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Preface to “Selected Papers from ASEPFPM2015” 
In recent years, we have witnessed an increased interest towards emulsion polymerization and 

functional polymeric microspheres. The creation and manipulation of functional components, surfaces, 
structures and modality at nanoscale of emulsion and microspheres have demonstrated their great 
success in accelerating development in biotechnology, environmental science, architecture, 
biomedicine, electronics, food, cosmetics, etc. 

While much progress has been made over the past few decades, there are still big challenges for 
the preparation of functional particles and the verification of preparation mechanisms; there is further 
room for growth in our ability to provide a high performance in these areas. To fill the unmet needs, 
the 5th Asian Symposium (ASEPFPM 2015), together with the China State Key Laboratory of 
Biochemical Engineering (SKLBE) and other top institutes throughout Asian, ushered in the era of 
emulsion and microspheres to boost their development in bio-manufacture, bio-separation and 
biomedical engineering. We have established various unique techniques such as membrane 
emulsification, multi-shell formation, nano-crystallization and a self-assembly approach to prepare 
nano- and micro- particles of uniform-size and controllable structures. These nano- and micro- 
particles have proven indispensable in fundamental research as well as in industrial applications on 
enzyme immobilization, high-throughput protein separation, controlled release, targeted diagnoses, 
delivery of antigens, siRNA and anti-cancer drugs.  

The general theme of this symposium is to discuss recent advances in both fundamentals and 
applications, as well as to promote science and adaptation in industryl. This Special Issue highlights 
the advances of emulsion and particles in a wide range of themes, including biofuel and bio-inspired 
energy devices, targeted drug delivery, tissue engineering, stimuli-sensitive biosensors, theranostics, 
and construction of novel nano-structures, which hold great promise in industrial applications. This 
Special Issue is published to provide a platform for other academic and industrial scientists and 
experts from Asian countries to share their findings, so as to promote potential collaborations. We trust 
that this Issue can be extended more broadly to applications of functional polymer microspheres by 
exchanging new ideas and needs, especially in new emerging applications. 

We are honored to guest edit this Special Issue and thank all authors and reviewers for their 
excellent work and unyielding support. Meanwhile, our appreciation goes to the Polymers editorial 
team for their enthusiastic dedication and professional editing. Contributions from our colleagues at 
SKLBE and other institutes and corporations that have collaborated are also sincerely appreciated. 

Emulsion and microspheres has opened up whole new dimensions in manufacture, agriculture 
and medical intervention, but wide application of them still requires much effort to be made. By 
searching for multi-disciplinary techniques and strengthening cooperation between academics and 
industrialists across the world, we will continue to exploit the full potential of emulsion and 
microspheres in order to better heal, fuel and feed the world! 

Guanghui Ma, Haruma Kawaguchi and To Ngai 
Guest Editors 

 

http://www.iciba.com/architecture
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Abstract: Microencapsulation is highly attractive for oral drug delivery. Microparticles are a common
form of drug carrier for this purpose. There is still a high demand on efficient methods to fabricate
microparticles with uniform sizes and well-controlled particle properties. In this paper, uniform
hydroxypropyl methylcellulose phthalate (HPMCP)-based pharmaceutical microparticles loaded
with either hydrophobic or hydrophilic model drugs have been directly formulated by using a
unique aerosol technique, i.e., the microfluidic spray drying technology. A series of microparticles of
controllable particle sizes, shapes, and structures are fabricated by tuning the solvent composition
and drying temperature. It is found that a more volatile solvent and a higher drying temperature can
result in fast evaporation rates to form microparticles of larger lateral size, more irregular shape, and
denser matrix. The nature of the model drugs also plays an important role in determining particle
properties. The drug release behaviors of the pharmaceutical microparticles are dependent on their
structural properties and the nature of a specific drug, as well as sensitive to the pH value of the
release medium. Most importantly, drugs in the microparticles obtained by using a more volatile
solvent or a higher drying temperature can be well protected from degradation in harsh simulated
gastric fluids due to the dense structures of the microparticles, while they can be fast-released in
simulated intestinal fluids through particle dissolution. These pharmaceutical microparticles are
potentially useful for site-specific (enteric) delivery of orally-administered drugs.

Keywords: aerosol method; spray drying; polymer microparticle; microencapsulation; drug delivery

1. Introduction

Microencapsulation is highly important for oral and transdermal drug deliveries [1–5].
In particular, microparticles as drug carriers capable of pH-sensitive controlled release play a
vital role in site-selective (such as enteric) delivery of orally-administered drugs for therapeutic
applications [6–11]. Ideally, the embedded drugs should be well protected by the carrier materials
from degradation in the highly-acidic gastric fluid and released in a desirable way while reaching the
intestinal tract for efficient absorption [12,13]. Therefore, the selection and control of the structural
properties of microparticle carriers are very important [14,15]. Hydroxypropyl methylcellulose
phthalate (HPMCP), a generally-recognized-as-safe (GRAS) cellulose derivative, is widely adopted
as an enteric polymer for drug delivery due to its pH-dependent solubility, i.e., low solubility in the
harsh gastric fluid while the opposite in the intestinal tract [12,16,17]. However, low solubility does not

Polymers 2016, 8, 195 1 www.mdpi.com/journal/polymers
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necessarily guarantee drug protection. The structural properties, especially the particle size/uniformity
and surface/internal porosity, should also be well controlled to make the encapsulated drugs well
protected and to understand release behaviors [2,3,18,19]. Additionally, drug-carrier interactions
should be considered for better drug protection and control of particle properties [2].

To fabricate microparticles for the purpose of controlled drug delivery, a series of approaches
have been developed, such as the emulsion method [10,20–22], microfluidics [20,23], electrostatic
droplet method [24,25], membrane filtration [26], supercritical CO2 processing [27,28], templating [29],
electrohydrodynamic atomization technique [30], and so on. Comparatively, aerosol-based techniques,
particularly spray drying technology, is a continuous and low-cost method to manufacture powdered
microparticles [31–33]. In addition, microparticles prepared through aerosol methods are usually of
high chemical utilization efficiency (theoretically 100%) through avoiding washing and purification
steps. In aerosol methods, liquids are atomized to droplets, which are subsequently dried and/or
thermally treated to obtain targeted particles [34–37]. During fast solvent evaporation, solutes in
liquid droplets are driven away far from equilibrium and forced to be assembled together, leading to
unique co-assembly mechanisms and boundary phenomena, and then to novel materials with unique
structures, such as mesoporous, core-shell, and hierarchical structures [34–41].

Conventional aerosol techniques, such as conventional spray drying, however, often produce
microparticles with relatively small sizes (typically tens of nanometers to a few micrometers) and very
broad particle size distributions [34–42], mainly due to the atomized droplets of a wide range of size
distributions and complex travelling trajectories, which experience different drying histories within
the same product batch. Consequently, the effect of a particular process parameter on microparticle
properties and a particular property on particle performance cannot be accurately figured out. To tackle
such drawbacks, we have recently introduced a specially-designed micro-fluidic-jet spray dryer
(MFJSD) that is capable of producing uniform and large-sized microparticles ranging from 5 to
300 μm with controllable characteristics and functionalities [43–45]. The properties of spray-dried
microparticles are significantly influenced by precursor formulation, such as composition and solvent
type, and spray drying conditions, such as air flow rate and drying temperature. Therefore, in order
to produce pharmaceutical microparticles capable of pH-sensitive drug release, the structures of the
microparticles should be precisely controlled and the correlations between particle structure and drug
release behavior should be understood.

Herein in this work, for the first time, we explored the use of MFJSD for the one-step
straightforward fabrication and control of structural properties of drug-loaded HPMCP-based
microparticles for pH-sensitive drug delivery. Hydrocortisone and lysine were selected as a
hydrophobic and a hydrophilic model drug, respectively, to investigate their influences on particle
properties and release behaviors. The effects of precursor formulation, including solvent composition
and drying temperature, on spray dried particle characteristics and release behaviors have been studied
in detail. A series of uniform HPMCP-based pharmaceutical microparticles capable of pH-sensitive
drug delivery have been successfully fabricated, and their drug release behaviors have been well
correlated with their structural properties.

2. Materials and Methods

2.1. Chemicals

Hydroxypropyl methylcellulose phthalate (HPMCP) was purchased from Yolne (Shanghai, China).
Hydrocortisone of biochemical reagent was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Lysine was kindly provided by COFCO (Beijing, China). Ethanol, acetone,
hydrochloric acid, ammonium hydroxide solution (25~28 wt %), dimethyl sulfoxide, ninhydrin,
and lithium hydroxide monohydrate were of analytical grade. Deionized water (Milli-Q) was used
throughout the experiments wherever required.
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2.2. Precursor Preparation

The precursors for spray drying were prepared by directly dispersing HPMCP into certain
solvents. To investigate the effects of solvents, different formulations of precursors were prepared
(Table S1). The total mass content of excipients was set to be 2.5% (w/v). A certain amount, typically
2.5 wt %, of a specific model drug was added into the precursor solutions for one-step formulating
pharmaceutical microparticles.

2.3. Microparticle Fabrication

Briefly, the precursor solutions were fed into a standard steel reservoir; and compressed air
was used to force the liquid in the reservoir to jet through the microfluidic aerosol nozzle (MFAN,
home-made, Suzhou, China, Figure S1a). The liquid flowing rate was controlled by changing the air
pressure. The liquid jet was broken-up into droplets by disturbance from vibrating piezoceramics
on the nozzle. The vibration frequency was tuned in order to obtain monodisperse droplets. A new
generation of MFJSD-6 (home-made, Suzhou, China, Figure S1b) was used to produce microparticles.
The inlet temperature was controlled from 95 to 205 ˝C for various precursor solutions. The flow
rate of the hot air was 250 L/min. The collected microparticles were stored in desiccators for further
characterizations and drug release tests.

2.4. Particle Characterization

The morphology and structure of microparticles before and after drug release tests were examined
by scanning electron microscopy (SEM, S-4700, Hitachi High Technologies Corporation, Tokyo,
Japan). Particle size and size distribution were acquired by analyzing SEM images containing over
1000 particles by using Shineso (SHINESO, Hangzhou, China). The average particle size d was defined
as d “ řn

i“1 di{N and the span of size distribution was described as span = (d90 ´ d10)/d50, where di

was the diameter of the i-th particle, N was the total number of micropaticles, and d90, d50, and d10

were the cumulative particle sizes at 90%, 50%, and 10%, respectively.
Microparticle density was assessed by filling 0.5~2 g powders into a 5 mL graduated cylinder,

and the weight and volume occupied by the powder were recorded. The mass/volume ratio before
tapping was calculated as bulk density. The tap density of the powder was then evaluated by tapping
the syringe onto a level surface at a height of about 2 cm until no change in volume is observed [46].
Carr’s index was calculated as (tap density-bulk density) ˆ 100/tap density.

The crystalline characteristics of the raw drugs and microparticles were tested by using the
powder X-ray diffraction (XRD) technique (X’Pert-Pro MPD, PANalytical B.V., Almelo, Netherlands),
with a Cu Kα radiation source and a scan range of 1˝/min. The powders were pressed onto quartz
blocks by using a glass slide for direct data recording.

2.5. In Vitro Drug Release Test

The swelling and dissolution behaviors of typical pharmaceutical microparticles were studied.
Briefly, a small amount of microparticles was placed on a glass slide and a drop of PBS (phosphate
buffer solution) or simulated gastric juice (0.1 M HCl) at around 25 ˝C was dropped on the glass
surface next to the microparticles. Then, the microparticles contacted with water and were infiltrated
slowly. The dissolution processes in PBS and swelling phenomena in simulated gastric juice were
recorded using an optical microscope (OLYMPUS-CX31, Olympus Corporation, Tokyo, Japan) and
a series of images at different time intervals were captured by AE (Adobe After Effects CS4, Adobe
Systems Incorporated, San Jose, CA, USA).

In a typical drug-release experiment, 25 mL of PBS release medium (pH value 7.4) or simulated
gastric fluid (0.1 M HCl solution, pH value 1.0) was transferred into a flask, and the drug-loaded
microparticles (~50 mg) were added into the flask. The flask was kept in a shaking incubator at
37 ˝C with constant agitation (65 rpm). At certain time intervals, 1 mL of the release medium was

3
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withdrawn periodically from the flask and replaced with the same amount of fresh release medium.
The release medium was passed through a 0.45 μm membrane filter (Millipore, Shanghai, China) in
order to remove insoluble matters. The concentration of hydrocortisone was directly measured by
UV–Vis spectroscopy (Spectramax M5, Molecular Devices, Silicon Valley, CA, USA) at a wavelength of
247 nm. For the determination of lysine concentration, due to its non-obvious absorption peak in the
ultraviolet and visible light areas, a ninhydrin method was adopted for lysine quantification [47,48].
Briefly, samples of releasing medium (0.5 mL) and ninhydrin solution (0.5 mL) were put in tubes and
heated in a boiling water bath for 10 min. After heating, the tubes were fully cooled in an ice bath.
Then, 2.5 mL of 50% alcohol was added into each tube and thoroughly mixed with a vortex mixer for
15 s. Then, 200 μL of the reaction mixture was transferred into quartz 96-well plates and the lysine
concentration was determined by measuring the absorbance values at 570 nm.

3. Results and Discussion

3.1. Particle Formation Process

Solutions composed of HPMCP (Scheme 1a) as the carrier material, hydrophobic hydrocortisone
(Scheme 1b) or hydrophilic lysine (Scheme 1c) as the model drug, and ethanol/water mixture as the
solvent, were atomized into uniform droplets and directly assembled into uniform microparticles
(Scheme 1d–g) via spray drying. At a solid content of 2.5% (w/v), a hydrocortisone-to-HPMCP
mass ratio of 0.025:1, and a drying temperature of 155 ˝C, uniform, discrete, and dimpled spherical
microparticles of ~57.9 μm in size (Figure 1a) were obtained by using an ethanol/water mixture of
1:4 volume ratio as the solvent. The surfaces of these microparticles are smooth and dense (Figure 1a
inset), indicating the drug molecules are encapsulated inside the HPMCP matrix. The deformation
of spherical droplets into dimpled microparticles originates from surface tension gradients of drying
droplets. In general, the droplet air/liquid interface recedes while drying (Scheme 1d), and is gradually
concentrated by the precursor ingredients that diffuse inward according to Fick’s law [49].When
the ingredients reach saturation, the droplet surface will be solidified to form a shell and stop
shrinking (Scheme 1d,e). On the other hand, drying induces temperature gradients (interior < interface
temperature), making surface tension differences (interior > external), and preferential evaporation
of ethanol leaves behind more water, further enlarging the surface tension differences, thus creating
inward capillary forces (Scheme 1e). The soft nature of the HPMCP polymer (with remaining water
solvent) makes the shell unable to withstand the capillary forces, leading to shape deformation
(Scheme 1f) and subsequently dimpled or crumpled microparticles (Scheme 1g).

 

Scheme 1. The molecular structures of the HPMCP polymer (a); the model drugs hydrocortisone
(b); lysine (c); and a representation of the formation process (d–g) of the pharmaceutical microparticles
via microfluidic spray drying.
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Figure 1. SEM images of the hydrocortisone-loaded microparticles obtained at a drying temperature of
155 ˝C with an ethanol/water mixed solvent of 1:4 (a); 1:1 (b); and 4:1 (c) volume ratio, respectively;
and the particle size variation trend (d) with increasing ethanol/water volume ratio.

3.2. Solvent Effect on Particle Property

With other parameters unchanged, by increasing the ethanol/water volume ratio from 1:4 to 1:1,
and 4:1, severely crumpled microparticles of more irregular shapes, highly-wrinkled surfaces, and
increasing lateral particle sizes (~76.3 and 82.2 μm) were obtained (Figure 1b–d). This solvent effect
can be ascribed to the increased evaporation rate by replacing water with more ethanol of higher
vapor pressure. With faster solvent removal, the particle shell may form earlier and stabilize the
drying droplets, thus leading to increased particle sizes. The fast evaporation rate may also trigger
longer paths of receding air/liquid interface and temperature gradient; thus, the capillary forces can
drive the drying droplets to crumple more and the surfaces to wrinkle more as well. The solvent
effect was further validated by using an acetone/water mixture of 9:1 volume ratio as the solvent.
The more volatile acetone solvent further accelerated evaporation, leading to larger-sized and more
irregular microparticles, and puffed spherical microparticles of even larger sizes (Figure S2). Under this
condition, the solvent evaporation rate is so fast that all of the solvent in a droplet could be evaporated
instantaneously to form a relatively rigid shell with negligible remaining water solvent inside, leading
to puffed microparticles with smaller degrees of crumpling and wrinkling.

3.3. Drying Temperature Effect on Particle Property

Drug-loaded microparticles were also formulated at different temperatures to further control
particle properties. With a constant solid content of 2.5% (w/v), a hydrocortisone-to-HPMCP mass
ratio of 0.025:1, and an ethanol/water mixture of 4:1 volume ratio as the solvent, uniform and highly
open porous microparticles of ~74.3 μm were obtained at a drying temperature of 95 ˝C (Figure 2a,b).
The microparticles are crumpled in single directions, making them bowl-like without surface wrinkles
(Figure 2a,b).The average pore size was estimated to be ~200 nm (Figure 2b and inset), which may
accelerate drug release. With the drying temperature slightly increased to 100 ˝C, the resultant
particle morphology changed significantly to severely crumpled and surface-wrinkled microparticles
of increased lateral sizes (Figure 2c,f). Interestingly, the microparticles are Janus-like with one half
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porous, while the other half is non-porous (Figure 2d). With the temperature increased to 155 ˝C, the
obtained microparticles turned to totally non-porous with no obvious particle size increase (Figures 1c
and 2f). A further increase of the drying temperature to 205 ˝C led to puffed microparticles of spherical
and smooth shape, as well as an abrupt increase in lateral particle size up to ~133 μm (Figure 2e,f). Very
similar trends of temperature-dependent particle properties were also observed for the lysine-loaded
microparticles (Figure S3). Similar to the solvent effect, the reason for the particle size increase and
higher degree of crumpling/wrinkling with increase of drying temperature is the fastened drying
rates at higher temperatures. In addition, at a high drying temperature of 205 ˝C, the skin formed
on the semi-dried droplet may experience higher temperature than the melting point of the HPMCP
(~145 ˝C) for a short time when it travelled along the lower part of the dryer, likely resulting in more
smoothness of the particle surface. On the other hand, at a low drying temperature of 95 ˝C, the slow
drying rate allows sufficient solute migration and growth due to the existence of remaining water
solvent, thus leading to the formation of bowl-like microparticles with open macropores (Figure 2a,b).

 

Figure 2. SEM images of the hydrocortisone-loaded microparticles obtained with an ethanol/water
mixed solvent of 4:1 volume ratio at a drying temperature of 95 (a,b); 100 (c,d); and 205 ˝C (e),
respectively; and the particle size variation trend (f) with increasing drying temperature.

3.4. Effect of Drug Molecule on Particle Properties

Under the same synthetic conditions, the lysine- and hydrocortisone-encapsulated microparticles
show very similar properties and variations with solvent composition and drying temperature (Figure 2
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and Figure S3). Two differences were observed, though. Firstly, under the same synthetic conditions,
the lysine-encapsulated microparticles present a relatively larger particle size than those of the
hydrocortisone-encapsulated counterparts (Table S2, for example, comparing the size differences of the
hydrocortisone- and lysine-loaded microparticles obtained at 100 or 155 ˝C). This is probably because
of the existence of stronger molecular interactions between lysine (with amino groups, Scheme 1c) and
the HPMCP matrix (with carboxylic groups, Scheme 1a), which can accelerate particle solidification
during drying. This assumption is verified by the fact that the lateral particle size increases from ~94.6
to 108.8 μm with the increase of the lysine-to-HPMCP mass ratio from 0.025 to 0.1 (Figure S3b,e
and Table S2). Secondly, open macroporous bowl-like hydrocortisone-loaded microparticles can be
obtained only at a low temperature of 95 ˝C (Figure 2a), while lysine-loaded microparticles with
identical properties can be formed at 100 ˝C (Figure S3a). This is probably because the hydrophilic
lysine molecules can help sustain the water solvent to allow sufficient solute aggregation and growth
to form macropores even at relatively higher temperatures.

3.5. Particle Porosity and Density

The porous nature of the bowl-like microparticles was verified by the high surface area (~5.4 m2/g)
of the sample (Figure 3a). With the drying temperature increased to 155 ˝C or higher, no nitrogen
porosity was detected for both the hydrocortisone- and lysine-encapsulated microparticles (Figure 3b,c).
At high drying temperature the surface of droplet/particle may be molten, likely leading to a decrease
in porosity. There is also a trend that the surface area of the microparticles obtained at the same
temperature decreases with the increasing ethanol-to-water volume ratio of the solvents (Figure S4),
in accordance with the fact that higher ethanol-to-water volume ratio leads to faster evaporation rates
and solidification of particle shells.

Figure 3. N2 sorption isotherms of the lysine-loaded microparticles obtained with an ethanol/water
solvent of 4:1 volume ratio at a drying temperature of 100 (a); 155 (b); and 205 ˝C (c), respectively.

The flowing property of pharmaceutical microparticles is important for dosing efficiency and
product handling, such as mixing, packaging, storage, etc. Carr’s index (CI) of less than 25% usually
indicates fluid powder, which means that the closer bulk and tap densities are, the better the powder
flowability. The skeletal density of HPMCP polymer is ~1.25 cm3/g, while both the bulk and tap
densities of the hydrocortisone- and lysine-encapsulated microparticles are far smaller than this value
due to the intraparticle porosity and/or inter-particle voids (Table S2). Moreover, both the bulk and tap
densities of the obtained microparticles significantly declined with precursor solvent composed of more
ethanol, as well as with increased drying temperature (Table S2), much likely resulting from the larger
particle size and more irregular shape. The CIs for the hydrocortisone-encapsulated microparticles
obtained from different solvent compositions are similar and close to 25%, a sign of good flowability.
For the lysine-encapsulated microparticles, the flowability is better for the microparticles obtained at
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100 ˝C than those obtained at higher drying temperatures, probably due to larger and more irregular
particle sizes hindering particle compacting.

3.6. States of Drugs in the Microparticles

While the raw drugs are highly crystalline (Figure 4a and Figure S5a), both the encapsulated
hydrocortisone and lysine drugs in the microparticles are amorphous regardless of the precursor
solvent composition and drying temperature (Figure 4b–d and Figure S5b–d), indicating the drugs are
well dispersed in the HCMCP matrix. During the fast spray drying process, the drug molecules are
driven far away from equilibrium growth conditions. In addition, the drug molecules could interact
strongly with the HPMCP matrix. Therefore, growth and molecular organization of drug molecules
are limited, leading to well-dispersed amorphous drug particles. This is believed to be an advantage
in terms of facilitating fast drug dissolution and absorption [50].

 

Figure 4. XRD patterns of the raw hydrocortisone drug (a); and the hydrocortisone-loaded microparticles
obtained at a drying temperature of 155 ˝C with an ethanol/water solvent of 1:4 (b); 1:1 (c); and 4:1 (d)
volume ratio, respectively.

