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Fluorescent polymeric spheres with uniform sizes are of great interests in the measurement and
calibration of the pore sizes and defects of porous media, including separating membranes. We reported
the preparation of such nanospheres by dissolving amphiphilic block copolymers of polystyrene-block-
poly(2-vinyl pyridine) (PS-b-P2VP) together with chromophores (perylene and pyrene) in acetic acid at
elevated temperatures. Micellar nanosphere with the chromophores residing in the cores were formed
through the heating-enabled micellization process. Following quaternization of the P2VP coronae gave
the spheres a positively charged surface and a good water dispersibility. Scanning and transmission
electron microscopy and dynamic light scattering analysis confirmed that the micellar nanospheres were
uniform in size both in the dry and wet state. The micelle size and the thickness of coronae can be tuned
by altering the molecular weight of the constituent blocks. Encapsulation of chromophores in the micelle
cores provided a strong fluorescent emission to the micellar nanospheres, while quaternization of the
P2VP coronae gave the nanospheres a greatly variable size according to pHs and salt concentrations in
the surroundings. Taking advantages of their uniform size, water dispersibility, and fluorescent emission
for accurate detection, we demonstrated that the micellar nanospheres were capable of characterizing
pore sizes of separating membranes and detecting their large-pore defects.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nanospheres covered by water-soluble or water-dispersible
polymeric chains on the surface are finding important applications
in a diversity of fields [1–5], among which the detection and
calibration of the pore sizes and defects of nanoporous media is
particularly interested to the membrane community. At present,
the probes used for the characterization of membrane pores are
mainly proteins, synthetic macromolecules, latex particles, micro-
organism [6–9]. Some of these probes are suffering more or
less high cost, particle size deviation, and tedious procedures in
determining their concentrations. Therefore, there is always a
demand for alternative probes to detect pore sizes of membranes
with different characteristics. Water-dispersible polymeric nano-
spheres typically possess a core/shell structure with a rigid core
keeping the mechanical stability of the spheres and a deformable
shell which has a changeable thickness upon external stimuli.
Polymer chains with a protonizable or polyelectrolyte nature are of
particular interests to be used as the shell-forming materials,
which not only provide good water dispersibility but also a
ll rights reserved.
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stimuli-responsive behavior to the composite spheres [10–13].
The polyelectrolyte-natured chains tethered on the cores take
different conformation according to the strength of interactions
between the polymer chains and the solvent, protons, ions and
other species contained in the solution. As a result, the composite
spheres exhibit a compact or extended state which leads to a
significant difference in the size of the spheres.

The uniformity in the size of the core material, length and
density of the polymer chains tethered on the cores and their
distribution along the core surface determine the size regularity of
the composite spheres as well as their stimuli-responsive beha-
viors. There are a number of methods reported for the preparation
of these core/shell nanospheres and they can be roughly categor-
ized into two approaches: post-synthesis, with mainly two differ-
ent strategies, “grafting to” [14,15] and “grafting from” [16,17], on
preformed core materials and self-assembly of amphiphilic mole-
cules, e.g. block copolymers (BCPs) in selective solvents [18,19].
The latter one is distinct because of its good controllability in the
size of both the core and shell materials by using starting BCPs
with blocks of different lengths. Typically, this self-assembling
approach is only applicable to BCPs with a hydrophobic block
much shorter than the hydrophilic one [20] or the hydrophobic
block is in the rubbery state having a low glass transition
temperature, Tg [21]. Otherwise, a more complicated micellization
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method is used in which the BCP is first dissolved in a common
solvent to both blocks followed by the gradual replacement of the
solvent by a polar solvent selective to the hydrophilic block to
induce the formation of regular micelles [22–24]. We recently
developed a heating-enabled micellization strategy in which BCPs
with long hydrophobic blocks having high Tgs can be directly
dissolved in polar solvents under elevated temperatures, produ-
cing micelles with uniform sizes [25].

