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H
ollow capsules, as a special category
of colloidal structures, possess iso-
lated space and controllable perme-

ability and therebyfinddiverse applications in
medicine and food sciences and cosmetics,
etc.1�5 So far wide varieties of hollow struc-
tures such as polymersomes,6,7 multilayer
capsules,8�11 and hollow microspheres12�14

have been developed. The structure and
morphology of the capsules play a key role
in determining the capsule properties and
functions. In particular, smart capsules can
change their structure and properties intelli-
gently in response to various stimuli such as
pH, ionic strength, temperature, light, and
even redox potential.15�18

Most of the intelligence of the formed
hollow structures results from controllable
swelling and shrinking aswell as explosion,19

but less from shape transformation. The
latter was realized only for vesicles and
hollow silica spheres.20�26 For instance, a
budded hollow silica sphere could be con-
structed by kinetic self-assembly of silica
precursors and continuously budding
surfactant.20 Block copolymers could form
vesicles of a special morphology with pro-
truding rods and porous spheres by an
increase of polymer concentration and ex-
change of solvent.21�23 More interestingly,
giant hyperbranched polymer vesicles ex-
perienced shape transformations in ana-
logy to cellular processes such as birth,
budding, fusion, and fission.24�26 Therefore,
not only the transformation process of the
hollow structures is of high interest, but also
the underlying physicochemical mechan-
isms which may give a hint on the biological
and natural processes.27 However, shape
transformations of hollow microcapsules
(MCs) have rarely been observed so far.
In this paper,we report thefirst discoveryof

protrusion of one-dimensional nanotubes
(1D-NTs) from poly(allylamine hydrochloride)

(PAH)-graft-pyrene (Py) MCs (Figure 1a). The
detail study reveals that the protrusion dy-
namics and structures depend on the incuba-
tion pH value, which influences the hydrolysis
rate of Schiff base between PAH and Py
(Figure 1b).

RESULTS AND DISCUSSION

This discovery originated from the devel-
opment of a simple but versatile strategy for
fabricating MCs.28 In this process, an -NH2

containing polyelectrolyte, PAH, was doped
into CaCO3 particles during mineralization,
and further reacted with 1-pyrenecarboxal-
dehyde (Py-CHO) by Schiff base formation.
Removal of the CaCO3 template yielded
hollow MCs composed of Py modified PAH
(PAH-Py) (Figure 1a,b). Scanning electron
microscopy (SEM) (Figure 1c) revealed that
the as-prepared PAH-doped CaCO3 parti-
cles were ellipsoids with an average dia-
meter of 5.5 μm. They had a rough surface
morphology with a lot of tiny pores
(Figure 1c, inset), which facilitated diffusion
of Py-CHO and thereby its reaction with
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ABSTRACT Protrusion of one-dimensional nanotubes or nanorods from the poly(allylamine

hydrochloride)-graft-pyrene (PAH-Py) microcapsules was discovered when the microcapsules were

incubated in pH 0 and pH 2 solutions, respectively. Micelles assembled from deliberately synthesized

PAH-Py polymers were also able to transform into one-dimensional structures, demonstrating the

chemistry driven nature of the phenomenon. The one-dimensional nanotubes consisted of only

1-pyrenecarboxaldehyde with ordered π�π stacking, and showed a helical structure and

anisotropic property. The hydrolysis of Schiff base and its rate at different pH values (10 times

slower at pH 0 than at pH 2) played a key role in determining the final nanostructures, and the linear

PAH directed the regular building up process especially for the nanotubes. Hollow capsules budded

with nanotubes or nanorods mimicking the cellular protrusion of filopodia were successfully

prepared by tuning the incubation pH and time. These results and the proposed mechanism open

new opportunities for design of novel micronanostructures and materials for nanoscience, and

