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ABSTRACT: We report the syntheses of azido- and acetylene-functionalized poly(N-isopropylacrylamide)
(PNIPAm) copolymers and their use in the fabrication of ultrathin thermoresponsive microcapsules through
direct covalent layer-by-layer (LbL) assembly using click chemistry. The clickable copolymers poly[N-
isopropylacrylamide-co-(trimethylsilyl)propargylacrylamide] and poly(N-isoropylacrylamide-co-3-azideo-
propylacrylamide) were prepared through atom transfer radical polymerization (ATRP) at 0 °C using a
synthesized dansyl-labeled initiator and the CuBr/MesTREN (hexamethylated tris[2-(dimethylamino)ethyl]
amine) catalyst complex in 2-propanol. After removing the protective trimethylsilyl groups, these clickable
PNIPAm copolymers assemble alternately onto azido-modified silica particles in aqueous media through
click reactions catalyzed by copper sulfate and sodium ascorbate. After removing the template, the
microcapsules remained stable because of the presence of the covalently bonded triazole units; the
microcapsules exhibited thermoresponsive and thermoreversible swelling/deswelling behaviors upon chan-
ging the temperature of the medium. Adjusting the number of clickable functionalities resulted in changes to
the degree of cross-linking, thereby allowing control over the surface morphology and thickness of the
covalently stabilized PNIPAm multilayer thin films. The microcapsules fabricated close to the lower critical
solution temperature of PNIPAm exhibited extremely low surface roughnesses and thick multilayer films as a
result of their compact chain conformation in aqueous solution, leading to tighter packing of the PNIPAm
structure. We further postfunctionalized the surface of the multilayer thin film through click reactions with an
azido-modified lissamine rhodamin dye to demonstrate the feasibility of further modification with potentially
useful functionalities. Finally, preliminary study on the permeability of microcapsules was presented by using
different molecular weigh tetramethylrhodamine isothiocyanate (TRITC)-labeled dextran and rhodamine
6G as probe molecules, and the results revealed that the microcapsules with tighter packing wall are selectively
permeable to molecules and show potential applications for the encapsulation of a variety of materials.

Introduction

In recent years, functional hollow spheres—referred to as
capsules or vesicles—with well-defined structures and tailorable
properties have attracted intense research interest because of the
variety of their potential applications, such as in delivery vesicles
for drugs,' protection shield for proteins, enzymes, and DNA,?
and catalysis.® For many potential applications, microcapsules
that are environmentally sensitive to light,* temperature, or pH®
are required to control the transport and delivery of guest
materials into their hollow spheres.

For over a decade, the layer-by-layer (LbL) assembly has been
a versatile method for the fabrication of hollow capsules.” Since
its first introduction in the early 1990s,® the LbL method has been
widely used to deposit multilayers of various materials (e.g.,
peptides, oligonucleotides, and inorganic nanoparticles) onto
colloidal supports.” Typically, LbL films are assembled through
the alternate deposition of oppositely charged polyelectrolytes
(PEs), with the buildup primarily facilitated through electrostatic
forces. After the formation of PEs multilayers, the templates are
removed to yield hollow capsules. So far, the field of LbL
assembly has expanded to include films prepared using other
nonelectrostatic interactions—such as hydrogen bonding,"
host—guest interactions,'! and hybridization of DNA base
pairs'*—to fabricate hollow capsules.
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The use of covalent bonds to assemble LbL films has several
significant advantages over traditional assembly methods be-
cause the stability of the resulting cross-linked polymer networks
makes them good candidates for special applications. Covalent
assembly multilayers of planar substrates has been performed
using a variety of reactions between different kinds of functional
molecules.'® These studies have confirmed the benefits of cova-
lent bonding LbL assembly, providing systems that are stable
under a range of conditions. For colloidal curved surfaces,
postmodifications are often applied—through oxidization,'*
UV irradiation,'® carbodiimide formation,'® and glutaraldehyde
modification'™—to enhance the capsules’ binding strength in
multilayers. There are relatively few reports describing the use
of the LbL method to directly deposit covalently bonded multi-
layer thin films onto the colloidal templates.'®

Recently, direct covalent assembly on colloidal particles has
been performed through the reactions of complementary func-
tional polymers, for example, poly(allylamine hydrochloride)
(PAH) and poly(glycidyl methyl acrylate), which react through
their amino and epoxide functionalities, respectively.'®* Single-
component polyelectrolyte microcapsules have also been re-
ported from the glutaraldehyde-mediated direct covalent assem-
bly of PAH onto MnCO; particles.'® In addition, a novel
method has been introduced to create pH-sensitive degradable
capsules based on poly(methacrylic acid) cross-linked via dis-
ulfide linkages.'” These strategies have opened the door to the
fabrication of directly covalently bonded multilayer films.
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Recently, a general click chemistry approach® for the direct
covalent LbL assembly of polymer films onto particles has been
developed to create a new class of ultrathin, single-component
poly(acrylic acid) (PAA) pH-responsive microcapsules. The
development of click chemistry®! employing the highlzy efficient
copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition®* between
azides and acetylenes affords superior regioselectivity and almost
quantitative transformation under mild conditions with virtually
no side reactions or byproducts. Moreover, the resultant aro-
matic 1,2,3-triazoles linkages are extremely stable making the
reaction of particular interest for the formation of covalently
linked multilayer thin films. This strategy suggests the potential
of using click chemistry techniques for the direct covalent LbL
assembly of polymer multilayers on colloidal templates and
subsequent formation of single-component capsules.

Poly(N-isopropylacrylamide) (PNIPAm) is perhaps the most
widely studied thermoresponsive polymer. In aqueous media,
PNIPAm exhibits a lower critical solution temperature (LCST)
of ca. 32 °C.>* Below the LCST, the polymer is fully soluble in
water because of the formation of hydrogen bonds between water
molecules and the polymer’s amide side chains. As the tempera-
ture is increased, the polymer undergoes a “coil-to-globule”
phase transition®* as a result of the disruption of these hydrogen
bonds as well as the release of hydrophobically structured water
around the isopropyl groups. One of the earliest processes for
making hollow thermosensitive spheres was developed by Zha
et al., who used the colloid-templated polymerization of cross-
linked PNIPAm shells on silica particles presenting polymeriz-
able units on their surfaces; the subsequent hollow spheres were
obtained after dissolving the silica particles in hydrofluoric acid
(HF) solution.?® Since then, many other techniques have been
developed to fabricate thermoresponsive hollow spheres based
on PNIPAm, including precipitation polymerization,”® LbL
assembly,”” and interfacial polymerization.”® Because PNIPAm
is uncharged, the use of secondary, nonelectrostatic interactions
is vital for its LbL assembly into functional films with nanoscale
precision.