3.7. Drug Release Behaviors

The release behaviors of the two model drugs were found to be dependent on the structures
of the microparticles, as well as sensitive to the pH value of the release environment. In simulated
gastric solutions (0.1 M HCl solution), at the same drying temperature (155 ˝C), for the microparticles
obtained at low ethanol/water ratios (1:4 and 1:1), the hydrocortisone drug were released fast with an
initial burst of ~70% within one hour (Figure 5a,b). Afterwards, the drug was released slowly with a
total of ~80% released up to 6 h (Figure 5a,b), indicating the drugs cannot be well protected in these
microparticles against the gastric environment. On the contrary, for the microparticles obtained at a
high ethanol/water ratios (4:1), the drug was released very slowly from the beginning (Figure 5c),
with only ~20% released within up to 6 h, indicating the drugs in these microparticles can be well
protected against the harsh gastric environment.

The above different release behaviors are directly associated with the different structures of the
microparticles. The higher ethanol fraction (4:1) in the precursor solvent leads to a faster drying rate,
and subsequently to a larger lateral particle size with denser particle shells (Figure 1). As a result, the
access of water molecules from the simulated gastric solution into the interior of the microparticles
is severely retarded, and the drug molecules are released only very slowly. Tracking of the swelling
behaviors of the microparticles in simulated gastric solution further verifies the different release
properties. For the microparticles obtained from solvents with low ethanol/water ratios (1:4, 1:1), fast
particle swelling and inter-particle mergence were observed (Figure 6a,b), which could trigger fast drug
release. On the contrary, for the microparticles obtained from a solvent with the high ethanol/water
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ratio (4:1), due to the more dense particle shells, only slow and small-degree particle swelling was
observed (Figure 6c), which could retard drug release.

 

Figure 5. Cumulative release of hydrocortisone drug in a simulated gastric fluid from the microparticles
obtained at a drying temperature of 155 ˝C with an ethanol/water mixed solvent of 1:4 (a); 1:1 (b);
and 4:1 (c) volume ratio, respectively.

 

Figure 6. Time-lapse tracking photographs of swelling behaviors in simulate gastric solutions of the
microparticles obtained at a drying temperature of 155 ˝C with an ethanol/water mixed solvent
of 1:4 (a); 1:1 (b); and 4:1 (c); volume ratio, and those obtained with an ethanol/water solvent
of 4:1 volume ratio at a drying temperature of 95 (d); 100 (e); and 205 ˝C (f), respectively. A set
of the same microparticles in each row was enclosed in red cycles to clearly show their swelling
changes with time.

Microparticles obtained at different drying temperatures also show significantly different drug
release behaviors. With the same solvent composition (ethanol/water mixture of 4:1 volume ratio),
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for the microparticles obtained at 95 ˝C, the encapsulated hydrocortisone drug was released fast
with an initial burst of 60%, followed by a gradual release up to ~80% within 6 h (Figure 7a).
For those obtained at 100 ˝C, the release rate became much slower, with an initial release of 25%
at 20 min and then a gradual one up to ~40% at 6 h (Figure 7b). Notably, a much slower rate was
present for those obtained at a higher temperature of 155 ˝C (Figure 7c). For the lysine-encapsulated
microparticles, very similar temperature-dependent releasing trends were observed (Figure 7d–f).
The above different drying-temperature-induced release behaviors can also be well correlated with the
structural properties of the corresponding microparticles. At low drying temperatures, the obtained
microparticles are open porous (Figure 2a and Figure S3a) so that the access of water into the interior
of these microparticles is facilitated, and the drug molecules inside can be released very fast. Tracking
of these microparticles reveals that they were not obviously swollen in the simulated gastric solution
(Figure 6d), further indicating the drug release mainly relies on direct mass transportation through the
macropores. On the contrary, the microparticles obtained at higher temperatures (155 ˝C or higher)
are quite dense (Figure 1) without any detectable N2 porosity (Figure 3). Besides, at high drying
temperatures, the obtained microparticles appear crumpled/wrinkled or puffed morphology with a
possibly molten surface, which could restrict drug release. Therefore, mass exchange between outside
and internal microparticles is much retarded, leading to much slower drug release rates. Tracking
of these microparticles reveals that the microparticles were swollen in the simulated gastric solution
(Figure 6e,f), indicating the drug release mainly relies on slow mass exchange.

 

Figure 7. Cumulative release of hydrocortisone (a–c); and lysine (d–f) in simulated gastric fluids
from the microparticles obtained with an ethanol/water mixed solvent of 4:1 volume ratio at a drying
temperature of 95 (a); 100 (b,d); 155 (c,e); and 205 ˝C (f), respectively.

Interestingly, under the same synthetic conditions, the lysine-loaded microparticles show faster
drug release rates as compared to those of the hydrocortisone-loaded counterparts (Figure 7).
For example, for the microparticles obtained at 100 ˝C, the released amount of lysine was up to
80% within 1 h and without noticeable release afterwards (Figure 7d). However, the released amount
of hydrocortisone was only ~32 wt % within 1 h and with a further slow release stage (Figure 7b).
The reason is mainly due to the difference in surface pore structure. The former shows highly open
porous structure (Figure S3a) while the latter is only half-particle porous and the pores are less open
(Figure 2c,d). Similar release difference was also found in the microparticles obtained at 155 ˝C
(Figure 7c,e). At this temperature, both the lysine- and hydrocortisone-loaded microparticles are
quite dense; therefore, the faster release of lysine is probably due to its more basic and hydrophilic
nature and smaller molecular size as compared with hydrocortisone, which make it more easily to
be dissolved in the simulated gastric solution. This is verified by the much faster release rate of the
lysine-loaded microparticles obtained at 100 ˝C (Figure 7d) than that of the hydrocortisone-loaded
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microparticles obtained at 95 ˝C (Figure 7a), while both types of microparticles show highly open
porous structures (Figure 2a and Figure S3a).

After the release tests in simulated gastric solutions, both the hydrocortisone- and
lysine-loaded microparticles show no obvious changes in particle morphology and structure
(Figures S6 and S7). These results indicate the microparticles can be well preserved in the harsh
simulated gastric environments.

The drug release is pH-sensitive with totally different release behaviors near a neutral
environment. To mimic the enteric environment, a PBS solution (pH value 7.4) was used as the
release medium. Notably, ~90% drug molecules (either lysine or hydrocortisone) were released in
the first 30 min and almost 100% released within 1 h for all the drug-encapsulated microparticles
regardless of their structural properties (Figure 8). Track of the microparticles in PBS solution indicates
that the release mechanism lies in the fast dissolution of the whole microparticles in PBS solution
(Figure 9 and Figure S8), in accordance with literature that HPMCP is a polymer with high solubility in
the intestinal tract [51,52]. The above results indicate that site-specific drug delivery could be achieved
by controlling the microparticle properties.

 

Figure 8. Cumulative release of lysine in PBS solutions from the microparticles obtained with an
ethanol/water solvent of 4:1 volume ratio at a drying temperature of 100 (a); 155 (b); and 205 ˝C
(c), respectively.

 

Figure 9. Time-lapse tracking photographs of dissolution behaviors in PBS solutions of the
lysine-loaded microparticles obtained with an ethanol/water solvent of 4:1 volume ratio at a drying
temperature of 100 (a); 155 (b); and 205 ˝C (c), respectively.
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4. Conclusions

This paper has demonstrated the use of microfluidic jet spray drying to directly fabricate
drug-encapsulated HPMCP polymer microparticles with uniform and tunable sizes (57~133 μm),
variable morphologies (bowl-like, dimpled, crumpled, and spherical) and structures (porous,
Janus-like, porous, and dense). Adoption of either more volatile solvents or higher drying temperatures
leads to microparticles with larger lateral particle sizes, more severely crumpled morphologies and
wrinkled surfaces, and declined porosity. At high drying temperature the surface of droplet/particle
may be molten during spray drying process, also likely leading to more smoothness of the particle
surface and decrease in porosity. As compared with the hydrophobic hydrocortisone, the hydrophilic
and basic lysine model drug tends to interact more strongly with HMPCP leading to relatively larger
particle sizes, to sustain more water leading to the formation of open macropores at a relatively higher
drying temperature, and to be released relatively faster. The release behaviors are particle-property
dependant and pH-sensitive. Drugs in the microparticles obtained at a drying temperature of 155 ˝C
or higher, and those obtained by using a solvent with a high ethanol/water ratio can be well protected
in simulated gastric solutions and subsequently be fast released in PBS solutions. Therefore, these
microparticles are capable of protecting drugs against harsh gastric fluids and releasing them in
enteric fluids. The current method could provide a robust route for the fabrication for pharmaceutical
microparticles for site-specific delivery of orally administrated drugs of different molecular properties.

Supplementary Materials: Supplementary Materials can be found at www.mdpi.com/2073-4360/8/5/195/s1.
Figure S1: Photographs of the MFAN nozzle (a); and the spray drying set-up (b); Figure S2: SEM images of
the hydrocortisone-loaded microparticles obtained by using an acetone/water solvent of 9:1 volume ratio at
a drying temperature of 155 ˝C; Figure S3: SEM images of the lysine-loaded microparticles obtained with an
ethanol/water mixed solvent of 4:1 volume ratio at a drying temperature of 100 (a); 155 (b); and 205 ˝C (c);
respectively, and the particle size variation trend (d) with increasing drying temperature; (e) and (f) are the
SEM images of the lysine-loaded microparticles with 10% drug loading obtained with an ethanol/water mixed
solvent of 4:1 volume ratio at a drying temperature o155 ˝C; Figure S4: N2 sorption isotherms of the lysine-loaded
microparticles obtained with an ethanol/water solvent of 1: 4 (a); and 1:1 (b) volume ratio at a drying temperature
of 155 ˝C; Figure S5: XRD patterns of the raw lysine drug (a); and the lysine-loaded microparticles obtained with
an ethanol/water mixed solvent of 4:1 at a drying temperature of 100 (b); 155 (c); and 205 ˝C (d), respectively;
Figure S6: After the drug release tests in simulated gastric solutions, SEM images of the hydrocortisone-loaded
microparticles obtained at a drying temperature of 155 ˝C with an ethanol/water mixed solvent of 1:4 (a); 1:1 (b);
and 4:1 (c) volume ratio, respectively; Figure S7: After the drug release tests in simulated gastric solutions, SEM
images of the lysine-loaded microparticles obtained with an ethanol/water mixed solvent of a volume ratio
of 4:1 at a drying temperature of 100 (a); 155 (b); and 205 ˝C (c), respectively; Figure S8: Time-lapse tracking
photographs of dissolution behaviors in PBS solutions of the hydrocortisone-loaded microparticles obtained
with an ethanol/water mixed solvent of 1:4 (a); 1:1 (b); and 4:1 (c) volume ratio at a drying temperature of
155 ˝C. Table S1: Summary of the formulations of precursors for the fabrication of a series of pharmaceutical
microparticles via microfluidic jet spray drying; Table S2: Data summary of the particle size, bulk density, tap
density, and Carr’s Index for the obtained pharmaceutical microparticles.
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HPMCP Hydroxypropyl methylcellulose phthalate
GRAS Generally recognized as safe
MFJSD Micro-fluidic-jet spray dryer
MFAN Micro-fluidic-aerosol-nozzle
AE Adobe after effects CS4
CI Carr’s index
XRD X-ray diffraction
SEM Scanning electron microscopy
PBS Phosphate buffer saline
UV Ultraviolet
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Abstract: The inactivation of photosensitizers before they reach the targeted tissues can be an
important factor, which limits the efficacy of photodynamic therapy (PDT). Here, we developed
co-assembled nanohybrids of graphene oxide (GO) and albumin/photosensitizer that have a potential
for protecting the photosensitizers from the environment and releasing them in targeted sites, allowing
for an enhanced PDT. The nanohybrids were prepared by loading the pre-assembled nanoparticles of
chlorin e6 (Ce6) and bovine serum albumin (BSA) on GO via non-covalent interactions. The protection
to Ce6 is evident from the inhibited fluorescence and singlet oxygen generation activities of
Ce6–BSA–GO nanohybrids. Importantly, compared to free Ce6 and Ce6 directly loaded by GO
(Ce6–GO), Ce6–BSA–GO nanohybrids showed enhanced cellular uptake and in vitro release of
Ce6, leading to an improved PDT efficiency. These results indicate that the smart photosensitizer
delivery system constructed by co-assembly of GO and albumin is promising to improve the stability,
biocompatibility, and efficiency of PDT.

Keywords: protein; graphene oxide; singlet oxygen generation; co-assembly; photodynamic therapy

1. Introduction

Photodynamic therapy (PDT) is attractive for cancer therapy due to its specific selectivity to
a disease site and non-invasive protocol [1,2]. Essentially, PDT involves the administration of a
photoactive drug (photosensitizer), followed by selective irradiation of the cancerous tissue by
light [3]. The activated photosensitizer reacts with molecular oxygen, resulting in the formation
of reactive oxygen species (ROS), such as singlet oxygen, that are directly responsible for the death
of cancer cells [4]. Hence, the cytotoxicity in PDT is a combined result of three nontoxic components
(photosensitizer, molecular oxygen, and light), leading PDT to be a highly-biocompatible treatment
modality for cancer. Despite the fast-growing research about PDT [5–11], there are still huge challenges
before its acceptance as a first-line oncological treatment. Due to the limited selective accumulation of
photosensitizers to tumors [12], a large amount of photosensitizers are needed to obtain a satisfactory
photodynamic response. Importantly, it typically takes 48–72 h for the photosensitizers to accumulate
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in tumors, leading to the unprotected photosensitizers vulnerable in the circulatory system [13].
An intriguing method for circumventing these challenges is to formulate the photosensitizers in
means of suitable nanocarriers [13–16]. The nanocarriers can be tailored to protect the encapsulated
photosensitizers in circulation and readily release them in targeted tissues.

Due to its special photochemical properties, graphene has attracted remarkable attention in
many fields including smart drug delivery [17–19]. The planar and highly-conjugated morphology of
graphene sheet is ideally suitable for loading of drugs through the non-covalent interactions, such as
hydrophobic interaction and π–π stacking [20]. The unique two-dimensional structure of graphene
sheet ensures a high loading capability for physical adsorption of drugs on its large surface [21].
Graphene oxide (GO), a derivative of graphene, not only has the same merits as graphene but also
holds better solubility and more functional groups suitable for further modification [22,23]. GO
can be converted to nano-GO with the lateral dimensions in nanometric size by applying ultrasonic
energy [24,25]. Nano-GO has been explored as a nanocarrier for delivery of various drugs including
photosensitizers [26]. It has been reported that the photosensitizers loaded onto nano-GO can be
more efficiently delivered into cells [27,28]. Since most photosensitizers are highly π-conjugated and,
among hydrophobic porphyrin derivatives, the loading of them on the surface of GO can enhance
their aqueous solubility and stability. Nano-formulation can further improve the accumulation of
photosensitizers to tumors through the enhanced permeability and retention (EPR) effect [29]. However,
the highly efficient π–π stacking between the photosensitizers and GO inhibits the ROS generation
ability of the photosensitizers [30]. Since GO is highly stable in biological environments [31], release of
photosensitizers through passive biodegrading of GO is inefficient. Consequently, the release of the
photosensitizers from the surface of GO with a specific design is needed. To the best of our knowledge,
such a GO-based nano-formulation of photosensitizers with specific loading and release properties
has not yet been explored.

Serum albumin, the most abundant protein in blood plasma, has been approved by FDA for drug
delivery based on its high biocompatibility [32]. The encapsulation of various hydrophobic drugs
by serum albumin has been extensively studied [33,34]. It has been demonstrated that albumins are
highly promising in encapsulation and release of photosensitizers [35]. As most nanoparticles are
internalized by cells through a lysosome-mediated channel, the lysosomal cysteine proteases, such as
cathepsin B, could induce the intracellular biodegradation of albumin [36,37], triggering the release of
encapsulated photosensitizers. Therefore, combination of albumin with other functional materials,
such as GO, by the strategy of nanoarchitectonics may be a versatile means for delivery of photoactive
drugs towards enhanced PDT [38–40].

Herein, we report a co-assembly strategy for the fabrication of nanohybrids of GO, albumin
and photosensitizer for in vitro enhanced PDT (Scheme 1). In the nanohybrids, the hybrid system
of albumin and GO makes synergistic effect as delivery carriers. The nanohybrids are prepared
by loading of the pre-assembled nanoparticles of chlorin e6 (Ce6) and bovine serum albumin
(BSA) on the surface of nano-GO. We discover that both the fluorescence and ROS of as-prepared
Ce6-BSA-GO nanohybrids in physiological conditions are quenched as compared to free Ce6.
Additionally, Ce6–BSA–GO nanohybrids show a much faster internalization and release of Ce6
upon incubation with cells when compared with free Ce6 or a control group of Ce6–GO (Ce6
directly loaded on the surface of GO). In vitro PDT results show that Ce6 released from Ce6–BSA–GO
nanohybrids recovers its photocytotoxicity upon the cellular uptake. Thus, an enhanced PDT efficacy
of Ce6–BSA–GO nanohybrids is demonstrated. Such nanohybrids prepared by encapsulation and
loading of photosensitizer by albumin and GO provide a valuable approach to construct smart and
biocompatible PDT agents on demand.
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Scheme 1. Schematic illustration of co-assembly of graphene oxide and albumin/photosensitizer
nanohybrids and the enhanced in vitro photodynamic therapy.

2. Materials and Methods

2.1. Materials

Bovine serum albumin, anthracene-9,10-dipropionic acid (ADPA), thiazolyl blue tetrazolium
bromide (MTT), and Hoechst 33342 were purchased from Sigma-Aldrich Co. (Saint Louis, MI, USA)
Chlorin e6 was purchased from Frontier Scientific, Inc. (Logan, UT, USA). The cell culture medium
DMEM was purchased from Beijing Solarbio Science and Technology Co. Ltd. (Beijing, China).
Fetal bovine serum (FBS) was purchased from Hangzhou Sijiqing Co. Ltd. (Hangzhou, China).
Other chemicals were purchased from Beijing Chemical Co. Ltd. (Beijing, China) unless otherwise
specified. All chemicals were used as received without further purification. Nano graphene oxide was
synthesized according to our previous report [25]. Briefly, graphite, NaNO3, and concentrated H2SO4

were mixed together in a beaker in an ice bath for 30 min, followed by the slow addition of KMnO4.
The reaction mixture was stirred at 35 ˝C for 6 h, and then the temperature was slowly raised to 60 ˝C
during the next 2 h. The above mixture was then added to water and was stirred at 80 ˝C for 1 h,
followed by adding 30% H2O2 and filtering. For purification, the product was alternately washed with
5% of HCl and then water several times. The filter cake was dissolved in water and the graphene oxide
flakes were obtained through centrifugation. Finally, the product was freeze-dried in a lyophilizer for
two days before use.

2.2. Preparation of the Nanohybrids

The Ce6–BSA–GO nanohybrids were typically prepared as follows: firstly, Ce6-BSA nanoparticles
were prepared by mixing a DMSO solution of Ce6 (12 mg¨ mL´1) with an aqueous solution of BSA
(4 mg¨ mL´1). After aging in the dark for 4 h, the Ce6-BSA nanoparticles were mixed with an aqueous
solution of GO (0.5 mg¨ mL´1). Finally, the obtained nanohybrids were aged overnight and washed by
dialysis before further characterization. A control group of Ce6-GO was prepared by mixing a DMSO
solution of Ce6 (12 mg¨ mL´1) with an aqueous solution of GO (0.5 mg¨ mL´1).

2.3. Characterization of the Nanohybrids

Transmission electron microscopy (TEM) was performed by a JEOL JEM-2100 (Kyoto, Japan)
when a drop of the sample was carefully applied to the carbon-coated copper grids and dried in
vacuum. A Bruker FastScanBio was used for atomic-force microscopy (AFM) measurements. The size
and zeta potential of the nanohybrids was characterized by Malvern dynamic laser scattering (DLS)
(Zetasizer Nano ZS ZEN3600, Malvern, UK). UV–Vis spectra of the assembled nanohybrids in aqueous
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solution were recorded using a Shimadzu UV-2600 spectrophotometer (Kyoto, Japan). A fluorescence
spectrometer (Hitachi F-4500, Kyoto, Japan) was used to measure the photoluminescence of free Ce6
and assembled nanohybrids in a 1.0 cm quartz cuvette with the excitation wavelength of 405 nm.
The concentrations of Ce6 in samples were measured by a HPLC-based method. Briefly, the sample
(100 μL) was mixed with acetonitrile (1 mL) and the obtained mixture was sonicated by an ultrasonic
cell crusher (JY92-IIN, Ningbo Scientz Biotechnology Co., Ningbo, China) The concentration of Ce6 in
the mixture was further recorded on a Thermo Fisher U3000 HPLC system coupled with a VWD-3100
detector and a reverse phase C18 column (Thermo Scientific Acclaim 120, 5 μm, 4.6 mm ˆ 250 mm,
product number 059149, Waltham, MA, USA). Chromatographic conditions: 25 ˝C; 1.0 mL¨ min´1;
405 nm; gradient solvent system: v/v acetonitrile/0.1% trifluoroacetic acid in water, and a stepwise
gradient of acetonitrile from 45% acetonitrile to 100% in 20 min; t = 9.75 min. In the assembled
nanohybrids of Ce6–BSA–GO, the loading amount of Ce6 was evaluated to be 5.5% (w/w).

2.4. ROS Generation

The generation of ROS was detected by the bleaching of 9,10-anthracene dipropionic acid (ADPA).
A mixed solution of the nanohybrids and ADPA was prepared. During the following experiment, the
solution was stirred vigorously to ensure the saturation of air. When the solution was irradiated by a
635 nm laser (10 mW¨ cm´2), the bleaching of the absorption band of ADPA at 399 nm was monitored.
The solution containing only ADPA was also irradiated by the laser and set as a control group.

2.5. Cell Culture

HeLa cells, generously provided by Prof. Junbai Li (Institute of Chemistry, CAS, Beijing, China),
were cultured in the cell culture medium (DMEM supplemented with 10% FBS) at 37 ˝C under 5%
CO2 atmosphere according to standard cell culture protocols.

2.6. In Vitro Imaging

The cells were trypsinized and seeded in a 35 mm glass-bottom dish with a density of 5 ˆ 104

cells per well in 2 mL of culture medium. After 24 h, an aliquot of nanohybrids was added to the dish
to ensure a Ce6 concentration of 10 μg¨ mL´1. At pre-determined time points, the cells were washed
with phosphate-buffered saline (PBS), stained with Hoechst 33342 fluorescent DNA-binding dye at
5 μg¨ mL´1, and observed by a confocal laser scanning microscopy (CLSM, Olympus FV1000, Kyoto,
Japan). Hoechst 33342 was excited at 405 nm, while Ce6 was excited at 635 nm.

2.7. In Vitro PDT

The cells were seeded to 96-well plates with a density of 2.5 ˆ 104 cells per well and were
incubated for 24 h. Then, the cells were further incubated with the nanohybrids for 24 h. The cells
were then washed with fresh culture medium and irradiated by a 635 nm laser (0.2 W¨ cm´2) for 1 min.
After irradiation, the cells were incubated for another 24 h before the cell viability test by the MTT
assay according to the manufacture’s protocol.