biological and other advanced technologies.
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PAH. By removing the sacrificial CaCO3 with ethylene-
diaminetetraacetatic acid (EDTA) solution, MCs were
obtained as a result of aggregation of the hydrophobic
Py and rearrangement of the hydrophilic PAH chains
(Figure 1d�f). Their size was identical with that of the
template. The MCs collapsed only in the middle parts
due to the very thick shells,29 leading to a concave
morphology (Figure 1d). FTIR spectroscopy (Supporting
Information, Figure S1) identified theSchiffbasebond at
1623 cm�1 in the PAH-PyMCs. No calciumwas detected
within theMCs by energy dispersive X-ray spectroscopy
(EDX) (Figure S2). The fluorescent contour of the PAH-Py
(Figure 1e) confirmed the thick capsule shell, whose
thickness was 1.4 μm on average according to the MC
cross section transmission electron microscopy (TEM)
(Figure 1f). Elemental analysis reported a Py substitution
degree of 19% on PAH in the MCs. By UV measurement
using tetramethylrhodamine isothiocyanate labeled
PAH, less than 5% of the original doped PAH (3% in
CaCO3 particles) was released from the MCs. This ac-
counts for a shell thickness of 2.2 μm,30 which matches
well with the TEM data (1.4 μm). Previous results have
shown that the PAHmolecules reside in the periphery
of the CaCO3 particles as a result of additional physical
adsorption of PAH on the porous and rough surface
of the CaCO3 particles,28 and so does the PAH-Py

distribution after the Schiff base reaction. Moreover,
due to the osmotic pressure and outward flow during
template removal, those PAH-Py molecules in the
inner part also tend to accumulate to yield a dense
peripheral PAH-Py layer. Therefore, thick hollow cap-
sules instead ofmicrospheres are obtained. Moreover,
the stabilizing force within the capsules is the associa-
tion between the hydrophobic domains of Py, which
is unique, but applicable to other systems too.
Protrusion of the 1D-NTs was observed when the

MCswere incubated in pH 0HCl solution (Figure 2a�e).
The original MCs appear dark without distinguishable
fine structures (Figure 2a). After 24 hours, short and
uniform 1D-NTs (∼5 μm in length and <100 nm in
width) start to grow from the MCs (Figure 2b). The 1D-
NTs keep growing with incubation time (Figure 2c,d)
and eventually form a network (Figure 2e). During this
process, the MCs fade gradually (Figure 2d) and dis-
appeared completely after 144 h (Figure 2e). If the
process is terminated at an appropriate time such as
30 h by neutralizing the HCl, a MC budding with the
NTs can be obtained (Figure 2f,g). The SEM image
(Figure 2g) demonstrates that the NTs definitely grow
from the MCs. When the incubation is terminated at
72 h, much thinner MCs with longer NTs are obtained
(Figure 2h). Moreover, the incubation pH also has a big

Figure 1. (a) Schematic illustration of PAH-Pymicrocapsule fabrication and 1D-NT protrusion. (b) Chemical structures of PAH,
Py-CHO, and PAH-Py. (c) SEM images of PAH-doped CaCO3 microparticles and their fine surface structure (inset). (d) SEM
(inset, higher magnification). (e) Confocal laser scanning microscopy (CLSM) and (f) cross section (ultramicrotomy) TEM
images of PAH-Py MCs.
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impact on formation of the fine structures. For example,
at pH 2 the MCs grow into short one-dimensional
nanorods (1D-NRs) within 1 h instead of the long 1D-
NTs, with a very fast transformation rate (Supporting
Information, Figure S3). Again, termination of the in-
cubation at 30min resulted in MCs buddedwith a lot of
short NRs (Figure 2i). These MC-NTs show a similar
morphology as that of HEp-2 cells which have a lot of
long and thin filopodia (Supporting Information, Figure
S4), and thereby represent a brand new category of
micronanostructures similar to the biological analogan.
Now that the capsule transformation is clearly iden-

tified, the question arises on the mechanism under-
lying this phenomenon. A preliminary characterization
found that the 1D-NTs only consisted of Py-CHO with
no PAH (Supporting Information, Figure S5). To facil-
itate the interpretation, PAH-Py polymers were synthe-
sized in methanol solution and purified, which
theoretically had the same chemical composition as
the MCs except for the substitution degree. Special
attention should be paid to the 1D-NTs formation,
since their fibrillar hollow structure is more attractive.
The synthesized PAH-Py was characterized by 1H