In recent years, an extensive range of new polymeric materials
for macromolecular engineering and biological applications have
been developed using a combination of click chemistry and
controlled radical polymerization (CRP).” There are many
CRP methods for incorporating clickable functionalities into a
polymer side chain, including ring-opening metathesis polymer-
ization (ROMP),* nitroxide-mediated polymerization (NMP),!
living cationic ring-opening polymerization,* atom transfer radi-
cal polymerization (ATRP),*® and ring-opening polymerization
(ROP).** Among these techniques, ATRP has several advantages
when combined with click chemistry, such as good tolerance
toward most functional groups and excellent manipulation of the
polymer architecture.

In this paper, we report a method for the fabrication of
thermoresponsive microcapsules through direct covalent LbL
assembly via click chemistry using clickable azido- and acetylene-
functionalized PNIPAm copolymers. Recently, Matyjaszewski et
al.* reported that azide moieties are compatible with ATRP,
and Hawker et al.®! demonstrated that pendant acetylene-func-
tionalized copolymer can be prepared through NMP. On the
basis of these results, we investigated the copolymerization of
poly[N-isopropylacrylamide-co-(trimethylsilyl)propargylacryla-
mide] [PNIPAm-co-(TMS)Ace] and poly(N-isoropylacrylamide-
co-3-azideopropylacrylamide) (PNIPAm-co-Az) using ATRP
techniques with a synthesized dansyl-labeled ATRP initiator.
After removing the protective trimethylsilyl group, the clickable
PNIPAm copolymers were able to assemble alternately onto
azido-modified silica particles in aqueous media using click
reactions catalyzed by copper sulfate and sodium ascorbate.
Using copolymers containing 10 and 20 mol % contents of
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clickable functionalities (azide and acetylene units), we examined
the effect of the degree of cross-linking on the preparation of
microcapsules containing multilayer thin films. In addition to this
effect, we found that the LbL assembly temperature also sig-
nificantly influences the morphology and thickness of the multi-
layer thin films, depending on the conformation of the PNIPAm
chains in aqueous solution. The growth of the PNIPAm-Ace/
PNIPAm-Az clicked multilayer thin films on silica particles was
monitored by measuring their fluorescence intensities using
confocal laser scanning microscopy (CLSM). Furthermore, we
also characterized the microcapsules using transmission electron
microscopy (TEM) and atomic force microscopy (AFM) in the
tapping mode. Taking advantage of the LCST characteristics of
PNIPAm, we also used AFM and TEM to examine the thermo-
responsive behavior of the swelling and deswelling of the micro-
capsules upon elevating the temperature of the medium. Finally,
we demonstrate the feasibility of postfunctionalization of the
microcapsules through the reaction of an azido-modified lissa-
mine rhodamine dye with the remaining excess of free acetylene
functional groups of the surface of the multilayer thin films.

Experimental Section

Materials. The following reagents and solvents were pur-
chased from commercial suppliers and used as received unless
otherwise noted: L-ascorbic acid sodium salt (TCI, >98%),
bromoisobutyryl bromide (ACROS, 98%), acryloyl chloride
(Alfa Aesar, 96%), 3-bromopropyltrichlorosilane (Aldrich,
96%), cupric sulfate pentahydrate (SHOWA, 99.5%), chloro-
trimethylsilane (Lancaster, 98 + %), 3-chloropropylamine hy-
drochloride (ACROS, 98%), dansyl chloride (ACROS, 98%),
N,N-diisopropylethylamine (DIPEA) (ACROS, 98%)), 1,8-dia-
zabicyclo[5.4.0]lundec-7-ene (DBU; ACROS, 98%), propargy-
lamine (ACROS, 99%), rhodamine 6G (Aldrich, ~95%),
tetrabutylammonium fluoride (1 M solution in THF; ACROS),
tetramethylrhodamine isothiocyanate (TRITC)-labeled dex-
tran (M, ~ 4400, 65000—76000 g mol ") (Aldrich), silver
chloride (ACROS, 99+ %), sodium azide (SHOWA, 98%),
and 2-propanol (Tedia, 99.5%). The monomer N-isopropyla-
crylamide (NIPAm, 99%, TCI) was recrystallized from hexane/
toluene and dried under vacuum prior to use. N,N-Dimethyl-
formamide (DMF) (Tedia, 99.8%) and toluene (Tedia, 99.5%)
were dried over CaH, (ACROS, 93%) and distilled under
reduced pressure. Tetrahydrofuran (Tedia, 99.8% ) was distilled
over Na/benzophenone. The deionized (DI) water used in all
reactions, solution preparations, and polymer isolations was
purified to a resistance of 18 MQ (Milli-Q Reagent Water
System, Millipore Corp.). Silica particles (diameter: 3 um) were
obtained from Polysciences, Inc. Hexamethylated tris[2-(di-
methylamino)ethyl]Jamine (Mes TREN) was synthesized accord-
ing to the method described by Ciampolini.*> Copper(I)
bromide (Acros, 98%) was washed with glacial acetic acid to
remove any soluble oxidized species, and then it was filtered,
washed with ethanol, and dried. (Trimethylsilyl)propargylacry-
lamide,*' 1-azido-3-aminopropane,*® azido-modified lissamine
rhodamine (LRAz),>” and Cu(PPhs);Br*® were synthesized
using previously described procedures.