Fluorescent labeling provides the composite nanospheres addi-
tional functions, making possible to use these spheres in applica-
tions of imaging and also easy to be detected at a very low
concentration based on their sensitive fluorescent signals [26–30].
Chromophores can be incorporated into the composite spheres
either by physical trapping into the cores through the hydrophobic
interaction or by chemically linked to the shell-forming polymer
chains through covalent or hydrogen bonds. In the post-synthesis
approach to the composite nanospheres, fluorescent labeling is
extensively performed by the chemical linking technique although
inherently fluorescent core materials, for instance, quantum dots,
have also been used [31]. For the composite nanospheres prepared
from the self-assembly of amphiphilic BCPs, hydrophobic chromo-
phores are typically loaded into the micellar cores through an
in situ encapsulation process during micellization [32] while
hydrophilic chromophores with polar groups can also be linked
to the micellar coronae through chemical bonds [15]. Care
should be taken to avoid any significant influence on the sphere
morphology and solution behavior during and after the labeling
process although a slight change of their size and solution behaviors
is reasonable and acceptable. Currently encapsulation of chromo-
phores coupled with the micellization process is mostly carried
out in nonpolar solvents, leading to fluorescent reverse micelles
dispersed in oily solvents which cannot be used in aqueous
systems [33]. Therefore, it is highly desired for a facile but efficient
method to fluorescent nanospheres with a uniform size and water-
dispersible surface.

In our previous work, we reported that heating-enable micelliza-
tion was a simple method to water-dispersible, uniform nanospheres
of amphiphilic BCPs, and demonstrated the feasibility of encapsulating
hydrophobic molecules into the micelle cores during the micellization
process. In the present work, we made a systematic investigation on
the preparation and stimuli-responsive behaviors of the dye-encapsu-
lated, water-dispersible BCP micellar nanospheres which involves an
encapsulation-coupled heating-enabled micellization process and a
quaternization treatment to make the micelles water-dispersible.
Moreover, we explored the possibility to detect pore sizes of separat-
ing membranes using the obtained nanospheres by taking advantages
of their size uniformity, fluorescent and water-dispersible properties.
2. Experimental

Block copolymers of PS-b-P2VP with three different molecular
weights (details are given in Table 1) were purchased from Poly-
mer Source Inc., Canada, and used without further purification.
Table 1
Molecular weights and polydispersity index (PDI) of PS-b-P2VP used in this work and the
these BCPs.

BCPs Mw
PS Mw

P2VP PDI Dry diame
by SEM/nm

PS-b-P2VP-1 17,500 9500 1.10 34
PS-b-P2VP-2 50,000 16,500 1.09 61
PS-b-P2VP-3 102,000 97,000 1.12 79

a Micelle diameters in wet state were obtained from dynamic light scattering meas
b In these cases, the micelles were prepared from pure PS-b-P2VP without chromop
Perylene, pyrene and bromoethane were provided from Aladdin
Reagents with a purity 498% and were used as received. Track-
etched polycarbonate (PC) membranes with nominal mean dia-
meters of 200 nm and 400 nm were obtained from Millipore. All
other reagents used in this work were commercially obtained from
local suppliers with a purity of the analytical grade and used as
received. In the preparation of the water-soluble, fluorescent BCP
nanospheres, 20 mg of BCPs of different molecular weights
together with 5 mg of chromophores (perylene or pyrene) were
mixed with 10.0 g of acetic acid in a glass vial. The mixture was
kept unstirred at 110 1C for 15 h. Subsequently, 1 ml of bro-
moethane, the quaternization agent, was admitted into the glass
vial containing 5 ml of the previously prepared micellar solution.
The mixture was vigorously shaken and then heated to 110 1C to
allow the quaternizing reaction between bromoethane and the
P2VP block to take place. After about 2–3 h’s reaction, the original
clear mixture became turbid. The mixture was kept heating for
another 20–30 min after onset of the turbidity and then cooled to
room temperature naturally. The quaternized products were
collected from the mixture by centrifugation (16,000 rpm for
10 min) and washed with acetic acid three times to remove
unreacted bromoethane, and were redispersed in 10 ml of deio-
nized water and used as a stock solution for following character-
izations and applications.

