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P
olymer self-assemblies built up with
amphiphilic homopolymers have
aroused great interest during past

decades due to simple syntheses of homopo-
lymers and promising potential applications
of various self-assembled nanostructures.1�11

However, compared to the blooming pro-
gress in the preparation of diverse morphol-
ogies from block copolymers,12,13 nano-
objects created by homopolymers are very
limited due to the lack of proper design
principles. Recently, our group proposed a
mechanism of hydrogen-bonding induced
self-assembly and a new gradient membrane
structure of homopolymer vesicles.10,11 It
has been confirmed that the membrane
of homopolymer vesicles consists of both

hydrophobic and hydrophilicmoieties, which
is different from traditional block copolymer
vesicles and may offer more advantages in
their further applications,14 such as being an
excellent catalysis supporter and powerful
adsorbent for removing trace carcinogenic
polycyclic aromatic hydrocarbons in polluted
water.
Although water remediation contains so

many issues, the effective elimination of trace
carcinogenicorganicpollutants inwater, such
as most polycyclic aromatic hydrocarbons
and their derivatives, which originated from
the industrials of herbicides, pesticides, and
synthetic dyes, has been a major concern in
the area of water remediation and remains
a technical challenge.
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ABSTRACT Homopolymers have been considered as a nonideal building block

for creating well-defined nanostructures due to their fuzzy boundary between

hydrophobic and hydrophilic moieties. However, this unique fuzzy boundary may

provide some opportunities for fabricating functional nanomaterials. Presented in

this paper is a pH-responsive multifunctional homopolymer vesicle based on

poly[2-hydroxy-3-(naphthalen-1-ylamino)propyl methacrylate] (PHNA). This vesi-

cle is confirmed to be an excellent supporter for gold nanoparticles (AuNPs) to

facilitate the reduction reaction of 4-nitrophenol (4-NP). The pH-responsive vesicle

membrane favors the effective embedding and full immobilization of AuNPs

because it is kinetically frozen under neutral and basic environments, preventing AuNPs from aggregation. Meanwhile, there is a synergistic effect between

the AuNPs and the supporter (PHNA vesicle). Due to the π�π interaction between the naphthalene pendants in every repeat unit of PHNA and the extra

aromatic compounds, a substrate-rich (high concentration of 4-NP) microenvironment can be created around AuNPs, which can dramatically accelerate the

AuNPs-catalyzed reactions. In addition, we proposed a method for more accurately determining the membrane thickness of rigid polymer vesicles from TEM

images based on “stack-up” vesicles, which may overturn the measuring method commonly used by far. Moreover, proof-of-concept studies showed that

those homopolymer vesicles may be used as a powerful adsorbent for effective water remediation to remove trace carcinogenic organic pollutants such as

polycyclic aromatic hydrocarbons to below parts per billion (ppb) level at a very fast rate based on the π�π interaction between the naphthalene

pendants in PHNA vesicle and polycyclic aromatic hydrocarbons. Overall, this multifunctional homopolymer vesicle provides an alternative insight on

preparing effective recyclable AuNPs-decorated nanoreactor and powerful water remediation adsorbent.
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In this paper, we design a homopolymer vesicle,
which has a unique membrane structure containing
polar functional groups (for metal ion reduction)
inside the hydrophobic domains (offering kinetically
frozen matrix). The homopolymer is poly[2-hydroxy-
3-(naphthalen-1-ylamino)propyl methacrylate] (PHNA,
see Scheme 1). The naphthalene groups are intro-
duced to every repeating unit of the PHNA homo-
polymer to providemuch better adsorption of substrates
with aromatic rings via π�π stacking effect in aqueous
solution (Scheme 1). This homopolymer vesicle can be
used for the embedding and immobilizing of metal
nanoparticles such as AuNPs, exhibiting promising
applications as a highly efficient and recyclable nano-
reactor for the removal of major water pollutants such
as phenol and phenolic compounds.
So far, tremendous attention has been paid to gold

nanoparticles for catalyzing various reactions15�26 as well
as the synergistic effect of nanoparticles containing sev-
eral metals in combination.27�29 Meanwhile, the catalytic
activity of polymer self-assembly itself was also studied.30

However, therewere few reports regarding the synergistic
effect between the gold nanoparticles and their suppor-
ter. In this work, the synergistic interaction between the
highly active and immobilized AuNPs (as consumer) and
the substrates attracting supporter (as supplier) affords
excellent catalytic efficiency. As a nanoreactor, potential
advantages of our AuNPs@vesicles are (i) facile one-step
polymerization of amphiphilic homopolymer, PHNA; (ii)
fully immobilized AuNPs with little aggregation; (iii) easy
to recycle; and (iv) extremely high local substrates con-
centration facilitating the catalyst reaction.
We will discuss the following four aspects in

this paper: (1) synthesis and characterization of a

pH-responsive PHNA homopolymer vesicle; (2) estab-
lishing a correct method for measuring the vesicle
membrane thickness by traditional transmission
electron microscopy (TEM) because some published
membrane thicknesses of polymer vesicles might be
incorrectly analyzed; (3) AuNPs immobilization by this
homopolymer vesicle; (4) preliminary studies on the
applications of this homopolymer vesicle in catalysis
and water remediation, respectively.

