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We explore responsive properties of hollow multilayer shells of tannic acid assembled with a range of

neutral polymers, poly(N-vinylpyrrolidone) (PVPON), poly(N-vinylcaprolactam) (PVCL) or

poly(N-isopropylacrylamide) (PNIPAM). We found that properties of the nanoscale shells fabricated

through hydrogen-bonded layer-by-layer (LbL) assembly can be tuned changing the interaction

strength of a neutral polymer with tannic acid, and by a change in counterpart hydrophobicity. Unlike

most hydrogen-bonded LbL films with two polymer components, the produced tannic acid-based

multilayer shells are extremely stable in the wide pH range from 2 to 10. We demonstrate that gold

nanoparticles can be grown within tannic acid-containing shell walls under mild environmental

conditions paving the way for further modification of the capsule walls through thiol-based surface

chemistry. Moreover, these shells show reversible pH-triggered changes in surface charge and

permeability towards FITC-labeled polysaccharide molecules. The permeability of these LbL

containers can be controlled by changing pH providing an opportunity for loading and release of

a functional cargo under mild conditions.
Introduction

Applications in therapeutic delivery, catalysis, sensing, and

biochemical reactions require a design of responsive functional

materials capable of changing their properties in a controlled

way under external stimuli.1–5 Integration of responsive mole-

cules which possess many functions offers control over response

and structure of the functional hollow shells or solid core-shell

structures. Among various ways, layer-by-layer assembly (LbL)

is one of the prominent methods to build ultrathin polymer

micro- and nanoshells with nanometre-level control over

composition, thickness, and tunable chemical functionality

which has been recently introduced.6–9 In this method multiple

layers are formed on various cores through a stepwise template

adsorption of proper species—biological molecules, polymers,

organic molecules, and nanoparticles—able to interact via elec-

trostatic interactions, hydrogen-bonding or produce covalent

bonds during assembly.

Hollow microcapsules can be produced by the LbL assembly

onto colloid cores with charged polyelectrolytes and/or charged

inorganic nanoparticles followed by subsequent decomposition

of cores.10–12 Properties of polyelectrolyte multilayer LbL

microcapsules can be well controlled by changing various

parameters, including pH, ionic strength, salt concentration,

temperature, light, and magnetic field.13–16 The micromechanical

properties of bare or functionalized with microparticles LbL

microcapsules were shown to be varied in a wide range via

selection of polymers and fabrication conditions.17–22 Moreover,

Caruso et al. and Skirtach et al. reported the light-responsive

permeability of microcapsules with gold nanoparticles
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encapsulated into microcapsule walls.23,24 Spasova et al. reported

magnetically and optically tunable LbL microcapsules.25 Lvov

and co-workers exploited magnetic field to modulate the

permeability of polyelectrolyte microcapsules with gold-coated

cobalt nanoparticles embedded inside the capsule walls.26

Several types of pH-responsive LbL systems were also intro-

duced over a past decade. Poly(styrene sulfonate)/poly(allyl-

amine hydrochloride) (PSS/PAH) capsules were shown to exhibit

pH-controlled pore formation and healing.27 The response

mechanism of LbL assemblies was analyzed by Rubner and

co-workers who attributed the dramatic variation of the swelling

degree (up to 400%) to changes in the degree of ionization of

weak polyelectrolytes (i.e., PAH). A sharp swelling–deswelling

transition detected for the LbL films at pH > 8.5 manifested itself

in reversible and repeatable pH-controlled variations of swelling

percentage, the surface roughness, and the refractive index.

However, PSS/PAH shells exhibit pH-sensitive properties, i.e.,

swelling, only if originally deposited under very harsh acidic or

basic conditions usually incompatible with relevant ambient

conditions. For instance, at extreme basic conditions, pH 9.5,

PAH is partially uncharged (pKb is 9.5–10) and therefore forms

loops when interacted with PSS which can be later protonated or

deprotonated in response to external pH change.28,29 On

the other hand, electrostatically LbL assembled pH-sensitive

poly(methacrylic acid)/PAH (PMAA/PAH) microcapsules show

a reversible size change under the extreme acidic conditions at

pH 2.8.30

Hydrogen-bonded LbL materials present new opportunities

for LbL-fabricated shells, which, otherwise, could be more

difficult to realize. Most of hydrogen-bonded systems studied to

date have been demonstrated to be unstable and dissolve under

physiological conditions thus facilitating degradability but

compromising mid-term stability.31,32 Their properties offer

fabrication of nano- and micro-containers responsive in
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Chemical structures of tannic acid (a) used in the hydrogen-

bonded LbL assembly with poly(N-vinylpyrrolidone) (b), poly(N-vinyl-

caprolactam) (c), and poly(N-isopropylacrylamide) (d).
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biologically and physiologically relevant pH range under mild

environmental conditions. Thus, the hydrogen-bonded LbL

assembly of films and shells in water allows incorporating

uncharged biocompatible functional polymers within the LbL

film such as poly(ethylene oxide) (PEO), known to be resistant to

protein and lipid adsorption, which is crucial for use in

biomedical applications. Another example of non-toxic and

biocompatible material is poly(N-vinylpyrrolidone) (PVPON),

which has been demonstrated to be a key component for

numerous designs and can facilitate conversion of hydrogen-

bonded LbL films into single- or two-component ultrathin

hydrogel materials with responsive, low-fouling or/and biode-

gradable properties.33–37

Along with pH-/salt-responsive properties, hydrogen-bonded

hollow capsules of poly(N-vinylcaprolactam) (PVCL) and

poly(N-isopropylacrylamide) (PNIPAM) have shown much

promise for temperature-responsive drug delivery under physi-

ological conditions.38 For example, an uncharged PVCL

component with lower critical solution temperature (LCST) of

36 �C can be assembled with PMAA and resultant LbL multi-

layers exhibit distinct temperature-responsive changes in dye

permeability. Dye-release properties of hydrogen-bonded

multilayer assemblies of temperature responsive PNIPAM and

poly(acrylic acid) (PNIPAM/PAA) at various temperatures have

been explored earlier by Caruso and co-workers.39,40

The dissolution pH is highly dependent on the particular

polymer counterpart selection used for LbL assembly, reflecting

the strength of binding of a particular polymer pair.41 The pH-

triggered mechanism of hydrogen-bonded capsule dissolution yet

can be utilized for a fast release of container contents. However,

some potential biomedical or bio-sensing applications of

hydrogen-bonded LbL materials require their stability over

a broad pH range and transformation under mild conditions

which have been rarely demonstrated.

