. Scanning electron microscopy (SEM) studies on the
surface morphology of the film during TA release reveal that the film surface becomes smoother and then rougher again because
of the dewetting of the film. The released TA can scavenge ABTS+• cation radicals, indicating it retains its antioxidant activity, a
major biological activity of polyphenols.
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■ INTRODUCTION

Layer-by-layer (LbL) assembly has been widely used to
fabricate thin films from polymer pairs with complementary
functional groups because of its advantages over other methods,
such as no limit to the size and shape of the substrates, easy
control over the film thickness and composition, and so on.1−3

One important application of LbL films is for drug delivery.4−6

For this purpose, two general strategies have been developed.
In the first strategy, drugs are encapsulated in LbL micro-
capsules, and the LbL films act as diffusion barriers.7−9 As the
permeability of the capsule wall can be tuned by pH, ionic
strength,10 temperature,11 and bilayer number of the coatings,12

controlled drug release can be achieved by changing these
factors. In the second strategy, drugs are integrated into the
macroscopic planar LbL films. They are released via
diffusion13,14 or the degradation of one of the film
components.15−17 For example, LbL films have been fabricated
from siRNA (drug) and degradable poly(β-amino ester)s.
siRNA was released upon the degradation of poly(β-amino
ester).15 In these surface-mediated drug delivery systems, the
LbL films may act as not only a reservoir for the active
therapeutic cargo but also a coating to modulate surface
properties.6

Here we demonstrate a new drug release strategy, i.e.,
releasing drug from LbL films via the gradual disassembly of the
films, which are linked with dynamic bonds. Dynamic bonds are

chemical bonds which can selectively undergo reversible
breaking and reformation, usually under equilibrium con-
ditions.18 Noncovalent dynamic bonds include supramolecular
interactions, such as π−π stacking, hydrogen bonding, and so
on, while dynamic covalent bonds are covalent bonds that can
break and reform under appropriate conditions without
irreversible side reactions.18 Because of the reversible/dynamic
nature of these bonds, polymers containing these bonds present
dynamic properties such as a changeable and tunable
constitution even after polymerization; therefore, they were
named as “dynamers” or dynamic polymers.18−20 Many
dynamic bonds, such as hydrogen bonding21−26 and charge
transfer interaction,27,28 have been used as driving forces for the
fabrication of LbL films.29 Because of the reversible/dynamic
nature of these bonds, LbL films linked with dynamic bonds, or
dynamic LbL films, will also have a changeable and tunable
constitution, just like dynamic polymers. Particularly, these
films can undergo a gradual disassembly under proper
conditions,30−33 and therefore may be used for sustained
drug release.
Hydrogen-bonded LbL films are typical dynamic LbL films.

Previously it was reported that some hydrogen-bonded LbL
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films or capsules gradually disintegrate when immersed in
water.30−32 Here we demonstrate that this property can be
exploited to achieve the sustained release of polyphenolic drugs.
It was reported that plant polyphenols possess various
biological activities, such as antitumor, antimicrobial, enzyme
inhibitory, and pro- or antimutagenic properties.34,35 The
inhibition of tumorigenesis by tea polyphenols has been
demonstrated in different animal models for various cancers.36

Many plant polyphenols, including epigallocatechin gallate,
curcumin, luteolin, and resveratrol, are under intensive
investigation as possible anticancer agents.37 On the other
side, delivery systems for polyphenols are also under
investigation as they are expected to solve the problems such
as low bioavailability and short half-life.37,38 Here tannic acid
(TA), a natural hydrolyzable tannin (Scheme 1), was used as a
model polyphenolic drug. Like other plant polyphenols, the
biological activity of TA as an antimutagenic, anticarcinogenic,
antimicrobial, antioxidant, and antibacterial agent has already
been revealed.39 Here hydrogen-bonded LbL films were
fabricated from TA and poly(vinyl pyrrolidone) (PVPON).
We showed that because of the reversibility of hydrogen
bonding the films gradually disassemble and thus release TA
into the media. It is noteworthy that TA-containing LbL
films,40 including hydrogen bonded ones,41−43 have been
reported by several groups. Particularly Erel-Unal and
Sukhishvili41 studied the instability of TA/PVPON films in
high pH solutions, where the films were quickly destroyed by
the direct breakage of the hydrogen bonds as a result of the
dissociation of the phenolic hydroxyl groups. In contrast, here
we studied the gradual disassembly of the films under
conditions of equilibrium control and further used it for the
sustained release of TA.

