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We report a click chemistry approach for the consecutive layer-by-layer assembly of thermo- and pH-

sensitive clickable copolymers on silica particles and the subsequent formation of vesicle-like dual-

responsive click capsules. These click capsules exhibit both thermo- and pH-responsive behaviors by

elevating the solution temperature and incubating in acidic or basic solutions respectively. We also

demonstrate the in situ preparation of silver nanoparticles within the multilayer of the click capsules.

These stimuli-responsive behaviors were examined by using confocal laser scanning microscopy

(CLSM), transmission electron microscopy (TEM), and atomic force microscopy (AFM). This

approach provides potential applications in preparing well-defined vesicle-like capsules with covalent

stabilization and flexibility in introducing a range of new materials including different functional

polymers.
Introduction

In the early 1990s, Decher and co-workers developed a technique

for constructing ultrathin organic films, creating multilayer

assemblies by consecutive, layer-by-layer (LbL) adsorption of

anionic and cationic polyelectrolytes.1 So far, the field of LbL

assembly has expanded to include films prepared using other

non-electrostatic interactions-such as hydrogen bonding,2 host–

guest interactions,3 and hybridization of DNA base pairs.4 For

over a decade, the LbL assembly has also been a versatile method

for the fabrication of hollow capsules with well-defined struc-

tures, composition and tailorable physicochemical properties.5

To prepare stable polymer capsules under various conditions

(e.g., temperature, ionic strength), the use of covalent bonds to

enhance the capsules’ binding strength has been proved to be an

efficient method.6 These strategies include post-modifications

through oxidization,7 UV-irradiation,8 carbodiimide formation,9

and glutaraldehyde modification.10 Furthermore, the direct

covalent LbL assemble performed through chemical reaction

between two kinds of functional groups on polymer materials

allows new properties to be engineered into the capsules.11

These strategies have opened the door to the fabrication of

directly covalently bonded multilayer films. Recently, Caruso

and co-workers demonstrated a promising approach to intro-

duce covalent bonds in capsules via click chemistry,12 the

philosophy of being selective and high yielding under mild

conditions,13 based on the promising Huisgen 1,3-dipolar
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cycloaddition of azides and alkynes and thiol-ene click reactions.

This general applicable and modular approach opened the door

to the fabrication of directly covalently bonded multilayer films.

We recently reported the feasibility of direct covalent LbL

assembly using click chemistry to fabricate ultrathin thermores-

ponsive capsules.14 It was demonstrated that single component

poly(N-isopropylacrylamide) (PNIPAm) capsules stabilized by

aromatic 1,2,3-triazole linkages exhibited unique thermo-sensi-

tive assembly behavior and thermo-reversible swelling/deswelling

transition upon changing the temperature of the medium. We

sought to exploit this LbL approach to fabricate dual-compo-

nent polymer capsules that have the same basic architecture as

polymer vesicles. In most cases, the polymer vesicles,15 also

known as ‘‘polymersomes’’,16 are generally built through self-

assembly from amphiphilic block copolymers, which phase

separate in selective solvents as a result of the solubility differ-

ence between the blocks. Although polymer vesicles self-assem-

bled through phase separation in dilute solution can be tailored

for response to external stimuli including pH,17 light,18 and

temperature,19 some of these vesicles can be susceptible to

disassembly upon a variation of such conditions, which may limit

their use in biomedical applications. There are a limited number

of literature reports on the cross-linking of polymersome walls

and the stability of their construction, these reports include the

use of radical polymerization,20 photoinduced [2 + 2] cycload-

dition,21 base-catalyzed self-condensation of siloxanes,22 and ring

opening of epoxides.23 Our studies are motivated in part by the

potential for the controllable cross-linking of bilayers as drug-

delivery vehicles.

To broaden the realm of multilayer architectures, herein we

report the use of the LbL technique via click chemistry to alter-

nately assemble thermo and pH responsive clickable copolymers
This journal is ª The Royal Society of Chemistry 2011
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on a silica template, leading to a vesicle-like ultrathin multilayer

with dual stimuli-responsive behaviors, as illustrated in Scheme

1. Such LbL assembled polymer capsules not only possess

a robust covalent-stabilized nanostructure but also exhibit

reversible swelling/deswelling behaviors upon changing the

condition of the medium.