Interest to tannic acid (TA) as a molecule with the ability to

multiple hydrogen bonding due to the presence of numerous

terminal hydroxyl groups has been spiked relatively recently due

to its high biological activity including antioxidant, antimicro-

bial, anticarcinogenic, antimutagenic and antibacterial

properties.42–44 The anticarcinogenic and antimutagenic poten-

tials of polyphenols are related to their antioxidative property in

protecting cellular components from oxidative damage. It is due

to unique functional structure of tannic acid, which possesses

maximum number of hydroxyl groups compared to other

derivatives of tannins, the antioxidant properties of TA are

revealed.45 As reported, polyphenols possess high ability to

reduce free-radicals and inhibit radical-induced oxidation of

adjacent molecules.46–48

It is important to note that tannic acid is not a true acid

molecule because it does not contain the carboxyl groups

(–COOH) which are present in all organic acids. Instead, it is

defined as a polyphenol, a compound with many phenol

(C6H5OH) groups. TA molecule consists of three digallic acid

units directing to one side of the glucose core and two other

digallic acid units to the opposite side (Fig. 1).49 The phenolic

content of TA is expressed by the number of galloyl groups

attached to the glucose molecule. A large number of carbonyl

and phenolic functional groups are responsible for different types

of bonding with various molecules which includes a combination
This journal is ª The Royal Society of Chemistry 2010
of hydrogen bonding, hydrophobic interactions, electrostatic

interaction, and covalent bonding associated with oxidation.50

Binding tannic acid with various bio-molecules has been shown

to be pH- and temperature dependent.51,52 The affinities are

weaken only at high temperatures but remain unaffected by pH

variations between 3.8 and 6.0.

Previous work has been focused on LbL-constructed multi-

layers on the basis of tannic acid combined with typical synthetic

polyelectrolytes such as PAH, poly(diallyldimethylammonium

chloride) (PDDA), 90% quaternized poly(N-vinylpyridine) (Q90)

and naturally derived polyelectrolyte chitosan.53,54 Polyphenols

ionically assembled with polyelectrolytes retained their ability to

scavenge free radicals.48 The results of the previous works sug-

gested that polyphenol multilayers organized as protective

coatings on the surface of biodevices or compacted drugs can

inhibit or diminish free-radical damage of encapsulated

compound. Shutava et al. has reported that multilayer capsules

of polyphenols assembled with amine-based polyelectrolytes

(PAH and PDDA) demonstrated selective pH permeability.53

Minimal permeability of polysaccharides was observed between

pH 5 and 7, with a maximum in permeability achieved at either

low or high pH.53 Different threshold permeability was observed

in LbL microcapsules composed of TA and chitosan, which was

shifted to lower pH 3 and pH 5 as compared to conventional

PAH/PSS capsules.55 Similarly, the authors also demonstrated

the effect of molecular weight of encapsulated substances on

permeability of (TA/chitosan)4 microcapsules with bovine serum

albumin loaded in and released from the capsules by a pH-trig-

gered manipulation of the TA/chitosan capsules.

Despite the promising new properties of LbL assemblies of

tannic acid, a little is known about the hydrogen-bonded

assembly of tannic acid with non-ionic polymers. Several neutral

polymers, such as PVPON, PEO, PVCL, PNIPAM have been

investigated as potential pH-stable materials for sustain release

formulations.56,57 It has been demonstrated that critical dissolu-

tion pH for decomposition of the polymeric films can be drasti-

cally higher when tannic acid assembled with the neutral

polymers instead of highly charged polymers. The nature of
Soft Matter, 2010, 6, 3596–3608 | 3597
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Fig. 2 General schematics of the LbL (TA/non-ionic polymer) capsules

formation based on hydrogen-bonding. Silica microparticles (1) are used

as sacrificial templates. Hydrogen-bonded (TA/non-ionic polymer)

coatings can be formed either through deposition on PEI-treated silica

particles (1A) starting from TA or through direct deposition of the (non-

ionic polymer/TA) multilayer starting from a neutral polymer (1B).

When a desired number of the bilayers is achieved (2), silica cores are

etched out leaving behind hollow capsules (3).
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neutral polymer is important for tuning the dissolution pH of

tannic acid multilayers from neutral to basic conditions.

In contrast to previous published studies, we explored tannic

acid based hydrogen-bonded systems from another perspective

focusing on properties of the free-standing TA-based micro-

capsules. We investigated how changes in the nature and

molecular weight of the neutral polymer, the strength of its

interaction with tannic acid and a change in counterpart

hydrophobicity affect the surface properties of the produced

TA/PVPON, TA/PVCL, TA/PNIPAM LbL shells and, conse-

quently, the responsive properties of the (TA/neutral polymer)

microcapsules. The novel twist of our work is pH-triggered

permeability of the stable free-standing TA-based systems which

can be simply tuned by the change in the intermolecular inter-

actions. Finally, another novel finding of this work is the capa-

bility of TA-based shells for in situ gold nanoparticle synthesis

within the shells due to the presence of tannic acid. In contrast to

our previous work on hydrogel capsules, the TA-based capsules

do not require additional cross-linking to achieve necessary

stability and functionalities (e.g. amino groups) for gold reduc-

tion. Thus, we explore the redox-active properties of TA mole-

cules in bound state to chelate and reduce metal ions facilitating

in situ synthesis of gold nanoparticles inside the shells.

In seeking answers to these questions, atomic force microscopy

(AFM), scanning electron microscopy (SEM), confocal laser

scanning microscopy (CLSM), zeta-potential measurements, and

in situ attenuated total reflection Fourier-transform infrared

spectroscopy (ATR-FTIR) were utilized to elucidate the topog-

raphy characteristics and responsive properties of the novel

TA-based hydrogen-bonded LbL shells. We believe that the

obtained information is essential for understanding the mecha-

nism of hydrogen-bonded interactions in the thin films. Despite

the fundamental interest, the optimization of capsule composi-

tion by varying polymer molecular weight and chemistry is

a crucial parameter for the capsule performance as responsive

microcontainers with desired physical properties. Besides, the

capability of the capsules to reduce gold opens a new avenue to

fabricate environmentally-neutral responsive hybrid materials at

ambient environmental conditions.
Fig. 3 The CLSM image of PEI-(TA/PVPON)3 capsules in aqueous

solution (a) and the SEM image of dried hollow PEI-(TA/PVCL)4

capsules collapsed on silicon wafer.
Results and discussion

Surface properties of (TA/polymer) capsules

At initial stage, we varied molecular weight and nature of

a neutral polymer to check if this can affect surface properties of

the shells. Fig. 1 shows chemical structures of TA and neutral

polymers, i.e., PVPON, PVCL and PNIPAM which are exploi-

ted in this study.