Characterizations. Analytical TLC was performed on com-
mercial Merck Plates coated with silica gel GF254 (0.24 mm
thick). Silica gel for flash chromatography was Merck Kieselgel
60 (230—400 mesh, ASTM). '"H NMR (500 MHz) and *C NMR
(125 MHz) were recorded using a Varian Unity Inova spectro-
meter using CDCl3 or D,O as the solvent. Fourier transform
infrared (FT-IR) spectra of solid samples were recorded at room
temperature using a Nicolet AVATAR 320 FT-IR spectro-
meter. Gel permeation chromatography (GPC) was performed
a Hitachi L-7100 pump and a RI 2000 refractive index detector
(Schambeck SFD GmbH); the elution rate was 1.0 mL/min and
the temperature was 80 °C; a Polymer Laboratories PLgel
guard column (5 um particles; 50 x 7.5 mm) and a PLgel 5 um
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Mixed-D column (300 x 7.5 mm; particle size: 5 um) were
connected in series. The molecular weight calibration curve
was obtained using poly(ethylene oxide) standards of defined
molecular weights (1010—163000 g/mol) (Polymer Labora-
tories Inc., Amherst, MA). TEM images were obtained using
a JEOL TEM-1200EX II instrument operated at 120 kV. Height
measurements of the microcapsules were determined using
tapping-mode AFM (Digital Instrument NS4/D3100CL/Multi-
Mode AFM; Veeco-Digital Instruments, Santa Barbara, CA)
with 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 deswelling 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 silicon wafer or copper grid.
CLSM and DIC (differential interference contrast) images were
recorded using a Leica TCS SP5 confocal microscope imaging
system equipped with a diode laser (excitation wavelength: 403
and 561 nm) to quantify the fluorescence of the coated particles.
Thermal analyses of the homo- and copolymer solutions were
performed using a Q-20 calorimeter (TA Instruments, New
Castle, DE). Heating scans were recorded in the range of
0—50 °C at a scan rate of 2 °C min~ .

Propargyl 2-Bromo-2-methylpropionamide (1). A solution of
propargylamine (6.00 g, 5.45 mmol) and triethylamine (11.4 mL,
8.18 mmol) dissolved in THF (300 mL) was fed into a 500 mL
two-necked round-bottom flask equipped with an Ar inlet and
a rubber septum and then cooled in an ice bath. After adding
a-bromoisobutyryl bromide (12.5 g, 5.45 mmol) dropwise to the
solution, a white precipitate of triethylammonium bromide was
formed. The mixture was stirred at room temperature overnight,
the precipitate was filtered off, the solvent was evaporated, and
the crude product was purified through column chromatogra-
phy (n-hexane/EtOAc, 4:1) to give 1 as a pale yellow solid (7.84
g, 70.5%). '"H NMR (500 MHz, CDCls), dy: 6.88 (br s, 1H,
NH), 4.05 (dd, J = 5.25,2.57 Hz, 2H, CCH,NH), 2.27 (t, J =
2.56 Hz, 1H, CH=C), 3.37 [s, 6H, C(CH3),Br]. °C NMR (125
MHz, CDCly), d¢: 171.7 (CO), 78.8 (CH=C), 72.0 (CH=C),
62.2 [CC(CHj3),Br], 32.4 [(CH;),Br], 30.3 (CCH,NH).

5-(Dimethylamino)naphthalene-1-sulfonic Acid (3-Azidopro-
pyl)amide (Dansyl-N3, 2). 1-Azido-3-aminopropane (2.23 g,
2.67 mmol) was added to a solution of dansyl chloride (4.00 g,
14.8 mmol) in dry THF (100 mL). Triethylamine (3 mL) was
added, and then the mixture was stirred at room temperature for
16 h. The solvent was evaporated under vacuum, and the crude
product was purified through column chromatography (EtOAc)
to give 2 as a yellow oil (3.78 g, 76.5%). "H NMR (500 MHz,
CDCl;) 0y: 8.56 (d, J=28.49 Hz, 1H, ArH), 8.28—8.24 (m, 2H,
ArH), 7.58 (t, J=8.10 Hz, 1H, ArH), 7.54 (t, J=7.50 Hz, 1H,
ArH), 7.20 (d, /=7.53 Hz, 1H, ArH), 4.90 (br s, IH, NH), 3.26
(t, J = 6.40, 2H, CH,CH;,N3), 2.98 (q, J = 6.44 Hz, 2H,
NHCH,CH,), 2.90 [s, 6H, N(CHj3),], 1.67—1.60 (m, 2H,
CH,CH,CH,). 3C NMR (125 MHz, CDCl;), 6c: 152.1,
134.3, 130.6, 129.9, 129.8, 129.5, 128.5, 123.2, 118.5, 115.3
(naphthalene carbons), 48.8 (CH;N3), 45.4 [N(CHs),], 40.8
(NHCH,), 28.8 (CH,CH,CH,).

Dansyl-Labeled ATRP Initiator (3). N,N-Diisopropylethyla-
mine (0.075 g, 5.2 mmol) and Cu(PPh;);Br (223 mg, 2.40 umol)
were added to a solution of propargyl 2-bromo-2-methylpro-
pionamide (1; 2.45 g, 1.20 mmol) and dansyl-N3 (2; 4.00 g,
1.20 mmol) in THF (30 mL), and then the mixture was stirred at
room temperature for 12 h. The solvent was evaporated, and the
crude product was purified through column chromatography
(n-hexane/EtOAc, 2:1) to give 3as a yellow solid (5.76 g, 89.5%).
'"H NMR (500 MHz, CDCl3), 0y: 8.56 (d, J = 8.41 Hz, 1H,
ArH), 8.28 (d, J = 8.59 Hz, 1H, ArH), 8.18 (d, J = 9.29 Hz,
1H, ArH), 7.51 (m, 2H, ArH), 7.47 (s, 1H, triazole H), 7.20
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(d,J =7.55Hz, 1H, ArH), 5.78 (brs, lH, NH), 4.47 (d, J = 5.04
Hz, CCH,NH, 2H), 4.33 (t, J = 6.11 Hz, 2H, CH,CH,N), 2.89
[s, 6H, N(CHj3),], 2.87 (m, 2H, NHCH,CH>), 2.92—2.81 (m, 2H,
CH,CH,CH,), 1.90 [s, 6H, C(CH3),Br]. *C NMR (125 MHz,
CDCly), O¢: 172.2 (CONH), 151.4 (CN(CHsj),), 144.1
(CCH,NH), 134.5, 130.5, 129.7, 129.6, 129.5, 128.5, 123.4,
122.9 119.0 (naphthalene carbons), 115.5 (NCHC), 62.2 [CC
(CHj3),Br], 47.1 (CH;,N), 45.5 [N(CHj3),], 39.9 (NHCH,CH,),
35.8 (CCH,NH), 32.2 [(CH3),Br], 30.1 (CH,CH,CH,).