NMR (Supporting Information, Figure S6). It had a
substitution degree of 9.4%, which was the highest
value achieved in solution synthesis. The Schiff base
can be conjugated with the Py group to form a large π-
system, which was clearly revealed by the shift of the
Py excimer peak from 449 nm of Py-CHO to 508 nm of
PAH-Py (Supporting Information, Figure S7).31 The
amphiphilic PAH-Py in water (pH 6.5) formed uniform
micelles with an average diameter of 36 nm, as shown
by TEM (Supporting Information, Figure S8). However,
after treatment at pH 0 for 144 h the micelles were

transformed to the 1D-NTs too, as confirmed by TEM
(Figure 3a) and high magnification Cryogenic TEM
(Cryo-TEM) image recorded in solution (Figure 3b).
The tubes showed high uniformity in diameter (82 (
16 nm by scanning force microscopy (SFM, Figure 3c))
and in wall thickness. Since the average height of the
NTs in a dry state was only 19.1 nm (Figure 3c), some
collapse must have happened to some extent. These
1D-NTs could be visualized by CLSM due to the pre-
sence of fluorophore Py molecules (Figure 3d). There-
fore, formation of the 1D-NTs only depends on the
chemical structure of the PAH-Py but not on its
assembled 3D structures. In addition, the 1D-NRs could

Figure 2. (a�e) TEM images showing the process of nanotube protruding from the PAH-Py microcapsules incubated in pH 0
HCl for 0, 24, 48, 96, and 144 h, respectively. (f) Optical images (inset, a higher magnification) showing the protruded
nanotubes from the PAH-Pymicrocapsules incubated in pH0HCl for 30 h. SEM images of amicrocapsulewith nanotubes after
treatment in pH 0 HCl for (g) 30 h and (h) 72 h, respectively. (i) SEM image of a microcapsule with nanorods after treatment in
pH 2 HCl for 1 h.

Figure 3. (a) TEM, (b) Cryo-TEM, (c) SFM, and (d) CLSM
images of 1D-NTs prepared from PAH-Py polymers after
incubation in pH 0 HCl for 144 h.
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also be obtained within 1 h when the PAH-Py micelles
were incubated in a pH 2 solution (Supporting Infor-
mation, Figure S9), which is in accord with the case of
PAH-Py MCs.
Formation of the 1D-NTs and/or 1D-NRs should

exclusively depend on the change of the chemical
structure of PAH-Py in response to a pH triggered
hydrolysis of the Schiff base, as demonstrated by FTIR
spectroscopy (Figure 4a). Again, the final 1D-NTs
(144 h) were only composed of Py-CHO but not PAH
as those obtained from the MCs (detailed description
in Supporting Information). The X-ray diffraction (XRD)
pattern of the 1D-NTs showed a sharp reflection at 2θ
of 26.2� (Figure 4b), corresponding to a d spacing of
3.6 Å. This value matches well with the π�π stacking
distance between Py molecules in a crystal,32,33 sug-
gesting that the NTs are built up from the gradually
disconnected Py-CHO via π�π stacking. However, the
crystal structure of the 1D-NTs was determined as
monoclinic but not triclinic as for the Py-CHO powder
(detailed crystal structure information in Supporting
Information, Table S1), revealing that in the 1D-NTs the
crystal symmetry is increased. A similar crystal struc-
ture was obtained for the NRs (Figure S10). Circular
dichroism (CD) spectroscopy displayed positive
(309 nm) and negative (352, 231 nm) signals for the
1D-NTs (Figure 4c), which are known as the Cotton
effects for the π�π* transitions of Py-CHO.34 However,
no CD signals were recorded for the PAH-Py polymer
and Py-CHO original powder. Therefore, the long-
range orientational order should be only attributed
to the special arrangement of Py-CHO in the 1D-NTs.
Polarized optical microscopy showed that the π�π
stacking direction was parallel to the long axis of the
NTs, confirming the anisotropy of the NTs (Supporting
Information, Figure S11).35 All the results suggest that

the build up of the 1D-NTs from Py-CHO occurs in an
ordered way and evolves gradually into larger dimen-
sions. Therefore, the slow π�π stacking of Py-CHO in
solution is of key importance for the 1D-NTs formation.
Starting from the same material, PAH-Py, different