3. Results and Discussion

3.1. Preparation and Characterization

Ce6 selected for this study is a representative second-generation photosensitizer for PDT [41].
Due to its large molar extinction coefficient in the near-infrared range, Ce6 has been extensively
studied for PDT [42]. However, free Ce6 aggregates easily in aqueous solution, disenabling the direct
application of free Ce6 for PDT. Ce6–BSA–GO nanohybrids were prepared via two steps, including
the preparation of Ce6-BSA nanoparticles and the loading of Ce6–BSA nanoparticles by nano-GO.
Ce6–BSA nanoparticles were prepared by co-assembly of Ce6 and BSA. The DLS size distribution
shows that Ce6–BSA nanoparticles have a mean hydrodynamic diameter of 38 ˘ 10 nm (Figure 1a).
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TEM image of Ce6–BSA nanoparticles (Figure 1b) indicates that they possess a spherical morphology
and their average diameter is almost in agreement with the DLS result. By mixing the pre-assembled
Ce6-BSA nanoparticles with nano-GO, negatively-charged Ce6–BSA–GO nanohybrids (zeta potential:
´18 ˘ 5.6 mV) with a mean hydrodynamic diameter of 112 ˘ 40 nm were obtained. Since nano-GO
has a mean hydrodynamic diameter of 53 ˘ 14 nm, the size increment after mixing suggests the
successful loading of Ce6-BSA nanoparticles. The size of graphene oxide is on the scale of 1000 nm,
as measured by TEM (Figure 1c), but less than 100 nm in hydrodynamic diameter detected by DLS
in solutions. This is because samples are dried in vacuum before characterization by TEM. In such a
dry state, GO is in the shape of a film, whereas GO tends to curl in the aqueous solution. That is why
the sizes of GO and Ce6–BSA–GO characterized by TEM are much larger than the ones obtained by
DLS. TEM images of nano-GO (Figure 1c) and Ce6–BSA–GO (Figure 1d) also confirm that Ce6–BSA
nanoparticles are loaded on the surface of nano-GO. AFM image (Figure 1e) and topographic height
diagram (Figure 1f) of Ce6–BSA–GO nanohybrids show a height of 10–30 nm, also consistent with
the size of Ce6-BSA nanoparticles. The loading of Ce6-BSA on the surface of GO should be the
result of hydrophobic and π–π stacking interactions between GO and aromatic residues of BSA as
revealed by recent studies [43,44]. Meanwhile, it has been demonstrated that such non-covalent
interactions between BSA and GO is strong in a physiological condition of 10 mM phosphate buffer
solution at pH 7.4 [43]. Hence, Ce6–BSA–GO nanohybrids are expected to be suitable for drug delivery.
For comparison, Ce6–GO nanohybrids with a mean hydrodynamic diameter of 38 ˘ 10 nm (Figure 1a)
were prepared by directly loading of Ce6 on GO.

Figure 1. The size and morphology of the nanohybrids. (a) Size distribution of Ce6–BSA, Ce6–GO, GO,
and Ce6–BSA–GO; (b) TEM image of Ce6–BSA; (c) TEM image of GO; (d) TEM images of Ce6–BSA–GO;
(e) AFM image of Ce6–BSA–GO; and (f) the line profile of Ce6–BSA–GO obtained from (e).

UV–Vis absorption spectra of Ce6–BSA–GO nanohybrids, the starting components, and the
intermediate materials (Figure 2) were studied to reveal the aggregation status of Ce6 in the
nanohybrids. Free Ce6 in water shows a decreased Q-band at 670 nm due to the aggregation induced
by intermolecular hydrophobic and π–π stacking interactions [45]. The presence of a characteristic
peak at 280 nm of BSA in Ce6–BSA confirms the presence of BSA in the formed Ce6–BSA nanoparticles.
Importantly, Ce6–BSA nanoparticles show an increased Q-band, indicating that the aggregation of Ce6
is partly inhibited by the interactions between Ce6 and BSA. This may attribute to the encapsulation
of Ce6 in the hydrophobic domains of BSA [46,47]. The absorption bands of Ce6–BSA–GO are
similar to those of Ce6–BSA, suggesting the non-covalent interactions between BSA and GO have
no significant impact on the absorption of Ce6. By contrast, Ce6–GO shows a significant decreased
Q-band, suggesting that a higher degree of aggregation of Ce6 may be induced by the direct contact
with GO.
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Figure 2. UV–Vis absorption spectra of Ce6, BSA, GO, Ce6-BSA, Ce6-GO, and Ce6–BSA–GO.

3.2. Fluorescence and ROS

In PDT, the generation of cytotoxic ROS is induced by the irradiation. As the light irradiation will
be applied to the selected area for a limited time, it is more favorable to inhibit the ROS generation of
the photosensitizer before it can be accumulated in the targeted tissue. At present, clinically-applied
photosensitizers are always sensitive to light. Hence, special protections are needed in storage of
these photosensitizers and the patients must be kept from light for a long time [13]. To examine
whether the nanohybrids can inhibit the ROS activity of Ce6, a fluorescence assay was conducted
because fluorescence and ROS share the same pathway of excitation and they could be quenched by
aggregation simultaneously. In the fluorescence experiment, the emission spectra of Ce6–BSA–GO
were compared with various samples containing the same amount of Ce6 (Figure 3). The emission
intensities of Ce6–BSA–GO and Ce6–GO are almost identical and are found to be significantly quenched
in comparison with those of Ce6 and Ce6–BSA. Although the absorption spectra suggest a low
aggregation degree of Ce6 in Ce6–BSA, the emission intensity of Ce6–BSA is found lower than that of
Ce6, suggesting that the energy transfer occurs between Ce6 and BSA [4]. In addition to the energy
transfer between Ce6 and BSA, an additional energy transfer between Ce6 and GO is also presumably
responsible for the low florescence intensity of Ce6–BSA–GO, along with the self-quenching of Ce6.

Figure 3. Fluorescence emission spectra of Ce6, Ce6–BSA, Ce6–GO, GO, and Ce6–BSA–GO.
The samples were adjusted to contain the same amount of Ce6 and excited at 405 nm.

To monitor the ROS activity of Ce6–BSA–GO directly, ADPA was applied as a ROS-sensitive sensor.
ADPA is a water-soluble π-conjugated sensor with a characteristic absorption band at 400 nm [48].
In the presence of ROS, the band at 400 nm decreases due to the breaking of the conjugation.
The experiments were conducted by irradiation of the samples containing the same concentration
of Ce6 and ADPA. At various time terminals, the absorbance at 400 nm was monitored. When the
samples were kept in the dark, no ROS was detected (Figure 4a). When irradiated, Ce6–BSA–GO
generated similar amounts of ROS with Ce6–GO, while both of them showed lower ROS activities than
Ce6 and Ce6–BSA (Figure 4b). This result is highly consistent with the changes in florescence intensity,
indicating the energy transfer between Ce6 and GO inhibits the generation of both fluorescence and
ROS. It should be noted that the ROS activity of free Ce6 is partially inhibited due to the self-aggregation.
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The further inhibited ROS activity of Ce6–BSA–GO enables a lower sensitivity and a higher stability
before the release of Ce6.

Figure 4. Cumulative consumption of ADPA by the ROS generated by Ce6, Ce6–BSA, Ce6–GO, and
Ce6–BSA–GO in the (a) absence and (b) presence of irradiation.

3.3. Cellular Uptake and In Vitro Release

The ROS, especially singlet oxygen, have a short lifetime and a small diffusion distance in
an aqueous environment. As a consequence, the efficient internalization by the cells is crucial
for the nanohybrids to achieve a better therapeutic efficiency. In observation of the inhibited ROS
activity of Ce6–BSA–GO, we next investigated the cellular internalization and release of Ce6–BSA–GO.
CLSM images of the HeLa cells incubated with the nanohybrids for diverse times and stained with
Hoechst 33342 show that Ce6–BSA–GO is efficiently internalized by cells and the release of Ce6 from
Ce6–BSA–GO is efficiently triggered by cellular microenvironment (Figure 5). Only the fluorescence
of Hoechst 33342 is observed in the cells incubated with Ce6 for 24 h. By contrast, the fluorescence
of Ce6 is shown in the cytoplasm of the cells incubated with Ce6–GO for 24 h, indicating that the
cellular internalization of Ce6–GO is more efficient than free Ce6, which is consistent with a previous
report [30].

Figure 5. Confocal images of HeLa cells incubated with Ce6, Ce6–GO, or Ce6–BSA–GO for various
times and stained by Hoechst 33342. Scale bars denote 15 μm.

For the cells incubated with Ce6–BSA–GO, the fluorescence of Ce6 is obviously shown at 6 h of
incubation and significantly enhanced at 24 h of incubation. Significantly, the cells incubated with
Ce6–BSA–GO show higher fluorescence intensity than those incubated with Ce6–GO, implying that
the Ce6 is more readily released from Ce6–BSA–GO, presumably due to the enzymatic degradation
of BSA in lysosomes [49]. The enhanced uptake and release activity of Ce6–BSA–GO allow them to
quickly recover the ROS generation ability once accumulated in tumors.

3.4. In Vitro PDT

One advantage of PDT is that the photosensitizers, themselves, are non-toxic to cells in the absence
of light. To verify the biocompatibility of the nanohybrids for cells, we incubated HeLa cells with
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a variety of concentration of nanohybrids in dark for 24 h and checked the cell viabilities by MTT
assays. The results show that the cell viabilities are not affected by Ce6, Ce6–GO, or Ce6–BSA–GO
at a Ce6 dosage up to 10 μg¨ mL´1 (Figure 6a), indicating the nanohybrids are biocompatible for
PDT. To further investigate the photocytotoxicity of the nanohybrids, HeLa cells were incubated with
Ce6, Ce6–GO, and Ce6–BSA–GO at a series of Ce6 concentrations for 24 h, followed by irradiation
with a 635 nm laser (0.2 W¨ cm´2) for 1 min. The cell viabilities were determined by MTT assays at
24 h of post-treatment (Figure 6b). The results show that the cell viability was not affected only by
light. When samples containing Ce6 were added, the photocytotoxicity started to occur and increased
with the increasing Ce6 dosage. Ce6–GO shows a higher photocytotoxicity when compared with
Ce6, consistent with the results of in vitro fluorescence intensity. The IC50 (the concentration of a
photosensitizer inhibits 50% of the cells under light) values of Ce6–BSA–GO and Ce6–GO are 4.5 and
7.8 μg¨ mL´1, respectively. The lower IC50 of Ce6–BSA–GO than Ce6–GO implies that more efficient
release of Ce6 and, consequently, a higher degree of ROS recovery are realized by the application of
BSA. The viability of cells pretreated by Ce6–BSA–GO at a Ce6 dosage of 10 μg mL´1, followed by
irradiation, decreases to 8.95%. This suggests that a high PDT efficacy is successfully obtained by the
nanohybrids co-assembled from photosensitizer, albumin, and GO.

Figure 6. In vitro PDT. (a) MTT cell viability of HeLa cells incubated with the nanohybrids in dark for
24 h; (b) MTT cell viability of HeLa cells incubated with the nanohybrids in dark for 24 h, followed by
the irradiation by a 635 nm laser (0.2 W¨ cm´2) for 1 min.

4. Conclusions

We have demonstrated a smart drug delivery system for photosensitizers by using GO as
a ROS quencher and BSA as a biologically-derived degradable component for accelerating the
intracellular release. The formed Ce6–BSA–GO nanohybrids show inhibited fluorescence and ROS
activities compared to free Ce6 and Ce6-GO. The low ROS activity is beneficial for the protection of a
photosensitizer before its accumulation in targeted tissues, such as in storage and in the circulation
system. We also demonstrate that the fluorescence and ROS activities of Ce6–BSA–GO are efficiently
recovered once they are internalized by cancer cells. The cells incubated with Ce6–BSA–GO are
photosensitive and show a more effective PDT that the cells incubated with free Ce6 or Ce6–GO.
This proof-of-concept drug delivery system, combining the advantages of binary components of GO
and BSA, has the potential to be developed as a robust and versatile tool for delivery of a wide range
of photosensitive drugs.
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Abbreviations

The following abbreviations are used in this manuscript:

PDT Photodynamic therapy
GO Graphene oxide
Ce6 Chlorin e6
BSA Bovine serum albumin
ROS Reactive oxygen species
EPR Enhanced permeability and retention
MTT Thiazolyl blue tetrazolium bromide
FBS Fetal bovine serum
TEM Transmission electron microscope
AFM Atomic-force microscope
DLS Dynamic laser scattering
ADPA 9,10-anthracene dipropionic acid
PBS Phosphate buffered saline
CLSM Confocal laser scanning microscopy
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Abstract: Gigaporous poly(styrene-divinyl benzene) microspheres made via the surfactant reverse
micelles swelling method had a controllable pore size of 100–500 nm. These microspheres had unique
advantages in biomacromolecule separation and enzymes immobilization. However, the obtained
microspheres adhered to each other in the preparation process. Though the weak aggregation could
be re-dispersed easily by mechanical force, it will be difficult to scale up. By analyzing the formation
mechanism of the aggregates, a method was presented to rebuild the interface between the internal
aqueous channel and the external continuous phase by constructing an aqueous two-phase system
(ATPS). Based on the ATPS, the method of emulsification, stirring speed, and surfactant concentration
in oil phase were optimized. Under the optimum condition (screen emulsification method, 120 rpm
for polymerization and 55% surfactant), the microspheres with a controllable particle size of 10–40 μm
and a pore size of about 150 nm were obtained. This new method could significantly decrease the
weak-aggregation of microspheres.

Keywords: gigaporous microspheres; weak-aggregation; aqueous two-phase system

1. Introduction

Gigaporous microspheres have unique advantages in bioprocess, especially in enzyme
immobilization and the purification of biomolecules with large molecular weight and complex
structures. Compared to the conventional agarose particles used in bioseparation with pore sizes of
10–30 nm [1,2], gigaporous microspheres have pore sizes up to 100–500 nm [3–6]. When biomolecules
such as PEG-protein, viruses, and VLPs (virus-like particles), whose sizes that are 20 nm or larger
are purified [7,8], bigger pores lead to good separation, including higher product bioactivity, a faster
separation rate, and higher dynamic loading capacity [9–13]. As the carrier materials used for the
immobilization of enzymes, the immobilized lipase in gigaporous microspheres also shows much
higher specific activity, thermal stability, and storage stability.

At present, multiple methods are developed to prepare gigaporous polymer materials, such as
the high internal phase emulsion method [3,14,15], microfluidity [16], the piling of small particles [17],
electrospraying [18], and the double emulsification method [19,20]. However, there are some
unfavorable characteristics of the products prepared by these methods, such as low specific surface
area and mechanical strength. In order to resolve these disadvantages, a new method named the
surfactant reverse micelles swelling method has been put forward [4,5]. This method can prepare
polymer microspheres with controllable pore sizes of 100–500 nm and favorable mechanical strength;
the yield of this method was up to 95% and is feasible for mass production.

Polymers 2016, 8, 142 27 www.mdpi.com/journal/polymers
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The pore-forming mechanism of this method is as follows. A high concentration of surfactant in
oil phase assembles into reverse micelles; and, when the oil phase with micelles mixes with the water
phase, the reverse micelles in oil droplets absorb water spontaneously and turn into water channels
through the droplet. After polymerization, the water channels become through-holes [21]. By adjusting
the surfactant concentration, the diameter of pores can be regulated.

However, a new problem appeared in the preparation process. Some particles aggregated weakly.
The aggregation can be easily dispersed at about 0.01 MPa pressure, so we did not think this was
a big question at first. However, when the pilot test was done, and the production of gigaporous
microspheres reached kilogram grade, great effort, such as ultrasonic dispersion or grind, had to be
made to re-disperse the aggregate. Could we avoid the occurrence of these aggregations during the
preparation process? Common solutions are adding stabilizer in the continuous phase or increasing
the rotation speed of emulsion [22,23]. However, in this system, a high concentration of stabilizer
polyvinyl alcohol (PVA) (3%) had been added to the water phase, the viscosity of the water phase
was very high. If much more of the stabilizer is added to the water, it is hard to clean the products
because of the thick water phase [21]. Moreover, the increase in rotation speed would only have a
slight influence to the aggregations of microspheres in this system, and also lead to the changing of the
particle size.

Thus, a new method to solve this problem based on the formational mechanism of gigapores was
put forward in this study. Generally, the stabilizer adsorbs onto the interface of water and oil [21,23,24].
However, in the reverse micelles swelling process, gigapores made the water in them connected to
the external continuous aqueous phase; at this region, the interface disappears and the stabilizer
cannot adsorb there. During the polymerization process, the particles will impact each other inevitably.
Without protection of the stabilizer, the particles will easily adhere to each other.

If the boundary can be rebuilt, the stabilizer can adsorb onto the interface, and the aggregation
may be weakened and even disappear [23]. So rebuilding the boundary is a feasible means of reducing
the aggregate.

Because the connected region is in the aqueous phase, we were inspired to establish an aqueous
two-phase system (ATPS) to rebuild the phase boundary. The ATPS is established by two incompatible
water-soluble substances [25–28]. When such substances were dissolved in water, a phase separation
would occur. Through this method, the occurrence of the aggregation was effectively weakening, and
the gigaporous microspheres with good dispersity were fabricated.

2. Materials and Methods

2.1. Materials

The chemically pure monomer styrene (ST) was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China), and the crosslinking agent divinyl benzene (DVB) of commercial grade
was obtained from Beijing Chemical Reagents Co., Ltd. (Beijing, China). The Benzoyl peroxide (BPO)
with 30% water was used as an initiator and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Hexadecane (HD) of chromatographic grade was purchased from Haltermann
(Houston, TX, USA) and used as a hydrophobic additive. Surfactant sorbitan monooleate (Span 80) of
reagent grade was obtained from Farco Chemical supplies (Beijing, China).

Polyvinyl alcohol (PVA), PVA-217, (degree of polymerization 1700, degree of alcoholysis 88.5%),
was provided by Kuraray Co., Ltd. (Tokyo, Japan). Polyethylene glycol (PEG) with molecular weights
2000, 6000, 20,000 were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Dextran T50 (molecular weight about 50,000) were purchased from Seebio Biotech, Inc. (Shanghai,
China). NaCl, I2, BaCl, and ammonium sulfate [(NH4)2SO4] were purchased from Xilong Chemical
Co., Ltd. (Guangdong, China). Ethanol and acetone were used to precipitate and wash the particles,
which purchased from Beijing Chemical Works (Beijing, China).
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2.2. Construction of the ATPS Phase Diagram

The common materials to establish the ATPS are two types: polymer–salt and polymer–polymer.
In this research, considered the cost and measurement, the materials of the polymer–polymer were
limited to dextran/polyethylene glycol (PEG) and PEG/PVA, and the polymer–salt materials are
(NH4)2SO4/PEG or NaCl/PEG.

If turbidness was observed when these substances were dissolved in water, phase separation
would spontaneously occur after a certain time, and an ATPS would be constructed. After the ATPS was
formed, the phase diagram could then be delineated. When the two phases separated completely, they
were respectively extracted, and the concentration of the two phases were measured to determinate
the phase separation point (node) and line (tie-line).

The way to determine the concentration of PEG in the ATPS was via UV spectrophotometry
because the PEG had an absorbance in 520 nm with the reaction of I2 and BaCl, and this absorbance had
correlation with the PEG concentration. Therefore, the PEG concentration can be determined by the
absorbance–concentration standard curve. When the concentration was determined, the concentration
of another component was calculated by the dry weight. After ensuring the node and tie-line, the node
was linked with a curve, the binodal of the phase diagram.

2.3. Preparation of Polymeric Microspheres

A recipe used in previous research [4] of gigaporous particle and materials for an ATPS are shown
in Table 1: The mixture of ST (monomer), DVB (crosslinking agent), HD (hydrophobic additive),
Span 80 (surfactant), and BPO (initiator) were used as the dispersed phase. Water dissolved with
PVA (stabilizer) was used as the continuous phase; on this basis, another component such as PEG
or dextran was added into the water phase in order to establish an ATPS. According to the phase
diagram, the concentration of each phase in the ATPS could be calculated. In this research, a two-step
method was used to construct the ATPS between the inner pore and outside (Figure 1). After preparing
each of the aqueous phases respectively, the oil phase was dispersed into one of the aqueous phases
to form a first emulsion. A certain amount of time was needed to make the micelle swell. Then,
the first emulsion was added into another aqueous phase to obtain the ATPS and then started the
process of polymerization with the stirring. The characteristics of the emulsion changed with different
emulsification and polymerization conditions, but the use of high concentration PVA made a high
viscosity and low interface tension of the emulsion.

The first step The second step Oil droplet in the second step 

Figure 1. Two-step method to prepare the aqueous two-phase system (ATPS).
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Table 1. The recipe for microspheres preparation.

Materials of continuous phase
Weight (g)

Materials of dispersed phase Weight (g)
First step Second step

PVA 0.2–1.6 0.5–4.0 ST 3.0
Water 17.0–19.5 68.0–78.0 DVB 1.0

PEG(Mw = 2,000, 6,000 and 20,000) 0–0.6 0–3.0 HD 0.4
Dextran 0–0.6 0–3.0 Span 80 2.0–2.4

Ammonium sulfate 0–2.0 0–8.0 BPO 0.8
NaCl 0–2.0 0–8.0

The polymerization process occurred at 85 ˝C for 8 h. The polymeric particles were washed with
boiled water, ethanol, and acetone three times in turn and dried at 60 ˝C for 6 h in a glass dish. The
yield of particles was calculated by the weight of dried microspheres and the weight of monomers.

2.4. Preparation of Emulsion

In the two-step method, the first step was to make the micelles absorb water and swell, thus
determining the size of the oil droplet. In order to get better first emulsion, different methods,
including stirring, ultrasonic dispersion, mechanical oscillation membrane emulsification, and screen
emulsification methods, were chosen.

For the stirring method, the emulsion was obtained by stirring for 5 to 10 min in 60 to 100 rpm.
Additionally, the membrane emulsification method [29,30] was carried out by the use of an SPG
membrane, whose pores were from 1 to 50 μm. When the continuous phase and dispersed phase
mixed together and were pressed through the membrane by the pressure of the gas, a uniform emulsion
could be obtained. Screen emulsification was the same as membrane emulsification, except the SPG
membrane was replaced with a large-hole screen.

The second emulsion was prepared by stirring in 120 rpm when the first emulsion was added
into another aqueous phase of the ATPS.

2.5. SEM Observation

The aggregation, surface feature, and diameter of the microsphere could be observed by the
JSM-6700F scanning electron microscope (SEM) (JEOL, Tokyo, Japan). The dry microspheres in the
glass dish were used as a sample; these samples were adhered to the double-sided conductive adhesive
tape and then placed on the metal stub. In order to observe, the samples were coated with thin gold
film below 5 Pa with a JFC-1600 fine coater.

2.6. Measurement of Particle and Pore Size Distribution

The average diameter of the microsphere and size distribution was measured by laser
diffractometry using Mastersizer 2000E (Malvern Instruments Ltd., Malvern, UK).

The pore size distribution was measured by mercury porosimetry measurements—AutoPore IV
9500 mercury porosimetry (Micromeritics, Norcross, GA, USA).

3. Result and Discussion

3.1. Establishment of the ATPS

When the reverse micelles absorbed the water to form a water channel, the phase boundary, which
the stabilizer could not absorb on, was lost, and the aggregation occurred. If the water phase inside
and outside the channel formed the ATPS, a new boundary would be rebuilt to allow the stabilizer to
adsorb, and the aggregation might decrease and even disappear (Figure 2).
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(a) (b) 

Figure 2. The schematic photographs of boundary loss (a) and boundary rebuild (b).