3-Azidopropylacrylamide (4). 1-Azido-3-aminopropane (5.00 g,
5.00 mmol) and triethylamine (10.45 mL, 7.50 mmol) were
dissolved in dry CH»Cl, (200 mL) and cooled to 0 °C. Acryloyl
chloride (4.53 g, 5.00 mmol) was added slowly over 30 min, and
then stirring was continued for an additional 16 h at room
temperature. The reaction mixture was washed with brine and
water, dried (MgSO,), and concentrated under reduced pres-
sure. The crude product was further purified through column
chromatography (n-hexane/EtOAc, 1:1) to give 4 as a colorless
oil (5.33 g, 69.2%). "H NMR (500 MHz, CDCl3), dyy: 6.24 (dd,
J =1, 17 Hz, 1H, trans CH,=CH), 6.19 (br s, 1H, NH), 6.09
(dd, J=10.5, 17 Hz, 1H, CH,=CH), 5.61 (dd, /=1, 10.5 Hz,
1H, cis CH,=CH), 3.40—3.38 (br m, 4H, CH,CH,CH,—N3),
1.82—1.77 (m, 1H, CH,CH,—N;). '*C NMR (125 MHz,
CDCly), 6c: 165.8 (C=0), 130.7 (CH,=CH), 126.5 (CH,=CH),
49.3 (CH,CH,—N3), 37.1 (NH—CH,), 28.7 (CH,CH,CH,).

Trimethylsilyl-Protected Acetylenic Acrylamide Copolymers
{Poly[NIPAm-co-(trimethylsilyl)propargylacrylamide], 5}. NI-
PAm (2.32 g, 2.05 mmol), (trimethylsilyl)propargylacrylamide
(0.93 g, 0.51 mmol), and the dansyl-labeled initiator (0.069 g,
1.28 umol) were mixed at a 180:20:1 molar ratio in 2-propanol
(2.5mL). The solution was deoxygenated by performing freeze/
pump/thaw cycles. Upon equilibration at 20 °C after the third
cycle, the flask was immersed in an ice bath. An oxygen-free
solution of 2-propanol (1.00 mL) containing CuBr (0.0184 g,
1.28 umol) and MesTREN (29.65 mg, 35.00 uL) was prepared
separately. This solution was added to the monomer/initiator
mixture through an argon-purged syringe to initiate the poly-
merization; stirring was performed for an additional 12 h. The
reaction mixture was exposed to air to terminate the polymer-
ization; the sample was then evaporated to dryness, and the
residue dissolved in THF (50 mL). The copper catalyst was
removed by passing the solution through a neutral alumina
column. The eluate was concentrated and added to n-hexane to
precipitate 5, which was collected as a pale yellow powder. 'H
NMR (500 MHz, CDCl3), 0y 0.13 [br s, Si(CH3);], 1.12 [brs,
CH(CH3),], 1.38—2.14 (br m, polymer backbone), 3.98 [br s,
CH(CHa)a].

Acetylenic Acrylamide Copolymers {Poly(NIPAm-co-propar-
gylacrylamide, 6}. Excess tetrabutylammonium fluoride was
added to a solution of poly[NIPAm-co-(trimethylsilyl)propar-
gylacrylamide] in dry THF to 0 °C. The mixture was then stirred
for 2 h at 0 °C. The solution was dialyzed extensively against DI
water, and the product was isolated via lyophilization to give
6 as a pale yellow powder. '"H NMR (500 MHz, D,0), 6y5: 1.08
[br s, CH(CH3),], 1.25—1.77 (br m, CH,CH, copolymer back-
bone), 1.78=2.22 (br m, CH,CH polymer backbone and
C=CH) 3.71-3.97 [br m, CH(CH3), and NHCH,C].

Azido-Functionalized PNIPAm Copolymers {Poly(NIPAm-
co-3-azidopropylacrylamide, 7}. NIPAm (1.95 g, 1.73 mmol),
3-azidopropylacrylamide (0.67 g, 0.43 mmol), and the dansyl
sulfonyl azide amide ATRP initiator (0.058 g, 1.08 umol) were
dissolved at an approximate 180:20:1 molar ratio in 2-propanol
(1.5 mL), and then the solution was deoxygenated by perform-
ing freeze/pump/thaw cycles. Upon equilibration at 20 °C after
the third cycle, the flask was immersed in an ice bath. An
oxygen-free solution of 2-propanol (0.5 mL) containing CuBr
(0.0155 g, 1.08 umol) and MesTREN (24.99 mg, 29.68 uL) was
prepared separately. This solution was added to the monomer/
initiator mixture through an argon-purged syringe to initiate
the polymerization; the mixture was then stirred for 12 h.
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Scheme 1. Synthesis of the Fluorescent Amide-Linked Dansyl-Labeled ATRP Initiator 3 Using a Click Reaction; Preparation of Acetylene- and
Azido-Functionalized PNIPAm Random Copolymers Using ATRP
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The reaction mixture was exposed to air to stop the polymeriza-
tion; after evaporation to dryness, the residue was dissolved in
THF (30 mL), and the copper catalyst was removed by passing
the solution through a neutral alumina column. The eluate was
concentrated and added to n-hexane to precipitate 7, which was
collected as a pale yellow powder (1.95 g, 42.3%). '"H NMR (500
MHz, D,0), dy: 1.08 [br s, CH(CHj3),], 1.26—1.78 (m, CH,CH
polymer backbone and NHCH,CH>), 1.79—2.16 (br m, CH,CH
polymer backbone), 2.82 (br s, N(CHj3), from initiator), 3.08—
3.26 (br m, NHCH,), 3.27—3.36 (br m,CH,N3), 3.83 [br s, CH
(CH3),].