Fig. 2 depicts overall principles of the microcapsule design

exploited in this work. The shell fabrication was applied to silica

spherical templates. Two routes of the multilayer formation were

explored in our study. The silica surfaces can be pre-coated with

poly(ethyleneimine) (PEI) layer to ensure good adhesion of the

following (TA/polymer) LbL multilayer to the particle surfaces.

In the other route, we employed the direct formation of the

(polymer/TA) LbL multilayers on silica surfaces through

hydrogen-bonding interactions of PVPON, PVCL or PNIPAM

components with the hydroxyl-terminated silica surface.58
3598 | Soft Matter, 2010, 6, 3596–3608
We were able to successfully fabricate TA-based LbL hollow

capsules at pH ¼ 5 (0.01 M) with all non-ionic polymers used in

this work. Fig. 3a demonstrates that robust and well-separated

TA/PVPON hollow capsules with no sign of capsule aggregation

can be produced after completely etching out silica cores. After

being placed on a silicon wafer, the capsules have been collapsed

upon drying with many random folds caused by local instabilities

and wrinkling due to capillary forces acting on the microcapsules

(Fig. 3b).59
This journal is ª The Royal Society of Chemistry 2010
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The surface morphology of the obtained capsules was then

analyzed with AFM (Fig. 4). The AFM analysis of the dried

hollow TA/PVPON capsules shown in Fig. 4 revealed a grainy

surface morphology of the folded shells in all three studied

TA/PVPON systems. The microroughness of 5.6� 0.3 nm, 5.2�
0.3 nm and 5.4 � 0.2 nm was measured for different capsules

when the molecular weight of PVPON was 55 000 Da, 360 000

Da and 1 300 000 Da, respectively (here and below measured at

1 � 1 mm2 areas). These values are higher than common values

for ionic-based LbL films (usually below 1 nm) and reflect local

aggregation of the polymer components.60,61 In fact, hydrogen-

bonded multilayers are usually reported to have higher
Fig. 4 AFM topography (left) and phase images (right) of PEI-(TA/

PVPON)4 capsules prepared from PVPON with Mw ¼ 55 000 (a),

Mw ¼ 360 000 (b), and Mw ¼ 1 300 000 (c). Z-scale is 100 nm for

topography images. Section analysis of the PEI-(TA/PVPON-1300)4

capsule is shown in (d).

Fig. 5 AFM topography (left) and phase (right) images of the PEI-(TA/

PVPON)4 capsules prepared from PVPON with Mw ¼ 55 000 (a),

Mw ¼ 360 000 (b), and Mw ¼ 1 300 000 (c). Z-scale is 80 nm for all

topography images.

This journal is ª The Royal Society of Chemistry 2010
microroughness of several nanometres with the values dependent

on fabrication conditions.62 AFM images obtained with the

higher magnification demonstrate the presence of larger

TA/PVPON domains of aggregated polymer layers (close to

100 nm) regardless of the molecular weight of PVPON compo-

nent (Fig. 5).

We explored the effect of molecular weight of a neutral

polymer, i.e., PVPON or PVCL, on the properties of the

(TA/non-ionic polymer) multilayers assembled at pH ¼ 5.

Interestingly, the change in the molecular weight from 55 000 Da

to 1 300 000 Da resulted in a doubled bilayer thickness of a single

TA/PVPON wall and increased from 1.0 � 0.1 nm to 2.2 �
0.2 nm, respectively (Table 1). AFM analysis of the domains

revealed a slight increase in the domain height in the case of

higher molecular weight of PVPON from 5 � 2 nm for the

(TA/PVPON-55)4 to 8 � 2 nm for the (TA/PVPON-360)4 and to

8 � 2 nm for the (TA/PVPON-1300). These results reflect the

increase in the overall thickness for TA/PVPON systems, prob-

ably due to an increased amount of binding sites for longer

PVPON chains.

Similar trend was observed for the TA/PVCL LbL system: the

average bilayer thickness increased from 3.5 � 0.2 nm to 4.2 �
0.1 nm with the increased molecular weight of PVCL from
Soft Matter, 2010, 6, 3596–3608 | 3599
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Table 1 Average thicknesses of a bilayer for (TA/non-ionic polymer)
LbL multilayers built on surfaces of either silica microparticles or on
silicon wafers

LbL multilayersa

Average bilayer thickness, nm

Capsules Films

TA/PVPON-55 1.0 � 0.1 1.2 � 0.1
TA/PVPON-360 1.5 � 0.2 2.3 � 0.2
TA/PVPON-1300 2.2 � 0.2 3.5 � 0.4
TA/PVCL-2 3.5 � 0.2 n/a
TA/PVCL-70 4.2 � 0.1
TA/PNIPAM-20 5.7 � 0.3 n/a

a In all systems, a pre-layer of PEI was first adsorbed on the surface.