nanostructures were obtained just by changing the pH.
The control factor was found to be the hydrolysis rate
of Schiff base which was monitored by UV�vis absorp-
tion spectroscopy. Taking the 1D-NT formation at pH 0
as an example (Figure 5a), the original PAH-Py solution
showed a peak at 361 nm, which is similar to the
absorption of the Py-CHO methanol solution and
therefore assigned to Py-CHO. When the pH value
was decreased to 0, the peak immediately red-shifted
to 453 nm (red line), indicating that the Schiff base in
the large π-system experienced protonation. During
the 1D-NT formation, the absorption peak at 453 nm
decreased gradually and disappeared after 120 h,
whereas the original peak at 365 nm reappeared again.
This alteration confirms the gradual hydrolysis of the
Schiff base and formation of Py-CHO, which is in good
agreement with the FTIR spectra (Figure 4a). A similar
process happened in the 1D-NR formation at pH 2
(Figure 5b), which, however, was much faster than that
at pH 0 and lasted only for 1 h.
To quantify the hydrolysis rate of Schiff base at

different pH values, another experiment was designed
(Figure 5c). During the Schiff base hydrolysis process,
Py-CHO would disconnect from PAH and easily be
extracted from water to toluene. Yet the Py on the
hydrophilic PAH chain is hard to transfer to toluene.
Thus, the Py-CHO content in toluene was quantified by
UV�vis spectroscopy. It is proportional to the hydro-
lysis rate of Schiff base. According to Figure 5c, the
hydrolysis rate of Schiff base in PAH-Py follows first-
order kinetics at the beginning of the reaction.36 Thus,

Figure 4. (a) Formation process of 1D-NTs monitored by FT-IR spectroscopy. Samples include Py-CHO, PAH, and PAH-Py (pH
6.5) aswell as PAH-Py after treatment in pH0HCl solution for 0, 72, and 144h, respectively. (b) XRDpattern of Py-CHOpowder
and 1D-NTs. (c) CD spectra of PAH-Py and 1D-NT solutions.
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the apparent hydrolysis rate constants (Kobs) were
calculated to be 1.4 � 10�3 and 1.4 � 10�2 min�1 at
pH 0 and pH 2, respectively. It is worthmentioning that
the process of Schiff base decomposition and 1D-NT
formation could even last more than 2weeks at pH < 0.
Moreover, these results are strongly supported by a
previous kinetic research on the hydrolysis of the Schiff
base, in which the hydrolysis rate decreases with
increasing acidity (below pH 4).36

With a linear structure analogously to that of PAH,
poly-L-lysine (PLL) could similarly direct the regular 1-D
nanostructure formation (Supporting Information, Fig-
ure S12), but the branched polyethyleneimine (PEI) and
small 1-butylamine could not (Figure S13). Moreover,
when the Py-CHO was substituted by another hydro-
phobic ferrocene aldehyde, only amorphous precipi-
tate was obtained. Therefore, formation of the
nanostructures is controlled by all parts of the poly-
electrolytes, the pendent groups, and the linking
bonds between them.
Taking all the above results into consideration, the

mechanism of protrusion of the nanostructures from
the PAH-Py capsules is determined as follows. Incuba-
tion of the PAH-Py capsules in acid solution causes the
protonation and hydrolysis of the Schiff base, which is
significantly influenced by the pH value. At pH 0, the
slow hydrolysis of Schiff base leads to long enough

time for the pendent Py groups on the PAH chains to
form partial π�π stacks before they break up and
further arrange in one dimension to form the 1D-NTs
under the assistance of linear PAH chains. Indeed, it has
been demonstrated that polyelectrolytes with regular
repeat units such as PAH can function as template to
assist the self-assembly process.37 At pH 2, a large
quantity of Py molecules become free in a very short
time so that they aggregate due to their hydrophobi-
city in a more disordered way with less assistance of
PAH, leading to the 1D-NRs formation. This is in
accordance with the fact that the 1D-NRs exhibited
no CD signals. It also explains the presence of both NTs
and NRs in pH 1 solution (Supporting Information,
Figure S14), in which the Schiff base has a moderate
hydrolysis rate. Moreover, growth of the 1D-NTs and
1D-NRs follows a crystallization manner as well, start-
ing from the crystal nuclei on the capsule walls and
resulting in a continuous length increase.