In this paper, we also extend our work in preparing inorganic

nanoparticles within the multilayer. Nanometre-sized inorganic

particles have unique properties stemming from quantum

confinement effects and their large surface areas relative to their

volumes.24 Our objective is to demonstrate that the ion exchange

and reduction of silver cations to zerovalent Ag nanoparticles

can be carried out within the inner pH responsive layer of the

capsules by using its carboxylic acid groups as reaction sites, and

which provides a confined space in which organic or inorganic

materials with unique properties can be produced.
Experimental section

Materials

All reagents and solvents were purchased from commercial

suppliers and used as received unless otherwise noted, including

L-ascorbic acid sodium salt (TCI, >98%), acryloly chloride (Alfa

Aesar, 96%), cupric sulfate pentahydrate (SHOWA, 99.5%),

sodium azide (SHOWA, 98%), silver acetate (Sigma-Aldrich,

99%), sodium borohydride (Sigma-Aldrich, 99%), and 2-prop-

anol (Tedia, 99.5%). The monomer N-isopropylacrylamide

(NIPAm, 99%, TCI) was recrystallized in hexane/toluene and

dried under vacuum before use.N,N-dimethylformamide (DMF)

(Tedia, 99.8%) and toluene (Tedia, 99.5%) were dried over CaH2

(Acros, 93%) and distilled under reduced pressure. Tetrahydro-

furan (Tedia, 99.8%) was distilled over Na/benzophenone.

Deionized (DI) water was purified to a resistance of 18 MU

(Milli-Q ReagentWater System,Millipore Corporation) and was

used in all the reactions, solution preparations, and polymer

isolations. Copper(I) bromide (Acros, 98%) was washed with

glacial acetic acid for the removal of any soluble oxidized species,

filtered, washed with 2-propanol, and dried. N-Acryloylalanine
Scheme 1 Schematic representation of the preparation of covalently

stabilized dual responsive polymer capsules through LbL assembly using

click chemistry.

This journal is ª The Royal Society of Chemistry 2011
(AAL),25 dansyl-labeled ATRP initiator,26 2-(1-carboxy-1-

methylethylsulfanylthiocarboylsulfanyl)-2-methylpropionic acid

(CMP),27 hexamethylated tris(2-(dimethylamino)ethyl)amine

(Me6TREN),28 (trimethylsilyl)propargyl acrylamide,29 and 5 mm

azido-modified silica particles30 were synthesized according to

previously described procedures.

Procedure for layer-by-layer multilayer coating of azide modified

silica particles

An aqueous solution (8 mL) containing the azido-modified silica

particles (20 mg) and the alkyne-functionalized PNIPAm

copolymers (5 mg) was combined with copper(II) sulfate (4 mg).

The suspension was sonicated for 5 min, sodium ascorbate

solution (5 mg mL�1, 2 mL) was added, and then the mixture was

incubated for 8 h. After the click reaction was complete, the

dispersion of particles was centrifuged and the supernatant was

removed and replaced with DI water. This rinsing process, aided

by ultrasonication, was repeated three times to ensure removal of

the excess copolymer; at this point, the resulting particles were

redispersed by combining with an azido-functionalized PNIPAm

copolymer solution, and the dispersion was allowed to proceed

the second layer assembly by adding copper(II) sulfate and

sodium ascorbate solution. The inner core pH-responsive PAAL

bilayer was assembled at pH 3 to ensure that the carboxylic acid

groups were in the protonated state. After the desired number of

bilayers had been formed, the capsules were obtained by

immersing the coated silica particles in 2 M HF for 5 min at

ambient temperature to etch out the silica cores completely. The

resulting capsules were purified through extensive dialysis

against DI water.