RESULTS AND DISCUSSION

Design and Synthesis of PHNA Homopolymer. The amphi-
philic PHNAhomopolymerwas synthesized via reversible
addition�fragmentation chain transfer (RAFT) polymer-
izationwith a narrowmolecularweight distribution (Mn =
5200 Da and Mw/Mn = 1.21 by gel permeation chroma-
tography (GPC)). The characterization of the amphiphilic
monomer andPHNAhas beenprovided in Figures S1, S2,
and S3 in the Supporting Information. The calculation of
the degree of polymerization (DP) is discussed in the
Supporting Information as well (Table S1). Both 1H NMR
spectrum and GPC data confirmed the successful syn-
thesis of PHNA homopolymer. The glass transition tem-
perature (Tg) was also measured to be 60.1 �C via DSC
(Figure S4, Supporting Information), indicating its frozen
chain nature at ambient temperature.

Self-Assembly of PHNA Homopolymers to Vesicles. Typically,
the PHNA homopolymer vesicles were self-assembled
in the mixture solvent of dimethylformamide (DMF)/
water (1/2, v/v) at an initial homopolymer concentra-
tion (Cini) of 2.0 mg/mL in DMF. The hydrodynamic
diameter (Dh) of vesicles is 339 nm determined by
dynamic light scattering (DLS) with a polydispersity
index (PDI = μ2/ÆΓæ2) of 0.016, as shown in Figure 1.

Scheme 1. Formation of pH-responsive homopolymer vesicles by self-assembly of poly[2-hydroxy-3-(naphthalen-1-ylamino)-
propyl methacrylate] (PHNA) and the synergistic mechanism of excellent catalytic efficiency of AuNPs@vesicles for the
reduction of 4-nitrophenol (4-NP)a

a Step 1: capturing free 4-NP via π�π stacking effect between the pendant naphthalene group in PHNA and the aromatic ring of
4-NP, creating a high local concentration of 4-NP around AuNPs. Step 2: rapid reduction of highly concentrated 4-NP catalyzed by
AuNPs after the addition of NaBH4.
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Also, the mean sizes of PHNA homopolymer vesicles
could be simply controlled from ca. 250 to ca. 750 nm
(see Figure S5 in the Supporting Information for the
data of Dh and PDI) via tuning the preparation condi-
tions such as the initial concentration of PHNA and the
addition rate of water. Figure S5A in the Supporting
Information reveals theDh of PHNAvesicles as a function
of the Cini of homopolymer in DMF. Also, with the same
Cini, the size of homopolymer vesicles drops with the
increasing addition rate of DI water, which we believe is
the consequenceof forming inter/intramolecular hydro-
gen bonding to various degrees as we have already
discussed in our previous work.10 Static light scattering
(SLS) was initially considered to measure the radius
of gyration (Rg) for further confirmation of vesicle
structure.31 However, the hydrodynamic diameter of
PHNA vesicles was too large to be evaluated by SLS
due to the equipment limitation (<200 nm). In addition,
the homopolymer vesicles are very stable in water
because of plenty of carboxyl groups in the vesicles,
as evidenced by the highly negative zeta potential of
�37.3 mV (Figure 1).

Morphology Study: How To Determine the Membrane Thick-
ness of Vesicles via TEM? Typical TEM and scanning elec-
tron microsocopy (SEM) studies (Figure 2) confirmed
that PHNA homopolymer vesicles even without che-
mical cross-linking prefer maintaining their spherical
morphology rather than collapsing even inside the
chamber of electron microscopy due to their relatively
high Tg (60.1 �C by DSC). Therefore, it is possible to
evaluate their membrane thickness just through tradi-
tional TEM instead of cryo-TEM image to avoid some
drawbacks of cryo-TEM in the determination of vesicle
membrane thickness.32,33 However, the staining agent
usually tends to deposit on the copper grid around the
homopolymer vesicles, causing distorted determina-
tion of the vesicle membrane thickness. For example,
the white arrows in Figure 3A indicate high contrast

regions around most homopolymer vesicles, which is
not possible to give a precise membrane thickness.
Fortunately, some stack-up vesicles present nice
projections of vesicles with a uniform ring-like image
on the TEM grid (Figure 2 and Figure 3). Therefore,
those stack-up ones are selected to determine the
membrane thickness via electron transmittance dia-
gram (Figure 3B) because their projection on the TEM
grid is not interfered by the surrounding environment
such as the stains on the carbon film of the TEM grid.
However, to the best of our knowledge, there is no
report on such kind of analysis of TEM before. We
therefore set up a procedure to analyze themembrane
thickness via stack-up vesicles.