■ EXPERIMENTAL SECTION
Materials. Poly(vinyl pyrrolidone) (PVPON, Mw = 10 000), tannic

acid (TA), and 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) were purchased from Sigma-Aldrich. The
chemicals were used as received without further purification. NKA-9
macroporous adsorption resin was purchased from Tianjin Nankai
Hecheng S&T Co. Ltd. It was pretreated according to the user’s
manual before use.

Film Fabrication. Quartz slides with a size of 44 mm × 10 mm × 1
mm were used as substrate for the film fabrication. For Fourier
transform infrared (FTIR) and scanning electron microscopy (SEM)
studies, silicon wafers were used as substrate. Before use the substrates
were cleaned in boiling piranha solution (3:7 v/v H2O2−H2SO4

mixture) (caution: this solution is extremely corrosive!), rinsed with
deionized (DI) water thoroughly, and then dried. The pH of the
PVPON and TA solutions (0.5 mg/mL) was adjusted to 3.0 using 0.1
M HCl. To fabricate the LbL films, the substrates were immersed in
PVPON and TA alternately, each for 5 min, intermediated with 1 min
washing in 10−3 M HCl. This cycle was repeated until the desired
bilayer number was reached. The resultant film is denoted as
“(PVPON/TA)n”, which means the film is fabricated from PVPON
and TA with a bilayer number of n.

TA Release. To measure the release kinetics of TA, the PVPON/
TA films (60 bilayer, unless otherwise specified) were immersed in 6
mL of release media (usually 20 mM pH 7.5 phosphate buffer, unless
otherwise specified). Temperature was controlled with a refrigerated
circulator. At appropriate intervals, the release media were removed,
and the same volume of fresh media with the same temperature was
added. Concentration of TA in the release media was determined
using UV/vis spectroscopy at a wavelength of 278 nm.

Antioxidant Activity of the Released TA. Cation radicals of
ABTS (ABTS+•) was prepared according to refs 44 and 45. Briefly, 89
μL of 0.14 M K2S2O8 was added to 5 mL of 7 × 10−3 M ABTS
aqueous solution under stirring. The mixture was left overnight in dark
at room temperature and then stored in dark. Macroporous adsorption
resin (NKA-9) was treated with diluted ABTS+• solution for a period
of 12 h. It was then washed with DI water thoroughly. The resulting
ABTS+•-loaded resin was blue in color.

The ABTS+•-loaded resin was then soaked in pH 8.5 phosphate
buffer. A (PVPON/TA)150 film was dipped into the medium. The
decoloration of the resin with time was recorded with a digital camera.
The color change of the resin in the absence of PVPON/TA film was
recorded simultaneously.

Other Characterizations. UV−vis absorption spectra were
measured on a TU 1810PC UV−vis spectrophotometer (Purkinje
General, China). Fourier transform infrared (FTIR) spectra were
measured on a Bio-Rad FTS-6000 spectrometer operating at 8 cm−1

resolution. SEM images were recorded on an FEI NanoSEM 430
Scanning Electron Microscope. Atomic force microscopy (AFM)
images were acquired using a Benyuan CSPM5000s scanning probe
microscope in tapping mode.