Synthesis of silver nanoparticles within the PAAL bilayer

1.5 mL of a silver acetate solution (0.05 g mL�1) was added to the

three bilayers PNIPAm/PAAL/PNIPAm coated silica particle

aqueous suspension. The dispersion was vigorously agitated on

a shaking apparatus for 12 h to allow the silver ions to adsorb on

to the carboxylic acid groups of the PAAL. The dispersion was

centrifuged at 6000 g for 3 min, the supernatant was removed,

and 1.5 mL of water was added. This rinsing step was repeated

three times. The Ag(I)-containing silica particles were reduced in

1 mM NaBH4 solution for 30 min and a rinsing step was

performed.

Characterizations

Analytical TLC was performed on commercial Merck Plates

coated with silica gel GF254 (0.24 mm thick). Silica gel for flash

chromatography was Merck Kieselgel 60 (230–400 mesh,

ASTM). 1H NMR (500 MHz) and 13C NMR (125 MHz)

measurements were carried out on a Varian Unity Inova spec-

trometer using CDCl3 or D2O as solvents. The gel permeation

chromatography (GPC) instrument comprised a HITACHI L-

7100 pump and a RI 2000 refractive index detector (Schambeck

SFD GmbH). For PNIPAm random copolymers, the applied

columns were a Polymer Laboratories PLgel guard column (5 mm

particles, 50 � 7.5 mm), followed by two PLgel 5 mm Mixed-D

columns (300 � 7.5 mm, particle size 5 mm) in series, and the

DMF elution rate was 1.0 mLmin�1 at 80 �C. For PAAL random
Soft Matter, 2011, 7, 10850–10855 | 10851
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copolymers, the applied columns were a Polymer Laboratories

PLgel guard column (5 mm particles, 50 � 7.5 mm), followed by

a Shodex OHpak SB-803 HQ column (300 � 8.0 mm) in series

using an aqueous eluent of 20% acetonitrile/80% 0.1 M Na2SO4

at 25 �C. The molecular weight calibration curve was obtained

using poly(ethylene oxide) standards of defined molecular

weights (1010–163,000 g mol�1) (Polymer Laboratories Inc.,

MA). Transmission electron microscopy (TEM) images were

obtained by using a JEOL TEM-1200EX II electron microscope

instrument operated at 120 KV. The height measurements for

microcapsules were determined by tapping-mode atomic force

microscopy (AFM) under ambient conditions in air. The AFM

instrumentation consisted of a Digital Instrument Dimension

5000 scanning probe microscope (Veeco-Digital Instruments,

Santa Barbara, CA) using silicon cantilevers (Pointprobe�
Silicon AFM Probe) at room temperature, in air. The swelling

samples of PNIPAm microcapsules were prepared by drying

a droplet of capsule suspension on the surface of a clean silicon

wafer or copper grid and allowing it to dry freely in air. In order

to maintain its shrunk morphology, the de-swelling samples were

prepared by heating the capsules suspension solution up to 50 �C
for 20 min and allowing a droplet of heated capsule suspension to

be dried quickly in this oven at 50 �C on a silicon wafer or copper

grid. Confocal laser scanning microscopy (CLSM) images were

taken with a Leica TCS SP5 confocal microscope imaging system

equipped with a diode laser (excitation wavelength ¼ 403 nm).

The thermal analyses of copolymer solutions were performed

on a Q-20 (TA instruments, Delaware, USA) calorimeter.
Fig. 1 Chemical structures of the thermo and pH sensitive (a, b) alkyne-

functionalized and (c, d) azido-functionalized random copolymers

prepared by ATRP and RAFT polymerization.

Table 1 Summary of alkyne- and azido-functionalized random copolymers

Click-functionalized
copolymer samples Mn, NMR (kg mol�1)

PNIPAm79-r-PPAm15 10,500
PNIPAm86-r-PEOAm21 14,500
PAAL45-r-PPAAm9 7,700
PAAL50-r-PEOAm11 9,700

a Fazide ¼ mole percentage of azide functionality. b Facetylene ¼ mole fraction

10852 | Soft Matter, 2011, 7, 10850–10855
Heating scans were recorded in the range of 0–50 �C at a scan

rate of 2 �C min�1.
Results and discussion

In order to obtain capsules with desired properties resulting in

their ‘‘smart’’ response, one of the prerequisites is to design their

built-up polymer materials. To implement this idea, we prepared

alkyne- and azido-functionalized stimuli-responsive random

copolymers via controlled radical polymerization, as shown in

Fig. 1.