We further diluted the micellar stock solutions with deionized
water for 10–100 folds and deposited the diluted solutions on
silicon wafer shards for scanning electron microscopy (SEM)
examinations. SEM images were obtained from a Hitachi S4800
field emission SEM operated at 5 kV after sputter-coating a thin
layer of gold on the samples. The quaternized micellar nano-
spheres were also probed with transmission electron microscopy
(TEM, JEM-2100) operated at 200 kV. Dynamic light scattering
(DLS) was performed on a particle size analyzer (NPA152-31A,
Zetatrac) to determine the sizes of the micelles dispersed in
different liquid media. Fourier transformation infrared spectra
(FTIR) of the PS-b-P2VP micelles before and after quaternization
were obtained from a Nicolet 8700 infrared spectrometer.
The fluorescent spectra of the chromophore-encapsulated micellar
nanospheres were obtained from a VARIAN Cary Eclipse fluores-
cent spectrometer with an excitation wavelength of 400 nm and
334 nm for perylene and pyrene, respectively. The chromophore-
encapsulated micellar nanospheres with different sizes dispersed
in deionized water were used as the feed solutions to characterize
the pore size of PC membranes by filtration experiments which
were performed on a stirred filtration cell (Amicon 8010, Milli-
pore) under moderate agitation at a pressure of 0.02 MPa at room
temperature. The concentration of the micellar nanospheres in the
solutions were monitored with the fluorescent spectrometer.
3. Results and discussion

Quaternization reactions took place between the bromoethane
and the pyridyl groups of the P2VP blocks constituting the micellar
mean diameters of the prepared quaternized, perylene-encapsulated micelles from

ter Dry diameter
by TEM/nm

Wet
diameter/nma

Dry diameter of
plain micelles/nmb

29 61 30
57 99 60
75 330 68

urements of the micelles dispersed in water.
hores encapsulation and quaternization.
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coronae. The occurrence of quaternization could be monitored by
the infrared spectroscopy. As shown in Fig. 1, three new bands
centering around 1616 cm−1, 1709 cm−1, and 1539 cm−1 appeared
on the quaternized sample and the band at 1616 cm−1 was an
indicator for the formation of pyridium rings [34] and the other
two bands should be originated from the bromoethane attached to
the P2VP chains, clearly confirming the micellar nanospheres were
Fig. 1. FTIR spectra of the micellar nanospheres of PS-b-P2VP-3 before (a) and after
(b) quaternization with bromoethane at 110 1C. The new absorption bands
appeared on the quaternized sample were highlighted with arrows.

Fig. 2. SEM images of quaternized, perylene-encapsulated nanospheres prepared from
curves of these nanospheres dispersed in water measured by DLS (d). From left to ri
respectively.
successfully quaternized. In addition, we observed there was a
slight shift (∼6–7 wavenumbers) in the IR spectra of the micellar
spheres before and after quaternization. This shift might be caused
by the binding of bromoethane to the nitrogen atoms in the
pyridyl rings although the exact reason for the shift is not clear
currently. Because quaternized P2VP chains are insoluble in acetic
acid but soluble in water the reaction mixture turned turbid with
the proceeding of the quaternization reaction, and the quaternized
nanospheres can be collected from acetic acid by centrifugation
and easily redispersed in water. We note that although a complete
quaternization to all pyridyl groups in the P2VP chains was not
likely to be achieved, the degree of quaternization of the micellar
spheres should be high as they easily precipitated from acetic acid
which implied that the surface properties of the spheres were
dominated by quaterinzed pyridyl groups.