Scheme 1. Chemical Structures of TA and PVPON
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■ RESULTS AND DISCUSSION
Fabrication of PVPON/TA Films. The LbL films were

fabricated from PVPON and TA, whose structures were shown
in Scheme 1. Using quartz slides as substrates, the film growth
was facilely monitored by UV−-vis absorption spectrometry. As
shown in Figure 1, the film presents two absorption bands at

218 and 278 nm, respectively. Both bands can be assigned to
the absorption of phenyl groups in TA, indicating the successful
incorporation of TA in the film. The film grows almost linearly,
as indicated by the almost linear relationship between the film
absorbance and bilayer numbers as shown in the inset of Figure
1. Previously Erel-Unal and Sukhishvili41 studied the assembly
of PVPON and TA using ellipsometry technique and found a
similar linear growth.
The driving force for the film buildup is expected to be the

hydrogen bonding between the two components. The
hydrogen donor and acceptor are TA and PVPON,
respectively. To confirm this, the interaction between
PVPON and TA in the self-assembled films was studied by
IR spectroscopy. For this purpose, a 100-bilayer film was
fabricated on a silicon wafer, and its FTIR spectra were
measured. For comparison, FTIR spectra of pure PVPON and
TA were also measured. As shown in Figure 2A, the absorption
band at 1674 cm−1 in the IR spectra of PVPON is assigned to
the stretching vibration of carbonyl groups. This band shifts to
1655 cm−1 in the spectra of the LbL film, suggesting the
formation of intermolecular hydrogen bonds between the
carbonyl groups in PVPON and the hydroxyl groups in TA.
Meanwhile the stretching band of the carbonyl groups in TA
shifts from 1717 to 1732 cm−1. The result suggests the carbonyl
groups in TA are originally bonded with hydroxyl groups via
intramolecular hydrogen bonds. These bonds partially break as
a result of the formation of intermolecular hydrogen bonds
between PVPON and TA in the film. The O−H stretching
band of the hydroxyl groups in TA also shifts from 3400 to
3280 cm−1 (Figure 2B), suggesting again the formation of
strong intermolecular hydrogen bonds.
It is interesting that temperature at which a film is assembled

significantly influences the growth rate of the film. As shown in
Figure 3, linear film growth was observed at all temperatures we
studied; however, the film growth rate was different. Generally,
as temperature increases, film growth rate decreases. For
example, the growth rate at 30 °C is only ∼60% of that at 10
°C. As a result, films fabricated at lower temperatures tend to

be thicker. Assembly temperature also significantly influences
the morphology of the resultant films. As shown in Figure 4,
the film fabricated at 10 °C presents an extremely rough
surface. Most of the film surface is occupied by irregular
features with a size ranging from ∼100 nm to several
micrometers. With increasing assembly temperature, however,
both the number and the size of these features decrease
significantly; therefore, the film surface becomes much
smoother. AFM images of the films also show that the film
fabricated at a lower temperature is rougher (Figure S1 in
Supporting Information). The calculated RMS (Root Mean
Square) surface roughness is 19.2, 8.48, and 6.83 nm for the
films fabricated at 10, 22, and 25 °C, respectively.
The temperature-dependent growth behavior of PVPON/

TA films is very different from the traditional LbL films

Figure 1. UV−vis absorption spectra of PVPON/TA films with
various bilayer numbers (1−12). Inset: Plot of absorbance at 278 nm
against bilayer number.

Figure 2. Carbonyl stretching regime (A) and the hydroxyl stretching
regime (B) of the FTIR spectra of PVPON, TA, and a (PVPON/
TA)100 film.