Fig. 6 AFM topography images of PEI-(TA/PVCL-70)4 (a), (PVCL-70/

TA)4 (b), PEI-(TA/PVCL-2)4 (c), and (PVCL-2/TA)4 (d). Z-scale is 100

nm for all images.
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2000 Da to 70 000 Da. It is worth noting that (TA/polymer)

systems assembled on silica particles resulted in systematically

thinner films compared to those deposited on planar silicon

wafers. For instance, TA/PVPON planar LbL films assembled

from PVPON with Mw¼ 55 000 Da and with Mw¼ 1 300 000 Da

led to an increased bilayer thickness. The respective bilayer

thickness values are 1.0 � 0.1 nm and 2.2 � 0.2 nm for the shells

fabricated on silica cores which are lower than that for the planar

films (Table 1). The observed lowering in the average bilayer

thickness for hydrogen-bonded films adsorbed on particulate

substrates compared to that on planar ones was reported earlier

and was attributed to the difference in the deposition conditions

for two methods.63,64 Moreover, direct deposition of (TA/polymer)

films onto the silicon substrate without using a PEI precursor

layer, always resulted in slightly thicker (from 20% to 40%) films

because of the absence of the ionization of TA molecules. As

known, in contrast, TA molecules are partially charged due to

the presence of charged PEI.65

We observed similar but less pronounced effect of the molec-

ular weight of PVCL on surface morphology of the TA/PVCL

capsules (Fig. 6). The PEI-(TA/PVCL)4 capsules composed

either from PVCL with Mw ¼ 2000 Da or with Mw ¼ 70 000 Da

exhibited slightly smoother surface morphology with the

microroughness of 3.9 � 0.3 nm and 4.1 � 0.2 nm, respectively

(Fig. 6a and 6c). The PEI pre-layer used to enhance the

hydrogen-bonded multilayer adhesion to the substrate surface

had a negligible effect on the surface properties of the TA/PVCL

shells. Both PEI-(TA/PVCL-70) and (TA/PVCL-70) multilayers

exhibited similarly smooth surface morphology regardless of the

present PEI pre-layer, showing the microroughness of 4.1 �
0.2 nm and 4.2 � 0.2 nm, respectively. The virtually identical

microroughness of 3.9 � 0.3 nm and 4.0 � 0.2 nm was obtained

for PEI-(TA/PVCL-2) and (TA/PVCL-2) multilayers.

The drastic difference was found in the surface topography of

the capsules, when the hydrophobicity of the non-ionic coun-

terpart was changed (Fig. 7). A less grainy surface morphology

was achieved when PNIPAM or PVCL was used instead of

PVPON with the microroughness slightly decreasing from 5.6 �
0.3 nm for the (TA/PVPON-55)4 to 5.0 � 0.2 nm for (TA/PNI-

PAM-20)4 and to 4.1 � 0.2 nm for (TA/PVCL-70)4 capsules.

These results can be explained by increased strength of interac-

tion between TA and a polymer within the (TA/polymer) LbL

multilayers which led to observed smoothening of the TA-con-

taining LbL films. The increase in hydrophobicity of the neutral
3600 | Soft Matter, 2010, 6, 3596–3608
polymer for previously reported poly(carboxylic acid)/neutral

polymer hydrogen-bonded systems resulted in higher pH-

stability when poly(methacrylic acid)/PVCL (PMAA/PVCL) was

used instead of PMAA/PNIPAM pair.41

pH-Triggered control over properties of TA/PVPON shells

We pursued the fabrication of TA-based hydrogen-bonded

capsules at a slightly acidic pH ¼ 5 to design shells with pH

responsive properties stable under biologically relevant condi-

tions. It is worth mentioning that in the case of planar films it is

important to ensure the pH-stability of the pre-layers used to

enhance the initial adsorption. In some cases, weakened inter-

actions of the enhancing pre-layer and the substrate can result in

the detachment of the multilayer from the substrate leading to

wrong conclusions about the multilayer pH-stability.

The pH-stability of planar films of the TA/PVPON or

TA/PVCL composed from polymers of similar molecular weights

at lower pH, i.e., pH ¼ 2, had been reported to have the critical

dissolution pH of�9 and�9.5, respectively.56 To verify if there is

any effect of the polycation pre-layer on the pH-stability of the

(TA/polymer) LbL hydrogen-bonded systems, we carried out

capsule fabrication with or without a PEI precursor layer.

Firstly, the deposition of TA/PVPON multilayers was per-

formed at pH ¼ 5 onto silica particles pre-coated with PEI

(Fig. 2, route A). Typically, 1.2 � 0.8 nm of PEI was adsorbed

under these conditions. The strong interaction of the first TA

layer with PEI is facilitated via ionic pairing of positively charged

PEI (pKa ¼ 9.5 for primary amines, pKa ¼ 7 for secondary

amines)66 with slightly negatively charged phenolic groups of TA.

Although the estimated pKa values for phenolic groups is

reported to be in the pH region from 5 to 8.5, the increased

ionization of TA phenol groups was also reported in the vicinity

of positively charged polyelectrolyte chains.67,68
This journal is ª The Royal Society of Chemistry 2010
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Fig. 7 AFM topography images of PEI-(TA/PVPON-55)4 (a), PEI-(TA/

PNIPAM-20)4 (b), and PEI-(TA/PVCL-70)4 (c). Z-scale is 100 nm for all

images.

Fig. 8 Evolution of zeta-potential during deposition of PEI-(TA/

PVPON)3 multilayer on surfaces of silica particles in aqueous solution at

pH ¼ 5.
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Fig. 8 demonstrates the evolution of the surface charges of

capsules during LbL formation of PEI-(TA/PVPON-55)3 on

silica particles. After PEI deposition, the zeta-potential of the

capsules switches from �56 � 2 mV for silica surface due to

ionized silanol groups (pK0 and pKa of surface silanol groups are

2–3 and 9.1–9.4, respectively69) to +40 � 4 mV due to adsorbed

positively charged polycation chains. Such surface charge

reversal is typically observed in electrostatic LbL assembly of
This journal is ª The Royal Society of Chemistry 2010
oppositely charged polymers at surfaces.70 However, in contrast

to the regular LbL assembly of conventional polyelectrolytes, the

LbL formation of the following hydrogen-bonded TA/PVPON is

characterized by the overall negative zeta-potential throughout

the entire multilayer formation due to the ionized phenolic

groups of TA molecules.

During the deposition steps of PVPON component, the

decrease in the negative value of the zeta-potential was observed

to be �6 mV. Similar oscillations of the zeta-potential within

negative values were reported for hydrogen-bonded multilayers

of poly(carboxylic acid)s65,64 and were explained by the shifting

of the effective slip plane, at which electrophoretic mobility and

the zeta-potential is measured, away from the surface. Such

a shift occurs due to immobilization of water associated with the

polymer loops when uncharged polymer adsorbs onto a charged

surface.71 On the other hand, the absence of the charge reversal

along with the presence of negative surface charge throughout

the entire deposition allows a good stability of the particle

suspension and prevents it from severe aggregation. The charge-

mediated stability of the polymer-coated particles is crucial for

the fabrication of well-separated capsules (Fig. 3a).