We examined the morphology of the quaternized products
deposited on silicon surfaces under SEM. As shown in Fig. 2a–c, all
the BCPs with three different molecular weights gave uniform
spherical nanospheres after the micellization/perylene encapsula-
tion and quaternization process. These spheres were well sepa-
rated with each other on the surface and aggregation seldom
occurred which should be attributed to the repulsive forces
between the positively charged quaternized P2VP chains on the
sphere surfaces. Fig. 2d gives the size distribution curves of the
nanospheres dispersed in water measured by DLS, indicating that
the nanospheres obtained from the three examined BCPs had a
relatively narrow size distribution in the wet state. The mean
diameters of the nanospheres in the dry and wet state were listed
in Table 1. Clearly, the sphere diameters both in the dry and wet
state increased with the molecular weight of the BCP. For example,
PS-b-P2VP-1 (a), PS-b-P2VP-2 (b), and PS-b-P2VP-3 (c), and the size distribution
ght, the curve in (d) corresponds to PS-b-P2VP-1, PS-b-P2VP-2, and PS-b-P2VP-3,



Fig. 3. TEM images of quaternized, perylene-encapsulated micelles of PS-b-P2VP-1 (a), PS-b-P2VP-2 (b), and PS-b-P2VP-3 (c). Insets are the size distribution bar charts
of the corresponding micelles.
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the diameter in the dry state increased from 34 nm for the PS-b-
P2VP-1 to 61 nm and 79 nm for PS-b-P2VP-2 and PS-b-P2VP-3,
respectively, while their wet sizes in water were 61 nm, 99 nm,
and 330 nm, respectively.

We further investigated the structure of the quaternized
products using TEM. As shown in Fig. 3, the products from all
the three molecular weights exhibited a core/corona spherical
structure with a darker corona surrounding the inner core.
The corona possessed a darker color because of the presence of
bromine atoms which had a higher electron density in the corona
associated with the quaternized P2VP chains. The core/corona
structure implied that the nanospheres were formed through a
micellization process. From the TEM images we could also deter-
mine the diameter as well as the corona thickness of the micelles.
The diameters determined by TEM imaging were 29 nm, 57 nm,
and 75 nm, which were all 4–5 nm smaller than the values
determined from SEM images. Considering that SEM samples were
coated with a thin layer of gold, the diameter values measured
from SEM and TEM images were in good consistency. Insets in
each images of Fig. 3 displayed the size distribution of micelles of
corresponding molecular weight, demonstrating a narrow size
distribution of the micelles. The micelle sizes did not have a linear
increase with the total molecular weights of the BCPs because the
length of the core-forming PS blocks and the corona-forming P2VP
blocks had an opposite effect toward the micelle sizes [35,36].
In addition, compared to the plain micelles of the corresponding
BCPs which were not subjected to perylene encapsulation and
quaternization, the quaternized, perylene-encapsulated micelles
exhibited bigger sizes. This is because both encapsulation of
perylene into the micellar cores and addition of the alkyl chains
via quaternization enlarged the micelle sizes. The thickness of the
micelle corona was 1.1 nm, 2.0 nm, and 4.4 nm for PS-b-P2VP-1,
PS-b-P2VP-2 and PS-b-P2VP-3, respectively, indicating that longer
P2VP chains led to thicker coronae. Although the contribution of
corona to micelle diameters in dry state was slight, the quater-
nized P2VP chains significantly expanded the micellar sizes in
aqueous solutions, and longer quaternized chains led to larger
sizes in water. The quaternized P2VP chains were highly soluble in
water and the repulsive forces between the charged pyridinium
extended the P2VP chains. For instance, the quaternized micelles
of PS-b-P2VP-3 which had the longest P2VP chains expanded their
diameter in water to over four times larger than that in the dry
state. In addition, because of the softness of the quaternized P2VP
chains in the micellar corona, the micellar spheres may take a
somewhat deformed morphology on the solid substrate via the
lateral flowing of the P2VP chains, resulting in a slightly enlarged
diameter measured by SEM and TEM [37,38]. We noticed that the
values of the micelle sizes measured from DLS were always larger
than that obtained from electron microscopy (both SEM and TEM),
which is due to that DLS detects the hydrated size of the micelles
dispersed in water whereas EM reports their condensed size in
high vacuum [39].