Figure 3. Growth of PVPON/TA films assembled at different
temperatures as indicated in the figure.
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fabricated using electrostatic interactions as driving forces. For
the latter case, temperature usually does not have a strong,
direct influence on the film growth, as it usually does not
change the strength of electrostatic interactions between the
charged groups.46 In contrast, hydrogen bonding, which is used
as the main driving force here, is highly susceptible to
temperature change. It is well-known that the strength of
hydrogen bonds decreases with increasing temperature.47 For
example, in the interpenetrated network hydrogels composed
of polyacrylamide (PAAm) and polyacrylic acid (PAA),
hydrogen bonds form between the two polymers at lower
temperatures but dissociate at higher temperature, resulting in
an UCST (upper critical solution temperature) behavior of the
hydrogel.48−50 Partial breakage of the hydrogen bonds in
hydrogen-bonded LbL films upon heating was reported
previously.21,51 As for the present case, the hydrogen bonding
between PVPON and TA is relatively strong at a low
temperature, e.g., 10 °C. Therefore, when a PVPON-
terminated surface is immersed in the TA solution, or vice
versa, the PVPON/TA complex forms quickly at the interfaces,
resulting in a rough surface. In addition, the strong interaction
between PVPON and TA prevents the polymer chains from
rearrangement and thus locks the morphology. However, at a
relatively higher temperature, e.g., 25 °C, the hydrogen bonding
between PVPON and TA is weakened; therefore, the PVPON/
TA complex forms at a relatively slow rate. Chain arrangement
in the film is also possible. As a result, the film surface is
relatively smooth. Previously we30 observed that rough LbL
films were obtained from PVPON and PAA because of the
strong hydrogen bonding between the two polymers. However,
smooth films were obtained from PVPON−I (poly(vinyl
pyrrolidone)−iodine complex) and PAA under the same
conditions because the hydrogen bonding is weakened as a
result of partial complexation of PVPON with iodine. The
different film morphologies obtained at different temperatures
further result in different film growth rates. At a low
temperature, the rough film surface provides a larger effective
surface area for the deposition of a next layer. Therefore, the
film grows at a faster rate, as shown in Figure 3.
Release of TA from the LbL Films. As the main

interaction between PVPON and TA in the LbL films is
hydrogen bonding, which is reversible in nature, when soaked
in aqueous solutions, the films disassemble gradually, thus
releasing TA from the films to the media.
To study the effect of pH on TA release, the LbL films were

soaked in phosphate buffers with various pHs, ranging from 5.0
to 8.5. As shown in Figure 5, TA release was observed in all
these media. Previously, pKa of TA in water was determined to
be ∼8.5.41 For TA incorporated in the PVPON/TA films, an
even higher pKa is expected, considering that the phenolic

hydroxyl groups are strongly hydrogen-bonded with PVPON,
as we showed above.52,53 Therefore, at the pHs studied here,
the dissociation degree of TA in the films should be low. In
other words, the hydrogen bonds between TA and PVPON
largely remain intact, especially at relatively lower pHs. The film
disassembly under these conditions should be attributed to the
shift of equilibrium of the following reaction because of the
reversibility of the hydrogen bonding:

+ ⇌PVPON TA PVPON/TA (complex)

It has long been observed that various hydrogen-bonded
films, for example, LbL films from PVPON and PAA,
disintegrate quickly when soaked in aqueous solutions with
high pHs.54 In these cases, most of the carboxylic acid groups
dissociate quickly, resulting in the breakage of the hydrogen
bonds and thus a quick disintegration of the film. Particularly
quick disintegration of PVPON/TA films has also been
observed when the films are soaked in solutions with pH >
9,41which is also achieved by the direct disruption of the
hydrogen bonds as a result of the dissociation of the phenolic
hydroxyl groups at high pHs. In these cases, one can only
achieve a burst release of the film materials.
In contrast, the film disassembly via the shift of the

equilibrium of the reversible formation and breakage of
hydrogen bonds, as we show here, results in a slow and
sustained release of TA. In addition, the release process can be
finely controlled by external conditions. From Figure 5, one can
see that TA release becomes faster with increasing pH. At low
pHs such as 5.0 and 6.0, TA release is very slow. After a 148 h
immersion, only ∼9% of TA is released. In contrast, in pH 8.5
buffer, about 90% of TA is released within 8 h. Long-term
release profiles of TA at pHs 5.0, 6.0, and 7.5 were shown in
Figure S2 (Supporting Information). At pH 7.5, all TA is
released into the media in 1 month. At pH 5.0 and 6.0, only

Figure 4. SEM images of the (PVPON/TA)60 films fabricated at 10 (A), 22 (B), and 25 °C (C), respectively.