Usually, membrane thickness of vesicles is estimated
by simply measuring the peak width (corresponding to
the local thickness of certain sample) appearing in the
electron transmittance diagram (see Figure S6B in the
Supporting Information), especially for cryo-TEM studies
where polymer vesicles become rigid hollow spheres.
Nevertheless, after the modeling and electron transmit-
tance simulation of the rigid hollow sphere (see eq 1 and
Scheme S1 in the Supporting Information for full details
of modeling method and discussion on the simulated
electron transmittance diagram), we found that the
former estimation method for vesicle membrane
thickness is wrong (see Figure S6B in the Supporting
Information). Actually, corresponding to the red scan
line in Figure 3B, only the width between the first
inflection point and the peak point refers to the mem-
brane thickness, which in our case is ca. 11.0 nm, instead
of the whole peak width (ca. 25.0 nm).

pH-Responsive Behavior of PHNA Homopolymer Vesicles. By
now the morphology of vesicles has been thoroughly
studied by DLS and TEM, but how will PHNA vesicles
response to pH variation? Without a clear boundary
between hydrophilic and hydrophobic moieties, con-
struction of homopolymers with pH-responsiveness
andmeanwhilemaintaining their subtle amphiphilicity
could be much more delicate than that of amphiphilic
block copolymers. Deriving from our previous work on
homopolymer vesicles,10,11 we carefully designed the

Figure 1. DLS and zeta potential (ζ) results of as-prepared
PHNA vesicles, redispersed PHNA vesicles after 2 months,
and AuNPs@vesicles. Slight sedimentation instead of ag-
gregation is quite common in homopolymer vesicle solu-
tions, which can be easily redispersed in water by shaking.

Figure 2. Electron microscope characterization of PHNA
homopolymer vesicles: (A) TEM images of vesicles stained
by phosphotungstic acid; (B) SEM images of vesicles with-
out staining. The spherical morphology observed in SEM
indicates that the vesicle has a rigid membrane which
prevents it from collapsing during electron microscope
observation.
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amphiphilic monomer and the secondary amino was
brought in to afford pH-responsive homopolymer
vesicles.

First, to evaluate the effect of the dilution (which
is an inevitable process during the pH tuning) on the
size of homopolymer vesicles, the un-cross-linked
vesicle solution was diluted by 16-fold (from 249.0 to
15.6 μg/mL), which displayed no noteworthy change in
Dh and PDI (Figure S7 in the Supporting Information).

Furthermore, the pH-responsive behaviors of both
chemically un-cross-linked and chemically cross-linked
vesicles [by bis(2-iodoethyoxy)ethane (BIEE), see
Scheme S2 in the Supporting Information] were eval-
uated by DLS (cross-linking discussed in this section
implies chemical cross-linking, otherwise refers to
physically frozen polymer chains). As displayed in
Figure 4A,B, despite the slight rise in PDI, the Dh of
both un-cross-linked and cross-linked vesicles barely

Figure 3. (A and B) TEM images of PHNA homopolymer vesicles without chemical cross-linking. The high contrast regions
indicated by white arrows in (A) are residual staining agent, phosphotungstic acid. To avoid the interference of the
background stains, the stack-up vesicle magnified in (B) was selected for the determination of membrane thickness. (C)
Schematic diagramof stack-up vesicles. (D) The electron transmittance simulation of a rigid hollow sphere, where d is the real
membrane thickness. (E) The enlarged electron transmittance simulation chart. (F) The real electron transmittance chart
related to the red scan-line in (B), which is consistentwith the same shape as the electron transmittance simulation chart in (E),
suggesting that the actual membrane thickness is the width (11 nm) between the first inflection point and the peak point
instead of the whole peak width (25 nm).