In the second route, direct deposition of the PVPON/TA LbL

multilayers onto silica surfaces without a PEI-treatment was

performed at pH ¼ 2 (Fig. 2, route B). In this case, PVPON was

adsorbed first because of hydrogen bonds formed between

protonated silanols of the silica surface and carbonyl groups on

PVPON chains.72,73 When hollow PEI-(TA/PVPON)3 or

(PVPON/TA)3 capsules were transferred from pH ¼ 5 to

pH¼ 10, no capsule dissolution was observed (Fig. 9). There was

also no distinctive change in the capsule diameter. For instance,

PEI-(TA/PVPON)3 capsules exhibited the diameter of 2.8 �
0.2 mm at pH ¼5 and 2.9 � 0.2 mm at pH ¼ 10 (Fig. 8a, 8b). The

hydrogen-bonded capsule shells did not show pH-dependent

swelling typical for the polyelectrolyte capsules under conditions

when charge balance within a shell is disturbed. In such a case,

the excess of either charge is introduced within the shell under

extreme pH close to pKa values of the polyelectrolytes.29 The

observed phenomenon can be explained by the fact that TA is

a small and relatively rigid molecule with permanent molecular
Soft Matter, 2010, 6, 3596–3608 | 3601
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Fig. 9 Confocal images of (TA-PVPON-55)4 capsules at pH 5 (a) and

pH 10 (b) and PEI-(TA-PVPON-55)4 at pH 5 (c) and pH 10 (d). Scale bar

is 5 mm for all images.
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dimensions unable to swell upon the pH changes unlike flexible

and long-chain synthetic poly(carboxylic acid)s.74,75

Such high pH-stability seems surprising especially if we

consider the pKa of TA is in the range from pH¼ 5 to pH¼ 8.5.67

Quick disassembly of the hydrogen-bonded PMAA/PVPON or

PAA/PVPON usually occurs when such multilayers are brought

to pH close to a pKa value of the ionizable counterpart.31 On the

other hand, increased association strength of hydrogen-bonded

components due to cooperative hydrophobic interactions was

observed for higher molecular weights of a polymer component.

This effect resulted in overall increase of the film pH-stability and

a shift of a critical dissolution pH to higher pH values.41

The emerging negative charges in response to pH increase were

observed for PEI-(TA/PVPON)3 capsules composed from

PVPON with Mw ¼ 55 000 Da. Fig. 10 shows that indeed the

magnitude of the negative surface charge of the PEI-(TA/

PVPON) capsules increased after their exposure to the basic pH

and became�55� 2 mV at pH¼ 9 versus�36� 2 mV at pH¼ 6

reflecting the appearance of ionized phenolic groups within the
Fig. 10 Variations of z-potential values of the hollow PEI-(TA/

PVPON)3 capsules made of PVPON with Mw ¼ 55 000 Da, 360 000 Da,

and 1 300 000 Da and exposed to aqueous solutions at pH 6 or pH 9.

3602 | Soft Matter, 2010, 6, 3596–3608
capsule shells. However, it is evident that the magnitude of such

increase is lower when PVPON with higher molecular weight was

used for the capsule shell fabrication. This difference is probably

reflective of better negative charge screening by longer PVPON

chains and consistent with the thicker TA/PVPON-1300 shells

with the same number of deposited layers (Table 1). The better

charge screening, in turn, can be due to a suppressed ionization

because of a larger number of binding sites in the case of longer

PVPON chains.41

To understand if any compositional changes occur within the

shell upon the pH change from pH ¼ 5 to pH ¼ 9, in situ ATR-

FTIR experiments were additionally performed. For these

measurements, the PEI-(TA/PVPON)5 LbL films were built on

a silicon crystal in a flow-through cell, and their pH-triggered

changes were monitored in real-time (Fig. 11). The important

feature of the ATR-FTIR technique is its ability to monitor

individual components of the layered films with very few layers

and track compositional changes by following the characteristic

functional groups.

Fig. 11a demonstrates that the FTIR spectrum of the LbL film

at pH¼ 5 is similar to that at pH¼ 9 with four major absorbance

bands which are easily resolved. The O–H stretching frequencies

for the phenolic groups are located in the 3180–3400 cm�1

region.76 An adsorption band at 1718 cm�1 is associated with

C]O stretching vibration of the ester groups in TA molecule
Fig. 11 ATR-FTIR spectra of PEI-(TA/PVPON-55)5 films deposited on

silicon crystal from 0.01M phosphate buffer solutions at pH 5 and

exposed to pH 9 (a) with the peak deconvolution for the film deposited at

pH ¼ 5 (b).

This journal is ª The Royal Society of Chemistry 2010

http://dx.doi.org/10.1039/b927369g


Table 2 Permeability of PEI-(TA/PVPON-55)4, PEI-(TA/PVPON-
360)4, PEI-(TA/PVPON-1300)4 capsules to FITC-labeled dextrans with
different molecular weights and at pH 6 and 9
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and a strong adsorption band at 1654 cm�1 originates from

stretching vibrations of carbonyl groups of the pyrrolidone ring77

overlapped with the stretching vibrations from TA aromatic

rings (Fig. 11b, see peaks 2 and 3).56 Another absorption peak of

aromatic ring stretch vibrations appears at �1602 cm�1.56

In our experiments, the peak at 1718 cm�1 shifted to 1704 cm�1

along with the O–H stretch band shift from 3258 cm�1 to

3273 cm�1 when the (TA/PVPON)5 LbL film was exposed to

pH ¼ 9. These changes reflect the disruption of hydrogen-bonds

of carbonyl and hydroxyl groups in LbL multilayers. As known,

such a disruption causes a displacement of the frequencies of the

stretch absorption of the carbonyl towards lower wavenumbers

up to 20 cm�1 while in the case of hydroxyl groups such shift

occurs upwards up to 300 cm�1.78,79 Importantly, the presence of

the adsorption band at 1654 cm�1 at both pH ¼ 5 and pH ¼ 9

indicates that there is no PVPON released from the film upon the

pH change. The observed high capability of TA/PVPON films to

withstand an internal ionization within the multilayer can be

explained by the ability of TA to form intra-molecular hydrogen

bonds. Such stabilizing effect can be enhanced with the increase

of a number of participating phenolic units.53
Permeant

Capsules

PEI-(TA/
PVPON-
1300)4

PEI-(TA/
PVPON-360)4

PEI-(TA/
PVPON-55)4

Dextran, Mw pH 6 pH 9 pH 6 pH 9 pH 6 pH 9
4 kD +a — + + + +
10 kD + — + + + +
20 kD + — + _ + +
40 kD — — _ _ + +
70 kD — _ _ _ + _
150 kD — _ _ _ + _
250 kD — _ _ _ + _
500 kD _ _ _ _ _ _