Figure 5. Release of TA from (PVPON/TA)60 films in 20 mM
phosphate buffers of various pHs. T = 37 °C.
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41% and 54% of TA is released during a 2-month immersion.
The faster TA release at higher pHs should be attributed to the
increased dissociation degree of TA. Partial dissociation of the
phenolic hydroxyl groups weakens the hydrogen bonding
between TA and PVPON and hence increases the rate of film
disassembly. In addition, the electrostatic repulsion among the
charged TA molecules also accelerates the film disassembly.
The increased solubility of TA molecules after dissociation may
also contribute to the faster TA release.
To study the effect of ionic strength, PVPON/TA films were

soaked in 20 mM pH 7.5 phosphate buffers containing various
amounts of NaCl. The release profiles were shown in Figure 6.

One can see that compared with the release rate in the NaCl-
free media the change in the release rate is negligible when
[NaCl] is 50 or 150 mM. As shown in Figure 5, the release rate
of TA at pH 7.5 is larger than that at pHs 5.0 and 6.0, indicating
a small amount of TA is dissociated at this pH. The added
NaCl may screen the electrostatic repulsions among the
charged TA molecules, resulting in a reduced TA release. In
addition, the solubility of both TA and PVPON should
decrease with increasing ionic strength, which will also delay
the release of TA. However, the added NaCl may also enhance
the dissociation of the phenolic hydroxyl groups in TA, leading
to the breakage of more hydrogen bonds and therefore a faster
TA release. The combined result is that the added NaCl does
not change the release rate of TA at these NaCl concentrations.
However, further increasing [NaCl] to 450 mM results in a
significantly depressed TA release, suggesting the prevailing
effect of salt in this case is to delay the release of TA.
The effect of temperature on the release of TA was shown in

Figure 7. Here the LbL films were immersed in 20 mM pH 7.5
phosphate buffer at various temperatures. One can see that the
release rate of TA increases dramatically as temperature
increases from 25 to 45 °C. At 25 °C, only ∼10% of TA is
released after 150 h immersion. The amount increases to 31%
at 37 °C and even ∼100% at 45 °C. The accelerated release of
TA should be attributed to the increased dissociation of the
hydrogen bonds at high temperature. As mentioned above,
heat-induced partial breakage of the hydrogen bonds in the
hydrogen-bonded LbL films, for example, the LbL films from
PVPON and m-methylphenol-formaldehyde resin or PAA, has
been confirmed by IR spectra.21,51 Similarly, the hydrogen
bonding between PVPON and TA should also weaken as
temperature increases; therefore, the films disassemble and
release TA at a faster rate.

Changes in Film Morphology. The morphology changes
of the film during TA release were studied. At predetermined
intervals, the films were withdrawn from the release media and
examined with SEM and AFM. A general trend is that the
amount of the particle-like features reduces gradually, and the
film surface becomes smoother. This observation may partially
explain the gradual decrease of the release rate of TA. As the
film surface becomes smoother, the effective surface area
decreases accordingly; therefore, the release rate of TA
decreases.
Special attention was paid to the sudden increased release

rate in certain cases, i.e., the releases in pH 8.0 buffer at 37 °C
as shown in Figure 5 and in pH 7.5 buffer at 45 °C as shown in
Figure 7. These experiments were repeated several times, and
the sudden accelerated release was observed at almost the same
release time. Figure 8 shows the morphology of a film
immersed in pH 8.0 buffer at 37 °C as observed by SEM. One
can see that the film first becomes smoother with time and even
featureless after 32 h immersion. Similar results were obtained
when studied by AFM (Figure S3 in Supporting Information).
The calculated RMS roughness of the film decreases from 8.32
nm to only 0.42 nm after a 32 h immersion. A possible
explanation is that the erosion rate is faster for the protruded
features because of their larger effective surface areas, and
therefore these features become less prominent and finally
almost disappear. From then on, the film becomes rougher
again when examined after a 40 h immersion. We believe the
increased roughness is a result of the dewetting of the film. It is
well-known that thin polymer films are unstable or metastable.
Under proper conditions, dewetting or the relaxation of the
system towards thermodynamical equilibrium can occur,
especially when the film is thinner than a critical thickness.55,56

Film dewetting usually results in small holes, which were clearly
observed from the film with an even longer immersion (Figure
8I). Most holes are round in shape with a size of ∼100 nm. It is
noteworthy that the dewetting of some LbL films has
previously been reported.31,57−61 From the results shown in
Figures 5 and 8, the onset of the film dewetting and the sudden
accelerated TA release occurs at almost the same time. These
observations suggest that with the gradual erosion of the film
the film thickness reduces to a critical value, and the dewetting
of the film starts. Film dewetting results in a rougher surface,
providing a much larger effective surface area, and therefore the
TA release rate increases sharply.