Figure 4. pH-responsive behavior of PHNAhomopolymer vesicles: (A) hydrodynamic diameter variation and (B) PDI variation of
both chemically un-cross-linked (9, but inherently physically cross-linked) and chemically cross-linked (b) vesicles at different pH
conditions. The star-shaped symbols (*) in (A) and (B) indicate that the vesicles without chemical cross-linking are significantly
swollen at acidic conditions. (C) Illustration diagram of the membrane swelling of vesicles upon protonation in acidic solution.
In acidic solution, highly hydrophobic naphthalene, acting as a physical cross-linking point, prevents PHNA homopolymer
vesicles from total disassociation, while hydrophilic moieties within the membrane cause the membrane to swell.
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changed under basic conditions. Chemically cross-
linked vesicles displayed a little bit swelling under
acidic solution. However, instead of fully dissociation,
under acidic solution the Dh of vesicles without che-
mical cross-linking increased sharply from 440 to
852 nm along with the pH ranging from 6.8 to
4.0 and the PDI also rose to 0.56 from 0.22. This is
consistent with the structure of homopolymer vesicles'
membrane, which is usually composed of both hydro-
philic andhydrophobicmoieties due to the steric effect
(see Scheme 1). It is noteworthy that the PDI of the
same sample increased from 0.016 (as mentioned in
Figure 1) to 0.22 is due to the lack of hydrophilic
coronas. Therefore, slight aggregation is unavoidable
over time in the case of homopolymer self-assembly.
As for physically cross-linked vesicles, the highly hydro-
phobic naphthalenewithin themembrane prevents the
PHNA vesicles from total disassociation in acidic water
like ordinary polyelectrolytes.Moreover, this “breathing”
behavior of homopolymer vesicle membrane is rever-
sible (see Figure S8, Supporting Information), suggest-
ing its excellent stability during the dehydration/
hydration (shrinkage/swelling) process (Figure 4C).

In Situ AuNPs Immobilization on PHNA Vesicles. The homo-
polymer vesicle may be an excellent scaffold for the
growth of metal nanoparticles due to its fuzzy hydro-
phobic and hydrophilic boundary. For example, Figure 5
shows the TEM images of physically cross-linked PHNA

homopolymer vesicles decorated with gold nanoparti-
cles. AqueousHAuCl4 solutionwas slowly added into the
PHNA vesicles solution to protonate the �NH� group
and hydrate the membrane. AuCl4

� was then initially
reduced in situ by the amino groups and then further
reduced to zerovalent AuNPs (ca. 7.2 nm) by the addi-
tion of NaBH4, which meanwhile deprotonated the
�NH� groups. The follow-up membrane dehydration
favored the embedding and immobilizing of AuNPs
inside the membrane (see Scheme 2). Furthermore,
the significantly low zeta potential value (�37.3 mV) is
caused by the deprotonation of carboxyl end group,
which is facilitated by the secondary amine group
buried in the membrane. However, after the AuNPs
decoration, plenty of secondary amines are consumed,
leading to the change of the zeta potential value from
�37.3 to �20 mV (Figure 1).

To evaluate the immobilizationdegree, gold sol with
similar size was also prepared by the Frens method
(TEM images and DLS results are shown in Figure S9A,B,
in the Supporting Information) as a reference. Usually,
the surface plasma resonance (SPR) of gold nanoparti-
cles results in a significant absorption band at 514 nm.
The UV�vis analysis in Figure 6 reveals that the SPR
band of gold sol is relatively sharp (curve b), while
the SPR band of AuNP@vesicles nearly disappeared
(curve a), confirming the complete immobilization
of gold nanoparticles20 in the PHNA homopolymer

Figure 5. (A�C) TEM images of AuNPs immobilized PHNA homopolymer vesicles (AuNPs@vesicles). (D) Magnified image of
AuNPs on a homopolymer vesicle. The average size of AuNPs is ca. 7.2 nm in diameter.
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vesicles' membrane. The very clean background with-
out free AuNPs in Figure 5 confirms the full immobiliza-
tion as well. The concentration of Au in AuNPs@vesicles
solution was evaluated to be 38.4 μg/mL using Induc-
tively Coupled Plasma Optical Emission Spectrometer
(ICP-OES).

Capturing Aromatic Compounds in Aqueous Solution for Water
Remediation: Enhanced Physical Adsorption and Catalyzed Che-
mical Reduction Based onπ�π Stacking Effect between Naphthy-
lamine and Aromatic Molecules. Although the polycyclic
aromatic hydrocarbons have low solubility in water,
they are highly bioaccumulative and cause mutation
or cancer.34,35 The removal of trace polycyclic aromatic
hydrocarbons from aqueous solution remains a techni-
cal challenge for water remediation. Both physical ad-
sorption and chemical reactions can be used to tackle
this problem. Please note that the focus of this paper is
the preparation and characterization of a pH-responsive
PHNA homopolymer vesicle. A systematic study on the
water remediation by this homopolymer will be carried
out in the future and reported elsewhere. To avoid
fragmentationof the focus, in this paperweonlypresent
the proof of concept of the interesting application of
this PHNA homopolymer vesicle in water remediation.
Such homopolymer vesicle can clean up water by both
physical adsorption and catalyzed chemical reactions.

First, this homopolymer vesicle can efficiently ad-
sorb polycyclic aromatic hydrocarbons from water.
Since the fluorescence�quenching merely happens
when the donor and acceptor are sterically close
together, the affinities of naphthylamine pendants for
polycyclic aromatic compounds through π�π stacking
are investigated to preliminarily address the water-
cleanup issue via fluorescence�quenching experiment.