3 um Azido-Modified Silica Particles. ** Anhydrous toluene
(7 mL) was added under an Ar atmosphere to a Schlenk flask
containing 3 um silica microparticles (500 mg), and then the
flask was placed into an oil bath at 80 °C. After stirring for
30 min, a solution of 3-bromopropyltrichlorosilane (0.5 mL) in
anhydrous toluene (3 mL) was added dropwise, and then the
mixture was maintained at 80 °C for an additional 18 h. After
centrifuging and removal of the supernatant solution, the
particles were washed three times with toluene and ethanol to
remove excess bromopropyltrichlorosilane, and then the pro-
duct bromo-modified silica particles were dried under reduced
pressure. A sample of the bromo-modified silica particles
(300 mg) was combined with sodium azide (1.0 g) in DMF
(5 mL), and then the suspension was stirred at 80 °C for 18 h.
After centrifugation and removal of the supernatant, the pro-
duct was washed three times with distilled water, acetone, and
ethanol and then dried under reduced pressure.

General Procedure for Direct Covalent LbL Assembly of
PNIPAm Multilayer Thin Films on Azido-Modified Silica Par-
ticles. An aqueous solution (4 mL) containing the azide-mod-
ified silica particles (10 mg) and the acetylene-functionalized
PNIPAm copolymers (5 mg) was combined with copper(II)
sulfate (2 mg). The suspension was sonicated for 5 min, sodium
ascorbate solution (5 mg/mL, 1 mL) was added, and then the
mixture was incubated for 8 h at 25 °C. 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 next copolymer solution was added to the dispersion. Upon
the addition of the sodium ascorbate solution, the reaction

SPRN
HN O CuBrMesTREN  \i o NH YO

mixture turned brownish for the azide-functionalized PNIPAm
copolymer solution and yellowish for the acetylene-functiona-
lized PNIPAm copolymer solution; this color persisted for
several hours. To ensure that the clickable groups on the thin
film’s surface were completely consumed and covered by the
deposited copolymers, the mixtures were stirred for at least 8 h
until the solution had turned pale blue, signifying the reaction’s
completion. After the desired number of bilayers had been
formed, the microcapsules were obtained by immersing the
coated silica particles in 2 M HF for 5 min at ambient tempera-
ture to etch out the silica cores completely. The resulting
microcapsules were purified through extensive dialysis against
DI water.

Postfunctionalization of Multilayer Thin Films. The three-
layer (PNIPAm-Ace,,/PNIPAm-Az;,)PNIPAm-Ace,,-coated
silica particles (1.25 mg/mL, 4 mL) were combined with cop-
per(Il) sulfate pentahydrate (2 mg) and LRAz dye (5 mg).
Sodium ascorbate (5 mg) in DI water (1.0 mL) was then added
to the mixture, which was then incubated for 6 h. The particles
were dialyzed extensively with DI water until no fluorescence
was detectable in the supernatant.

Results and Discussion

ATRP Synthesis and Characterization of Clickable Ther-
moresponsive PNIPAm Copolymers. To incorporate click-
able functionalities and take advantage of click chemistry
for the direct covalent LbL assembly of multilayer thin films
on colloidal particles, our general strategy began with the
preparation of thermoresponsive copolymers presenting
reactive side-chain substituents from PNIPAm backbones.
Bergbreiter and Chance reported water-soluble PNIPAm
copolymers featuring pendent azide and acetylene groups
for covalent LbL grafting on polyethylene via click reactions;
they used conventional free radical copolymerization
of NIPAm and acrylate-based comonomers, followed
by postfunctionalization, to afford these clickable function-
alities.*® We recently demonstrated the ATRP poly-
merization of well-defined PNIPAm polymers using an
amide-linked initiator.*' Following similar experimental
conditions in this study, we employed two acrylamide-based
monomers—3-azidopropylacrylamide*> (AzPAM) and
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Table 1. Characterization Data for the Acetylene- and Azido-Functionalized Copolymers
click-functionalized maximum of
entry copolymer sample M, Gpc (kg/mol) M, nmr (kg/mol) M/ M, Fazide” Elcclylcnch endothermic peak (°C)
1 PNIPAm;35-co-Ace;s 13900 17200 1.23 9.8 31.5
2 PNIPAmM3-co-Azy3 13300 14800 1.21 10 30.0
3 PNIPAm;37-co-Acesy 19600 19700 1.25 22 30.9
4 PNIPAmM~3-co-Azsg 9500 11300 1.16 22 24.9
“ Fogiqe: mole percentage of azide functionality. ? Fcetylene: mole fraction of acetylene functionality in DO at 20 °C, measured using '"H NMR
spectroscopy.
d
(a) f e c\Br a —— (a) PNIPAm,,-co-Ace,
R m n —— (b) PNIPAm, -co-Az,,
—— (c) PNIPAm, co-Ace, |
NH SO0 NH ~O —— (d) PNIPAm,_-co-Az,
b
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Figure 1. 'H NMR spectra of (a) PNIPAm-Aceo g and (b) PNIPAm-
AZ]O in DzO at 20 °C.
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Figure 2. IR spectra of (a) PNIPAm-(TMS)Ace, (b) PNIPAm-Ace,
and (c) PNIPAm-Az.

(trimethylsilyl)propargylacrylamide®'—for ATRP copoly-
merization with NIPAm, catalyzed by CuBr/MesTREN,
using a synthesized fluorescent amide-linked initiator in
isopropyl alcohol at 0 °C (Scheme 1). To incorporate the
clickable functionalities into PNIPAm while retaining its

10° 10°* 10°
M_ (kg/mol)

Figure 3. GPC traces of click-functionalized PNIPAm copolymer
samples.
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Figure 4. DSC thermorgrams of click-functionalized PNIPAm copo-
lymers and a PNIPAm homopolymer in aqueous solution (1 wt %;
heating rate: 2 °C/min).

thermoresponsive behavior, these copolymer materials were
designed to contain only 10 and 20 mol % of either the azide
or the acetylene functional monomers. Table 1 provides a
detailed summary of the results and the polymer character-
ization. The acetylene unit in the monomer was protected
with a trimethylsilyl (TMS) group to circumvent its com-
plexation with the copper catalyst during ATRP copolymer-
ization.*> After removing this protective group with
tetrabutylammonium fluoride (TBAF) in THF, we obtained
the desired acetylene-functionalized PNIPAm copolymer.
We used '"H NMR spectroscopy (Figure 1) to determine
the number of repeating units (from the relative integration
of the peaks of the dimethylamino protons of the initiator)
and the composition of copolymers (by comparing the
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Scheme 2. Schematic Representation of the Preparation of Covalently Stabilized Thermoresponsive Microcapsules Through Layer-by-Layer
Assembly Using Click Chemistry