a Symbols ‘‘+’’ and ‘‘�’’ indicate capsule permeability and
impermeability, respectively after 15 min of observation.
pH-Controlled permeability of TA/PVPON hydrogen-bonded

capsules

We employed confocal microscopy to reveal if the observed

changes in capsule shell might affect the permeability properties

of the TA/PVPON capsules (Fig. 12). The capsule permeability

was monitored by using FITC-dextrans of various molecular

weights as a fluorescent probe. Capsules were considered

impermeable for the probe if the ratio of intensities from capsule

interior to bulk solution was less than 0.5 during 15 min after the

fluorescent probe solution was mixed with capsules as has been

suggested in the literature.80–82,53 Table 2 compares the perme-

ability of the dextrans through the TA/PVPON shells made of

various molecular weight PVPON polymers.
Fig. 12 Confocal microscopy images of PEI-(TA/PVPON-55)4 capsules in ph

exposed to FITC-dextran solution with Mw ¼ 4000 (a, d), Mw ¼ 70 000 (b, e

This journal is ª The Royal Society of Chemistry 2010
Fig. 12 shows that the (TA/PVPON-55)4 shells exposed to

pH¼ 6 demonstrate a highly permeable, ‘‘open’’ structure for the

dextrans of up to 250 000 Da, being ‘‘closed’’ only for the dextran

with Mw ¼ 500 000 Da (Fig. 12a, 12b). High molecular weight

permeants (Mw > 500 000 Da) are rejected by the (TA-PVPON-

55)4 capsules at pH ¼ 6, which is close to the fabrication

conditions of the shells when they bear some negative charge

(Fig. 12c). The dextran permeability through the shells decreased

with stronger bound multilayers of the (TA/PVPON-360)4 and

(TA/PVPON-1300)4. In those cases, the shells were capable of

excluding dextrans of Mw < 40 000 Da (Table 2). These results

correlate well with the data on the thicker shells of (TA/PVPON-

360)4 and (TA/PVPON-1300)4 compared to that of TA/PVPON-

55 (Table 1).

The permeability of dextrans through the shells decreased

when pH was switched from slightly acidic pH 6 to basic pH 9

(Table 2). This permeability profile is in contrast to previously
osphate buffer solution at pH 6 (top images) and at pH 9 (bottom images)

), Mw ¼ 500 000 (c, f). Scale bar is 4 mm.

Soft Matter, 2010, 6, 3596–3608 | 3603
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studied permeability of TA/PAH or TA/PDDA ionically paired

multilayer LbL capsules which showed the lowest permeability in

the pH region from 5 to 7.53 Fig. 12 illustrates that the

(TA/PVPON-55)4 capsules became impermeable for the dextran

of 70 000 Da when pH was changed from 6 to 9 (Fig. 12b and

12e, respectively).

Under basic pH conditions similar trend of the decreased

dextran permeability was observed when PVPON with

Mw ¼ 55 000 Da was changed to that with Mw ¼ 360 000 Da or

Mw ¼ 1 300 000 Da (Table 2). In the case of ionically paired

TA/PAH or TA/PDDA capsules, the pH-dependent perme-

ability was attributed to slow dissolution of the capsules under

basic pH.53 However, in the case of the hydrogen-bonded

TA/PVPON capsules stable within 2 < pH < 10 range, the

observed decrease in the shell permeability most probably reflects

structural changes within the capsule shells. We suggest that the

phenomenon is related to the disruption of intra-molecular

hydrogen bonds of TA molecules at basic pH as discussed above.

However, further studies would be necessary to elucidate the

mechanism of the changes in permeability observed in this study.
Growth of gold nanoparticles within TA/PVPON capsule walls

We next took advantage of the phenolic groups available in

tannic acid molecules which is known to act both as a strong

chelating agent for metal ions83–85 and a reductant of noble metal

ions.86,87 Recently we have demonstrated that gold nanoparticles

can be directly grown within hydrogel-layered PMAA capsules.88

The nanoparticle synthesis was possible only when free

amine groups were introduced within shells during chemical
Fig. 13 The TEM image of PEI-(TA/PVPON-55)3-Au hollow capsule (a) wi

PVPON-55)3-Au capsule solution (c). The EDX data for the PEI-(TA/PVPON

3604 | Soft Matter, 2010, 6, 3596–3608
cross-linking of the capsules which were capable of binding tet-

rachloroaurate ions.

TEM analysis of the PEI-(TA/PVPON-55)3 capsules after

their exposure to HAuCl4 solution in the borate buffer revealed

the presence of monodisperse gold nanoparticles with narrow

size distribution (standard deviation below 20%) and the average

size of 4 nm (Fig. 13a, 13b). Fig. 13c shows the solution

absorption spectrum of the (TA/PVPON-55)3-Au capsules which

additionally confirms the presence of the reduced gold nano-

particles. The energy dispersive spectroscopy (EDS) confirms the

presence of gold nanoparticles in the hollow shells (Fig. 13d).

Gold nanostructures are known to exhibit distinctive SPR

features which depend on their shape and size.89 The spectrum

has an absorbance peak around 530 nm corresponding to the

SPR of gold nanoparticles with the diameter below 50 nm which

is in good agreement with the TEM analysis.90

When PVPON with larger molecular weight was used to

assemble TA/PVPON capsules, gold nanoparticles with broader

size distribution were produced inside PEI-(TA/PVPON-360)3

LbL shells (Fig. 14). Under these conditions, gold nanoparticles

have been grown with the average particle size of 8� 5 nm, which

is almost two times larger than that for PEI-(TA/PVPON-55)3–

Au (Fig. 13b). Moreover, in the case of PEI-(TA/PVPON-1300)3

capsules, we observed a broad distribution of the diameters with

two most probable diameters at 3 � 1 nm and 10 � 2 nm

(Fig. 14b).