Pyrene was employed as a representative aromatic
molecule. As demonstrated in Figure 7, the fluores-
cence of pyrene in aqueous solution can be quenched
in 6 min after being mixed with PHNA vesicles solu-
tions, indicating the rapid adsorption rate of vesicles
for pyrene. The quenching degree increases with
the concentration of PHNA vesicle solution, further
suggesting that pyrene is adsorbed by PHNA vesicles.

Given a little bit longer time (e.g., 1 h), the con-
centration of pyrene can be reduced from 68.5 to
0.876 ppb by occasionally shaking the mixed solution,
which is much lower than the previously reported
adsorption systems36,37 (the calibration curve and
the correlated UV�vis spectra of aqueous pyrene
solution are presented in Figure S10, in the Supporting

Scheme 2. Schematic procedure of in situ AuNPs immobi-
lization in PHNA homopolymer vesiclesa

a The addition of HAuCl4 acidifies the vesicles solution, re-
sulting in membrane hydration and swelling. The AuCl4

�

molecules penetrate into the vesicle's membrane, then are
initially reduced by �NH� and further reduced to zerovalent
AuNPs after the addition of NaBH4. In the meantime, owing to
the high pH, the membrane dehydrates and shrinks to com-
pletely immobilize AuNPs within the membrane.

Figure 6. UV�vis spectra of AuNPs@vesicles (curve a) and
Au sol (curve b). The full disappearance of surface plasma
resonance (SPR) of gold nanoparticles in curve a indicates
the complete immobilization of gold nanoparticles on the
vesicles' membrane.

Figure 7. Evidence of π�π stacking: fluorescence quench-
ing of pyrene-contaminated water by adding PHNA vesicle
solutionswithdifferent concentration (from3.90 to125μg/mL).
Conditions: λex = 335 nm; the initial concentration of pyrene =
68.5 ppb. Adsorption time: 6 min.
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Information). The efficiency of adsorption can be
roughly calculated to be 1.09� 10�3 g pyrene/g PHNA
vesicles. Also, this process is much faster than the
reported values of other adsorption systems,36,37

which required 24 h to reach parts per billion (ppb)
level of adsorption, but ours finished in 1 h.

Meanwhile, on the basis of the theory of Forster
Resonance Energy Transfer (FRET),38,39 the partial
overlap of the fluorescence emission of pyrene at
360�450 nm and the UV�vis absorbance of naphthy-
lamine at 310�390 nm can be considered as a do-
nor�acceptor pair. Therefore, we can confirm that
the naphthylamine pendant in PHNA has significant
adsorption capability toward aromatic compounds.

Considering its significant capability of aromatic
compound adsorption, the PHNA homopolymer
vesicle solution can be of great value for being a critical
part of the water remediation process to remove
aromatic compounds. For instance, a sealed dialysis
tube containing a small amount of PHNA vesicles
solution will be enough to remove most of the aro-
matic pollutant and cause no secondary pollution. In
addition to the excellent physical adsorption capabil-
ity, the chemical water remediation by this homopo-
lymer vesicle will be discussed in the following section.

Catalytic Activity of AuNPs@vesicles: Probe into the Chemical
Cleanup of Phenol/Phenolic Polluted Water. As the major
water pollutants, phenol and phenolic compounds
are currently of great concern, especially the nitrophe-
nols and their derivatives, which originated from the
industrials of herbicides, pesticides, and synthetic dyes.
Therefore, the elimination of those aromatic com-
pounds from water has been regarded as one of the
most important issues in water remediation.39 Herein,
the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) by NaBH4 was selected as a model reaction to
display the outstanding catalytic capability of AuNPs@
vesicles (Scheme S3 in the Supporting Information)
for the removal of phenol or phenolic compounds.
The reducing process of 4-NPwasmonitored by UV�vis
spectroscopy at 402 nm. Normally, the UV�vis absorp-
tion peak of 4-NP aqueous solution lies at ca. 317 nm,
but this absorption peak shifts to 402 nm after the
addition of freshly preparedNaBH4 due to the formation
of 4-nitrophenolate ion.40

As shown in Figure 8, the 4-NP cannot be reduced
in the absence of AuNPs (curve a, only PHNA vesicles)
during the experiment period. However, after adding
AuNPs@vesicles into the reaction mixture, the absorp-
tion intensity of 4-NP drops sharply from0.80 to 0.07 au
within 2 min (curve b, the initial delay of the reduction
is due to the dissolved oxygen in solution41). However,
while being catalyzed by Au sol with the same Au
concentration, the absorption intensity at 402 nm
attenuates mildly and merely drops to 0.29 au over
the experimental period (40 min, curve c). This remark-
able difference of the reduction rates catalyzed by