Acetylene-FunctlonaIlzed

Azido-Modified
Silica Particle

integration of the signals of the methylene protons neighbor-
ing to the azido groups and with methyl protons of TMS).
We found that the compositions of the azide and acetylene
moieties were very close to their monomer contents of 10 and
20 mol %; we denote these samples as PNIPAm-Ace, and
PNIPAm-Az,, where a represents the molar percentage of
clickable functionalities in the copolymers. Figure 2 displays
the FT-IR spectra of the copolymers, revealing the charac-
teristic absorptions of the TMS-protected acetylene, the
fingerprint weak acetylene, and the strong azide peaks at
ca.2181,2122, and 2098 cm™ !, respectively. The GPC traces
in Figure 3 display clear monomodal and symmetric peaks,
without any discernible tailing or shoulders at the lower or
higher molecular weight side. These data reveal that we had
successfully prepared the click-functionalized PNIPAm co-
polymers through ATRP.

The LCST of PNIPAm copolymers is strongly influenced
by the nature and molar concentration of the comonomer
and by the overall hydrophilicity of the copolymer.** In
general, hydrophobic compounds lower the LCST, whereas
hydrophilic compounds raise it.*> Figure 4 presents DSC
thermograms of our four azido- and acetylene-functiona-
lized samples in relation to that of the homo-PNIPAm. We
consider the temperature at the maximum of the DSC
endotherm to be the LCST of the copolymer. The transition
temperatures of the acetylene-functionalized copolymers
were slightly lower than that of the homo-PNIPAm. When
the comonomer AzPAM content was 8.7 mol %, however,
the transition temperature became broader and the LCST
decreased to 30.0 °C, i.e., lower than that of PNIPAm-
Ace 17. Furthermore, we observed a much lower and broader
LCST region for PNIPAm-Azg,,; its LCST was ca.
24.9 °C. This result indicates that by the hydrophobic azide
groups and alkyl chains dominate the hydrophilicity over the
hydrophilic amide groups in the AzPAM, leading to a
decrease in the LCST.*® In contrast, the shorter propargyl
group results in a less hydrophobic copolymer, which, thus,
provided less of a change in the LCST. Because aqueous
PNIPAm solutions undergo coil-to-globule phase transi-
tions when the temperature is increased, we expected the
LbL assembly behavior to depend strongly on the reaction
temperature and, hence, the conformation of the copoly-
mer chain.

Click Reactions for the Direct Covalent LbL. Assembly of
Multilayer Thin Films on Silica Particles. We chose silica

/]
uo' ““' A M ‘---
o~ -.._‘i‘\& "--,‘._ ® . )
——————— — |
Click of Clmk of
= FirstLayer Second Layer ‘ ‘

of
vy o tnazolelmkage

Azido-Functionalized
PNIPAM

Repeat
Click Reaction

HF(5wWt %)

@
g

particles as our sacrificial template material because of its
ready availability over a broad range of sizes with mono-
dispersity and because their surface can be readily modified
with silylating agents. We treated the hydroxyl groups on the
surface of the particles with an excess of 3-bromopropyltri-
chlorosilane and then exchanged the bromine atoms into
azide groups through nucleophilic substitution with NaN5 in
DMF. Next, we began the LbL assembly at 25 °C, mediated
through 1,3-dipolar cycloaddition between the azide units on
the surfaces of silica particles and the acetylene-functiona-
lized PNIPAm copolymer, to form the first thin film layer
(Scheme 2). Because of the coil-to-globule phase transition,
these copolymers adopted coil structures in aqueous solution
at temperatures below their LCSTs. We expected that these
conformations led to steric restriction, with only a portion of
these clickable functionalities of the copolymers being con-
sumed.?® Consequently, we exploited the remaining free
acetylene groups on the surface of the first thin film layer
in the next assembly step. Repeating this process provided
the desired number of layers on the surface of the silica
particles, leaving behind single-component covalently stabi-
lized PNIPAm microcapsules after core removal through
HF etching.

We used CLSM to confirm the growth of multilayer thin
films on the silica particles by measuring the fluorescence
intensities after depositing each bilayer. Figure 5a reveals a
steady increase in the fluorescence intensity upon increasing
the number of deposited PNIPAm-Aceg g/PNIPAmM-Az;,
layers. The CLSM image in Figure 5b reveals the uniform
coverage and regular spherical shape of the dansyl-labeled
copolymers on the silica particle templates, confirming the
buildup of multilayer thin films on the particles. The AFM
images in Figure Sc display the continuous morphology
and intact shell structure of the microcapsules after removal
of the template. We observe creases and folds, which are
characteristic of ultrathin walls resulting from collapse of the
microcapsules after drying. The TEM images in Figure 5d
confirm that these shells retained their integrity after dis-
solution of the core. We calculated the thickness of the
multilayer thin films by examining the AFM height profiles
of the microcapsules from regions in which they had folded
only once. The thickness of the five-bilayer PNIPAm-Acey g/
PNIPAm-Az;, thin film was ca. 5.5 nm. Cross-linking of
PNIPAm provides temperature-sensitive polymer networks
that swell in water at temperatures below their LCST and
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Figure 5. (a) Fluorescence intensity of 3 um SiO, particles plotted as a function of the number of deposited PNIPAm-Aceg s/PNIPAmM-Az,, bilayers.
(b) CLSM image of 3 um SiO, particles featuring five bilayers of PNIPAm-Aceg s/PNIPAm-Az,, bilayers in aqueous solution; the scale bar: 20 um. (c)
Tapping-mode AFM image of a collapsed PNIPAm microcapsule (dried state) featuring five PNIPAm-Acey s/PNIPAm-Az;, bilayers; the AFM-
derived thickness of the multilayer was measured in terms of the difference in heights at the points marked by the arrows. (d, ¢) TEM images of
(PNIPAm-Acey /PNIPAmM-Az,4)s microcapsules prepared in the (d) dried state and (e) thermally dried state (50 °C); the scale bar: 2 um.

deswell at temperatures above it.*” As expected, the sizes of
our microcapsules changed dramatically upon increasing the
aqueous solution temperature from 25 to 50 °C (Figure 5e).
We conducted the LbL assembly in aqueous solutions to
observe its thermoresponsive behavior, and the result indi-
cates the success of our click reaction-mediated fabrication
of covalently stabilized microcapsules. This novel clickable
functionalized PNIPAm derivatives provided the microcap-
sules with covalent linkages and also retained its thermo-
responsive characteristics, thereby allowing them to exhibit
swelling and deswelling behavior.