Based on these results, it is clear that the particle size is

dependent on the amount of (tannic acid/PVPON) present within

the shells which is consistent with the thicker (TA/PVPON) shells

made of higher molecular weight of PVPON discussed above. On

the other hand, PVPON is known to play a crucial role in the
th the particle size distribution (b) and the UV-vis spectrum of PEI-(TA/

-55)3-Au capsules (d). The dashed line in (a) shows the edge of the capsule.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 14 TEM images of PEI-(TA/PVPON-360)3-Au (a) and PEI-(TA/PVPON-1300)3–Au hollow capsules (b) with the gold particle size distributions.
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nanoparticle growth by blocking the facet of metal as a capping

polymer agent.91,92 Seemingly, the thicker TA/PVPON shells can

lead to more available reducing sites on tannic acid resulting in

larger nanoparticles produced in (TA/PVPON-360) shells

(Fig. 14a). The increasing amount of PVPON, however, can be

responsible for appearance of a second peak of much smaller

particles (3 � 1 nm) when Au3+ is reduced within the TA/PV-

PON-1300 system, while the non-ionic polymer serves as a good

stabilizer for the particles not allowing particle aggregation.
Conclusions

We utilized the hydrogen-bonded LbL assembly to successfully

fabricate hollow shells of TA/PVPON, TA/PVCL and

TA/PNIPAM multilayers. The shell thickness of the produced

capsules ranged from 6 nm to 12 nm for PEI-(TA/PVPON-55)5

and PEI-(TA/PVPON-1300)5 capsules, respectively, with the

respective average bilayer thickness ranging from 1 nm to 2.2 nm.

The thickness of the shell can be controlled by changing the

molecular weight of the non-ionic counterpart or by increasing

the strength of association between TA and a polymer. This

opportunity is important for the hydrogen-bonded systems as

this allows varying the bilayer thickness in the system of the same

chemical composition without changing a number of deposited

polymer pairs. In contrast, for ionically assembled LbL shells, it

is necessary to change the deposition conditions, e.g., pH or ionic

strength, to achieve the similar effect. However, in this case such

changes may undermine the stability of the coated particles and

consequently result in their poor stability in solution.
This journal is ª The Royal Society of Chemistry 2010
We found no pronounced effect of a charged pre-layer on the

formation of the shells and, more importantly, on the responsive

properties of the (TA/polymer) shells which is beneficial for the

use of these systems on substrates regardless of their surface

charge due to the fact that PEI can be used as a universal pre-

cursor. We provide additional confirmation of the unusually high

pH-stability of the hydrogen-bonded (TA/polymer) shells in the

pH range from 2 to 10 regardless of the presence/absence of pre-

layer. Increase in the internal ionization and in negative shell

surface charge evidenced by the ATR-FTIR spectroscopy and

zeta-potential measurements do not result in shell disassembly in

contrast to vast majority of hydrogen-bonded LbL shells based

on poly(carboxylic acids).

We found that permeability of dextran molecules through the

LbL shells can be regulated by varying the molecular weight of

the non-ionic counterpart. The lowest permeability for the same

dextran was achieved by increasing PVPON molecular weight

and can be attributed to increased association between the

counterparts and can be tuned by pH-triggered disruption of

intra-molecular hydrogen bonds of TA molecules. Finally, the

chelating and reducing properties of TA were used to produce

gold nanoparticles within the hydrogen-bonded TA/PVPON

shells. We suggest that these properties of the (TA/polymer)

shells show the straightforward way for the fabrication of envi-

ronmentally-neutral and responsive hybrid shells at ambient

conditions.

We believe that in situ growth of gold nanoparticles within the

hydrogen-bonded TA-based polymer shells is an elegant way to

obtain corresponding inorganic–organic biologically active

nanostructures as gold possesses good biocompatibility and
Soft Matter, 2010, 6, 3596–3608 | 3605
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optical plasmon resonances which can be easily colorimetrically

monitored. Moreover, various antibodies and proteins can be

readily conjugated through thiol-based surface chemistry or

electrostatic binding. These properties of the reported shells can

find a potential use for the fabrication of responsive ultrathin yet

robust microcapsules for biochemical sensing and detection as

well as laser- or chemically-induced cargo release for biotech-

nology applications.
Experimental

Materials

Tannic acid (TA) (Mw ¼ 1700 Da), polyethyleneimine (PEI)

(Mw ¼ 25 000 Da), poly(N-vinylpyrrolidone, Mw ¼ 55 000 Da

(PVPON-55), Mw¼ 360 000 Da, (PVPON-360), Mw¼ 1 300 000

Da, (PVPON-1300), poly(N-isopropylacrylamide) (PNIPAM)

(Mw ¼ 20 000 Da), mono- and dibasic sodium phosphate were

purchased from Sigma-Aldrich. Poly(N-vinylcaprolactam),

Mw ¼ 70 000 Da (PVCL-70), Mw ¼ 2000 Da (PVCL-2), and

silica particles with diameter of 4.0 � 0.2 mm as 10% dispersions

in water were obtained from Polysciences, Inc. Hydrofluoric acid

(48–51%) was purchased from BDH Aristar. Ultrapure (Nano-

pure system) filtered water with a resistivity of 18.2 MU cm was

used in all experiments. Single-side polished silicon wafers of the

{100} orientation (Semiconductor Processing Co.) were cut by

typical size of 10 � 20 mm and cleaned in a piranha solution as

described elsewhere.93
Fabrication of PEI-(TA/neutral polymer)n capsules and films