Some factors could influence the properties of the ATPS. The materials were the most significant
factor. Common materials to establish the ATPS have two types: polymer–salt and polymer–polymer.
Comparing the two types, the polymer–salt type usually had a high salt concentration in one
phase. High ionic concentration would make the stabilizer coagulation in our experiment. Thus,
the polymer–polymer ATPS became a better choice for preparing the gigaporous particles.

For the polymer–polymer ATPS, PEG/dextran or PEG/PVA was chosen. Because PVA is the
original component (stabilizer) of the polymerization system, it is more suitable to select PVA than
dextran. Another reason is that PVA is much cheaper than dextran when taking into account the
cost of production. The molecular weight of PEG was chosen from three different molecular weights
(Mw = 2000, 6000 and 20,000). Higher molecular weight led to high viscosity of the water phase;
meanwhile, it also formed the ATPS with less concentration. In consideration of the PVA concentration
to the reaction, the final ATPS component is PEG 20,000 and PVA 217. These two polymers could form
the ATPS with an appropriate concentration and a suitable viscosity.

After choosing the suitable materials, we began to draw the phase diagram. This diagram would
provide important guidance in selecting suitable content for the ATPS used in preparing the particle.
The temperature for making the ATPS phase diagram is a question that needs to be considered. At room
temperature, the swelling step proceed and the boundary lost, and at the polymerization temperature
(85 ˝C) was the time of aggregation. By comparing the phase diagrams made under two different
temperatures, we found there was little difference. Therefore, the phase diagram of the PEG/PVA
ATPS in 85 ˝C was chosen for further application (Figure 3). Through this diagram, the concentration
and the volume of each phase could be ensured.

A 

B 

C 

Figure 3. Phase diagram of the polyethylene glycol/polyvinyl alcohol (PEG/PVA) ATPS in 85 ˝C
(A: binodal line; B: tie-lines; C: the concentration ratio chosen in the research).
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3.2. Fabrication of Microsphere through the ATPS

In order to rebuild the phase boundary at the droplet, primarily, the interface of the ATPS should
close to the initial oil/water interface (Figure 2b), which means that the volume of the aqueous phases
inside the oil droplet needs to correspond approximately to the volume of the water channels (the pore
volume of the polymerized particles). Furthermore, the volume of the external water phase should be
determined by the optimal ratio of the inner phase to the outer phase.

Thus, through calculation, the volume of external water was about 9 times the internal volume.
According to the phase diagram, the volume ratio could be determined by the segmentation of tie-line.
(Figure 3) In consideration of the stabilization effect and the ease of the after-treatment of the products,
the concentration of PVA would be about 3% of the total continuous phase. Therefore, the system
concentration of the water phase (Ctotal) and the concentration in the two water phases (Cinner and
Couter) can be deduced from the figures in Table 2.

Table 2. The concentration of materials in the aqueous two-phase system (ATPS).

Concentration PEG(w/w) PVA(w/w) PEG/PVA

Cinner 1.6% 7.1% 0.23
Couter 3.5% 2.3% 1.52
Ctotal 3.3% 2.8% 1.18

When the concentration of each phase was confirmed, the microspheres could be fabricated.
By the two-step method, the phase boundary could be established theoretically. In our experiment, we
measured the concentration ratio of the PEG/PVA in the outside water, and the result was nearly 1.5,
which was in agreement with the theoretical values of Couter and bigger than Ctotal. This result means
that the concentrations of the inner phase and outer phase were not the same (if they were the same,
the concentration would be Ctotal), and confirms the formation of the ATPS.

After polymerization, the SEM photo showed that the particle size was one tenth of the
microspheres made by the original method (Figure 4a,b), and, for the small microspheres with a
diameter of about 10 μm totally aggregated, the aggregation was difficult to disperse so that the size
distribution was larger than could be observed. The yield of the reaction was 87% because the small
particles were lost in the after-treatment. In addition to the interface effect, another main factor for
the aggregation was due to the bigger surface energy of the small particle. Thus, we had to adjust
the particle size. Considering that the stirring speed had a significant influence on the particle size,
the polymerization was processed with a speed from 150 to 70 rpm. The particle size was from 15 to
25 μm and an aggregated degree was reduced compared with the control group prepared with the
same recipe but without the formation of the ATPS (Figures 4c,d and 5). However, we should ascertain
whether the existence of the aggregation was due to the small particle or not. Therefore, the next work
was aimed at the optimization of the particle size and porous structure of the microspheres in order to
find the effect of the ATPS when ruling out the influence of small particles.
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(a) (b)

(c) (d)

Figure 4. The photographs of the microspheres made at different stirring speeds. Stirring speed 150
rpm, swelling time 10 min (a) SEM image (ˆ500) and (b) particle size distribution (dispersed). Stirring
speed 70 rpm, swelling time 10 min (c) SEM image (ˆ500) and (d) particle size distribution (dispersed).

(a) (b)

(c) 

Figure 5. (a) The SEM image (ˆ100), (b) size distribution (dispersed), and (c) pore distribution of
control group.
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3.3. Optimization of the Particle Size and Porous Structure of the Microspheres

As mentioned above, the significant influence of the stirring rate to the particle size was revealed.
Moreover, when the time of the swelling process reduced to half (10 to 5 min), the particle size grew
from 25 to 350 μm (Figure 6) and the aggregations were prevented. Therefore, both the stirring speed
and swelling time had significantly influenced the particle size (Table 3). Comparing the small droplets
with the high surface energy intended to aggregate, the big droplet with lower energy was hard to
aggregate. However, the pore size of the particle was only around 100 nm (less than one in a thousand
of the particle size), and some of the big particles were hollow. Therefore, emulsion with a proper
droplet size was needed.

(a) (b)

Figure 6. (a) The SEM photographs of the microspheres with stirring speed 70 rpm, swelling time 5
min, (ˆ100) and (b) size distribution.

Table 3. The relationship between stirring rate/ swelling time and particle size.

Stirring rate
(rpm)

Swelling time
(min)

Average particle
size (μm)

Uniformity of
particle size

Average pore
size (nm)

Yield (%)

150 10 10 0.52 80 87
70 10 25 0.33 130 91
70 5 350 0.45 110 93

In order to control the particle size, the membrane emulsification method was used. When using
the 50-μm membrane, a large number of small particles formed, almost all of the small microspheres
(about 15 μm) aggregated to form larger aggregations (Figure 7), and the pore size of the microspheres
was about 100 nm. Considering that the largest pore size of the commercial membrane is 50 μm, a
uniform screen with a hole size of around 300 μm was used in the first step of emulsification to increase
the size of the oil droplets. After polymerization, the microspheres had a particle size of about 20 μm,
and the aggregation was effectively inhibited (Figure 8).

The pore size of the microspheres was about 90 nm (Figure 8c). Because the pore size was
positively correlated to the amount of surfactant, we further optimized the content of Span 80 in the oil
phase to control the porous structure. The pore characters with a different Span 80 is shown in Table 4.
According to the table, when the content of Span 80 was 55% (based on the total amount of ST and
DVB), the pore diameter was more than 150 nm (Figure 9, Table 4), which could satisfy the requirement
of the separation and purification of large molecules. From the results, it can be concluded that the
aggregation was reduced by utilizing the ATPS when excluding the effect of the small particles.
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(a) (b)

Figure 7. The photographs of the polymer microspheres of the (a) membrane emulsification (SEM ˆ500)
and (b) size distribution (dispersed).

(a) (b)

(c)

Figure 8. The photographs of the polymer microspheres by screen emulsification (a) SEM (ˆ500);
(b) size distribution; and (c) mercury porosimetry measurements.
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(a) (b) 

(c) (d) 

Figure 9. The photographs and mercury porosimetry measurements of the microspheres in optimized
concentration of Span 80. (a) SEM (ˆ500); (b) SEM (ˆ30,000); (c) size distribution; and (d) mercury
porosimetry measurements.

Table 4. The pore characters with different Span 80.

Amount of Span 80 (%)
(based on the total

amount of ST and DVB)

Average pore
size (nm)

Standard error
of pore size

(nm)

Total pore
volume (mL/g)

Porosity (%)
Morphology
(watch by

SEM)

50 90 22.1 2.06 70 Porous
55 155 40.4 2.87 77 Gigaporous
60 165 48.1 3.60 81 Loose

4. Conclusions

The weak aggregation of gigaporous polymer microspheres occurred when using the reverse
micelle swelling method because of the disappearance of the interface between the water channel
inside the oil droplet and the outside aqueous phase. A new method, called the aqueous two-phase
system (ATPS), was herein proposed to solve the aggregation. A relatively stable boundary between
the aqueous channel and the external water environment was established, which provided an interface
onto which the stabilizer could adsorb.

The weak aggregation of gigaporous polymer microspheres were effectively reduced by the
utilization of the ATPS. Based on the surfactant reverse micelles swelling method and the ATPS,
we finally prepared the poly(styrene-divinyl benzene) particles with controllable particle sizes from
10–40 μm and pore sizes from 90–150 nm under the conditions of the screen emulsification method to
make first emulsion, 120-rpm stirring for polymerization, and 55% surfactant to produce the pore. This
method could reduce the post-treatment of the aggregations, especially for a large amount of products.
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Abstract: When the size of a polymerization locus is smaller than a few hundred nanometers, such as
in miniemulsion polymerization, each locus may contain no more than one key-component molecule,
and the concentration may become much larger than the corresponding bulk polymerization, leading
to a significantly different rate of polymerization. By focusing attention on the component having
the lowest concentration within the species involved in the polymerization rate expression, a simple
formula can predict the particle diameter below which the polymerization rate changes significantly
from the bulk polymerization. The key component in the conventional free-radical polymerization
is the active radical and the polymerization rate becomes larger than the corresponding bulk
polymerization when the particle size is smaller than the predicted diameter. The key component in
reversible-addition-fragmentation chain-transfer (RAFT) polymerization is the intermediate species,
and it can be used to predict the particle diameter below which the polymerization rate starts to
increase. On the other hand, the key component is the trapping agent in stable-radical-mediated
polymerization (SRMP) and atom-transfer radical polymerization (ATRP), and the polymerization
rate decreases as the particle size becomes smaller than the predicted diameter.

Keywords: emulsion polymerization; radical polymerization; polymerization rate; theory;
reversible-addition-fragmentation chain-transfer (RAFT); stable-radical-mediated polymerization
(SRMP); atom-transfer radical polymerization (ATRP)

1. Introduction

The rate of polymerization, Rp in free-radical polymerization is represented by:

Rp “ kprMsrR‚s (1)

where kp is the propagation rate constant, [M] is the monomer concentration, and [R‚] is the active
radical concentration.

At the same monomer concentration, the polymerization rate is higher for larger radical
concentration, [R‚]. For usual bulk polymerization, [R‚] is determined from the balance of initiation
rate RI and termination rate Rt under stready state, with RI = Rt = kt[R‚]2, leading to obtain:

rR‚s “
c

RI

kt
(2)

where kt is the termination rate constant. Note that the convention of termination rate, Rt = kt[R‚]2 that
does not involve the coefficient 2 is used ([1], p. 12).
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The bimolecular termination rate in free-radical polymerization is very fast, and Equation (2) leads
to extremely small radical concentration [R‚] in the order of 10´8 to 10´6 mol/L in usual free-radical
polymerization, as schematically represented by (a) bulk polymerization in Figure 1, where red dots
are the active radicals.

 

Figure 1. Schematic representation of the radical concentration in (a) bulk; (b) pseudo-bulk; and
(c) miniemulsion polymerization.

In general, concentration does not change even when the reaction system is divided, as shown in
Figure 1b; pseudo-bulk polymerization. On the other hand, when the polymerization locus is further
divided into smaller particles with a few hundred nanometers, the polymerization behavior may
change significantly. Each square section in Figure 1c represents a polymer particle in miniemulsion
polymerization. The radicals located in other particles cannot terminate each other, and therefore, when
the radical generated in the water phase enters a particle without a radical, it may stay to propagate
in that particle and the number of radical in it is unity. On the other hand, if the radical enters a
particle already having a radical, because the radicals that exist in the same particle possess a very high
concentration, they terminate each other instantaneously. Each particle contains zero or one radical,
and if the radicals do not exit from the particles, the average number of radicals in a particle is 0.5.
This kind of radical isolation effect is sometimes referred to as the compartmentalization ([2], p. 65).
The radical concentration in the reaction locus can become much larger than the corresponding bulk
polymerization, leading to a much larger rate of polymerization. The average radical concentration in
a particle, [R‚]p is represented by:

rR‚sp “ n
NAvp

“ 6n
πNAdp3 (3)

where n is the average number of radicals in a particle, NA is the Avogadro constant, vp is the particle
volume, and dp is the particle diameter.
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Table 1 shows the calculated concentration of a single molecule in a particle with various values of
diameter. When the particle diameter is as large as dp = 1000 nm, the concentration of a single molecule
is negligibly small, compared with [R‚]bulk, which is in the order of 10´8 to 10´6 mol/L. The particle
with dp = 1000 nm may contain a large number of radicals in it, and the polymerization behavior
is essentially the same as in bulk polymerization. This is the case for suspension polymerization.
In general, when the average number of radicals in a particle is larger than 2, the pseudo-bulk
polymerization kinetics can be applied [3], at least approximately.

Table 1. Calculated single molecule concentration in a particle.

Particle Diameter dp (nm) Concentration (mol/L)

1000 3.18 ˆ 10´9

200 3.97 ˆ 10´7

100 3.18 ˆ 10´6

50 2.55 ˆ 10´5

25 2.04 ˆ 10´4

On the other hand, when the particle diameter is smaller than ca. 100 nm, even with a single
radical in a particle, the concentration may be much larger than usual bulk polymerization, leading to
a larger polymerization rate than the corresponding bulk polymerization.

In this article, simple formulas to quantitatively predict the particle diameter below which the
polymerization rate becomes much different from the bulk polymerization are elucidated, based on
the high single-molecule concentration in a small particle. I already discussed the threshold diameters
in the earlier articles [4,5]. However, the statistical variation effect of the key component concentration
among the particles was considered at the same time in these articles, which seems to make the
discussion rather complicated. In this article, the effect of high single-molecule concentration on
the polymerization rate is reorganized, starting from the conventional free-radical polymerization.
I mainly refer to the articles of my research group throughout the discussion. This is not because
I do not appreciate important contributions by the other research groups deeply, but solely for the
theoretical consistency to enhance readability. Readers may find the other interesting aspects of the
related topic in refs [2,6–10].

2. Conventional Free-Radical Polymerization

To theoretically consider the effect of small reaction locus, it is convenient to envisage an ideal
miniemulsion polymerization. With miniemulson polymerization, the initial stage of polymerization
that involves nucleation may be complicated [11]. However, after the initial stage, each polymer
particle could be considered as an isolated microreactor, to which a radical enters occasionally.
In this article, monodisperse particles are assumed to consider the size effect of polymerization
locus. The present discussion applies also for the ab initio emulsion polymerization when compared
with the corresponding bulk polymerization at the same monomer concentration.

Consider the threshold diameter below which the polymerization rate increases significantly
by decreasing the particle size in conventional free-radical polymerization. The average radical
concentration in the particles, [R‚]p is given by Equation (3), which shows that the [R‚]p–value
increases significantly by decreasing the particle diameter dp, assuming the value of n does not
change notably. When [R‚]p is larger than that in bulk polymerization, the polymerization rate is
larger than the bulk polymerization at the same monomer concentration. Therefore, the condition
where the miniemulsion polymerization rate is larger than the corresponding bulk polymerization is
represented by:

6n
π NAdp3 ą rR‚sbulk (4)
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The radical concentration in bulk polymerization [R‚]bulk is simply given by Equation (2).
The particle diameter below which the polymerization rate becomes larger than in bulk polymerization
is given by:

dp1q
p,R‚ “

ˆ
6n

πNArR‚sbulk

˙1{3
(5)

To represent the threshold diameter, the superscript (1) is used to represent that the effect is caused
by a high single-molecule concentration in a small particle, and the subscript R‚ represents that the
key component is the polymer radical.

Consider a simple example to illustrate the theory. Suppose the initiation rate in bulk polymerization
is RI = 1 ˆ 10´7 mol¨ L´1¨ s´1, and the termination rate constant is kt = 1 ˆ 107 L¨ mol´1¨ s´1.
Assuming a hydrophobic monomer, such as styrene, the average number of radicals for small particles
is n = 0.5 for a wide range of diameters. In this case, Equation (5) leads to the threshold diameter,
dp1q

p,R = 252 nm.
Figure 2 shows the calculated results based on the Monte Carlo (MC) simulation method proposed

in [3,12], with kp = 500 L¨ mol´1¨ s´1. It is clearly shown that the polymerization rate increases
significantly for dp < 250 nm, which shows excellent agreement with Equation (5).

 

Figure 2. Calculated conversion development for bulk and miniemulsion polymerization with
RI = 1 ˆ 10´7 mol¨ L´1¨ s´1, kt = 1 ˆ 107 L¨ mol´1¨ s´1, n = 0.5 and kp = 500 L¨ mol´1¨ s´1.

Note that the initiation occurs in the oil phase in bulk polymerization of hydrophobic monomers,
and that occurs in water phase in miniemulsion polymerization. Different initiators need to be used and
the initiation rate with respect to the unit volume of oil phase is set to be the same in the MC simulation.
The initiation rate in water phase RIw (mol¨ (L-water)´1¨ s´1) satisfies the following relationship.

RIw

NT
“ RIvp (6)

where NT is the total number of particles in unit water phase (L-water)´1. The series of miniemulsion
polymerizations shown in Figure 2 corresponds to the experiments in which the amount of initiator in
the water phase is kept constant and the particle size is changed with a constant monomer/water ratio.

3. Reversible-Deactivation Radical Polymerization

3.1. Polymerization Rate Expression

In free-radical polymerization, the bimolecular termination reactions of the active radicals are
inevitable. Therefore, the living polymerization in which the chain termination reactions are totally
absent in a strict sense, is impossible. However, if a large percentage of polymer chains are dormant and
can potentially grow further, such free-radical polymerization systems can be regarded as pseudo-living
polymerization. By introducing the reversible-deactivation process in free-radical polymerization,
polymers having a narrow distribution can be obtained. This type of radical polymerization has been
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referred to as, “controlled”, “controlled/living”, or “living” radical polymerization. In this article,
the IUPAC recommended name [13], reversible-deactivation radical polymerization, RDRP is used.

RDRP belongs to free-radical polymerization, and the polymerization rate expression represented
by Equation (1) is still valid. However, to clarify the high single-molecule-concentration effect, it is
convenient to use the polymerization rate expression that involves the concentrations of important
components and is unique to RDRP.

Figure 3 shows the reversible deactivation reactions in the representative RDRPs, i.e.,
stable-radical-mediated polymerization (SRMP), atom-transfer radical polymerization (ATRP), and
reversible-addition-fragmentation chain-transfer (RAFT) polymerization. In order to formulate the
polymerization rate expression for various types of RDRPs in a unified manner, the component that
generates an active radical is represented as the radical generating species (RGS), and the component
that deactivates an active radical is represented as the trapping agent (Trap) in Figure 3.

 

Figure 3. Reversible deactivation reaction scheme in each type of RDRP. In the figure, PiX or XPi is the
dormant polymer with chain length i. Ri is the active polymer radical with chain length i.

Because the lifetime of an active radical in free-radical polymerization is short, normally less than
a few seconds, a basic strategy to keep the chain potentially active is to distribute very short active
periods throughout the whole reaction time. The rate of deactivation reaction, which is the number of
deactivation reactions in a unit volume in a second, is given by:

Rdeact “ k2rTrapsrR‚s (7)

With respect to a single radical, the frequency of deactivation (s´1) is given by:

Rdeact
rR‚s “ k2rTraps (8)

Therefore, the average time of a single active period, tact is given by:

tact “ 1
k2rTraps (9)

The magnitude of tact is normally in the order of 10´4 to 10´2 s.
In order to keep a good living condition, the deactivation rate Rdeact must be much larger than

the bimolecular termination reaction rate Rt. If not, a large number of dead polymer chains are formed.
At the same time, the activation rate Ract must be much larger than the initiation rate RI. If not, a large
number of new chains are formed, leading to not only broadened molecular weight distribution but
also to increased termination frequency.

Rdeact “ k2rTrapsrR‚s ąą Rt (10)

Ract “ k1rRGSs ąą RI (11)
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For the systems with a very short active period, the polymerization rate is represented by:

Rp “ RgenPn,SA (12)

where Rgen is the radical generation rate (Rgen = Ract + RI), and Pn,SA is the average number of
monomeric units added during a single active period.

Because Ract >> RI, the following equation holds.

Rgen “ Ract “ k1rRGSs (13)

The second term in Equation (12), Pn,SA can be represented by:

Pn,SA “ Raddtact (14)

where Radd is the rate of monomer addition to a single active radical, which is given by:

Radd “ kprMsrR‚s
rR‚s “ kprMs (15)

By substituting Equations (9) and (15) into Equation (14), one obtains:

Pn,SA “ kprMs
k2rTraps (16)

From Equations (13) and (16), Equation (12) leads to give the polymerization rate expression
unique to RDRP, as follows.

Rp “ kprMsK rRGSs
rTraps (17)

where K “ k1{k2.
Validity of Equation (17) for bulk polymerization under various conditions was examined

earlier [4]. The effect of small reaction locus in RDRP is elucidated on the basis of Equation (17).

3.2. SRMP and ATRP

In SRMP and ATRP, the position of equilibrium in the reversible reaction shown in Figure 3 is
very much toward the RGS side, and [Trap] << [RGS]. The component whose concentration may
become larger by the high single-molecule-concentration effect is the trapping agent. Because [Trap] is
in the denominator term in Equation (17), the polymerization rate may become smaller than in bulk
polymerization, when the particle size is sufficiently small. The condition where the miniemulsion
polymerization rate becomes smaller than in bulk is given by:

rTrapsp ą rTrapsbulk (18)

where [Trap]p and [Trap]bulk are the trapping agent concentration in the particle and in bulk
polymerization, respectively.

The concentration of a single trapping agent in a particle is given by:

pSingle trapping agent concentration in a particleq “ 1
NA

`
π d3

p{6
˘ (19)
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Therefore, the miniemulsion polymerization rate is expected to be smaller than in bulk
polymerization under conditions represented by the following inequality.

6
π NAd3

p
ą rTrapsbulk (20)

The threshold particle diameter, dp1q
p,Trap, below which the polymerization rate becomes smaller

than the corresponding bulk polymerization is given by:

dp1q
p,Trap “

ˆ
6

π NArTrapsbulk

˙1{3
(21)

The trapping agent concentration in bulk polymerization, [Trap]bulk can be determined simply
by solving the material balance equation. For SRMP, it can be determined from the following set of
differential equations.

drR‚s
dt

“ RI ´ ktrR‚s2 ` k1rPXs ´ k2rR‚srXs (22)

drXs
dt

“ k1rPXs ´ k2rR‚srXs (23)

To examine the validity of Equation (21), the calculated results reported by Zetterlund and
Okubo [14] are used. The symbols in Figure 4 show the polymerization rate for the given particle
size when the conversion is 10%, reported in [14]. The y-axis shows the ratio of the polymerization
rate in miniemulsion and the bulk polymerization Rp/Rp,bulk, and the x-axis shows the diameter
of particles. The initial trapping agent concentration [Trap]0 is changed from 0.2 to 0.002 mol/L.
For each condition, the threshold diameter dp1q

p,Trap determined from Equation (21) is shown by the
red vertical line. The threshold diameter below which the polymerization rate becomes smaller
than that in bulk polymerization agrees reasonably well for every condition, which shows that the
simple equation, Equation (21) is convenient to estimate the threshold diameter, without conducting
complicated calculations.