Effect of Cross-Linking Degree on Multilayer Thin Films
Thickness and Morphology. To further investigate the prop-
erties of the PNIPAm-Aceg 3/PNIPAm-Az;, multilayer thin
films, we fabricated them from copolymers containing var-
ious contents of their click functionalities. The AFM images
in Figure 6 reveal an increase in the thickness of the films
upon increasing the number of bilayers. Because of the

instability of the microcapsules containing less than one
bilayer, it was difficult to measure the thickness of these
systems. The average thickness of the microcapsules as-
sembled from PNIPAm-Ace,,/PNIPAm-Az;, (Figure 6, cir-
cles) was greater than that of its counterparts prepared from
PNIPAm-Aceg g/PNIPAmM-Az;y. For example, two-bilayer
microcapsules assembled from PNIPAm-Ace,,/PNIPAm-
Az, had a thickness of ca. 8§ nm, whereas the five-bilayer
PNIPAm-Aceg g/PNIPAmM-Az,( microcapsule was 5.5 nm
thick (Figure 5c). This result clearly indicates that the
increase in film thickness was influenced by the degree of
cross-linking. We found, however, that the increase in thick-
ness was nonlinear—the thickness of the bilayers decreased
progressively as the number of deposited bilayers increased.
This behavior can be explained by considering that as the
multilayer thin films assembled in the second layer, the
number of clickable functionalities of the PNIPAm-Az;,
polymer decreased, leaving an insufficient number of free
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clickable azide groups on the surface. As a result, the
subsequent LbL assembly was restricted, leading to seq-
uentially thinner bilayers in the multilayer thin films.

40

—®— (PNIPAm-Ace,,/PNIPAm-Az, ,) click at 25 °C.

—m— (PNIPAm-Ace,,/PNIPAm-Az,,) click at 20 °C.

—A— (PNIPAm-Ace, /PNIPAm-Az, ;) click at 30 °C.
- —

AFM thickness of
w
o
1

microcapsule shell (nm)
N
o
1

-
o
1

Number of bilayers

Figure 6. PNIPAm microcapsules multilayer thicknesses—measured
using tapping-mode AFM—plotted with respect to the number of
bilayers, the cross-linking degree, and the reaction temperature.
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As mentioned above, increasing the content of azide func-
tionalities to 22 mol % dramatically lowered the LCST; the
copolymer became insoluble in aqueous solution at 25 °C. To
avoid serious aggregation, we conducted the buildup of
(PNIPAm-Ace,,/PNIPAmM-Az,,) multilayers at 20 °C to
examine the effect of higher degrees of cross-linking. We
observed a regular increase in the multilayer thickness,
providing films that were thicker than those of the (PNI-
PAm-Acey 3/PNIPAmM-Az,(), systems (Figure 6, squares).
Thus, the direct covalent LbL multilayer growth also de-
pends on the degree of cross-linking. In addition, we found
that the thickness of the microcapsule shells obtained from
height measurements increased gradually with respect to the
number of bilayers. This behavior confirms unambiguously
the success of our direct covalently bonded LbL assembly
procedure for the fabrication of microcapsules possessing
ultrathin walls. Indeed, the thickness of the microcapsules
can be adjusted through control of the degree of cross-
linking.

Tailoring Multilayer Thin Film Morphologies by Adjusting
the Reaction Temperature. In addition to the degree of
cross-linking, the temperature at which LbL assembly of

400.0 nm

Figure 7. AFM images of PNIPAm microcapsules fabricated at various temperatures and with different compositions: (a) (PNIPAm-Ace,,/PNIPAm-
Az9), at 25 °C; (b) (PNIPAm-Ace,,/PNIPAmM-Az,5); at 20 °C; (c) (PNIPAm-Ace,,/PNIPAm-Az,j), at 30 °C.

Vertical distance

Vertical distance

(b)

(d)

Figure 8. (a,c) AFM and (b, d) TEM images of the two-bilayer (PNIPAm-Ace,,/PNIPAmM-Az,), microcapsules assembled closely to LCST at 30 °C.

Samples prepared at 25 °C (a, b) and at 50 °C (c, d); the scale bar: 2 um.
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Figure 9. CLSM images of (a, b) three-layer (PNIPAm-Ace,,/PNIPAm-Az,,)PNIPAm-Ace,, and (c, d) four-layer (PNIPAm-Ace,,/PNIPAm-
Az,,),-coated silica particles functionalized with azido-modified lissamine rhodamine dye. The insets of panels b and d show photographs of vials
containing lissamine rhodamine surface-modified PNIPAm-coated silica particles suspension. Excitation wavelength (a, ¢) 403 nm and (b, d) 561 nm;

the scale bar: 20 um.

PNIPAm films is performed is another important factor
affecting the morphologies of the resulting thin films. Quinn
et al. demonstrated that the adsorption temperature of
PNIPAm on planar templates was affected significantly by
both the mass proportion of PNIPAm in the film and the
morphology of the film’s surface;*® when the adsorption was
conducted at temperatures close to the LCST, the amount of
PNIPAm in the film increased significantly and the total film
mass increased. Using the same concept in this study, we
examined the effect of the temperature on the covalent
assembly on the colloidal template. Figure 7 displays
AFM images of the surface roughnesses of three microcap-
sule samples assembled with different compositions and
at different temperatures. The microcapsule with two PNI-
PAm-Ace,,/PNIPAmM-Az;, bilayers assembled at 25 °C
Figure 7a) features numerous polymer grains on the surface;
i.e., it possessed a coarse morphology. Increasing the degree
of cross-linking resulted in a microcapsule having a smooth-
er surface morphology, as demonstrated by the AFM image
of a two-bilayer thin film prepared from PNIPAm-Ace,,/
PNIPAm-Az,, (Figure 7b). The formation of polymer grains
on the surface can be attributed to the lack of a suffi-
cient number of the remaining free azide functionalities
from PNIPAm-Az;, as mentioned above. Surprisingly,

when we increased the reaction temperature to 30 °C—
close to the LCST of the PNIPAm-Ace,,/PNIPAm-Az,
copolymers—the resulting microcapsule featured only one
bilayer, but it displayed a continuous and intact shell struc-
ture Figure 7¢; thickness: ca. 10 nm). This surface was also
smoother than that prepared at lower temperature (cf.
Figure 7a.c). These results reveal that when we performed
the assembly at temperatures close to the LCST, the resulting
microcapsules exhibited extremely smooth surfaces and
thicker multilayer thin films because of the tighter packing
of the PNIPAm derivative as a result of a more compact
chain conformation in aqueous solution.