CONCLUSION

Protrusion of 1D-NTs or 1D-NRs from the PAH-Py
MCs was discovered whenMCswere incubated in pH 0
and pH 2 solutions, respectively. The protrusion pro-
cess of the nanostructures is triggered by pH and
influenced by the incubation time, so that thickness
of the MC shells and length of the NTs can be tuned to

Figure 5. Formation process of 1D-NTs (a) and 1D-NRs (b) followed by UV�vis spectroscopy. (c) Quantitative comparison of
the decomposition rate of the Schiff base in PAH-Py at pH 0 and pH 2. The Py-CHO content in toluene, which was extracted
from water as shown in the inset pictures, increase with a different rate at different pH values.
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form cellular-like hollow capsules budding with NTs or
NRs. Deliberately synthesized PAH-Py polymers, which
form micelles in solution, are also able to transform to
the 1D-NTs and 1D-NRs, demonstrating that formation
of the nanostructures depends only on chemical struc-
ture of the PAH-Py but not on its assembled 3D
structures. The hydrolysis rate of Schiff base (10 times
slower at pH 0 than at pH 2) at different pH plays a key
role in determining the final physical structures, while

the linear PAH directs the regular build up process
especially for the NTs. The finding of 1D-nanostrucure
protrusion from the PAH-Py MCs, the formed hollow
capsules budded with NTs or NRs mimicking the
cellular protrusion of filopodia, and the proposed
mechanism open new opportunities for design of
novel micronanostructures and materials for na-
noscience, and biological and other advanced
technologies.

EXPERIMENTAL SECTION

Materials. PAH (Mn ≈ 56 kDa), Py-CHO, calcium nitrate tetra-
hydrate, sodium carbonate, and EDTA were purchased from
Aldrich. HCl solution (1 mol/L) was purchased from Merck
Company and diluted to the desired concentration. Other
chemicals were used as received. The water used in all experi-
ments was prepared via a Millipore Milli-Q purification system
and had a resistivity higher than 18MΩ 3 cm.

Fabrication of PAH-Doped CaCO3 Microparticles. PAH or TRITC-PAH
was dissolved in 100 mL of 0.33 M calcium nitrate solution in a
beaker under magnetic agitation (∼600 rpm), into which an
equal volume of 0.33 M sodium carbonate solution was rapidly
poured at room temperature. The final PAH concentration was
adjusted between 0.4 and 4 mg/mL. After 20 min, the PAH-
doped CaCO3 particles were centrifuged andwashed for 3 times
to get rid of the free PAH and salts.

Fabrication of PAH-Py Microcapsules. The as-prepared PAH-
doped CaCO3 microparticles were dispersed in ethanol and
mixed with excess Py-CHO which was also dissolved in ethanol.
After the mixture was kept in a vessel under mild agitation for
2 h, centrifugation and washing by ethanol were conducted
several times until the excess Py-CHOwas washed away. Finally,
the Py-modified CaCO3 microparticles were incubated in 0.2 M
EDTA solution for 15 min under shaking to obtain the PAH-Py
MCs, which were further washed with fresh EDTA solution and
water, each for 3 times, using centrifugation (2000g, 3 min).

Fabrication of MC-NT Composites. The as-prepared PAH-Py MCs
were incubated and dispersed in 1 M HCl solution under
shaking. After a specified time, one portion of the solution
was neutralized by 1 M NaOH solution, followed by gentle
centrifugation and washing for 3 times. The whole transfer
process from MC to NT lasted 5�6 days.

Synthesis of PAH-Py. To a solution of 0.6 g of potassium
hydroxide in 6 mL of methanol 0.2 g of PAH (2.16 mmol repeat
units) was added in small portions. The solution was stirred for
1 h at room temperature and then kept at 4 �C for 12 h. The
precipitated potassium chloride was filtered off and the filtrate
was dialyzed against methanol to completely get rid of the
potassium hydroxide. Py-CHO (0.216 mmol, 50 mg) was dis-
solved in 5 mL of methanol and added to the dialyzed PAH
methanol solution. The mixture was stirred for 30 min and then
kept at 4 �C. The substituted polymers were collected by casting
the methanol solution into 200 mL of acetone, followed by
filtration. The Py substitution degree was calculated to be 9.4%
from 1H nuclear magnetic resonance (1H NMR) spectra
(Supporting Information, Figure S6), and could be varied con-
veniently via the feeding ratio of the raw chemicals.