The LbL deposition of hydrogen-bonded multilayers of

(TA/neutral polymer) on particulate substrates has been

performed according to the established procedure.6 Briefly,

0.5 mg mL�1 polymer solutions were prepared by dissolving

polymers in 0.01 M sodium phosphate buffer with pH adjusted to

5, except for PEI, which was dissolved in 0.1 M NaCl with pH

adjusted to 7. Typical deposition time was 15 min followed by

three rinsing steps in phosphate buffer solution (0.01 M, pH ¼ 5)

to remove excess of polymer. The hydrogen-bonded multilayers of

(TA/neutral polymer) were deposited onto silica microparticles or

silicon wafers by two routs. In the first route, a pre-layer of

branched-PEI was adsorbed first followed by alternate adsorption

of (TA/PVPON) multilayer starting with TA. In the second route,

direct deposition of (PVPON/TA) multilayer was performed on

particulate or planar substrates at pH¼ 2 starting from a neutral

polymer. For particle suspensions, after each deposition step they

were settled down by centrifugation at 2000 rpm for 2 min to

remove the excess of polymer. Deposition, rinsing and re-sus-

pending steps were performed on a VWR analog vortex mixer at

2000 rpm. To etch out silica cores, the microparticles with the

deposited multilayers were exposed to 8% hydrofluoric acid

solution (HF) overnight followed by dialysis in ultra-pure water

for 36 h with repeated change of water. Deposition of hydrogen-

bonded multilayers on silicon wafers was performed by dipping

a substrate into an appropriate solution followed by three rinsing

steps in 0.01M phosphate buffer (pH ¼ 5).
3606 | Soft Matter, 2010, 6, 3596–3608
Growth of gold nanoparticles within TA/PVPON multilayer

capsules

For growth of gold nanoparticles within the shells, 0.5 mL

suspensions of silica cores with the deposited multilayers were

exposed to the borate buffers to activate tannic acid for 15 min.

After that the particle solution was centrifuged and supernatant

was removed followed by addition of 2 mL of 1.6 mM HAuCl4
solution in 0.1 M borate buffer. The solution was then left for

12 h in the dark. After gold reduction, the particle suspensions

were centrifuged and extensively rinsed with water. Silica cores

were dissolved in HF solution as described above to produce

hollow gold-containing capsules.

UV-visible spectroscopy (UV-Vis)

UV-visible spectra of the LbL films and hollow shell solutions

were recorded using a UV-2450 spectrophotometer (Shimadzu).

Experiments were carried out in 1.5 mL semi-microplastic

cuvettes (PlastiBrand, Germany) with 10 mm optical path.

Ellipsometry measurements

Film assembly as well as the film thickness before and after

exposure to different pH values were determined using

a M-2000U spectroscopic ellipsometer (Woollam). Prior to the

measurements, samples were dried with a stream of nitrogen.

Atomic force microscopy (AFM)

Surface morphology of the hollow capsules and films was

examined using atomic force microscopy (AFM). AFM images

were collected using a Dimension-3000 (Digital Instruments)

microscope in the ‘‘light’’ tapping mode according to the well

established procedure.94 For capsule sample preparation, a drop

of capsule suspension was placed onto a pre-cleaned silicon wafer

and dried in air prior to AFM imaging. For film thickness

measurements the capsule single wall thickness was determined

as half of the height of the collapsed flat regions of dried capsules

bearing analysis from NanoScope software to generate height

histograms.95

Transmission electron microscopy (TEM)

TEM was performed on a JEOL 1200EX electron microscope

operated at 100 kV. To analyze the nanoparticle-containing

capsules, they were placed on a carbon-coated gold grid (Elec-

tron Microscopy Sciences) and dried in air before TEM analysis.

Scanning electron microscopy (SEM)

SEM imaging of hollow capsules was performed on Hitachi

S-3400-II scanning electron microscope with electric current of

10 kV in vacuum (<1 Pa). Before imaging, capsules were let air-

dried on silicon wafers and then sputter-coated with gold.

z-Potential measurements

Deposition of TA/PVPON layers on silica particles was followed

and the z-potentials measurements of PEI-(TA/PVPON)

capsules at pH ¼ 6 and pH ¼ 9 were performed on Zetasizer
This journal is ª The Royal Society of Chemistry 2010
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Nano-ZS equipment (Malvern). The pH values of aqueous

capsule solutions were adjusted using 0.01 M HCl or NaOH

solutions. Each value was obtained by averaging three indepen-

dent measurements of 40 sub-runs each.
Confocal laser scanning microscopy (CLSM)

Confocal images of capsules were obtained with an LSM 510 UV

Vis laser scanning microscope (Zeiss, Germany) equipped with

C-Apochromat 63� oil immersion objective. If necessary,

capsules were visualized through addition of the Alexa Fluor 488

dye to a capsule solution. The excitation/emission wavelengths

were 488/515 nm. To check a pH-stability of the capsules, a drop

of a dispersion of hollow capsules was added to several Lab-Tek

chambers (Electron Microscopy Sciences), which were then filled

with buffer solutions at a certain pH. Capsules were allowed to

settle down and then analyzed. To investigate the pH effect on

capsule permeability to FITC-dextrans, a drop of a dispersion of

hollow capsules was added to several Lab-Tek chambers, which

were then half-filled with buffer solutions at a certain pH and

ionic strength and then mixed with FITC-dextrans (1 mg mL�1)

at the same pH values adjusted with 0.1 M NaOH. CLSM images

of the capsules were taken after 15 min and averaged for 20

individual capsules.
Attenuated total reflection-fourier transform infrared

spectroscopy (ATR-FTIR)

In situ ATR-FTIR during deposition and exposure of the

TA/PVPON LbL coatings to various pH conditions was done

with a Bruker FTIR spectrometer Vertex 70 equipped with

a narrow-band mercury cadmium telluride detector.96,97 The

ATR surface was rectangular trapezoidal multiple reflection Si or

Ge crystals of dimension 50 mm � 10 mm � 2 mm (Harrick

Scientific) whose beam entrance and exit surfaces were cut at 45

degrees. Interferograms were collected at 4 cm�1 resolution, and

the number of averaged scans was 120. Each interferogram was

corrected on the corresponding background, measured for the

same ATR cell with the same D2O buffer solution. The bare

ATR crystal was used as a background. To eliminate overlap of

the IR bands in the 1700–1500 cm�1 region with the strong water

band, D2O with 99.9% isotope content was utilized. Multilayer

films of PEI-(TA/PVPON)5 were deposited on a hydrophilic

silicon crystal in situ within the flow-through ATR-FTIR liquid

cell: 0.5 mg mL�1 solutions of a polycation in 0.01 M buffer in

D2O were adsorbed onto the surface of the oxidized silicon

crystal at appropriate pH for 15 min, and after that the polymer

solution was replaced by pure buffer solution in D2O without

polymer. TA was then deposited from 0.5 mg mL�1 solution at

pH ¼ 5 followed by PVPON solution of the same concentration

and the deposition cycle was repeated. The absorption peaks

were analyzed with Galactic Grams/32 software as described

elsewhere.98
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