Furthermore, both electron microscopy images and the size
distribution curves obtained by dynamic light scattering suggested
that the micelles prepared from BCPs with different molecular
weights were uniform in sizes both in the dry and wet state.
The uniformity in the sphere size of the quaterinzied micelles was
originated from the size uniformity of the BCP micelles formed
from the heating-enabled micellization mechanism [20]. More-
over, we could conclude that encapsulation of perylene and
quaternization did not disturb the size uniformity of the micelles
although their sizes were slightly enlarged. Alternatively, we also
attempted to produce the quaternized, perylene-encapsulated
micelles from a one-pot method in which PS-b-P2VP-2, perylene,
and bromoethane were mixed together with acetic acid. Spherical
micelles were also obtained but with a wide size distribution as
micelles up to 200 nm also appeared accompanying the sub-100 nm
ones. In this one-pot method, micellization and quaternization
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took place simultaneously and the BCP with P2VP chains quater-
nized to different degrees exhibited different micellization beha-
viors, resulting in the formation of micelles with greatly variable
sizes. In contrast, in the post quaternization method, the uniform
framework of the micelles was locked during the micellization of
the BCP with identical physicochemical properties. The following
quaternization only happed to the micellar corona while the
micellar cores kept intact. Therefore, the size uniformity of the
quaternized micelles was preserved although there might be a
slight increase in the thickness of the micellar corona after
quaternization.