 
Figure 4. Calculated polymerization rate for the TEMPO-mediated styrene polymerization at 10%
conversion with the initial RGS concentration, [RGS]0 = 0.2 mol/L. The data (symbols) are taken
from [14].

Below the threshold diameter, the polymerization rate is proportional to the third power of
particle diameter. This is because the single-molecule concentration of [Trap] in a particle, which
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is in the denominator of Equation (17), is in inverse proportion to the third power of diameter, dp.
Note that [M] and [RGS] inside the particles are large enough to keep the same concentration as the
corresponding bulk polymerization.

Figure 4 shows that there exists a particle size region in which the polymerization rate in
miniemulsion is slightly larger than in bulk polymerization. This phenomenon results mainly from the
statistical variation of the number of trapping agents in a particle [15,16]. In real systems, however, such
statistical variation would be blurred by the particle size distribution. In addition, because the degree
of acceleration is not very significant, the acceleration region may be difficult to observe experimentally.

In the present theoretical investigation, the exit of trapping agent is not accounted for. If a single
trapping agent exits from the polymerizing particle, uncontrolled free-radical polymerization may
occur. Because the exit of trapping agent is expected to be more significant for smaller particles,
the polymerization rate may not decrease with the third power of dp. Experimentally, the decrease in
polymerization rate by decreasing the particle size is reported [17], but not with dp

3.
Smaller polymerization rates in smaller polymer particles make it difficult to conduct the ab initio

emulsion polymerization in SRMP and ATRP.

3.3. RAFT Polymerization

In RAFT polymerization, the concentration of the intermediate, which is RGS in Figure 3, is
smaller than that of the trapping agent, and therefore, the high single-molecule concentration effect
may be observed for RGS, and [RGS] may become larger than in bulk polymerization. Because [RGS] is
the numerator term in the polymerization rate expression given by Equation (17), the polymerization
rate may become larger than in bulk, when the particle size is sufficiently small.

Now, consider the RGS concentration in a particle. Practically, a significant increase in
polymerization rate, due to the high-single-molecule concentration effect, occurs with the zero-one
behavior in conventional free-radical polymerization. The red dashed line in Figure 5 shows the time
change of the number of radicals in a particle for the zero-one system. When the second radical enters
the particle, two radicals in the particle terminate each other instantaneously. If the exit of a radical can
be neglected, the average number of radicals in a particle is n “ 0.5.

Figure 5. Schematic representation of the zero-one behavior in the conventional free-radical
polymerization (red) and RAFT (blue) miniemulsion polymerization, where n is the number of radicals
in a particle in the conventional free-radical polymerization and nRGS is the number of intermediate
molecules in RAFT.

When the RAFT agent is introduced, during the growing period in the conventional free-radical
polymerization, the number of propagating radicals nR

‚ and the number of RGS molecules nRGS change
zero and one alternatively, because of the reversible reaction shown in Figure 3. The blue line shows
the number of RGS molecules in a particle. In RAFT, when the second radical enters the particle, both
species must be in the active state in order to cause bimolecular termination reaction. The occurrence
of the termination reaction could be delayed slightly compared with the conventional free-radical
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polymerization. However, the monomer consumption during the delayed period could be neglected.
In any case, to roughly estimate the threshold diameter what we want to determine is the approximate
value of the average number of RGS molecules in a particle, which could be represented by:

pAverage number of RGS molecules in a particleq “ n p1 ´ φactq (24)

where n represents the average number of radicals in a particle when no RAFT agent is used, i.e., in the
conventional free-radical miniemulsion polymerization, and φact is the average time fraction of the
active period, which is defined explicitly by:

φact “ tact

tact ` tinact
(25)

In the above equation, the average time of a single active period, tact is already given by
Equation (9). The average time of a single inactive period, tinact can be formulated similarly with what
was done for tact, by considering the frequency, 1/tinact, as follows.

1
tinact

“ Ract

rRGSs “ k1 (26)

Substituting Equations (9) and (26) into Equation (25), one obtains:

φact “ K
K ` rTraps (27)

The average concentration of RGS in a small particle can be estimated by:

rRGSsp “ n p1 ´ φactq
NA

`
π d3

p{6
˘ (28)

The miniemulsion polymerization rate is expected to become larger than the corresponding bulk
polymerization when [RGS]p > [RGS]bulk. Equation (28) leads to give the following threshold diameter.

dp1q
p,RGS “

ˆ
6n p1 ´ φactq

π NArRGSsbulk

˙1{3
(29)

3.3.1. Two Conflicting RAFT Models

To determine the RGS concentration in bulk polymerization [RGS]bulk, the material balance equations,
similarly with Equations (22) and (23), are needed, which depends on the elementary reactions.

It is known that the RAFT polymerization rate shows retardation behavior by increasing the
concentration of the RAFT agent. To rationalize the retardation, two conflicting models were proposed.
One model [18] assumes that the intermediate species, PXP, which is an inactive radical, terminates
with the propagating radical R‚. This model is called the intermediate termination (IT) model.
By representing PXP as RGS, the intermediate termination reaction is represented as follows.

RGS ` R‚ kt,RGSÝÝÝÑ dead polymer pIT modelq (30)

where kt,RGS is the bimolecular termination rate constant between RGS and the active radical, R‚.
On the other hand, a slower fragmentation of RGS can also cause retardation [19], which is called

the slow fragmentation (SF) model. Both models fit with the bulk polymerization data reasonably well,
but the estimated k1 value for the same reaction system could be more than 105 times larger for the IT
model than the SF model [20]. The large difference in k1 leads to a significant difference in the RGS
concentration, i.e., [RGS]bulk,IT << [RGS]bulk,SF.
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The concentration of RGS in bulk polymerization can be determined from the following set of
differential equations.

drR‚s
dt

“ RI ` k1rRGSs ´ k2rR‚srTraps ´ ktrR‚s2 ´ kt,RGSrR‚srRGSs (31)

drRGSs
dt

“ k2rR‚srTraps ´ k1rRGSs ´ kt,RGSrR‚srRGSs (32)

drTraps
dt

“ k1rRGSs ´ k2rR‚srTraps (33)

With the SF model, kt,RGS = 0.
The threshold diameter given by Equation (29) shows that a large difference in [RGS]bulk leads to

a large difference in dp1q
p,RGS. Figure 6 shows how dp1q

p,RGS changes during RAFT polymerization, by using
a set of representative parameters for dithiobenzoate-mediated styrene polymerization. In the SF
model, it takes time to reach the steady state concentration of RGS, and dp1q

p,RGS decreases slowly during

the initial stage of polymerization. The threshold diameter is dp1q
p,RGS= 212 nm for the IT model, while

dp1q
p,RGS is smaller than 10 nm for the SF model.

 
Figure 6. Calculated threshold diameter change during RAFT polymerization. The parameters used
are: RI = 1 ˆ 10´7 mol¨ L´1¨ s´1, kp = 500 L¨ mol´1¨ s´1, kt = 1 ˆ 107 L¨ mol´1¨ s´1, [M]0 = 8 mol¨ L´1

and k2 = 1 ˆ 106 L¨ mol´1¨ s´1 for both models. For the IT model, k1 = 1 ˆ 104 s´1 and
kt,RGS = 1ˆ107 L¨ mol´1¨ s´1. For the SF model, k1 = 0.5 s´1 and kt,RGS = 0.

Figure 7a,b show the simulation results for the conversion development during bulk and
miniemulsion polymerization, by using the same set of parameters as in Figure 6. For the miniemulsion
polymerization, the MC simulation method proposed earlier [21,22] was used. For the bulk
polymerization, the following differential equation for the conversion development was used together
with Equations (31)–(33).

dx
dt

“ kpp1 ´ xqrR‚s (34)

In the IT model (Figure 7a), the miniemulsion polymerization shows significant rate increase for
dp < 212 nm, as predicted by Equation (29). On the other hand, in the case of the SF model (Figure 7b),

the dp1q
p,RGS-value is so small (Figure 6), and the polymerization rate is not increased by making the

particle size smaller. On the basis of the numerical calculations, using a wide range of parameters, it was
concluded that the SF model does not show the polymerization rate increase by decreasing the particle
size [23], as long as the given set of parameters cause the retardation behavior in bulk polymerization.
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(a) (b)

Figure 7. Monte Carlo simulation results for IT and SF model, with the same set of parameters used in
Figure 6, based on (a) the IT model and (b) the SF model. Reproduced from Figure 1 in [23]. © Copyright
permission from Wiley-VCH Verlag GmbH & Co. KGaA.

3.3.2. Application of Threshold Diameter to Discriminate RAFT Models

On the basis of a large difference in the threshold diameter between the IT model and the SF
model, these two models can be discriminated by the miniemulsion polymerization experiment,
i.e., a significant polymerization rate increase by decreasing the droplet size is expected for the IT
model, while the SF model does not show the rate increase in miniemulsion polymerization. For the
miniemulsion experiments, the polymeric RAFT agent is recommended to use to prevent the exit of
RAFT agents from the particles.

This model discrimination method was applied for polystyryl dithiobenzoate-mediated styrene
polymerization [24,25]. The symbols in Figure 8 show the experimental results. For bulk polymerization,
the oil-soluble initiator, AIBN was used, while the water-soluble initiator, potassium persulfate was
used in the miniemulsion polymerization experiment. The initiator concentration was adjusted to
make the initiation rate per unit volume of oil-phase the same. Good livingness during polymerization
was confirmed by the molecular weight distribution development [24,25].

Figure 8. Conversion development during polystyryl dithiobenzoate-mediated styrene polymerization
at 60 ˝C [25]. The solid curves are the calculation results and symbols are the experimental results.
For the calculation, the differential equations given by Equations (31)–(34) are solved for the bulk
polymerization, and for miniemulsion polymerization, the MC simulation was employed for each fixed
diameter. Reproduced from the graphical abstract of [25]. © Copyright permission from Wiley-VCH
Verlag GmbH & Co. KGaA.

A significant polymerization rate increase is observed in miniemulsion polymerization by
decreasing the particle size, which leads to the conclusion that the IT model applies for the present
RAFT polymerization system. The curves are the theoretical calculation results, using the IT model
parameters [25]. The conclusion that the IT model applies for the dithiobenzoate-mediate styrene
polymerization, rather than the SF model, agrees with the electron paramagnetic resonance (EPR)
measurement results [26].
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The miniemulsion polymerization is a convenient method for model discrimination. On the
other hand, for the accurate estimation of kinetic parameters, bulk polymerization method would be
preferable, because it is not disturbed by the existence of water phase as well as the emulsifier.

Larger polymerization rates in smaller polymer particles make it possible to conduct the ab initio
emulsion polymerization in RAFT systems, by preventing the exit of RAFT agents from the particle.
In addition, the RAFT polymerization in sufficiently small reaction loci leads to higher productivity, as
in the case of conventional free-radical polymerization.

4. Conclusions

For conventional free-radical polymerization, the threshold particle diameter below which the
polymerization rate becomes faster than the corresponding bulk polymerization was derived from
the polymerization rate expression, Rp = kp[R‚][M]. On the other hand, for RDRP, the threshold
diameter below which the polymerization rate changes significantly compared with the corresponding
bulk polymerization was determined from the polymerization rate expression unique to RDRP,
Rp “ kprMsKrRGSs{rTraps. The obtained threshold diameters are summarized in Table 2.

Table 2. Threshold diameter below which the polymerization rate changes significantly compared with
the corresponding bulk polymerization.

Type of Polymerization Threshold Diameter Polymerization Rate

Conventional FRP dp1q
p,R‚ “

´
6n

πNArR‚ sbulk

¯1{3 Increases for dp

smaller than dp1q
p,R‚

SRMP, ATRP dp1q
p,Trap “

´
6

πNArTrapsbulk

¯1{3 Decreases for dp

smaller than dp1q
p,Trap

RAFT dp1q
p,RGS “

´
6np1´φactq

πNArRGSsbulk

¯1{3 Increases for dp

smaller than dp1q
p,RGS

For conventional free-radical polymerization, the polymerization rate increases significantly when
the particle size is made smaller than the diameter given by dp1q

p,R in the table. Here, the superscript (1)
is used to represent that the effect is caused by a high single-molecule concentration in a small
particle, and the subscript R‚ represents that the key component that causes the polymerization rate
change is the polymer radical. The fact that the polymerization rate is faster for smaller particles
is one of the reasons why ab initio emulsion polymerization is easy to conduct in the conventional
free-radical polymerization.

For SRMP and ATRP, the key component to make the polymerization rate slower for smaller
polymerization locus is the trapping agent, and the polymerization rate decreases significantly when
the particle size is made smaller than the diameter given by dp1q

p,Trap in the table.
For RAFT, the key component to make the polymerization rate faster for smaller polymerization

locus is the radical generating species (RGS), and the polymerization rate increases significantly
when the particle size is made smaller than the diameter given by dp1q

p,RGS in the table. This theory
can be used to discriminate two controversial models for the RAFT polymerization mechanism, i.e.,
if the polymerization rate increases significantly in miniemulsion polymerization, the intermediate
termination (IT) model applies.
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Abbreviations

The following abbreviations are used in this manuscript:

AIBN 2,2-azobisisobutyronitrile
ATRP Atom-Transfer Radical Polymerization
IT model Intermediate Termination model
RAFT Reversible-Addition-Fragmentation chain-Transfer
RDRP Reversible-Deactivation Radical Polymerization
RGS Radical Generating Species
SF model Slow Fragmentation model
SRMP Stable-Radical-Mediated Polymerization
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Abstract: Compared with the one immobilized in the conventional mesoporous microspheres, the
enzyme immobilized in gigaporous microspheres showed much higher activity and better stability.
To gain a deeper understanding, we herein selected lipase as a prototype to comparatively analyze the
adsorption behavior of lipase at interfaces in gigaporous and mesoporous polystyrene microspheres
at very low lipase concentration, and further compared with the adsorption on a completely flat
surface (a chip). Owing to the limited space of narrow pores, lipase molecules were inclined to be
adsorbed as a monolayer in mesoporous microspheres. During this process, the interaction between
lipase molecules and the interface was stronger, which could result in the structural change of lipase
molecular and compromised specific activity. In addition to monolayer adsorption, more multilayer
adsorption of enzyme molecules also occurred in gigaporous microspheres. Besides the adsorption
state, the pore curvature also affected the lipase adsorption. Due to the multilayer adsorption, the
excellent mass transfer properties for the substrate and the product in the large pores, and the small
pore curvature, lipase immobilized in gigaporous microspheres showed better behaviors.

Keywords: lipase; adsorption; gigaporous; mesoporous; microsphere; QCM-D

1. Introduction

Immobilization is one of the most effective approaches to improve the catalytic performance
of enzymes. To gain a better performance, the immobilized carriers should be rationally designed
and selected. It has been demonstrated that the physical properties of carriers, such as surface
morphology [1,2], particle size [3,4], and inner porous structures [5–8] have an important impact
on enzyme immobilization. Recently, many porous particles have also exhibited their distinctive
performance as immobilized carriers [9,10]. It is worth noting that the pore size of these conventional
carriers usually ranges from a few nanometers to tens of nanometers [11,12]. In this case, the enzyme
penetration in most studies might be limited by the tiny pore size. The effect of pore size on the activity
of enzymes has been a controversial issue. Because of the complexity of enzymes, different or even
opposite results have been reported [13–16].

In our previous work, lipase was immobilized in polystyrene (PST) microspheres with different
pore sizes of 14 nm (mesoporous), 100 nm (macroporous), and 300 nm (gigaporous). Fortunately,
we found the specific activity of lipase immobilized in gigaporous microspheres was 2.87 times
and 1.46 times more than that of mesoporous ones and the free lipase, respectively. In addition,
the reusability and the stability of lipase in gigaporous microspheres was improved dramatically
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compared with those of mesoporous ones [17]. The significance of pore size has been demonstrated
in this comparative investigation. Therefore, the reasons of these results and the detailed analysis of
enzyme adsorption needed to be researched. There were many reports about the enzyme adsorbed
in macroporous microspheres. Gross et al. studied the distribution and the molecular structure of
lipase adsorbed in microspheres with different pore sizes. The average pore sizes of the carriers
were usually 40–100 nm. The results showed that the enzyme is localized in an external shell of the
bead [18–21]. They noticed the influences of pore size on the diffusion—the higher the pores, the better
the activity due to the diffusion—however, they did not specialize the adsorption state. In addition,
although macroporous microspheres were frequently used in enzyme adsorption, many studies mainly
focused on the microspheres with a maximum pore size of 100 nm, which may be restricted by the
preparation technology of microspheres. As for other researches about gigaporous microspheres,
Miletić et al. investigated the poly(GMA-co-EGDMA) [poly(glycidyl methacrylate-co-ethylene glycol
dimethacrylate)] microspheres with large pore size (over 300 nm) as the immobilized carriers of lipase.
The main conclusions mostly focused on the immobilization and catalysis results [22], yet the effects of
the adsorption state were not taken into consideration.

In this work, lipase B from Candida antarctica was selected as the prototype because of its wide
applications. The adsorption time and the initial concentration of lipase were tailored to investigate
the adsorption amount and the enzyme activity of lipase in the microspheres more precisely. Moreover,
considering the possible effect of the pore curvature, lipase adsorption in microspheres was compared
with that on the flat surface. In order to attain the real-time data of lipase adsorbed on flat surface,
quartz crystal microbalance with dissipation monitoring (QCM-D) was used to monitor the adsorption
process of enzyme molecules on flat surface [23].

The work carried out on the behaviors of lipase adsorption in the gigapores, in the mesopores,
and on the flat surface, which was expected to provide a model for the enzyme immobilization in
gigaporous microspheres.

2. Materials and Methods

2.1. Materials

Lipase B from Candida antarctica (CALB) (3.8 U/mg by activity assay) was kindly provided by
Novozymes (Bagsværd, Denmark). The substrate p-nitrophenyl palmitate (p-NPP) of analytical
grade was purchased from Sigma-Aldrich (St. Louis, MO, USA). The standard p-nitrophenol
(p-NP) of analytical grade was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd.
(Beijing, China). The PST chips were purchased from Biolin Scientific AB (Goteborg, Sweden). The
giga-/meso-porous PST microspheres were prepared by National Engineering Research Center of
Biotechnology (Beijing, China). All chemicals were of analytical grade and used without further
purification unless otherwise described.

The scanning electron microscope (SEM, JEOL, JSM-6700F, Tokyo, Japan) images of the
microspheres were shown as Figure 1. The structural data of the microspheres measured by mercury
porosimetry (Micromeritics, AutoPore IV 9500, Norcross, GA, USA) were shown in Table 1. The
gigaporous PST microspheres were recorded as PST-300, and the mesoporous ones were PST-14.

 

Figure 1. SEM images of PST-300 (a) and PST-14 (b) microspheres.
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Table 1. Structural data of PST-300 and PST-14 microspheres.

Microspheres
Average Pore Size

(nm)
Total Pore Surface Area

(m2/g)
Total Pore Volume

(cm3/g)
Porosity

(%)

PST-300 340.3 14.7 1.9 70.4
PST-14 14.5 738.4 2.7 78.7

2.2. Adsorption of Lipase in PST Microspheres

Several groups of giga-/meso-porous PST microspheres (0.01 g) were added into the lipase
solution (0.05 mg/mL, 2 mL). Then, the mixture was shaken gently at 25 ˝C. The adsorption time
was 1, 2, 5, 8, 10, 20, 30 min, respectively. When the adsorption time was up to the pre-set value, the
corresponding sample was taken out and centrifuged three times to separate the microspheres and the
solutions (10,000 rpm, 3 min), and the lipase that was not adsorbed was washed out.

2.3. Assay of Adsorption Mass and Activity of Lipase in PST Microspheres

The amount of lipase adsorbed in microspheres was measured via the bicinchoninic acid (BCA)
method at 562 nm using multimode microplate readers (Tecan, Infinite 200, Zurich, Switzerland).
The protein concentration of initial lipase solution and residual supernatant were analyzed to determine
the adsorption mass. The standard work agent was prepared by the mixture of BCA agent and Cu
agent (50:1, v/v). A calibration curve was constructed from BSA solutions of known concentration
(31.25–2000 μg/mL) and used to calculate the protein amount in initial and washing solutions [24].

The activity of lipase adsorbed in microspheres was also assayed by p-NPP hydrolysis. p-NPP
can be hydrolyzed by lipase to p-NP. Firstly, the p-NP standard solution was prepared, and the
calibration curve was the result. p-NPP was dissolved in acetone and then diluted with phosphate
buffer (50 mmol/L, pH 7.0) containing Triton X-100 (1.25%, w/v). The p-NPP and immobilized lipase
were mixed in a centrifuge tube with cap for 10 min at 37 ˝C. Then, the absorbance was monitored at
410 nm using multimode microplate readers.

2.4. CLSM Analysis of Lipase Adsorbed in Microspheres

Confocal laser scanning microscopy (CLSM) (Leica, TCS SP5, Wetzlar, Germany) was employed
to investigate the distribution of lipase adsorbed in the microspheres at the time point of 2, 8, 30,
40 min. Fluorescamine was used as a reagent for the detection of lipase, which was soluble in acetone
at 50 mg/mL. The fluorescamine solution was added to react with PST-lipase for 3 min. The samples
were excited at 390 nm, and the fluorescent images at 480 nm wavelengths were then obtained.

2.5. QCM-D Measurement

Phosphate buffer was filtered through membrane of 0.22 μm and then ultrasonic degassed
for 20 min. The QCM-D (Q-SENSE E4, Biolin Scientific AB, Goteborg, Sweden) measurement was
conducted at 37 ˝C, and PST chip was cast into the measure chamber. Phosphate buffer was injected
into the chamber. When the baseline was stabilized, a diluted lipase solution was injected into the
chamber using a flow rate of 50 μL/min. This process simulated the immobilization procedure.
Adsorption time of lipase on PST chip was 90 min from the optimized results of pre-experiments.
Then, the chip was rinsed by the phosphate buffer, and the desorbed lipase molecules were rinsed
out. When the baseline was stabilized again, p-NPP was injected into the chamber to simulate the
hydrolysis reaction of p-NPP catalyzed by the immobilized lipase. The p-NPP mixture (0.05 mg/mL)
comprised p-NPP (0.05 mg), acetone (12.5 μL), and phosphate buffer (987.5 μL, 0.01 mol/L, pH 7.2).

The determined parameters were Δf and ΔD. Δf represented the frequency change on the chip
surface, which reflected the change of adsorption mass. ΔD represented the change of dissipation
factors, which reflected the change of adsorption viscoelastic. The |ΔD/Δf | ratio reflected the
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adsorption tightness, which was contrariwise proportional to the adsorption tightness. A large
|ΔD/Δf | ratio indicated an extended structure or loose binding between the interacting molecules [25].