To further investigate the thermoresponsive deswelling
behavior of microcapsules fabricated with more tightly
packed multilayers, we recorded AFM and TEM images
(Figure 8) of the microcapsules possessing two bilayers of
PNIPAm-Ace,,/PNIPAm-Az, that had been assembled at
30 °C. When comparing the AFM images and the height
measurements of the microcapsules in their air-dried and
thermally dried states Figure 8a,c), we observe a clear
increase in the thickness of the thin film—with a size varia-
tion confirming that the microcapsule deswelled and
shrank—when the microcapsules were dried at 50 °C in the
oven. In addition, the TEM images in Figure 8b,d provide
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Figure 10. CLSM and DIC images of the two-bilayer (PNIPAm-Ace,,/PNIPAm-Az,), PNIPAm microcapsules assembled at 30 °C after mixing with
probe molecule solutions of (a, d, g) rhodamine 6G and TRITC-dextran (b, e, h) My, ~ 4.4 kDa, (c, f, i) My, ~ 6.5—7.6 kDa. Excitation wavelength

(a, b, ¢) 403 nm and (d, e, f) 561 nm; the scale bar: 5 um.

additional evidence suggesting that the dimensions of the
microcapsule decreased considerably upon increasing the
temperature above its LCST. To examine the important
thermoreversible characteristics, we conducted the heating/
cooling processes of the microcapsules suspension solution
between 50 and 25 °C repeatedly. As shown in Figure S1 (see
Supporting Information), the dimension variation of these
microcapsules remained distinguishable between the swel-
ling and deswelling states even after five heating/cooling
cycles. This result reveals that the microcapsules show good
thermoreversible characteristics in the swelling/deswelling
behavior of the ultrathin PNIPAm microcapsules.
Postfunctionalization of PNIPAm Clicked Thin Films
through Click Reactions with a Fluorogenic Small Molecule
and Preliminary Permeability Study. Because our direct

covalent LbL assembly process is based on alternating
reactions between remaining free clickable groups on the
surface and their complementary copolymers, the presence
of unreacted free acetylene or azide moieties can be used for
further conjugation with functional materials. To exa-
mine the potential for postfunctionalization, we reacted
the three-layer (PNIPAm-Ace,,/PNIPAm-Az,,)PNIPAm-
Acer-coated silica particles with a small fluorogenic mole-
cule, namely an azido-modified lissamine rhodamine dye.
We then used CLSM to analyze the postfunctionalized silica
particles by simultaneously exciting the fluorescent dansyl-
labeled PNIPAm thin films and the rhodamine molecules on
the surface at excitation wavelengths of 403 and 561 nm,
respectively. Figure 9a,b reveals that both green and red
fluorescence emissions were visible from the thin films on the
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periphery of the silica particles. In order to demonstrate that
the unreacted free clickable group is affected at the outer
surface, the four-layer coated silica particles (with azide
functional group on the surface) were also reacted with the
azide-modified rhodamine dye (Figure 9c,d). CLSM ana-
lyses show that weak rhodamine fluorescence emission was
visible when compared to the three-layer surface-modified
silica particles. This result indicates that the clickable group
is exclusively affected at the outer surface of the click multi-
layer, and only few reactive groups remain inside the multi-
layer thin film. These experiments further demonstrate
that the clickable functionalities on the multilayer thin
films surface are accessible after each click assembly.
Consequently, the microcapsules fabricated through direct
covalent LbL assembly allow the surface for postfunctiona-
lization to conjugate a variety of small molecules or larger
biomacromolecules.*” Finally, preliminary study on the
permeability of two-bilayer (PNIPAm-Ace,,/PNIPAm-
Az0), microcapsule assembled at 30 °C was presented and
shown in Figure 10. For microcapsules incubated with probe
molecules, rhodamine 6G, or 4.4 kDa TRITC-labeled dex-
tran, it was found that theses microcapsules had the same
fluorescence intensity inside as the bulk solution
(Figure 10a—f), implying that these low-molecular-weight
probe molecules can penetrate into these microcapsules.
When the microcapsules incubated with high-molecular-
weight TRITC-labeled dextran (65 kDa), however, the dark
appearance of capsules interior contrasted with the bright
fluorescent outside (Figure 10g—1). These results reveal that
the microcapsules with tighter packing wall are selectively
permeable to molecules and show potential applications for
the encapsulation of variety of materials.

Conclusion

Using click chemistry, we have developed a novel approach to
fabricate thermoresponsive PNIPAm microcapsules based on
direct covalent bonding LbL assembly. This method not only
provides a unique approach toward microcapsule construction
with direct covalent bonding under mild reaction conditions but
also opens a platform to better understand the effects of the
degree of cross-linking on the thin film thickness and morphol-
ogy. The fabrication of these microcapsules can be tailored by
adjusting the aqueous reaction temperature close to the LCST
(30 °C), resulting in multilayer film materials exhibiting extremely
low surface roughness and high thickness as a result of tighter
packing of PNIPAm, a special characteristic of the LbL assembly
of PNIPAm on the colloidal template. These microcapsules also
undergo a thermoreversible swelling/deswelling transition upon
changing the temperature of the medium. The surfaces of these
multilayer thin films are easily modified using, for example, an
azido-modified lissamine rhodamine dye, thereby allowing post-
functionalization with a variety of small molecules or larger
biomacromolecules. Finally, permeability study reveals that the
microcapsules with tighter packing wall are selectively permeable
to molecules depending on molecular weight and show potential
applications for the encapsulation of a variety of materials.
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