We first synthesized a water-soluble azide-containing mono-

mer, N-(2-(2-(2-azidoethoxy)ethoxy)ethyl)acrylamide, contain-

ing an ethylene oxide repeat unit to increase the hydrophilicity

(see ESI†). These thermo-sensitive poly(N-isopropylacrylamide)

(PNIPAm) and pH-sensitive poly(N-acryloylalanine) (PAAL)

clickable random copolymers were successfully prepared via

atom transfer radical polymerization (ATRP) and reversible

addition-fragmentation chain transfer (RAFT) polymerization.

Controlled radical copolymerization via ATRP and RAFT was

chosen because of its monomer compatibility, good control of

molecular weight distribution, and chain composition.31 This

allowed us to design and synthesize the molar ratio of either the

azide or the alkyne while retaining its stimuli-responsive

behavior. These copolymer materials were designed to contain

20 mol % of either azide or the alkyne functional monomer. By

nuclear magnetic resonance (NMR) spectroscopy, we found that

the compositions of azide and alkyne moieties were close to their

monomer contents of 20 mol %. Table 1 provides a detailed

summary of the results and the polymer characterization. These

novel clickable functionalized PNIPAm and PAAL random

copolymers provided the capsules with covalent linkages and

also retained their responsive characteristics, thereby allowing

them to exhibit swelling/deswelling behaviors.

In this study, consecutive layer-by-layer assembly was per-

formed with a sequence of PNIPAm/PAAL/PNIPAm to fabri-

cate vesicle-like click capsules with thermo-sensitive outer shell

bilayers and a pH-responsive inner core bilayer (Scheme 1). The

first layer of alkyne-functionalized PNIPAm was assembled

through 1,3-dipolar cycloaddition on the azido-modified silica

particles close to the lower critical solution temperature (LCST)

of PNIPAm-r-PPAm at 32 �C. In our previous study, we have

demonstrated a promising method for low surface roughness and

thick multilayer films of PNIPAm single component capsules.14

Therefore, the PNIPAm LbL process was facilitated by adjusting

the solution temperature closely to LCST as a result of coil-to-

globule transition characteristic of PNIPAm leading to the

assembly of a tighter packed thin film structure. The remaining
characterization

Fazide
a Falkyne

b
Maximum of
endothermic peak (�C)

— 16 32.7
20 — 33.9
— 17 —
18 — —

of alkyne functionality measured by 1H NMR in D2O at 20 �C.

This journal is ª The Royal Society of Chemistry 2011
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clickable groups in the multilayers on the surface of the particles

are available for covalent attachment of subsequent layers

because of the steric hindrance of adsorbed layers. Accordingly,

the second layer of PNIPAm-r-PEOAm was assembled at 33 �C
by using the remaining free alkyne groups to establish the first

PNIPAm bilayer. The pH-responsive PAAL was introduced at

pH 3 to ensure that the carboxylic acid groups were in the

protonated state. As a result, the deposition of PAAL on PNI-

PAm surface was facilitated by the hydrogen bonding between

the amide hydrogen of the PNIPAm and the acid carbonyl of the

PAAL and the acid hydrogen of the PAAL and amide carbonyl

of the PNIPAm.32 Finally, the outer PNIPAm bilayer was

assembled to build up the three bilayers core-shell particles.

After removing the silica template by hydrogen fluoride

etching and incubation at pH 7, the vesicle-capsules were

obtained. A uniform coverage with fluorescently labeled poly-

mer, a regular spherical shape, and a uniform size of the capsules

were observed as shown in Fig. 2. Electrostatic interactions33 and

hydrogen bonding12b induced by changing the pH are known to

be a driving force for the swelling and shrinkage of capsules. The

pH-sensitivity of the click capsules was first examined by

immersion of the capsules into low and high pH solutions, where

the carboxylic acid side chains of PAAL copolymers protonate

or deprotonate. As shown in Fig. 2a, the capsule diameter at

pH 3 of approximately 5.5 mm (Fig. 2a, inset) is larger than the

5.0 mm particle template.