At the same time, the adsorption and the catalysis process was monitored, as a function over time,
by simultaneously recording the shifts in the frequency (Δf ) and in the energy dissipation (ΔD) at the
fundamental resonant frequency, along with the third, fifth, and seventh overtones, until the adsorption
reached a steady-state. At this time, the long-term stability of the frequency was within 1 Hz, which
was negligible when compared with the frequency shifts caused by adsorption. Normalized data
obtained from different overtones were used in the calculation of adsorption mass, thickness, and
viscoelastic properties of adsorbed layers using the Voigt model. Sauerbrey mass was calculated using
the Sauerbrey equation [26]:

M “ ´ pC {nq Δ f (1)

where Δf, M, and n represented frequency change, adsorbed mass per unit area, and overtone number,
respectively. C was the mass sensitivity constant (17.7 ng/cm2 Hz). The adsorption mass was inversely
proportional to the Δf value.

2.6. Assay of Adsorption Mass and Activity of Lipase on PST Chip

The adsorption mass of lipase on PST chip can be calculated by Equation (1), of which the unit was
ng/cm2. The activity can be calculated by the decreased amount of the substrate p-NPP. The activity
unit (U) of lipase was defined as the amount of lipase required to hydrolyze 1 μmol of p-NPP per
minute at 37 ˝C (pH 7.0). Then, the lipase activity was calculated by:

u “ pM1 ´ M2q ˆ Achip ˆ 106

377.52 ˆ t ˆ ML
(2)

where M1 was the initial adsorption mass of p-NPP per unit area, M2 was the adsorption mass of p-NPP
per unit area after hydrolysis, Achip was the area of PST chip, of which the value was 1.54 cm2, the
value 377.52 was the molecular weight of p-NPP, ML was the lipase dosage, and t was the reaction time.

In addition, the specific activity of lipase was defined as the activity of an enzyme per milligram
of total protein (U/mg protein).

3. Results and Discussion

3.1. Analysis of Lipase Adsorption in PST Microspheres

Lipase immobilized in the gigaporous PST microspheres showed higher activity, stability,
reusability, and better kinetic performance than that in the mesoporous PST ones. In order to attain the
detailed adsorption behaviors of lipase, PST-300 and PST-14 were used for the real-time adsorption of
lipase. Figure 2 showed the adsorption process of lipase in PST-300 and PST-14, including the change
of adsorption mass and lipase activity within 120 min. It can be seen from Figure 2a that the adsorption
reached equilibrium for lipase in PST-300 after the time point of 30 min and for lipase in PST-14 after
the time point of 60 min. From Figure 2b, it can be seen that the initial phase of lipase adsorption
(before the time point of 30 min) had great influences on lipase activity.

In order to study the adsorption of lipase more elaborately, the experiments were carried out
firstly under the condition of low lipase concentration (0.05 mg/mL) and short adsorption time (within
30 min). The adsorption states of lipase in gigaporous and mesoporous microspheres were analyzed
comparatively. The changes of adsorption mass, enzyme activity, and specific activity of lipase in PST
microspheres with adsorption time are shown as Figure 3, which shows a clear difference between the
two types of microspheres.
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Figure 2. Adsorption process of lipase (0.05 mg/mL) in PST microspheres within 120 min
((a) Adsorption mass; (b) Lipase activity).

Figure 3. Adsorption of lipase (0.05 mg/mL) into PST microspheres within short time ((a) Adsorption
mass; (b) Lipase activity; (c) Specific activity). Specific activity of free CALB: 3.8 U/mg.

In Figure 3a, the adsorption mass increased rapidly in the first two minutes, and monolayer
adsorption mainly occurred in this stage since the enzyme concentration was very low (0.05 mg/mL).
For the gigaporous microspheres, the adsorption mass basically maintained a sustained growth from
the time point of 2 to 30 min. As for mesoporous microspheres, the adsorption mass increased from
12.2 to 15.6 mg/g (from the time point of 2 to 10 min), and nearly kept stable after the time point of
10 min. Therefore, after the time point of 10 min, the adsorption was mainly multilayer. Figures 4
and 5 were the CLSM images and the change of fluorescence intensity of lipase adsorbed in gigaporous
and mesoporous microspheres with the adsorption time. For the gigaporous particles, before the time
point of 2 min, lipase molecules entered the whole particle and dispersed homogeneously (Figure 4a),
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while, in the mesoporous particles, most enzymes adsorbed in the shell (Figure 5a). Consistent with
the increase of adsorption mass in Figure 3a, after the time point of 2 min, the fluorescence intensity in
gigaporous particles exhibited a stable and uniform enhance (Figure 4b–d). As for lipase adsorbed
in the mesoporous microspheres, only the fluorescence intensity of shell increased due to the limit of
a smaller pore size (Figure 5b–d).

Figure 4. CLSM images and fluorescence distribution of lipase adsorbed in gigaporous microspheres
at different time point ((a) 2 min; (b) 8 min; (c) 30 min; (d) 40 min).

 

Figure 5. CLSM images and fluorescence distribution of lipase adsorbed in mesoporous microspheres
at different time point ((a) 2 min; (b) 8 min; (c) 30 min; (d) 40 min).

The effects of the different adsorption behavior in the carriers with various porous structures were
researched. The dramatic difference between their enzyme activities (Figure 3b), especially the specific
activities (Figure 3c) gave very interesting results. In the first stage (before the time point of 2 min),
the specific activity of lipase immobilized in the gigaporous particles was 1.79 U/mg, and that in the
mesoporous particles was only 0.99 U/mg. According to the fluorescence distribution, the specific
area of the gigaporous and mesoporous particles, and the area per lipase molecule occupied in ideal
state, we calculated the amount of enzyme adsorbed on the unit area of the microspheres, 5.34 ˆ 1011

and 3.12 ˆ 1010, respectively. The amount is far less than the molecule number needed for monolayer
adsorption in both type of particles (7.85 ˆ 1014, PST-300; 7.68 ˆ 1015, PST-14, 1/10 diameter). Therefore,
it tended to be monolayer adsorption in this stage theoretically. Since both kinds of microsphere were
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based on P(ST-DVB) [poly(styrene-divinylbenzene)], which allowed physical adsorption of lipase,
the only difference is the curvature of pores in the stage of monolayer adsorption. The curvature of
gigapores was much lower, and the surface of gigapores was flatter than that of mesopores. According
to the effect of curvature to proteins [27], when the value of curvature was bigger, the contact area
and the deformation were larger. Additionally, the structure of the enzyme molecules cannot be well
maintained. Conversely, the flatter surface was beneficial for retaining the molecular structure. This
explained the difference of specific activity in gigaporous and mesoporous particles before the time
point of 2 min.

For lipase immobilized in gigaporous particles, from the time point of 2 to 8 min in Figure 3c, their
specific activity increased rapidly to 3.86 U/mg. While the specific activity of lipase immobilized in
mesoporous particles did not have significant change. The main reason of the difference is also due to
the pore structure. From the time point of 2 min, multilayer adsorption occurred in gigapores with the
large enough space. Multilayer adsorption effectively maintained the enzyme activity. The adsorption
of lipase in mesoporous microspheres was still inclined to be monolayer adsorption because the
mesopores restricted the distribution of lipase molecules (the pore size is 14.7 nm; the molecular size
of CALB is 6.92 ˆ 5.05 ˆ 8.67 nm3 [28]). Since the monolayer adsorption of lipase was dominant in
mesoporous microspheres, the enzyme activity and the specific activity were obviously lower than
those in the gigaporous ones.

After the time point of 8 min, though the adsorption mass still increased in the gigaporous
microspheres, the enzyme activity had little change, and the specific activity decreased. This was
presumably due to the fact that with more enzyme adsorbed in the pores, the cross-section of the pores
might be reduced; thus, the diffusion resistance for the substrate and the product was increased [29].

3.2. Comparison of the Adsorption in Microsphere with the Adsorption on Flat Surface

The reasons for high enzyme activity and specific activity of lipase in gigaporous microspheres are
explained by the difference of the curvature and the monolayer/multilayer adsorption. The adsorption
on a flat surface was further compared to find what happened when there was no limit of pores. Quartz
crystal microbalance with dissipation monitoring (QCM-D) technology was adopted to investigate the
adsorption behavior of lipase on PST chips and the influence on enzyme activity. Figure 6 showed the
adsorption parameters of lipase on PST chips.

 

Figure 6. Adsorption of lipase on PST chip determined by QCM-D ((a) Adsorption mass; (b) |ΔD/Δf |
ratio; (c) Lipase activity; (d) Specific activity).
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From Figure 6a, we could see that the increase of adsorption mass was a rough linear rise on the
chip when excluding the influence of diffusion transfer in pores. The change of the |ΔD/Δf | ratio
in Figure 6b reflected the tightness degree of lipase adsorbed on the chip. At the beginning, lipase
molecules mainly interacted with the surface of the chip, and the interaction was strong. Therefore, the
|ΔD/Δf | ratio was very low. With the increase of the adsorption mass, the enzyme layers got thicker,
and the |ΔD/Δf | ratio increased rapidly. After the time point of 10 min, more multilayer adsorption
of enzyme molecules enhanced the tightness of the layers, and the |ΔD/Δf | ratio then became stable.

From Figure 6c,d, we could see that the enzyme activity increased with the increasing adsorption
amount, but the specific activity had little change, which is dramatically different from that of
gigaporous particles. For the adsorption on the chip, the effect of pores was completely ruled out.
However, for gigaporous particles, though most pores distributed above 100 nm, there were still so
many small pores in which the diffusion resistance and the structure change of lipase existed, which
could reduce the specific activity of lipase.

4. Conclusions

The differences of mesoporous particles, gigaporous particles, and a flat surface for enzyme
immobilization were investigated in this study. It was found that the adsorption of enzyme in the
mesoporous particles was inclined to be monolayer adsorption that may change the enzyme structure,
and the small pores limited the mass transfer of the substrate and the product. These factors reduced
the specific activity of lipase. As for the gigaporous particles, in the stage of monolayer adsorption,
the interaction between lipase molecules and the pores was weaker than that in the mesopores, so
the specific activity was higher. With the increasing amount of enzyme, the occurrence of multilayer
adsorption could further promote the maintenance of the enzyme activity. When lipase adsorbed on
a chip, the behavior was quite different when excluding the influence of pores, the adsorption mass
showed a linear increase, the specific activity had little change during the whole process, and the
activity continuously enhanced.
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Abstract: Herein we report a simple and green synthesis of smart Au and Ag@Au nanocomposite
particles using poly(N-isopropylacrylamide)/polyethyleneimine (PNIPAm/PEI) core-shell microgels
as dual reductant and templates in an aqueous system. The nanocomposite particles were synthesized
through a spontaneous reduction of tetrachloroauric (III) acid to gold nanoparticles at room
temperature, and in situ encapsulation and stabilization of the resultant gold nanoparticles (AuNPs)
with amine-rich PEI shells. The preformed gold nanoparticles then acted as seed nanoparticles for
further generation of Ag@Au bimetallic nanoparticles within the microgel templates at 60 ˝C. These
nanocomposite particles were characterized by TEM, AFM, XPS, UV-vis spectroscopy, zeta-potential,
and particle size analysis. The synergistic effects of the smart nanocomposite particles were studied
via the reduction of p-nitrophenol to p-aminophenol. The catalytic performance of the bimetallic
Ag@Au nanocomposite particles was 25-fold higher than that of the monometallic Au nanoparticles.
Finally, the controllable catalytic activities of the Au@PNIPAm/PEI nanocomposite particles were
demonstrated via tuning the solution pH and temperature.

Keywords: gold nanoparticles; silver/gold bimetallic nanoparticles; smart core-shell microgel;
metal/polymer nanocomposite; reduction of p-nitrophenol

1. Introduction

Metal nanoparticles have gained much attention over the past two decades because of their
unique properties. Their distinctive size and shape-dependent optical and electronic properties have
opened up vast potential applications in various fields [1]. However, metallic nanoparticles have a
tendency to aggregate due to their large surface energy, which drives the thermodynamically favored
coalescence process. Various types of stabilizing agents have been used to prevent nanoparticles from
aggregating. They include ligands [2], surfactants [3,4], polymers [5,6], dendrimers [7], cyclodextrin [8],
and microgels [9]. Recently, the use of smart polymer particles to stabilize metallic nanoparticles
has received increasing attention because of the synergistic properties of the smart metal/polymer
nanocomposite particles, derived from responsive polymer and metallic nanoparticles [10,11]. Smart
metal/polymer nanocomposite particles of this kind have shown promising potential for use as hybrid
materials for biomedical applications [12,13], sensing [14], and catalytic reactions [15,16].

Our group has recently reported a simple and green synthesis of AuNPs/polymer nanocomposite
particles through a spontaneous reduction of tetrachloroauric (III) acid and encapsulation of the
resultant gold nanoparticles using amine-rich core-shell particles in water [17,18]. The high
local amine concentration of the polyethyleneimine shell enables effective reduction of gold ions
to gold nanoparticles in the absence of any organic solvents, reducing agents, or stabilizers.
Thus we envision that smart metal/polymer nanocomposite particles synthesized by this green
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approach may find potential application in catalytic reactions because the microgel particles can
not only stabilize the metal nanoparticles and retain their nanoscale properties, but also allow the
switching on and off of the catalytic activity of the metal nanoparticles through controlling the
accessibility of the metal nanoparticles to the reactant. Moreover, the nanocomposite particles can
be easily recovered and reused. The nanocomposite particles containing bimetallic nanoparticles
are of particular interest because of their possible synergistic effects [19]. For example, Ahn
and co-workers have recently reported the synthesis of Ag@Au bimetallic nanoparticles on
magnetic silica microspheres through seeding, coalescing, seeds to cores, and then growing shells
from the cores on aminopropyl functionalized silica microspheres [20]. Xin et al. have also
synthesized Au@Ag bimetallic nanoparticles using polyelectrolyte multilayers (PEMs) of poly(styrene
sulfonate) (PSS) and poly(diallyldimethylammonium chloride) (PDDA) particles as support [21].
Electrostatic interaction between the cations and anions of the PEMs and metal ions was used
as a driving force to attract metal ions into the system. Subsequent reduction of metal salts
with reducing agents such as NaBH4 and ascorbic acid was carried out in repeated cycles to
improve the loading and size of the metal nanoparticles. However, current methods for generating
bimetallic nanoparticles usually involve tedious procedures that are not amenable for scale-up
production. In this study, we have synthesized a dual responsive microgel particle that consists
of a temperature-sensitive core of poly(N-isopropylacryamide) and a pH-sensitive polyethyleneimine
shell.. This type of pH- and temperature-responsive microgel particles was used to generate silver in
gold Ag@Au/polymer nanocomposite particles. The synergistic effects of the smart nanocomposite
particles were studied using the reduction of p-nitrophenol to p-aminophenol as a model reaction. The
controllable catalytic activity of the Au@PNIPAm/PEI nanocomposite particles was demonstrated via
the tuning of solution pH and temperature.

2. Materials and Methods

2.1. Materials

Spindle-crystals of N-isopropylacrylamide (NIPAM, Sigma-Aldrich, Saint Louis, MO, USA) were
purified by repeated recrystallization in a mixture of toluene and n-hexane (1:5 v/v). Branched
polyethyleneimine (PEI) with an average molecular weight of 750,000 (50 wt % solution in water),
N,N-methylenebisacrylamide (MBA) and tert-butyl hydroperoxide (TBHP, 70% aqueous solution),
hydrogen tetrachloroaurate (III) trihydrate (HAuCl4¨ 3H2O), silver nitrate (AgNO3), p-nitrophenol
(reagent grade), and sodium borohydride were all purchased from Sigma-Aldrich Chemical Co., and
used as received. Deionized water or Milli-Q water was used for dilution and dispersion medium.

2.2. Synthesis of Au@PNIPAm/PEI Nanocomposite Particles

The synthesis of Au-loaded poly(N-isopropyl acrylamide)/polyethyleneimine (PNIPAm/PEI)
nanocomposite particles was based on our previously established method [17]. Such a method involved
a simple mixing of preformed PNIPAm/PEI microgel particles with a hydrogen tetrachloroaurate (III)
trihydrate (HAuCl4¨ 3H2O) solution according to the following general procedure: A stock solution of
hydrogen tetrachloroaurate (III) trihydrate (1.317 ˆ 10´3 M) was purged with N2 for 30 min. It was
then added dropwise (1 mL) to the PNIPAm/PEI microgel dispersion (20 mL, 400 ppm, molar ratio of
N/Au3+ = 28). The mixture was stirred at 250 rpm for 4 h at 25 ˝C. The resultant gold-loaded microgels
were purified by a single cycle of centrifugation at 12,000 rpm and 10 ˝C for 1 h. The collected pink
product was redispersed in deionized water under sonication for subsequent usage.

2.3. Synthesis of Ag@Au/PNIPAm/PEI Nanocomposite Particles

Synthesis of the Ag@Au bimetallic nanoparticles was carried out through a successive reduction of
AgNO3 in the presence of the Au@PNIPAm/PEI particles. The preformed gold nanoparticles were used
as seeds for the successive reduction of the silver ions to silver nanoparticles. A 1:1 molar ratio sample
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that contained 1 mL Au salt solution (1.317 ˆ 10´3 M) and 1 mL Ag salt solution (1.317 ˆ 10´3 M)
was used in this study. The reaction was first carried out at room temperature for 30 min, followed by
heating at 60 ˝C for another 30 min. During the mixing of the silver salt solution with the Au-loaded
particles, the solution changed color from light pink to light gray, and eventually turned fully gray
after heating the mixture.

2.4. Catalytic Activity of Nanocomposite Particles

The catalytic activity of both Au@PNIPAm/PEI and Ag@Au/PNIPAm/PEI nanocomposite
particles were studied in an aqueous system using reduction of p-nitrophenol to p-aminophenol
as a model reaction. Sodium borohydride (200 μL, 0.001 M), p-nitrophenol (30 μL, 0.001 M) and a
definite quantity of the composite particles (40 μL, 1.5 wt % solid content) were diluted to 2 mL with
deionized water and mixed in a cuvette reactor. The reaction mixture changed from light yellow
to colorless. The catalytic reaction using Au@PNIPAm/PEI (amine to gold molar ratio of 28:1) and
Ag@Au/PNIPAm/PEI [amine to gold and silver ions ratio (N/Au3+Ag+) of 28:1] were systematically
studied under different solution pH values (3–11) and temperatures (25–39 ˝C). The reduction of
p-nitrophenol to p-aminophenol was monitored by the UV-visible spectroscopy (Agilent Technologies,
Santa Clara, CA, USA) at a wavelength of 400 nm for 20 min. Measurements were conducted at
2-min intervals.

2.5. Measurements and Characterization

2.5.1. Particle Sizes and Surface Charges

The hydrodynamic diameter and zeta-potential of the microgel templates as well as mono- and
bimetallic-loaded nanocomposite particles were all measured with a Beckman Coulter Delsa Nano
particle analyzer (Beckman Coulter, Brea, CA, USA) using a photon correlation spectroscopy with
electrophoretic dynamic light scattering (a two-laser diode light source with a wavelength of 658 nm at
30 mW). Hydrodynamic diameter, Dh, was obtained from the Einstein Stokes equation, Dh = kT/3πηD,
where k is the Boltzmann constant, η is the dispersant viscosity, T is the temperature (K), and D is
the diffusion coefficient. The diffusion coefficient was obtained from the decay rate of the intensity
correlation function of the scattered light (i.e., correlogram), G(τ) =

ş
I(t)I(t + τ)dt. Each measurement

was carried out in triplicate. zeta-Potential measures the surface charge of particles based on their
electrophoretic mobility. Samples for zeta–potential measurements were diluted to 100–200 ppm with
1 mM NaCl and measured at 25 ˝C.

2.5.2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) images of monometallic gold-loaded microgels and
bimetallic (Ag@Au)-loaded microgels were observed using a transmission electron microscope (JEOL
100 CX, JEOL, Tokyo, Japan) at an accelerating voltage of 100 kV. The high resolution TEM micrographs
of Au and Ag@Au nanoparticles and their corresponding selected area electron diffraction (SAED)
patterns were characterized by a JEOL 2010 TEM (JEOL) at an accelerating voltage of 200 kV. The
sample was prepared by wetting a carbon-coated grid with a 5 μL of the diluted particle dispersion,
followed by drying at room temperature prior to TEM analysis. There was no pretreatment staining
for all nanocomposite samples.

2.5.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) data were recorded on a multi-surface analysis system
(PHI 5600, Physical Electronics, Chanhassen, MN, USA) with a monochromatic AlKα X-ray source
(1486.6 eV). Sample spot sizes varied from 200 to 400 μm in diameter. The pass energies of exciting
radiations were set at 187 and 45 eV for survey and elemental scans, respectively. The energy and
emission currents of the electrons were 4 eV and 0.35 mA, respectively. Energy resolution was at 0.7 eV
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with a chamber pressure of 5 ˆ 10´10 torr. Spectral calibration was determined by setting the C 1s
component at 285.0 eV. All data acquisition was processed with a PC-based Advantage software
(version 1.85, Advantage Software Co., Stuart, FL, USA). The surface composition was determined
by using the manufacturer’s sensitivity factors. Curve fitting of the spectrum was accomplished
using a nonlinear least-squares method. A Gaussian function was assumed for the curve fitting.
The deconvolution of carbon, oxygen, and nitrogen peaks was processed with MagicPlot software
(version 2.5.1, MagicPlot Systems, St. Petersburg, Russia).

2.5.4. UV-vis Spectroscopy

UV-vis spectra were recorded on a Varian Cary 4000 Spectrophotometer using wavelengths
ranging from 250–525 nm with an absorbance set from 0 to 1.40 a.u. Samples were diluted to
appropriate concentrations and measured in the 5-mL cuvette. Actual absorbance as a function
of time was plotted and a fitted curve was derived from an analysis-fitting function of Origin
Pro software (v. 8.0, OriginLab Co., Northampton, MA, USA). Time-dependent UV-vis spectra
(Agilent Technologies) on the reduction of p-nitrophenol to p-aminophenol using both monometallic
(Au@PNIPAm/PEI) and bimetallic (Ag@Au/(PNIPAm/PEI)) nanocomposite particles as catalysts
were used to monitor the catalytic reaction and calculate the catalytic constant, k. This constant is
proportional to the catalytic rate of the reaction. UV-vis absorbance at 400 nm is a characteristic peak
of the p-nitrophenol. During the course of the catalytic reaction, the intensity of this peak decreased
due to its conversion to p-aminophenol, which appeared at wavelengths between 290 and 310 nm. The
gradual reduction in UV-vis absorbance of the p-nitrophenol was monitored at specific time intervals
until its full disappearance.

2.5.5. Atomic Force Microscopy

Atomic force microscopy (AFM) images of PNIPAm/PEI microgel particles at 29 and 45 ˝C
in aqueous solution were obtained using XE-120 inverted microscope complete AFM system with
universal liquid cell option (Park Systems, Suwon, Korea). Imaging was carried out in a temperature
control stage using a standard silicon nitride (Si3N4), gold-coated cantilever tip (MLCT-AUHW, Veeco,
Plainview, NY, USA) in a non-contact fluid. The AFM system carries a decoupled XY-scanner with
a maximum scan range of 100 μm ˆ 100 μm. Image matrix was 256 ˆ 256 pixels for fluid samples.
Scan rate used was 0.5 to 0.8 Hz depending on the sample conditions. Humidity was adjusted from
40% to 80%.