AuNPs@vesicles and Au sol can be interpreted as
the consequence of π�π stacking between 4-NP and
naphthylamine groups. Although the π�π interaction
between 4-NP and naphthylamine may not be as
strong as that between pyrene and naphthylamine
due to its monoaromatic structure, 4-NP still has an
affinity for naphthylamine. Therefore, 4-NP is locally
enriched in PHNA homopolymer vesicles' membrane,
which is the same place where concentrated AuNPs
are immobilized (see Scheme 1). Consequently, owing
to the synergistic effect between gold nanoparticles
and naphthylamine pendants, AuNPs@vesicles have
much better catalytic ability than ordinary Au sol.

furthermore, another fatal drawback of traditional
Au sol as catalyst is that adding NaBH4 will destroy
the colloid stability of Au sol, causing catastrophic
aggregation (Au sol is stabilized by citrate ions), while
the catalytic property of gold nanoparticles strongly
depends on the particle's size.25 We found that the
hydrodynamic diameter of Au sol rose to 561.3 nm
after catalyzing (14.1 nm before catalyzing, see
Figure S11 in the Supporting Information), which we
believe is responsible for the gradually retarded reduc-
tion rate in curve c.

In addition to the excellent synergistic effect be-
tween the AuNPs and the homopolymer matrix,
the AuNPs@vesicles are recyclable. The absence of
large hydrophilic corona may slightly affect the colloid
stability of homopolymer vesicles as we observed in
our previous work,10 yet it makes homopolymer vesi-
cles much easier to redisperse after sedimentation
because of no entanglement between hydrophilic
coronas. Therefore, with centrifugation after the
catalysis, AuNPs@vesicles can be easily collected and
redispersed to catalyze reactions again and also avoid
secondary pollution after the remediation of water.
After AuNPs@vesicles were recycled twice, the catalytic
ability of AuNPs@vesicles stayed effective despite a

Figure 8. UV�vis absorbancemonitoring of 4-NP at 402 nm
with different additives: (a) pure PHNA homopolymer ve-
sicle solution; (b) AuNPs@vesicles solution; (c) preprepared
Au sol with similar size and the same Au concentration as in
(b); (d) recycled AuNPs@vesicles solution after two rounds
of catalysis. The concentration of Au in (d) is less than that in
(b) due to the inevitable loss of AuNPs@vesicles during the
recycling process.
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little attenuation (see Figure 8, curve d) due to the
inevitable loss of AuNPs@vesicles during the collecting
procedure.

CONCLUSIONS

In summary, for the first time, a pH-responsive
homopolymer was carefully designed, synthesized,
and self-assembled into multifunctional vesicles. The
unique fuzzy membrane makes such PHNA homo-
polymer vesicle a great matrix for the reduction and
full immobilization of gold nanoparticles. Meanwhile,
the naphthylamine pendants from PHNA can remark-
ably adsorb aromatic compounds via π�π stacking to
create a high local concentration of substrates around
homopolymer vesicles, which significantly facilitates

the catalysis of immobilized AuNPs by synergistic
effect. Also, our proof-of-concept study confirms that
this π�π stacking interaction affords the homopoly-
mer vesicle an excellent efficiency for effective water
remediation with an ultrafast rate for adsorbing carci-
nogenic polycyclic aromatic hydrocarbons (less than
0.876 ppb within 1 h). More importantly, we set up a
method for accurately determining the thickness of
polymer vesicle membrane. Furthermore, the idea that
by carefully designing a stimuli-responsive homo-
polymer and making use of its fuzzy hydrophilic and
hydrophobic boundary to create multifunctional
homopolymer vesicles may change the way that peo-
ple think of homopolymers and open up a path toward
industrial-level applications of polymer self-assemblies.

METHODS

Materials. Glycidyl methacrylate (GMA), 1-naphthylamine,
bismuth(III) chloride, and 2,20-azobis(2-methylpropionitrile)
(AIBN) were purchased from Aladdin Chemistry, Co. Anhydrous
magnesium sulfate (MgSO4), sodium bicarbonate (NaHCO3),
dichloromethane, dimethylformamide (DMF), and other sol-
vents were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (SCRC, Shanghai, China). The GMA monomer was passed
through an alumina B column to remove the inhibitor before
use. Dialysis tube (8�14 kDa molecular weight cutoff) was
supplied by Shanghai Genestar Bio-Technology Co., Ltd. CDCl3
and DMSO-d6 were purchased from J&K Scientific Ltd. Before
use, AIBN was recrystallized from methanol and stored at
�25 �C. DMF was dried using calcium hydride and distilled
under reduced pressure. Bis(2-iodoethyoxy) ethane (BIEE),
4-nitrophenol (4-NP), chloroauric acid (HAuCl3), and sodium
borohydride (NaBH4) were purchased from Sigma-Aldrich. The
chain transfer agent (CTA), 4-cyanopentanoic acid dithiobenzo-
ate (CPAD), was synthesized according to previous report.42