The covalently bonded linkage between the multilayer and the

silica sphere surface was removed after removing the silica

template. Below LCST, the PNIPAm outer bilayers become

hydrophilic and are able to swell as a result of globule-to-coil

thermo reversible transition. In contrast to the swelling of PNI-

PAm outer shells, PAAL intramolecular association of the

protonated carboxylic acid units and hydrogen bonding complex

of PAAL with PNIPAm under acidic conditions at pH 3 leads to

shrinkage of the inner core bilayer of the click capsules. There-

fore, we can ascribe the slight swelling rather than shrinkage of

the click capsules at pH 3 to the equilibrium between the swelling

of PNIPAm outer shells after core removing and the shrinkage of

PAAL inner core. In comparison with acidic conditions, the

carboxylic acid groups are deprotonated under basic conditions

leading to electrostatic repulsion (negative charge) in the PAAL

bilayer. As shown in Fig. 2b, the click capsules swelled to 6.5 mm

at pH 11 after treating with sodium hydroxide solution. Similar
Fig. 2 Confocal laser scanning microscopy (CLSM) images of vesicle-

like PNIPAm/PLAA/PNIPAm click capsules obtained from 5 mm

diameter silica particles at (a) pH 3 and (b) pH 11.

This journal is ª The Royal Society of Chemistry 2011
swellability was also observed for the single-component poly

(acrylic acid) (PAA) click capsules12b and two-component pH-

responsive capsules which reversibly respond to changes in

environmental pH by variation in diameter and permeability as

a function of pH.34 In comparison with the highly swelling/

deswelling behaviors of the PAA click capsules, we may attribute

the reduced swellability in this study to the higher degree of

cross-linking density of the PAAL bilayer and the outer

encompassing PNIPAm shells. These results demonstrated that

the PAAL bilayer was successfully incorporated within the click

multilayer and exhibited pH response.

The morphologies of the air-dried capsules in acidic, basic, and

thermo conditions were also examined by using TEM and AFM.

AFM analyses of the air-dried click capsules shown in Fig. 3a–c

reveal spherical structures with features of folds and creases that

are typical of polymer capsules prepared by LbL assembly on

particle templates.35 TEM analyses shown in Fig. 3d–f also reveal

folds and creases in the click capsules, and the diameters are

similar to those obtained by AFM. These dried click capsules

display smooth surfaces as a result of the outer tighter packing

PNIPAm shells as we discussed earlier. AFM and TEM

measurements provided stimuli-responsive behaviors as is

evident from variation of the size and thickness of these dried

click capsules. The dimension of the dried click capsules was

increased considerably upon changing the pH value from 3 to 11.

By increasing the temperature to 50 �C, the outer PNIPAm shells

were also shrunk and the dimension of the click capsules at pH 3

was further decreased. Fig. 4 shows the AFM section analyses of

stimuli-responsive samples indicating that the increase in wall

thickness correspond with the degree of the shrinkage of these

click capsules. The higher degree of shrinkage, the thicker the

multilayers observed.

In addition to fully deswelled state of the click capsules at pH 3

and temperature above LCST, we also investigated the thermo-

responsive behavior at pH 11 where the PAAL inner core bilayer

was in swelling state. After elevating the solution temperature of

the swelled PAAL core click capsules to 50 �C, only a slight

increase in wall thickness was observed(Fig. 4d) compared with

fully deswelling capsules at pH 3 and 50 �C (Fig. 4c) this is

probably due to the tendency of the hydrophilic deprotonated

PAAL inner core bilayer to raise the LCST of the PNIPAm outer
Fig. 3 (a–c) AFM and (d–f) TEM images of the three-bilayer PNIPAm/

PAAL/PNIPAm click capsules. Samples prepared at 25 �C (a, b, d, e) and

at 50 �C (pH 3) (c, f). The AFM images for scanned areas of 20� 20 mm2.

The scale bar in TEM images: 2 mm.