Micelle Formation. The as-prepared PAH-Py methanol solu-
tion was diluted with Millipore water to a methanol/water ratio
of 1:9 at pH 6.5. The micelles were formed in this solution
spontaneously and were kept at 4 �C for dynamic light scatter-
ing (DLS) and other characterizations.

1D-NT Formation. The as-prepared PAH-Py methanol solution
was diluted with HCl (pH 0) to a methanol/water ratio of 1:9,
which was maintained in a vessel under mild agitation for 7 d.
The 1D-NTs were formed in this solution and washed with a
stirring ultrafiltration cell (Millipore model 8200) to remove the

free PAH from the solution. The purified 1D-NT solution was
kept at 4 �C for further analyses.

1D-NR Formation. The as-prepared PAH-Py methanol solution
was diluted with HCl (pH 2) to a methanol/water ratio of 1:9,
which was maintained in a vessel under mild agitation for 2 h.
1D-Nanorods formed in this solution were washed with a
stirring ultrafiltration cell to remove the free PAH from the
solution. The purified 1D-NR solutionwas kept at 4 �C for further
analyses.

Toluene Extraction Experiment. According to the stoichiometry,
there were initially 4.97 mg of Py-CHO and 0.02 g of PAH in
10 mL of PAH-Py solution. After dilution to 100 mL by pH 0 HCl
solution or pH 2 HCl solution, respectively, there was 0.0994 mg
of Py-CHO in every 2 mL of solution. This 2 mL of PAH-Py
solution (pH 0 or pH 2) was transferred to a glass bottle, in which
the decomposed Py-CHO was extracted by 2 mL of toluene at
the desired time interval during the subsequent process
(exactly the same process as that of assembly at pH 0 and pH
2, respectively). The Py-CHO amount in toluenewas determined
by UV�vis absorption spectroscopy (ε396 = 1.58 � 104

M�1 cm�1). Data were averaged from 10 parallel experiments,
and standard deviation was calculated.

Characterizations. DLS and zeta potential measurements were
conducted on a Malvern HPPS 500 and Malvern Zetasizer Nano
ZS instrument, respectively. Themicellar solutionwas diluted by
10 times. The NMR spectra were recorded on a Bruker DMX400.
TEM images were obtained with a Zeiss EM 912 Omega micro-
scope at an acceleration voltage of 120 kV. SEM measurements
were performed with a Gemini Leo 1550 microscope at an
acceleration voltage of 3 kV. SFM images were recorded with a
Nanoscope IIIa multimode microscope (Digital Instruments Inc.,
Santa Barbara, CA). Measurements were carried out in tapping
mode using silicon tips (Nanosensors, Wetzlar). CLSM images
were taken on a LEICA TCS system (Aristoplan, Germany, 100�
oil immersion using commercial software). The samples were
prepared by casting the as-prepared solutions of micelles, 1D-
NRs, and 1D-NTs onto copper grids with a carbon film (for TEM),
silicon wafers (for SEM), newly cleaved mica (for SFM), and glass
slides (for CLSM), and air-dried, respectively. Cryo-TEMmeasure-
ment was performed on a Philips CM12 TEM using the Gatan
cryo-holder and -transferstation (model 626, Gatan Inc., USA) at
an accelerating voltage of 100 kV. Droplets of the 1D-NT
solution (5 μL) were applied to perforated carbon film covered
200 mesh grids, which was deposited with a gold layer to avoid
the erosion by the NT solution of low pH. The supernatant fluid
was adsorbed with a filter paper until an ultrathin layer of the
sample solution was formed, which spanned the holes of the
carbon film. The sample was immediately vitrified by propelling
the grids into liquid ethane at its freezing point (90 K) operating
a guillotine-like plunging device. CD spectra were recorded on a
Jasco J-715 spectropolarimeter using a 1mm rectangular quartz
cell. Steady-state fluorescence spectra were measured on a
Fluoromax-4 spectrofluorometer (Horiba, Jobin Yvon). XRD
measurements were performed on a Bruker D8 Advance dif-
fractometer with Cu KR1 radiation (λ = 1.5406 Å). UV�vis
spectra were taken by a Cary 4E UV�visible spectrophotometer.
FTIR measurements were conducted on a Bruker Equinox 55/S
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using a KBr pellet. The polarized optical microscopy images
were obtained with an Olympus BX51.
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