Characterization. GPC. The molecular weights and polydis-
persities of PHNA were evaluated using a tetrahydrofuran
(THF) GPC conducted by a Waters Breeze 1525 GPC analysis
system with two PL mix-D columns with HPLC grade THF as the
eluent at a flow rate of 1.0 mL/min at 35 �C. PHNAwas dissolved
in THF and filtered prior to analysis. THF GPC analysis (with a
refractive index detector) gave anMn of 5200 Da and anMw/Mn

of 1.21 (see Figure S3 in the Supporting Information) using a
series of near-monodisperse polystyrene calibration standards.

1H NMR. 1H NMR spectra were recorded using a Bruker AV
400 MHz spectrometer at room temperature with CDCl3 or
DMSO-d6 as the solvent.

DLS. The dynamic light scattering was used to determine
the hydrodynamic diameter (Dh) and polydispersity of vesicles
in aqueous solution.

The hydrodynamic diameters of PHNA homopolymer vesi-
cles were characterized by ZETASIZER Nano series instrument
(Malvern Instruments ZS 90). The scattering angle was fixed
at 90�. Data processing was carried out using cumulant analysis
of the experimental correlation function and analyzed using
Stokes�Einstein equation to calculate the hydrodynamic diam-
eters of PHNA homopolymer vesicles.

UV�Vis Spectroscopy. The UV�vis spectra of catalysis pro-
cess and Surface Plasmon Resonance (SPR) effect of gold sol
were acquired using a UV759S UV�vis spectrophotometer
(Shanghai Precision & Scientific Instrument Co., Ltd.). All the
samples were analyzed using quartz cuvettes.

TEM. All the vesicle solutions were diluted at ambient
temperature. The copper grids were surface-coated to form a
thin layer of amorphous carbon. Each sample (6 μL) was then
dropped onto the carbon-coated grid and dried at ambient
environment. To stain samples, 10 μL of phosphotungstic acid

solution (PTA; 2 w/w %, tuned to neutral pH using 1.0 M NaOH
solution) was dropped onto a hydrophobic film (Parafilm), then
those sample-loaded grids were laid upside down on the top of
the PTA solution droplet and soaked for 1 min. After that, a filter
paper was used to carefully blot the excess PTA solution. The
grids were dried under ambient environment overnight. Imag-
ing was recorded on a JEOL JEM-2100F instrument at 200 kV
equipped with a Gatan 894 Ultrascan 1k CCD camera.

SEM. SEM was utilized to observe the morphologies of
PHNA homopolymer vesicles. To obtain SEM images, a drop
of solution was spread on a silica wafer and left until dryness.
It was coatedwith platinumand viewedby a FEI Quanta 200 FEG
electron microscopy operated at 15 kV. The images were
recorded by a digital camera.

Fluorescence Spectroscopy. Fluorescent experiments were
carried out to monitor the strong π�π stacking effect between
PHNA homopolymer vesicles and pyrene (λex = 335.0 nm,
λem = 370.6 nm) via a Lumina Fluorescence Spectrometer
(ThermoFisher).

Zeta Potential. Zeta potential studies were conducted at
25 �C using a ZETASIZER Nano series instrument (Malvern
Instruments) for measuring the zeta potential of PHNA homo-
polymer vesicles, AuNPs@PHNA, and Au sol.

Syntheses and Water Remediation. Synthesis of 2-Hydroxy-
3-(naphthalen-1-ylamino)propyl Methacrylate (HNA) Monomer.
Glycidylmethacrylate (3.560 g, 25.00mmol) and 1-naphthylamine
(3.940 g, 27.50 mmol) were dissolved in 25 mL of CH2Cl2 in a flask
equipped with a stirring bar, followed by the addition of bismuth-
(III) chloride (0.190 g, 2.50mmol). The suspensionwas then sealed
and deoxygenated by flushing argon for 15 min before reacting
under ambient temperature for 48 h and monitored by TLC.
The reaction mixture was filtered to remove the catalyst and
diluted with 100 mL of CH2Cl2. The diluted solution was washed
with saturated NaHCO3 (100 mL� 3) and DI water (100 mL� 1).
The organic phase was dried over anhydrous MgSO4 and evapo-
rated via rotary evaporator to remove CH2Cl2. The crude product
was then purified via column chromatography (n-hexane/EtOAc =
3/1) to yield 4.74 g of 2-hydroxy-3-(naphthalen-1-ylamino)propyl
methacrylate as brownish solid. 1H NMR spectrum is shown in
Figure S1 in the Supporting Information. Yield:∼66%.