2.5.6. Elemental Analysis of Bimetallic Nanoparticles

The atomic percentage of individual bimetallic nanoparticle was evaluated using an
Energy-dispersive Spectrometry (EDS) probe, operating in the bright field mode of a JEOL 2010
TEM. The spectral resolution was 1 nm. In the chemical composition measurement, Au showed energy
intensities at 2 and 2.6 keV, whereas Ag intensities were at 3 and 3.4 keV.

3. Results and Discussion

3.1. Synthesis of Au and Ag@Au/PNIPAm/PEI Nanocomposite Particles

The synthesis of both mono- and bimetallic nanoparticles is illustrated in Scheme 1. The gold
nanoparticles were first generated through a reduction of gold salt with a polymeric amine using
core-shell particles that consisted of poly(N-isopropyl acrylamide) cores and polyethyleneimine shells.
Generation and stabilization mechanisms of gold nanoparticles and formation of Au@PNIPAm/PEI
nanocomposite particles have been discussed in our previous papers [17,18]. Amine groups are known
to have a reducing ability to generate metal nanoparticles [22]. They also can complex with metal
ions and metal nanoparticles through their chelating properties [23,24]. When using the PNIPAm/PEI
core-shell template, gold salt ions [AuCl4]´ were attracted into the template through an electrostatic
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interaction between the positively charged PEI shell and the negatively charged gold salt ions. The
high local amine concentration could significantly enhance the reduction rate of gold salt ions to
generate gold nanoparticles without the aid of any reducing agents.

Scheme 1. Reaction scheme of the formation of Au and Ag@Au metal nanoparticles using
PNIPAm/PEI template.

Formation of the AuNPs was evident from the change in solution color from white to light pink,
which occurred after 30 to 40 min of reaction at room temperature. These gold nanoparticles were
then used as seeds for the successive reduction of silver ions to bimetallic Ag/Au nanoparticles using
silver nitrate solution. The reduction was carried out at 60 ˝C in order to increase the conversion and
crystallinity of the bimetallic nanoparticles. In the presence of gold metal nanoparticles, silver ions
(Ag+) could be reduced to silver nanoparticles via an under-potential deposition mechanism [25], or, as
others refer to it, the noble metal induced reduction (NMIR) method [26]. In this mechanism, the gold
nanoparticles acted as seeds or active sites for further growth of silver nanoparticles. The formation of
silver in gold bimetallic nanoparticles was evident upon a change in the solution color from light pink
to gray. This effect is attributed to the fact that the ionization potential and electron affinity values of
Au atom are higher than those of the Ag atom. The large electronegativity value of the Au atom leads
to effective charge transfer from silver to gold atoms because the second metal ion (Ag+) has lower
reduction potential than gold nanoparticles [27,28].

3.2. Compositions and Morphologies of Au and Ag@Au/PNIPAm/PEI Nanocomposite Particles

The TEM images shown in Figure 1 reveal the transformation of PNIPAm/PEI to Au and
Ag@Au/PNIPAm/PEI nanocomposite particles. The PNIPAm/PEI particle displays a core-shell
structure where the core has a darker contrast than the shell (Figure 1a inset). The resultant
Au@PNIPAm/PEI particles are shown in Figure 1b. The gold nanoparticles look like clusters of small
gold nanoparticles with an average diameter of 15 ˘ 4.0 nm. They were homogenously distributed
within the particles. Figure 1c shows the morphology of Ag@AuPNIPAm/PEI nanocomposite particles.
The bimetallic nanoparticles displayed two different intensities of contrast (Supplementary Materials
Figure S1). The region in a darker shade of gray constitutes the gold nanoparticle while the lighter gray
part is the silver nanoparticles. Elemental analysis results revealed that the bimetallic nanoparticles
comprised 17.6 and 82.4 atomic percentage of Ag and Au, respectively (Supplementary Materials
Figure S2). The higher Au percentage may be attributed to the fact that only partial Au3+ ions
were initially reduced to gold nanoparticles at room temperature, while the remaining gold salt ions
[AuCl4]´ were attracted to the positively charged PEI shells. When the temperature was raised to
60 ˝C, the other part of the gold salt ions was further reduced together with some Ag+ ions, resulting
in the formation of Ag@Au nanoparticles with a higher Au content.

67



Polymers 2016, 8, 105

 

Figure 1. TEM images of (a) PNIPAm/PEI microgel templates; (b) Au/PNIPAm/PEI nanocomposite
particles prepared at room temperature; (c) Ag@Au/PNIPAm/PEI nanocomposite particles formed at
60 ˝C (Au3+/Ag+ molar ratio of 1:1).

It was noted that the average size of the bimetallic nanoparticles was only ca. 6.83 ˘ 2.5 nm
as shown in Figure 1c. Their sizes were much smaller than those of the original Au nanoclusters,
indicating that the Au nanoclusters were dissociated after forming bimetallic nanoparticles. The
smaller bimetallic nanoparticles were more difficult to entrap within the soft and flexible PEI shell.
Thus some of them escaped from the templates and dispersed in the solution. Furthermore, the
bimetallic nanoparticles located in the templates or freely dispersed in solution appeared much darker
than the Au nanoclusters. This phenomenon may be attributed to the thermal treatment of the
nanocomposite particles, a process that facilitates the growth of the metallic nanoparticles through
further crystallization.

A high-resolution TEM (HRTEM) was performed to verify the nanostructures of mono- and
bimetallic nanoparticles. In order to clearly observe the metal nanoparticles in the image, the
nanocomposite particles were pre-treated with electron beam irradiation with a current density
of 0.4 nA/nm2 for 30 s to partially remove the polymer template. Figure 2a shows an image of a
polycrystalline Au nanostructure with a diameter of ca. 19.1 nm. Figure 2b shows the selected area
electron diffraction (SAED) pattern over several Au nanoparticles. It reveals a ring pattern indexed as
(111), (200), (220), (311), and (331) of a face-centered cubic (fcc) gold lattice. Thus, the gold nanoparticle
is mainly composed of (111) planes with a d-spacing of 0.236 nm. The fuzzy central portion of the
nanoparticle exhibited in the HRTEM image indicates that the Au nanoparticle adopts an icosahedral
morphology with multiple-twinned structure [29]. Such defect is attributed to the small displacement
of atoms located at the central nucleation site of the nanoparticle. Figure 2c,d show the crystallinity
and different lattice arrangement of the Ag@Au bimetallic nanoparticles, respectively. The difference
in electron densities between gold and silver is due to their differences in the corresponding lattice
parameter. Au (111) has a lattice d-spacing of 0.236 nm, while that of Ag (200) is 0.205 nm. Hence,
the SAED analysis of the bimetallic nanoparticles further confirmed the co-existence of the crystalline
orientations of Au and Ag in a single nanoparticle.

3.3. Particle Sizes and Surface Charges of the Nanocomposite Particles

Changes in particle sizes and surface charges of the original PNIPAm/PEI template, the
Au@PNIPAm/PEI, and the Ag@Au/PNIPAm/PEI nanocomposite particles have been examined
by measuring their hydrodynamic sizes and zeta-potential values. The results in Table 1 show that
the introduction of gold ions into the PNIPAm/PEI template decreases both the particle size and the
surface charge. The addition of Ag+ ions to form bimetallic nanocomposite particles further decreases
both the particle size and the surface charge. These effects may be attributed to the strong binding
affinity of the Au or Ag@Au nanoparticles with the amine groups, resulting in the contraction of a
highly swollen PEI shell. The conversion of hydrophilic amino groups to more hydrophobic moieties
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or crosslinking of the PEI chains due to the formation of amine radical cation during the gold ion
reduction is another possible reason [22]. Despite the decrease of surface charges to almost +5 mV, no
precipitation was observed during the synthesis. However, slight aggregation of the nanocomposite
particles was observed after several days of the reaction. These aggregates could be easily re-dispersed
back to a stable colloidal system after sonication. Thus, the PEI and PNIPAm graft chains located
in the particle shell were able to provide both electrostatic and steric stabilizations of the resultant
nanocomposite particles.

 

 

Figure 2. (a) HRTEM image of Au nanoparticle embedded within a microgel template with measured
lattice d-spacing of 0.236 nm; (b) the selected area electron diffraction (SAED) pattern from several Au
nanoparticles; (c) HRTEM image of a magnified single Ag@Au nanocrystal with corresponding lattice
parameters of Au and Ag; (d) SAED of Ag@Au nanoparticles.

Table 1. Particle size and zeta-potential of different nanocomposite particles.

Type
Mean hydrodynamic diameter zeta-Potential

(nm) (mV)

PNIPAm/PEI 384 +34
Au@PNIPAm/PEI 284 +15

Ag@Au/PNIPAm/PEI 270 +5

3.4. Surface Chemical Composition of Nanocomposite Particles

Surface chemical compositions of both the Au@PNIPAm/PEI and the Ag@Au/PNIPAm/PEI
nanocomposite particles were characterized by XPS analysis. This technique detects elements at a depth
of 10 nm, and provides surface chemical information based on photoemission of electrons induced
by X-rays. Figure 3a shows the XPS spectrum of the Au/PNIPAm/PEI nanocomposite particles. The
survey spectrum reveals the characteristic binding energy peaks of C, O, N, and Au. Deconvoluted C
1s, O 1s, and N 1s peaks are shown in Figure S3 in the Supplementary Materials. The deconvoluted
C 1s peaks at 285.0 and 287.7 eV are assigned to C–C/C–H and C=O bonds. The deconvoluted O1s
peaks at 531.6 and 533.3 eV are assigned to the amide as well as hydroxyl functional groups which
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come from physically absorbed H2O. The deconvoluted N 1s peaks at 399.6 and 401.1 eV are assigned
to the nitrogen from amine and amide. The XPS elemental peak profile (Figure 3a, inset) of gold
nanoparticles is confirmed based on two characteristic peaks at 84.3 and 88.0 eV, which correspond
to the Au 4f7/2 and Au 4f 5/2 of elemental gold at zero oxidation state. These results suggest that the
particle shell contains components of PEI, PNIPAM and gold nanoparticles.

 

 

Figure 3. (a) Survey scan of Au/PNIPAm/PEI microgel. Inset is Au 4f XPS spectrum of Au
nanoparticles; (b) Survey scan of Ag@AuPNIPAm/PEI microgel film (Au/Ag of 50/50 mol. ratio);
(c) Au 4f XPS spectrum; and (d) Ag 3d XPS spectrum of Ag@Au bimetallic nanoparticles.

Figure 3b shows the XPS spectrum of the Ag@Au/PNIPAm/PEI nanocomposite particles. The
survey spectrum reveals the characteristic binding energy peaks of C, O, N, Au, and Ag. Deconvoluted
C 1s, O 1s and N 1s peaks are shown in Figure S4 in the Supplementary Materials. Figure 3c shows
two peaks at binding energies of about 83.8 and 87.5 eV, which were assigned to Au 4f 7/2 and Au 4f 5/2
of zero-valent gold (Au0), respectively. Figure 3d shows the two peaks at binding energies of 367.6 and
373.8 eV, which corresponded to Ag 3d5/2 and Ag 3d3/2 of metallic Ag0, respectively. The differences
between the 4f 7/2 and 4f 5/2 peaks for gold nanocrystal (3.6 eV) and between the 3d5/2 and 3d3/2 peaks
for silver nanocrystal (~6.0 eV) were of similar values of zero valent gold and silver as reported in the
literature [30]. These results, in agreement with the results of the HRTEM analysis, suggest that both
Au and Ag components were located in the shell region.

3.5. Catalytic Properties of Au and Ag@Au PNIPAm/PEI Nanocomposite Particles

The catalytic activities of the nanocomposite particles were studied through a model reaction
to reduce p-nitrophenol to p-aminophenol with sodium borohydride. The reaction was monitored
by a UV-vis spectrometer since p-nitrophenol has a characteristic maximum absorption at 400 nm.
A pseudo-first order kinetic reaction was chosen to derive the rate of catalytic reaction. At an excess
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amount of the reducing agent, NaBH4 (mole ratio of NaBH4:p-nitrophenol = 6.7:1), the rate of reaction
constant, k of a pseudo-first order kinetic model can be described by Equation (1):

´ dc

dt
“ kCt (1)

where the absorbance of p-nitrophenol at t = 0 (A0) and at t (At) are proportional to its initial
concentration (C0) and concentration at time t (Ct), respectively. Plotting ln (Ct/Co) versus time
will give the rate constant based on the slope of k (s´1).

In a control experiment, the p-nitrophenol reacted only with sodium borohydride to form
p-aminophenol as the sole product. Changes in peak intensity at 400 nm were monitored in intervals
of every two minutes (Supplementary Materials, Figure S5). It was found that there was little change
in peak intensity after up to 20 min of reaction, indicating a very slow reduction reaction. The rate
constant derived from the slope of the linear curve was 5.4 ˆ 10´3¨ s´1.

When Au@PNIPAm/PEI nanocomposite particles were used, the reaction proceeded
approximately 4.5 times faster (2.44 ˆ 10´2¨ s´1) than without the immobilized AuNPs (Figure 4a).
When Ag@Au/PNIPAm/PEI nanocomposite particles were used in the same reaction system, the
reaction rate was significantly enhanced, as shown in Figure 4b. The reduction rate constant was
6.20 ˆ 10´1¨ s´1, indicating a much faster reaction rate than the monometallic gold nanoparticle
system. Figure 5 shows the corresponding catalytic reaction rates by plotting ln(Ct/C0) versus
reaction time for the reduction of p-nitrophenol to p-aminophenol. These results indicate that the
bimetallic nanocomposite particles gave a reaction 25 times faster than using monometallic gold
nanocomposite particles and more than 100 times faster than the reaction without nanocomposite
particles. In fact, the catalytic performance of the Ag@Au/PNIPAm/PEI nanocomposite particles was
superior to other supported Ag@Au bimetallic nanoparticles reported in the literature. For examples,
catalytic rate constants of a metal–organic framework-supported Au@Ag ([31], polystyrene-supported
Ag@Au [32], and graphene oxide supported Au-Ag alloy [33] were 4.97 ˆ 10´3¨ s´1, 15.47 ˆ 10´3¨ s´1

and 0.05 s´1, respectively. The substantial enhancement in catalytic activity may be attributed to the
synergistic effect of the bimetallic nanoparticles derived from their unique electronic and geometrical
properties [31,34,35]. It was also suggested that the increase in the number of low coordination number
edge site of Ag and corner sites of Au could enhance the catalytic activity [36].

Figure 4. (a) Time-dependent UV-vis spectra on the reduction of p-nitrophenol to p-aminophenol.
(a) Use of Au@PNIPAm/PEI nanocomposite particles as catalyst; (b) use of Ag@Au/PNIPAm/PEI
nanocomposite particles as catalyst.
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Figure 5. Plots of ln (Ct/C0) as a function of time for the reaction at room temperature: (�) Without
catalyst; (�) In the presence of Au@PNIPAm/PEI (N/Au molar ratio = 28); (˝) In the presence of
Ag@Au PNIPAm/PEI (N/AgAu molar ratio = 28).

3.6. Stimuli-Responsive Properties of PNIPAm/PEI Template and Tuneable Catalytic Activities of the
Nanocomposite Particles

One of the unique properties of the PNIPAm/PEI is its ability to respond to the dual stimuli
of pH and temperature. As discussed earlier with reference to the XPS results, there were some
PNIPAm chains that co-existed with PEI chains in the particle shell. To verify the morphological
changes of the microgels both below and above the volume phase transition temperature (VPTT) of
32 ˝C, we used atomic force microscopy (AFM) in a fluid mode to observe their morphologies in an
aqueous solution. Figure 6a shows an image of the microgel particles at 29 ˝C with particle sizes in
the range of 150 to 200 nm and smooth surface morphology. When the temperature was raised to
45 ˝C, which is above the VPTT of the microgels, they became not only smaller (100–150 nm), but also
had a porous surface form (Figure 6b). The particle size reduction was attributed to the shrinkage
of the microgels above their VPTT. The porous surface was generated due to the contraction of the
PNIPAm chains located in the shell. When the temperature was cooled down back to 29 ˝C, the
smooth morphology and the original size of the microgel particles were restored. These results suggest
that manipulation of solution temperature could induce conformational changes of the microgel with
good reversibility. Thus we envisaged that the shrinking and expanding action of the nanocomposite
particles could be used to control the catalytic activity of the metallic nanoparticles immobilized within
the PNIPAm/PEI microgel through limiting and maximizing the exposure of the metal nanoparticles
surface to reactants [37].

The effect of temperature on the catalytic activity of the Au@PNIPAm/PEI nanocomposite
particles is shown in Figure 7. Catalytic activity is at the highest value at 25 ˝C, and decreases as
temperature increases, eventually ceasing when the temperature is above 35 ˝C. The decrease in
catalytic activity can be explained based on the accessibility of reactants to gold nanoparticles at
different temperatures. When the solution temperature is below the VPTT of the Au@PNIPAm/PEI
nanocomposite particles, the template swells and the gold nanoparticles become more accessible under
this condition. However, when the temperature is above the VPTT of the nanocomposite particles,
the PNIPAm core shrinks notably, resulting in the “dragging in” of the whole microgel particle and
the covering of the catalyst surface. As a result, the reactant molecules are more difficult to penetrate
and interact with the surface of gold nanocatalyst embedded in the nanocomposite particles for the
reaction to proceed. The catalytic activity eventually ceased when most of the surface of the gold
nanoparticles was covered by the polymer.
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Figure 6. AFM micrographs of PNIPAM/PEI microgel particles measured in a fluid mode at different
temperatures: (a) 29 ˝C; (b) 45 ˝C; and (c) cooled from 45 to 29 ˝C. (Scale bar: 200 nm).

 

Figure 7. Effect of temperature on the rate constant of Au@PNIPAm/PEI nanocomposite particles for
catalytic reduction of p-nitrophenol to p-aminophenol at pH = 5.6.

The effect of solution pH on the catalytic activity of the Au@PNIPAm/PEI nanocomposite particles
was also systematically studied from pH 3 to 11. Results shown in Figure 8 indicate that the highest
catalytic activity is at around pH 3 with a corresponding rate constant of 7.5 ˆ 10´3¨ s´1. This
activity is almost 10 times higher than at the neutral pH (7.4 ˆ 10´4¨ s´1). An abrupt reduction in
catalytic activity was found in the pH range of 3.0–3.5. Further increasing the solution pH to 7.5 has
little influence on the catalytic activity. When increasing the pH to 11, its catalytic activity ceases.
To ensure that the acid-catalyzed reaction was minimal or had no effect at all, a control experiment
was performed at pH 3 in the absence of nanocomposite particles. The reduction rate of p-nitrophenol
to p-aminophenol at pH 3 was found to be 1.52 ˆ 10´5¨ s´1. This value is much smaller than the
reaction using Au/PNIPAm/PEI nanocomposite particles (reaction rate was 7.5 ˆ 10´3¨ s´1) at the
same pH of 3. The results confirmed that an enhanced reaction rate at pH 3 was not caused by the
acid-catalyzed reaction.

The variation of catalytic activity may be attributed to the pH-responsiveness of the PEI shell
of the nanocomposite template. It is known that the percentage of protonated amines varies with
the solution pH [38]. For example, percentages of protonated amines at pH 3, 7, and 9 are around
75%, 25%, and 8%, respectively. Therefore, the effect of solution pH on the catalytic activity of the
Au@PNIPAm/PEI nanocomposite particles may be explained by the following reasons: Under low
acidic pHs (pH = 3–4), a high protonation degree of the amino groups occurs, resulting in the increase
of charge density and the stretching of the PEI network. The expanded PEI shell provides more
exposure for the gold nanoparticle to interact with reactant molecules. On the other hand, increasing
the solution pH leads to lowering the protonation degree, thus forming a more compacted PEI shell.
Consequently, the shielding of the PEI shell makes it difficult for the reacting species to diffuse into
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the catalytic surface of the gold nanoparticles. These results demonstrate that the catalytic activity
of Au@PNIPAm/PEI nanocomposite particles can be easily turned “on” and “off” by adjusting the
solution pH.

 

Figure 8. Effect of pH on the rate constant of Au@PNIPAm/PEI nanocomposite particles for catalytic
reduction of p-nitrophenol to p-aminophenol at room temperature.

3.7. Reusability of Nanocomposite Particles

The reusability of Au/PNIPAm/PEI nanocomposite particles has been examined by
comparing morphologies of nanocomposite particles before and after the catalytic reactions. The
Au/PNIPAm/PEI nanocomposite particles were recovered after one cycle of catalytic reaction through
centrifugation and redispersion. TEM images shown in Figure 9 reveal that the morphology of the
recovered nanocomposite particles is quite similar to those original nanocomposite particles. These
results suggest that the nanocomposite particles may be reusable for catalytic reaction.

 

Figure 9. TEM images (a) before catalysis and (b) after catalysis. The Au/PNIPAm/PEI nanocomposites
was recovered at 10,000 rpm centrifugation for 1 hour, followed by redispersing the particles in
deionized water.

4. Conclusions

We have developed a simple route for in situ synthesis of Au and Ag@Au nanoparticles
using smart PNIPAm/PEI core-shell microgel particles as dual reductant and template. The gold
nanoparticles were initially formed through a reduction of gold ions with highly concentrated amine
functional groups of the microgel. The resultant gold nanoparticles were then used as seeded
nanoparticles for further reduction of silver ions to form bimetallic alloy nanoparticles. The use
of polymeric amine-based particles to produce metal/polymer nanocomposite particles in an aqueous
solution is a simple and green synthesis without using any organic solvent, reducing or stabilizing
agents. The resulting nanocomposite particles possess not only excellent catalytic activities with good
reproducibility and stability, but also smart properties that allow the tuning of catalytic activities of the
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metal nanoparticles through varying solution pH and temperature. Therefore, these metal nanoparticle
immobilized nanocomposite particles possess high potential for practical applications in catalysis.

Supplementary Materials: The supplementary materials can be found at www.mdpi.com/2073-4360/
8/4/105/s1.
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Abstract: Despite the superior properties of graphene, the strong π–π interactions among pristine
graphenes yielding massive aggregation impede industrial applications. For non-covalent
functionalization of highly-ordered pyrolytic graphite (HOPG), poly(2,2,2-trifluoroethyl methacrylate)-
block-poly(4-vinyl pyridine) (PTFEMA-b-PVP) block copolymers were prepared by reversible
addition-fragmentation chain transfer (RAFT) polymerization and used as polymeric dispersants
in liquid phase exfoliation assisted by ultrasonication. The HOPG graphene concentrations were
found to be 0.260–0.385 mg/mL in methanolic graphene dispersions stabilized with 10 wt % (relative
to HOPG) PTFEMA-b-PVP block copolymers after one week. Raman and atomic force microscopy
(AFM) analyses revealed that HOPG could not be completely exfoliated during the sonication.
However, on-line turbidity results confirmed that the dispersion stability of HOPG in the presence
of the block copolymer lasted for one week and that longer PTFEMA and PVP blocks led to better
graphene dispersibility. Force–distance (F–d) analyses of AFM showed that PVP block is a good
graphene-philic block while PTFEMA is methanol-philic.