The perylene-encapsulated micellar spheres were highly fluores-
cent as the quaternization process and dispersion in water did not
change their characteristic fluorescent property. The micelles diluted
in water also exhibited a strong fluorescent emission. The micelle
concentration in the stock solution was approximately 1 mg/ml. We
diluted the stock solution of the perylene-encapsulated PS-b-P2VP-2
micelles with water for 20 fold, 50 fold, and 100 fold, leading to
solutions with a micelle concentration of 0.05 mg/ml, 0.02 mg/ml,
and 0.01 mg/ml, respectively, and examined their fluorescent spectra.
As shown in Fig. 4a, the 20-fold diluted micelles showed a strong
fluorescent emission, and further dilution to 50 and 100 fold reduced
the fluorescent strength but the characteristic peaks of perylene were
still clearly discernable on the spectra. Considering that the 100-fold
diluted micelles had a concentration as low as 10 μg/ml, the fluor-
escent emission of the micelles dispersed in water was very sensitive,
making possible an effective fluorescent detection using very little
amount of chromophore-encapsulated micelles. Encapsulation of
perylene into the micellar cores was based on the hydrophobic
interaction between perylene and benzyl rings on PS chains consist-
ing of the micellar cores. Similarly, other hydrophobic molecules
should also be possible to be encapsulated into the micelles. We
successfully loaded pyrene, another hydrophobic fluorescent dye into
the PS-b-P2VP through the micellization/encapsulation and quaterni-
zation strategy, demonstrating the versatility of this method to
prepare water-soluble, encapsulated micelles. As shown by the
fluorescent spectrum in Fig. 4b, the water-dispersible nanospheres
were fluorescent and the fluorescence characteristic peaks of pyrene
at 374 nm, 385 nm and 394 nm appeared [40], indicating that not
only pyrene was remained in the micelles after the quaternization
and water dispersion process but also its fluorescent property
preserved. Therefore, a large variety of hydrophobic molecules with
different properties can be encapsulated into the micelles, making the
micelles a versatile platform in the applications in drug delivery,
biological sensor, and fluorescent detection, e.g. the characterization
of membrane pores [41,42].
Fig. 4. The fluorescent spectra of the quaternized perylene-encapsulated PS-b-P2VP-2
wavelength of 400 nm (a), and the fluorescent spectrum of the quaternized pyrene-encap
with an excitation wavelength of 334 nm (b).
The quaternized P2VP chains dominated the surface properties
of the micellar spheres although there might be some proportion
of pyridyl groups in P2VP chains remained un-quaterinzed. As the
prepared micellar nanospheres were covered with quaternized
P2VP chains which were positively charged, changes of pH or ionic
strength of the solution in which the micelles were dispersed
would significantly influence the conformation of the quaternized
P2VP chains and consequently the dynamic diameters of the
micelles. In addition, even the un-quaterinzed pyridyl groups also
contributed to the conformation change with varying pHs [43].
We first investigated the change of micelle sizes in water with
varying pHs. Fig. 5a shows the mean diameters measured by DLS
of quaternized, perylene-encapsulated PS-b-P2VP-3 micelles in
water with pH changed progressively by addition of NaOH to the
solution. The initial micellar solution had a pH value of about
3 because of the presence of a certain amount of acetic acid in the
solution, and the micelles had a diameter of ∼330 nm. As the pH
increased from 3 to 5.5, the micelle sizes quickly shrunk and
significantly decreased to ∼80 nm at pH¼5.5. The diameter
shrinkage from 330 nm to 80 nm was remarkable as it corre-
sponded to a reduction in micelle volume reduction of about 70
times. This volume shrinkage is expected to be even sharper if the
P2VP block constituting the micellar corona is longer. Further
increasing pH up to 8, the micelle size kept almost unchanged
and the micelles tended to precipitate from the solution at even
higher pH. The 80 nm-size of the micelles dispersed in water with
pH45.5 was already very close to the dry-state diameter (75 nm),
suggesting that the quaternized P2VP chains on the micelle sur-
face were highly condensed at higher pH. In addition, we found
this pH-dependent change of micelle size was reversible, that is,
the micelle would gradually expand its size with decreasing pH by
addition of HCl. As shown in Fig. 5b, the addition of salts such as
NaCl to the micellar solution also noticeably influenced the size of
the quaternized micelles. The micelle size was also first decreased
with rising salt concentrations and then leveled off at even larger
salt concentrations. The micelle sensitively responded to the
added salt in the early stage and a low salt concentration of
5 mg/ml significantly reduced the micelle size to 198 nm. Further
increase in the salt concentration to 30 mg/ml slightly reduced
the micelle size to about 160 nm which kept almost constant at
even higher salt concentrations. The size change only happened
to the micellar corona composed of quaternized P2VP chains
which took condensed or extended conformation corresponding
to external stimuli, whereas the glassy PS cores kept their initial
sizes constant with changing pH or ion strength because of the
hydrophobic nature of PS chains. The reversible protonation of
micelles diluted with water for 20 fold, 50 fold, and 100 fold with an excitation
sulated PS-b-P2VP-3 micelles dispersed in water with a concentration of 0.5 mg/ml



Fig. 5. The plot of mean diameters of the perylene-encapsulated PS-b-P2VP-3 micelles as a function of pH (a), and the concentration of NaCl at pH¼2.9 (b).

Fig. 6. The fluorescent spectra of the quaternized perylene-encapsulated PS-b-
P2VP-3 micelles dispersed in water before (a) and after (b) filtration through a PC
membrane with a mean pore size of 200 nm. Insets are the corresponding
fluorescent pictures of the feed (left) and permeate (right) solution.
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quaternized P2VP chains dictates the size of micelles dispersed in
aqueous solutions with changing pHs and ion strengths. At lower
pH, the P2VP chains were protonized to a higher degree and
obtained larger charge density resulting in a stronger repulsive
force. Consequently, the P2VP chains took a more extended confor-
mation, leading to a thicker micellar corona and consequently a
larger micelle size [44]. Addition of NaCl resulted in the shielding
of charges of the partially protonated P2VP chains and conse-
quently the reduction of electrostatic repulsion among hydrophilic
chains, which finally caused the micellar size to decrease.