Polymerization of HNA by RAFT. Typically, PHNAwas polym-
erized as follows: a 25 mL flask with a magnetic stirrer bar was
sealed by a rubber plug and loaded with AIBN radical initiator
(5.94� 10�3 g, 3.62� 10�2 mmol), CPAD (6.74� 10�2 g, 2.41�
10�1 mmol), HNA (1.76 g, 6.03 mmol), and DMF (2.00 mL). The
mixture was flushed with argon for 15 min to be deoxygenated
before it was immerged in an oil bath at 70 �C. The relative
molar ratio of [HNA]/[CPAD]/[AIBN] was 25:1:0.15. After 36 h, the
reaction was terminated by cooling down to room temperature
and exposing to air. The brown homopolymer solution was
purified by rotary evaporation to remove DMF and then

A
RTIC

LE



ZHU ET AL. VOL. 8 ’ NO. 5 ’ 5022–5031 ’ 2014

www.acsnano.org

5030

dissolved in CH2Cl2 (5 mL). Finally, the homopolymer solution
was precipitated into 50mL of diethyl ether. The dissolution and
precipitation procedure was conducted twice. Yield: ∼67%.
1H NMR spectrum and GPC trace are shown in Figures S2 and
S3 in the Supporting Information, respectively.

Self-Assembly of Amphiphilic PHNA Homopolymer. PHNA
homopolymer vesicles were prepared according to the follow-
ing protocol: as the poor solvent of PHNA, 20.0 mL of DI water
was added dropwise to 10.0 mL of PHNA solution in DMF
(2.0 mg/mL) over predetermined time (different adding rate
of DI water significantly affects the size of PHNA vesicles) under
vigorous stirring. The residual DMF was removed by dialyzing
against DI water (6� 500mL) for 3 days. After dialysis, the PHNA
vesicle solution was characterized by DLS to determine the
hydrodynamic diameter and zeta potential.

Chemical Cross-Linking of PHNA Homopolymer Vesicles via
BIEE. PHNA homopolymer vesicles were cross-linked according
to the followingprocedure. To 10.0mLof pre-prepared aqueous
PHNA vesicle solutionwas added 3.0μL of BIEE. Themixturewas
allowed to react overnight under magnetic stirring at ambient
temperature. The reaction solution was dialyzed against DI
water (4 � 500 mL) for 2 days. After dialysis, the cross-linked
PHNA vesicles were collected as the reference for the investiga-
tion of the pH-responsive behavior of un-cross-linked PHNA
vesicles.

Preparation of Gold Nanoparticles (AuNPs) Immobilized
PHNA Vesicles. To achieve the in situ formation and immobiliza-
tion of AuNPs in themembrane of PHNAhomopolymer vesicles,
an aqueous HAuCl4 solution (1.0 mg/mL) was first added into
the PHNA vesicles solution at a HAuCl4/HNA molar ratio of 6:13,
resulting in protonation of the secondary amine groups of HNA
moiety and followed with the incorporation of the counterion,
AuCl4

�. After the mixture stirred for 1 h, the in situ reduction of
trivalent Au to zerovalent AuNPs was carried out via NaBH4

solution (prepared on site, 1:1molar ratio relative to the amount
of HAuCl4 used). The PHNA vesicle solution turned dark red
immediately. Then, the AuNPs immobilized PHNA vesicle solu-
tion was dialyzed against DI water to remove free AuNPs and
excessive NaBH4.

Pyrene Adsorption via PHNA Vesicles. In a quartz cuvette,
1.5 mL (137 ppb) of preprepared pyrene solution was mixed
with 1.5 mL of PHNA vesicles solution with a range of concen-
trations. After the solution mixed for 6 min, the fluorescence
quenching process was recorded via fluorescence spectro-
scopy in the range of 360�480 nm (λex = 335 nm). The final
concentration of pyrene was determined via the calibra-
tion curve demonstrated in Figure S10 in the Supporting
Information.

Reduction of 4-NP Catalyzed by AuNPs-Immobilized PHNA
Vesicles. Typically, 2.70 mL of AuNPs-immobilized PHNA vesi-
cles solution (1.02 mg/mL) was mixed with 30 μL of 4-NP
aqueous solution (1.39 mg/mL) in a quartz cuvette, and then
200 μL of NaBH4 (prepared on site; 3.8 mg/mL) was added
into the mixture. Immediately after the addition of NaBH4, the
sample was characterized by UV�vis spectroscopy at predeter-
mined interval at 402 nm.

Recycling of AuNPs@vesicles. After the reduction of 4-NP,
the AuNPs@vesicles were centrifuged for 30 min. After the
sedimentation of AuNPs@vesicles, the solvent was removed
carefully and the collected AuNPs@vesicles were washed with
DI water twice and re-collected by centrifugation. The obtained
clean AuNPs@vesicles were then redispersed in DI water for
future application.
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