Antioxidant Acitivity of the Released TA. A major
biological activity of polyphenols, including TA, is their
antioxidant activity, which is believed to be the main reason

Figure 6. Release of TA from (PVPON/TA)60 films in 20 mM pH 7.5
phosphate buffers containing various concentrations of NaCl. T = 37
°C.

Figure 7. Release of TA from (PVPON/TA)60 films in 20 mM pH 7.5
phosphate buffer at various temperatures.
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for the protective effects of polyphenols.62 Some cancers are
related to oxygen-centered free radicals and other reactive
oxygen species, which, if overproduced, cause oxidative damage
to DNA, proteins, and other important biomolecules.
Polyphenols can scavenge these species effectively and thus
provide protection to the body. Previously, the radical cation
ABTS•+ was used for the determination of the antioxidant
activity of various materials.44 This radical cation is stable and
blue/green in color. It can be easily generated by the oxidation
of ABTS with potassium persulfate. Reaction of an antioxidant
with the radical cation results in the decolorization of the
solution, from which the antioxidant activity can be determined.
Here we also used this method to show the antioxidant activity
of TA released from the LbL film.
For this purpose, the ABTS•+ radical cation was first

generated using the literature method.44 The UV−vis spectra
of the resultant solution present characteristic peaks of the
radical cation at 415, 645, 734, and 815 nm, respectively (data

not shown). The radical cation was then immobilized onto
macroporous adsorption resin. With the adsorption of the
ABTS•+ radical cation, the originally white resin particles
turned blue. The resin particles were then soaked in phosphate
buffer together with a PVPON/TA film. pH 8.5 buffer was used
because TA release is relatively fast at this pH. As shown in
Figure 9, the particles were decolorized gradually from top to
bottom. As a control, the color change of the ABTS•+-loaded
resin particles in the absence of PVPON/TA film was also
studied. In this case, only a slight change in color was observed.
These results indicate that the released TA can still react with
the ABTS•+ radical cation and decolorize it, suggesting it
remains active as an antioxidant to scavenge free radicals.

■ CONCLUSIONS

In conclusion, we achieved the sustained release of TA, a model
polyphenolic drug, from hydrogen-bonded PVPON/TA films.
Different from the mechanisms used before, we exploited the

Figure 8. SEM images of a (PVPON/TA)60 film after being soaked in 20 mM pH 8.0 phosphate buffer for 0, 3, 8, 18, 32, 40, 48, 54, and 80 h. T = 37
°C.

Figure 9. Decolorization of ABTS•+-loaded macroporous adsorption resin in the presence (right) or absence (left) of (PVPON/TA)150 film. The
media is 20 mM pH 8.5 phosphate buffer. T = 27 °C.
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reversible/dynamic nature of the hydrogen-bonded films for
sustained drug delivery. TA is released to the media as a result
of the gradual disassembly of the film in aqueous solutions. The
released TA retains its ability to scavenge harmful radicals,
which can cause cancer and other diseases. Besides
polyphenolic drugs, other drugs, if conjugated with a
polyphenolic compound, can also be released using the newly
developed strategy.
As a new drug delivery vehicle, hydrogen-bonded LbL film

provides a lot of advantages. The drug-loaded films can be
coated to various medical devices with different shape and size.
The amount of drug loaded in the film can be facilely
controlled by the bilayer number of the films. In addition, the
drug release rate can be tuned by both temperature and pH
because hydrogen bonding is highly sensitive to these external
stimuli.
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