The prepared micelles were uniform in particle size, water-
dispersible, and exhibited a strong fluorescent emission. They
have the potential to be used as probes to characterize pore
size of separating membranes [45]. We diluted the perylene-
encapsulated PS-b-P2VP-3 micelles in water to have a concentra-
tion of 0.5 mg/ml and used the diluted micelle solution as the
feeding solution to filtrate through a PC membrane with a nominal
mean pore size of 200 nm. We recorded the fluorescent spectrum
of both the feeding and permeating solution. As shown in Fig. 6,
the characteristic peaks of perylene clearly appeared in the
fluorescent spectrum of the feeding solution while the permeating
solution exhibited no detectable fluorescent signals, indicating
that no micelles passed through the membrane. In other words,
the PC membrane showed a 100% rejection to the micelles.
Furthermore, the feeding solution gave a strong blue emission
while the permeating solution showed no emission under the
irradiation of 365 nm UV light, as evidenced by the fluorescent
pictures in the inset in Fig. 6 (the weak blue fluorescence of
the permeating solution was from the exciting 365 nm UV light).
The strong contrast in the fluorescent pictures also confirmed the
complete rejection of the micelles by the membrane. Considering
that the micelles had a diameter of 320 nm in water, we were
able to conclude that the largest pore size of the membrane
was smaller than 320 nm. In addition, we filtrated perylene-
encapsulated PS-b-P2VP-2 micelles diluted in water through a PC
membrane with a nominal mean pore size of 400 nm. Fluorescent
examinations showed that there was only a slight reduction in the
fluorescent strength of the permeating solution compared to that
of the feeding solution (Fig. 7a), indicating that most of the
micelles had permeated through the membrane. We examined
both the feeding and permeating side of the membrane after the
filtration and found that spherical micelles were not only present
on the feeding side and many of them also appeared on the
permeating side (Fig. 7b and c), confirming that micelles had
passed through the membrane. This filtration test informed us that
the effective pore size of the membrane was far larger than
100 nm, the diameter of the micelles dispersed in water. As the
micellar spheres have responsive coronea, one may concern that
the effective micelle size may change during filtration, leading to
unreliable results in the characterization of membrane pores.
Actually, we can easily “fix” the micelle size either by maintaining
a neutral pH of the micelle solution where the micelles are
completely condensed and their diameter remains constant and
is close to the dry ones, or by adding salts in the micelle solution to
suppress the conformation changes of the P2VP chains with
surrounding ion strengths (Fig. 5).

Moreover, these water-dispersible, fluorescent micelles were
especially suitable for the detection of defects in separating
membranes. We punched a hole using a sharp needle on purpose
on a 100-nm PC membrane, and then filtrated the punched
membrane with an aqueous solution of perylene-encapsulated
PS-b-P2VP-3 micelles. As can be seen from Fig. 8a, Fluorescent
measurements showed that the feed and permeate solution had
almost unchanged fluorescent emission, suggesting that most of
the micelles passed through the membrane. In contrast, the filtrate
through the intact membrane exhibited no fluorescent signals.
Therefore, we could make the conclusion that there must be
defects in the first membrane. In deed, SEM observations on this
membrane showed there was one abnormally big hole with a
diameter of ∼100 μm across the membrane (Fig. 8b). Micelles
leaked into the permeate solution through the defect pore



Fig. 7. The fluorescent spectra of the quaternized perylene-encapsulated PS-b-P2VP-2 micelles dispersed in water before and after filtration through a PC membrane with
a mean pore size of 400 nm (a), and the SEM images of the feed side (a) and permeate side (b) of the PC membrane after the filtration test.

Fig. 8. The fluorescent spectra of the quaternized perylene-encapsulated PS-b-P2VP-3 micelles dispersed in water before (black curve) and after filtration through a punched
PC membrane (red curve) and an intact membrane (blue curve) with a mean pore size of 100 nm (a), and the SEM image of the punched membrane showing the existence of
abnormally large hole in the membrane (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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although the micelles were too big to pass though the track-etched
pores with a 100 nm diameter.