Soft Matter, 2011, 7, 10850–10855 | 10853
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Fig. 5 TEM images of 1.5 mm three-bilayer PNIPAm/PAAL/PNIPAm

click capsules at (a) pH 3, (b) containing silver nanoparticles.

Fig. 4 (a–d) AFM images and section analyses of the three-bilayer

PNIPAm/PAAL/PNIPAm click capsules at (a) pH 3, (b) pH 11, (c) 50 �C
(at pH 3), and (d) 50 �C (at pH 11).
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shells. It’s well-known that the LCST of PNIPAm copolymer is

strongly influenced by the overall hydrophilicity of the copol-

ymer.36 In general, hydrophobic compounds lower the LCST,

whereas hydrophilic compounds raise it.37 Consequently, we

suggest that the LCST of PNIPAm outer shells in this covalently

bonded multilayer is substantially affected by the hydrophilicity

of the PAAL inner core bilayer.

In this study, we chose an SiO2 template with a diameter of up

to 5 mm because the pH- and thermo-response swelling/deswel-

ling behaviors could be clearly distinguished and characterized

by CLSM and AFM under micro-scale dimension. However, we

found that the ultra-thin multilayer shells of microcapsules with

thickness of less than 20 nm were easily deformed after removing

the silica template etching with dilute HF. On the other hand, the

ultra-thin multilayer shells of the microcapsules emitted weak

fluorescence because only one fluorescent dansyl group was

attached at the chain end of each responsive copolymer. There-

fore, the fluorescence was quenched rapidly as a result of the high

power of the excitation laser at 403 nm of CLSM. As a result, we

failed to observe, in situ, the reversible stimuli-responsive

behaviors in aqueous solution and to gather statistical data on

pH and temperature induced swelling/deswelling behaviors by

CLSM.

In order to further confirm the three bilayer structure multi-

layer of these dual pH- and thermo-responsive capsules, we also

demonstrated the in situ preparation of inorganic silver nano-

particles within the PAAL bilayer. Details of the in situ nano-

particles synthesis methodology can be found in ref. 38. Silver
10854 | Soft Matter, 2011, 7, 10850–10855
acetate was previously found to be a good source for silver

binding to PAAL carboxylic acid groups in polyelectrolyte

multilayers.38 The PNIPAm/PAAL/PNIPAm coated 1.5 mm

silica particles were immersed in Ag(ac)aq where the acid protons

of PAAL bilayer were exchanged for silver cations. The Ag(I)-

containing particles were reduced in NaBH4 solution forming Ag

(0) nanoparticles and regenerating the carboxylic acid protons.

The TEM image in Fig. 5 shows that abundance of stable silver

nanoparticles produced by NaBH4 reduction are attached within

the multilayer and dispersed throughout the thin film. The inset

shown in Fig. 5b also reveals that the surrounding PAAL poly-

mer limits particle aggregation and thus yields a small particle

size. Consequently, the PAAL interior layer of the click capsules

can be used as reaction sites providing a confined space in which

organic or inorganic materials with unique properties can be

produced.

Conclusions

We have developed a new and convenient method based on click

chemistry for the direct covalent layer-by-layer assembly of

vesicle-like capsules with dual stimuli-responsive characteristics.

Consecutive layer-by-layer of these synthesized responsive

clickable random copolymers was performed with a sequence of

PNIPAm/PAAL/PNIPAm to fabricate vesicle-like click capsules

consisting of thermo-sensitive outer shell bilayers and a pH-

responsive inner core bilayer. The vesicle-like click capsules

exhibited thermo and pH-responsive behaviors by elevating the

solution temperature and incubating in acidic or basic solutions

respectively. This combination of two widely employed tech-

niques, layer-by-layer and copper-catalyzed 1,3-dipolar cyclo-

addition, is promising for introducing a broad range of new

materials including different functional polymers with covalent

stabilization. Furthermore, excess azide/alkyne groups that have

not been utilized in the assembly can be used to postfunctionalize

the outer multilayer films of the click capsules. We also report the

in situ preparation of silver nanoparticles within the multilayer of

the click capsules. The versatility and generality of this approach

is expected to enable us to further design advanced and stimuli-

responsive capsules.
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