As the quaternized micelles have a variable size which changed
dramatically with the pH of the solution, it might be used to probe
the membrane pores using a single type of micelles exhibiting
changing sizes according to different pH values. To demonstrate
this concept, we first filtrated 400 nm-PC membranes with perylene-
encapsulated PS-b-P2VP-3 micelles dispersed in water with pH¼3
having a micelle size of ∼360 nm (Fig. 8a). The permeate solution
exhibited almost no fluorescent emission, suggesting that most of
the micelles had been rejected by the membrane (Fig. 9). We then
repeatedly wash the filtrated membrane with copious deionized
water until it recovered its original flux and filtrated the mem-
brane with the same micelle solution whose pH was adjusted
to 4.6 by adding a little amount of NaOH. The micelle at pH¼4.6
had a micelle diameter of 147 nm as revealed by the DLS
measurement (Fig. 9a). Note that the micellar solutions at a pH
value of 3 and 4.6 had no noticeable difference in fluorescent
emission. The permeate of the micelle solutions through the
membrane clearly exhibited fluorescent emission although with



Fig. 9. (a) The DLS curves of the quaternized, perylene-encapsulated PS-b-P2VP-3 micelles at pH¼3 (black curve) and 4.6 (red curve), and (b) the fluorescent spectra of the
feeding micellar solution at pH¼3 (black one) and the corresponding permeates through the PC membranes with a nominal pore size of 400 nm (the blue and red spectrum
correspond to the permeates of feed at pH¼3 and 4.6, respectively). The feeding solutions at different pH showed identical fluorescent spectra and only the spectrum of the
solution with a pH¼3 was shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a reduced fluorescent strength compared to that of the feeding
solution (Fig. 9b). Therefore, a large portion of the micelles in the
solution had permeated through the membrane, indicating that
the membrane pore was larger than 147 nm. By combining the
results of the filtrations of the micelle solutions at different pH,
we were able to make the conclusion that the effective pore size
of the membrane was somewhere between 147 nm and 360 nm
although the membrane was claimed to have a nominal mean pore
size of 400 nm by the manufacturer. Furthermore, we note that at
the current stage the flurorescent micellar spheres were capable in
detecting the upper and lower limits of the pore sizes of mem-
branes, and this method using the micelllar spheres as flurorescent
probes can be extended to provide accurate information on pore
densities as well as pore size distributions by using a combination
of multiple groups of spheres with different diameters and
encapsulated dyes with the assistance of mathematical modeling.
4. Conclusions

We prepared water-dispersible, fluorescent nanospheres through
a simultaneous micellization and encapsulation and a following
quaternization process. These nanospheres were formed due to
the heating-enable micellization of an amphiphilic block copoly-
mer, PS-b-P2VP in acetic acid which was the selective solvent to
P2VP, and had a core (PS)/corona (P2VP) structure. In the micelli-
zation process, hydrophobic chromophores, e.g.,perylene and
pyrene could be encapsulated into the PS core driven by the
hydrophobic interactions. The quaternization between bromo-
methane and pyridyl groups on the corona-forming P2VP chains
made the micellar sphere highly water-dispersible. The quater-
nized micelles were highly uniform in diameter both in the
dry and wet state and the micelle sizes could be changed by
using block copolymers with different block lengths. Because of
the presence of quaternized P2VP chains on the surface the
micellar nanospheres exhibited a changeable size in aqueous
solutions with varying pHs and salt concentrations. The perylene-
encapsulated micelles were highly fluorescent and could be
diluted with large amount of water to still have detectable fluor-
escent emission. Taking advantages of the fluorescent, water-
dispersible, and uniform-in-size properties of the micelles, we
used them as probe materials to characterize the effective pore
size of track-etched PC membranes. Simple filtration experiments
demonstrated that the largest pore size or defects and smallest
pores could be determined by filtrating micelles with known
diameters dispersed in water. Even more, a solution of the same
micelles at different pHs could be used to determine the range of
pore size of the membrane based on the principle that quaternized
micelles exhibited different sizes in solutions with changing pH
values.
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