Keywords: graphene; block copolymer; RAFT polymerization; dispersion

1. Introduction

Graphene, a two-dimensional structured material, is a type of carbon allotrope exhibiting a
hexagonal structure with sp2-bonding. This unique structure gives superior properties, such as
light transparency [1], mechanical strength [2], thermal conductivity [3,4], and electron mobility [5],
amongst others. Owing to these unique and superior properties, many researchers have attempted to
incorporate graphene derivatives into nanocomposites [6], solar cell devices [7,8], inkjet printing [9,10],
touch panels [11], flexible displays [10], and functional coatings [11]. Nevertheless, graphenes are not
readily available due to their poor processability. Recently, several preparation methods for graphene
have been developed, such as chemical vapor deposition (CVD) [12], mechanical exfoliation [13,14],
molecular assembly [15,16], epitaxial SiC [17], and liquid-phase exfoliation [18,19]. Among these,
liquid-phase exfoliation has been considered as the most efficient approach for industrial applications
due to its low cost for mass production [20]. Both covalent and non-covalent functionalizations of
graphene have been extensively studied in liquid-phase exfoliation. The former includes oxidation of
graphite leading to defects (i.e., carboxylic acid, hydroxyl, and carbonyl groups or holes) of graphite
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structure [20–22]. The latter, on the other hand, can give pristine graphenes, but it requires inclusion,
dispersants, or stabilizers in order to avoid a massive aggregation of graphenes after exfoliation [23–25].

In order to prepare stable graphene dispersions with minimal aggregation, various types of
solvents (e.g., inorganic, organic, and fluorinated oils) and surfactants (ionic, non-ionic, short, and
polymeric) have been exploited [26–29]. A block copolymer dispersant for graphene dispersion
has several advantages over short chain surfactants, such as better colloidal stability, minimal
use of addition polymeric binders, slow migration, and controllable compatibility. To the best
of our knowledge, however, there are only a few reports on block copolymer dispersants for
graphene dispersion [30–32]. In this work, amphiphilic block copolymers of poly(2,2,2-trifluoroethyl
methacrylate)-block-poly(4-vinyl pyridine) (PTFEMA-b-PVP) were synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization while molecular weights, dispersity
(ÐM), and compositions of the block copolymers were finely controlled. Graphene dispersions were
then prepared from highly-ordered pyrolytic graphite (HOPG) in methanol with four different types of
PTFEMA-b-PVP block copolymers, and the characteristics of their dispersion states were investigated.

2. Materials and Methods

2.1. Reagents

2,2,2-Trifluoroethyl methacrylate (TFEMA, Fluorochem, Hadfield, UK) and 4-vinyl pyridine (VP,
95%, Aldrich, St. Louis, MO, USA) were used after purification by an inhibitor remover column
(inhibitor removers, Aldrich). 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTP, 97%, Aldrich),
1,4-dioxane (99.5%, Acros, Geel, Belgium), hexane (95%, Duksan, Ansan, Korea), tetrahydrofuran
(THF, 99.5%, Duksan), toluene (anhydrous, 99.8%, Aldrich), chloroform (extra pure grade, Duksan),
methanol (99.8%, Duksan), and hydrofluoric acid (50.0%, Duksan) were used as received without
further purification. 2,21-Azobisisobutyronitrile (AIBN, 98%, Junsei, Tokyo, Japan) was used after
recrystallization in methanol. HOPG (graphene nanoplatelets, M-25 grade, XG Sciences, Lansing, MI,
USA) was used as a source of graphene nanoplatelets. Ultra-pure water (resistivity > 18.2 MΩ¨ cm,
Purelab, Elga, High Wycombe, UK) was used throughout the experiments.

2.2. Synthesis of Poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) Macro-Reversible Addition-Fragmentation
Chain Transfer (RAFT) Agents

RAFT polymerization was carried out to prepare the PTFEMA macro-RAFT agent. The reaction
scheme is shown in Figure 1a. AIBN, CTP, and TFEMA with 1:2:100 (or 200) molar ratios were added to
a 50 mL round-bottom flask along with an equal amount (g) of 1,4-dioxane as TFEMA, followed by the
freeze-pump-thaw cycle three times. Following purging with N2 gas, the flask was sealed. The reaction
mixture was then immersed in a preheated oil bath at 70 ˝C and stirred for 24 h. The product was
purified by precipitation in hexanes three times. The resulting polymer was characterized by Fourier
transform infra-red (FT-IR) spectroscopy, nuclear magnetic resonance (1H-NMR), and size exclusion
chromatography (SEC).

2.3. Synthesis of Poly(2,2,2-trifluoroethyl methacrylate)-block-poly(4-vinyl pyridine) (PTFEMA-b-PVP)
Block Copolymers

PTFEMA-b-PVP block copolymers were prepared by RAFT polymerization using PTFEMA
macro-RAFT agent. The reaction scheme is shown in Figure 1b. AIBN, PTFEMA macro-RAFT agent,
and VP with 1:2:100 (or 400) molar ratios were added to a 25 mL round-bottom flask with an equal
amount (g) of 1,4-dioxane as the macro-RAFT agent. The freeze-pump-thaw cycle was repeated for the
reaction mixture until the air bubbles disappeared during the cycle and the flask was sealed following
an N2 gas purge. The mixture was then immersed in a preheated oil bath at 70 ˝C and stirred for 24 h.
The resulting PTFEMA-b-PVP block copolymer was purified by precipitation in hexane three times.
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Following the synthesis procedure outlined above, four different types of block copolymers were
obtained as shown in Table 1. The resulting block polymers were characterized by FT-IR and 1H-NMR.

Figure 1. Schematic drawing of the mechanism for syntheses of (a) PTFEMA macro-RAFT
agent (PTFEMAn-CTP) and (b) PTFEMAn-b-PVPm block copolymer. CTP: 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid; TFEMA: 2,2,2-Trifluoroethyl methacrylate; AIBN:
2,21-Azobisisobutyronitrile; VP: 4-Vinyl pyridine; PTFEMA-b-PVP: Poly(2,2,2-trifluoroethyl
methacrylate)-block-poly(4-vinyl pyridine). RAFT: Reversible addition-fragmentation chain transfer.

Table 1. The number average molecular weights and degrees of polymerization of PTFEMA-b-PVP
block copolymers and the graphene concentrations from the supernatant solution of highly-ordered
pyrolytic graphite (HOPG) dispersions with corresponding block copolymers.

Designation
Mn for PTFEMA 1

(g/mol)
Mn for PVP 2

(g/mol)
Degree of

polymerization

Graphene
concentration 3

(mg/mL)

1 11,092 4,338 PTFEMA66-b-PVP41 0.260
2 11,092 21,581 PTFEMA66-b-PVP205 0.350
3 22,870 3,309 PTFEMA136-b-PVP31 0.275
4 22,870 20,410 PTFEMA136-b-PVP194 0.385

1 determined by size exclusion chromatography (SEC); 2 determined by proton nuclear magnetic resonance
(1H-NMR) peak integration and SEC data of PTFEMA; 3 from the supernatant solution of HOPG methanolic
dispersion one week after sonication.

2.4. Preparation of Graphene Dispersions

For industrial purposes, such as conductive ink or barrier coating, it is important to prepare a
stable and highly concentrated graphene dispersion. To study the dispersion stability of graphene
nanoplatelets, HOPG was dispersed in methanol with PTFEMA-b-PVP block copolymer as a dispersant.
For the dispersion, 90.9 mg of HOPG, 9.1 mg of the block copolymer, and 20 mL of methanol were
added to a vial. The concentrations of all block copolymers were fixed at 10 wt % of HOPG (0.058 wt %
of methanol). The vial was then sonicated in a 40 kHz bath-type sonicator (SD 80H, S-D Ultra Sonic
Cleaner, Seoul, Korea) for 2 h.
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2.5. Adhesion Force Study Using Modified Atomic Force Microscope (AFM) Cantilever

Adhesion forces between the block (PTFEMA block or PVP block) and graphene surface were
investigated by measuring Force–distance (F–d) curves obtained with an atomic force microscope
(AFM, XE-7, Park System, Suwon, Korea) with modified cantilevers. To modify the cantilevers for
the measurements, a cantilever (NSC-36, Park System) was etched by 2% hydrofluoric acid solution
for 1 min to remove the oxide layer on the silicon surface, rinsed by ultra-pure water, dried by an air
gun with gentle flowing of N2 gas, and then immersed into a 50 mL round-bottom flask containing
a monomer solution (0.1 M, TFEMA or VP in toluene) at 110 ˝C. The monomer solution was kept
for 2 h, and then the cantilever was rinsed with chloroform. Then, the cantilever was dried with N2

gas. To prepare the graphene sample, an M-25 powder sample was pelletized by using evacuable
pellet dies. F–d curves were taken from 16 points on a graphene surface for one set, with 20 total sets
collected. Finally, the average values of adhesion forces were calculated from the measured F–d curves.

2.6. Characterization

To characterize the block copolymers, molecular weights of PTFEMA macro-RAFT agents were
measured by SEC (Alliance e2695, Waters, Empower Pro®, Milford, MA, USA). SEC analysis was
performed with a refractive index (RI) detector and three different columns (Styragel HR3, Styragel
HR4, and Styragel HR5E; Waters, Milford, MA, USA) in series. Tetrahydrofuran (THF, >99.9%, Merck,
Darmstadt, Germany) was used as an eluent (35 ˝C, 1 mL/min). Polystyrene narrow standards
(1,060 and 3,580,000 g/mol, Waters; 1,320–2,580,000 g/mol, Shodex, Tokyo, Japan) were used for the
calibration. Proton nuclear magnetic resonance (1H-NMR) spectra of PTFEMA macro-RAFT agents
and PTFEMA-b-PVP block copolymers were obtained using a 500 MHz NMR spectrometer (AVANCE
III 500, Bruker, Karlsruhe, Germany) in chloroform-d (with 0.05% TMS, Aldrich, St. Louis, MO, USA).
Fourier transform infra-red (FT-IR) spectra were obtained using an FT-IR spectrometer (IR Prestige-21,
Shimadzu, Kyoto, Japan) using an ATR attachment (MIRacleA (ZnSe), Shimadzu). The polymers were
dissolved in chloroform for the FT-IR measurements.

For dispersion stability, online turbidity data (Turbiscan LAB, Formulaction Co., L’Union, France)
and photographic images were taken for a week. After the turbidity analyses, the supernatant graphene
solution was isolated for further analyses. The graphene concentration of the supernatant solutions was
measured by the gravimetric method with a microbalance (XM 1000P, Sartorius, Göttingen, Germany).
For Raman spectroscopy and AFM topography, the isolated supernatant solution was spin coated on
a silicon wafer under inert conditions with a spin speed of 700 rpm. In the case of pristine (without
block copolymer) HOPG dispersion, there was no graphene in the supernatant solution due to the
rapid sedimentation, thus the bottom precipitates were taken for analyses. Raman spectra (Almega
X, Thermo scientific, Waltham, MA, USA) at 532 nm wavelength and AFM images were obtained for
the precipitate sample. The AFM images were collected using an AFM (XE7, Park system) with a
PPP-NCHR (Park system) cantilever in non-contact mode.

3. Results and Discussion

3.1. PTFEMA-b-PVP Block Copolymers

In this work, four different block copolymers listed in Table 1 were prepared from stepwise RAFT
polymerization. The molecular weights of two PTFEMA macro-RAFT agents were confirmed by SEC
and the number average molecular weights (Mn) were 11,092 g/mol (ÐM = 1.160) and 22,870 g/mol
(ÐM = 1.102), while the degrees of polymerization were calculated as 66 and 136, respectively
(refer to Figure 2). The agent with the lesser Mn was used in the second RAFT polymerization
for PTFEMA-b-PVP block copolymers designated as 1 and 2, and the agent with the greater Mn was
used for 3 and 4, as shown in Table 1. The molecular weights of PTFEMA-b-PVP block copolymers
could not be measured using SEC because of the low solubility in typical SEC eluents, e.g., THF,
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chloroform, and N,N-dimethylformamide (DMF). Thus, the molecular weights of the block copolymers
were estimated from the proton peak integration of 1H-NMR spectra.

 

Figure 2. SEC elution curves for two different macro-RAFT agents: PTFEMA66-CTP (blue) and
PTFEMA136-CTP (red).

The degrees of polymerization of PVP block were obtained from the SEC results for PTFEMA
macro-RAFT agents and 1H-NMR peak integrals for PTFEMA-b-PVP block copolymers. As shown
in Figure 3b, peaks a and b (δ 6.39 and 8.33 ppm) are from –ArH protons in PVP block, and peak
c (δ 4.34 ppm) is from –CH2CF3 protons in PTFEMA block. From the degree of polymerization for
PTFEMA from SEC with the ratios of peak area a, b, and c, the length of PVP block could be calculated.
The molecular weights of four PTFEMA-b-PVP block copolymers are listed in Table 1. The split peaks
–CH3 from PTFEMA block at δ 1.10 and 0.94 ppm are also observed since the protons are hindered.

Figure 3. Representative 1H-NMR spectra for (a) PTFEMA66-CTP and (b) PTFEMA66-b-PVP41

block copolymer.

Figure 4 shows the representative FT-IR spectra of PTFEMA66-CTP homopolymer and
PTFEMA66-b-PVP41 block copolymer. As shown in the FT-IR spectra, a sp3 –C–H stretching at
3000–2940 cm´1, C=O stretching at 1743 cm´1, C–F stretching at 1278 cm´1, and C–O stretching
for ester at 1159 and 1127 cm´1 were observed for the TFEMA unit. On the other hand, sp2 –C–H
stretching at 3080–3000 cm´1 and aromatic C=C peak at 1598 cm´1, which correspond to the pyridine
units of PVP block, are only observed in Figure 4b.
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Figure 4. Representative FT-IR spectra for (a) PTFEMA66-CTP homopolymer and (b) PTFEMA66-b-PVP41

block copolymer.

3.2. Adhesion Force Analyses

In order to measure the affinity of each block in PTFEMA-b-PVP for the surface of HOPG graphene,
F–d curves were recorded using the monomer-modified AFM cantilevers. The adhesion forces were
found to be 2.2 ˘ 0.7 nN for TFEMA and 9.3 ˘ 0.9 nN for VP, respectively. From the adhesion forces,
one can see that VP has 4.2 times greater adhesion force than TFEMA. This suggests that PVP block
is more graphene-philic than PTFEMA, despite the greater methanol solubility of PVP relative to
PTFEMA. As previously determined, the lone pair electron on the nitrogen atom has an attractive
interaction with pi orbitals in a graphene sheet [33]. Due to the strong attractive interaction between the
VP and the graphene surface, the PVP block in the block copolymer plays the role of graphene-philic
block, while PTFEMA block plays the role of lyophilic block.

3.3. Stability of Graphene Dispersions

Figure 5 shows the dispersion stability of graphene dispersions in terms of turbiscan stability
index (TSI), defined as follows:

TSI=
ÿ

i

ř
h

|scani(h)-scani-1(h)|
H

(1)

where H is the length of the sample, h is the height of the measure point, and scani(h) is ith turbiscan
intensity at height h. Based on the TSI value, aggregation, precipitation, or creaming of the dispersion
can be evaluated. As the dispersion becomes less stable, the TSI value increases [34]. As shown in
Figure 5, the time-evolution TSI curve designated as pristine HOPG (M-25, raw) surges for the first
few hours. Comparably, the TSI curves for the samples designated as 1, 2, 3, and 4 show insignificant
change with time—less than one-tenth of the variation seen in sample raw—indicating that the block
copolymers stabilize graphene in methanol media effectively.

Figure 6 presents photographic images of the graphene dispersions corresponding in time
intervals to the TSI analyses in Figure 5. Sample raw settled down within 4 h. On the other hand,
samples 1, 2, 3, and 4 were stable even for one week. These results confirm that PTFEMA-b-PVP block
copolymers are suitable for methanolic HOPG graphene dispersions.
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Figure 5. Time-evolution turbiscan stability index (TSI) curves for pristine HOPG (raw) and
pristine HOPG with PTFEMA66-b-PVP41 (1), PTFEMA66-b-PVP205 (2), PTFEMA136-b-PVP31 (3), and
PTFEMA136-b-PVP194 (4). The TSI values are calculated for the middle parts of the sample vials shown
in Figure 6. The inset shows magnified TSI curves for samples 1–4.

 
Figure 6. Photographic images for HOPG dispersions versus time obtained for pristine HOPG (M-25,
raw), HOPG with PTFEMA66-b-PVP41 (1), PTFEMA66-b-PVP205 (2), PTFEMA136-b-PVP31 (3), and
PTFEMA136-b-PVP194 (4).

Further, block copolymers 3 and 4 show little TSI value increases as compared to 1 and 2 (refer to
the inset in Figure 5). As listed in Table 1, 2 has a longer PVP block length than 1, while 3 and 4 have
longer PTFEMA blocks than 1 and 2. As demonstrated in Figure 5, in the case of the samples with the
shorter PTFEMA block length (11,092 g/mol), the block copolymer with a longer PVP block length (2)
shows better stability relative to the copolymer with a shorter PVP block length (1). However, for the
samples with the longer PTFEMA block length (22,870 g/mol), there was no significant difference in
TSI for samples 3 and 4, despite differences in their PVP block lengths.

It has been known that the destabilization of graphene nanoplatelets in a solution is attributed to
strong π–π interactions among graphene surfaces. Aggregation among the graphene nanoplatelets is
thermodynamically favorable but the aggregation can be kinetically retarded by using either a stabilizer
or a surfactant. PTFEMA-b-PVP copolymers can retard the aggregation of graphene nanoplatelets by
steric hindrance among adsorbed block copolymers. PTFEMA-b-PVP copolymers are anchored at the
basal plane of graphene by the adsorption of graphene-philic PVP blocks, while lyophilic PTFEMA
blocks are stretched into methanol medium. As shown here, both PTFEMA and PVP block lengths are
critical for minimizing the destabilization of graphene.
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3.4. Graphene Nanoplatelets

The graphene concentrations of supernatant solutions were measured from the HOPG dispersions
by gravimetry one week after the sonication. As shown in Table 1, the graphene concentration was in
increasing order as follows: 1 < 3 < 2 < 4. These results suggest that PVP block length is critical for
maintaining stability and preventing graphene nanoplatelets from aggregation. For the preparation of
a stable graphene dispersion, both longer lyophilic and graphene-philic blocks are favorable.

In order to study the graphene structure after sonication, Raman and AFM analyses were carried
out. In the Raman spectra shown in Figure 7, the D bands are observed at 1360 cm´1. When the
hexagonal structure of graphene is disturbed, the intensity of the D band increases. Defectless or perfect
graphene usually has an ID/IG value of zero, while graphene oxide has an ID/IG value of >0.9 [35].
In addition the G band and the 2D band, peaks appear at 1590 and 2700 cm´1, respectively. The
thickness of graphene can be estimated from the I2D/IG value, where the I2D/IG value for monolayer
graphene is >2.0, and the I2D/IG value for pristine graphite is <0.4 [36–38]. From Figure 7 and Table 2,
it is seen that the graphene nanoplatelets are almost like graphite, since the I2D/IG value for pristine
graphite (HOPG, raw) is 0.4281. Compared to this, the I2D/IG values for samples 1, 2, 3, and 4

are slightly increased with the range from 0.4692 to 0.6125. On the other hand, the ID/IG value of
sample raw is 0.14735, but the ID/IG values for 1, 2, 3, and 4 are in the range from 0.17071 to 0.26248.
The increases of the ID/IG for graphene dispersions with block copolymers are due to the increased
number of edges in graphene nanoplatelets. Since Raman spectra for 1, 2, 3, and 4 were taken from the
supernatant solution of HOPG dispersions, the graphene size would be smaller than in sample raw.
This small size of graphene has more edge sides working as defects.

 

Figure 7. Raman spectra for supernatant solution of HOPG dispersions obtained from pristine HOPG
(M-25, raw), HOPG with PTFEMA66-b-PVP41 (1), PTFEMA66-b-PVP205 (2), PTFEMA136-b-PVP31 (3),
and PTFEMA136-b-PVP194 (4).

Table 2. I2D/IG and ID/IG values from Raman spectra for monolayer graphene, graphite, graphene
oxide, pristine HOPG (M-25, raw), HOPG with PTFEMA66-b-PVP41 (1), PTFEMA66-b-PVP205 (2),
PTFEMA136-b-PVP31 (3), and PTFEMA136-b-PVP194 (4).

Designation I2D/IG ID/IG

Monolayer graphene >2.0 –
Graphite <0.4 –

Graphene oxide – >0.9
M-25, raw 0.4281 0.1474

1 0.5601 0.2250
2 0.6125 0.1707
3 0.4692 0.2625
4 0.4983 0.2307
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Figure 8 shows AFM topographic images of the supernatant solutions obtained from graphene
dispersion samples. All images show multi-layered graphene nanoplatelets covered with block
copolymers. The size distribution of graphene was from a few hundred nanometers to micrometers.
The thickness of graphene covered with the polymer aggregates ranged about 6–25 nm, indicating
that the number of graphene layers were fewer than 18–73 sheets. Both the graphene surface and the
silicon background are covered with the block copolymer aggregates. As for the aggregate size of the
block copolymer, sample 4 shows the largest block copolymer aggregates due to the largest molecular
weight relative to the other samples.

 

Figure 8. Atomic Force Microscopy (AFM) topographic images of the supernatant solution from HOPG
dispersions with (a) PTFEMA66-b-PVP41, (b) PTFEMA66-b-PVP205, (c) PTFEMA136-b-PVP31, and (d)
PTFEMA136-b-PVP194. Height profiles from the red line on topographic images are depicted below
their corresponding images (a–d), and the Δh in height profile reveals the height diffrences between
red triangles.
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4. Conclusions

Four different types of PTFEMA-b-PVP block copolymers were prepared by using stepwise
RAFT polymerization. The molecular weights of PTFEMA-CTP homopolymers were measured by
SEC, and the molecular weights of PTFEMA-b-PVP block copolymers were calculated by SEC and
1H-NMR. Pristine HOPG was dispersed in methanol by using the block copolymers, and the dispersion
stability of the resulting graphene dispersions were evaluated using the Turbiscan stability index.
Dispersion stability of HOPG in the presence of PTFEMA-b-PVP lasted one week and the graphene
concentrations of the supernatant solutions ranged from 0.260 to 0.385 mg/mL. Time-dependent
backscattering intensity confirmed that TFEMA-b-PVP copolymers could substantially retard the
aggregation of graphene nanoplatelets. It can be suggested from the F–d curve results that PVP
blocks would adsorb at the basal plane of graphene while PTFEMA blocks are soluble in methanol.
Therefore, both PVP and PTFEMA block lengths are critical in determining both graphene concentration
and dispersion stability.
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Abstract: A novel strategy was developed to synthesize uniform semi-interpenetrating polymer
network (semi-IPN) microspheres by premix membrane emulsification combined with one-step
polymerization. Synthesized poly(acrylic acid) (PAAc) polymer chains were added prior to the
inner water phase, which contained N-isopropylacrylamide (NIPAM) monomer, N,N1-methylene
bisacrylamide (MBA) cross-linker, and ammonium persulfate (APS) initiator. The mixtures were
pressed through a microporous membrane to form a uniform water-in-oil emulsion. By crosslinking
the NIPAM in a PAAc-containing solution, microspheres with temperature- and pH-responsive
properties were fabricated. The semi-IPN structure and morphology of the microspheres were
confirmed by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The average diameter of the obtained microspheres
was approximately 6.5 μm, with Span values of less than 1. Stimuli-responsive behaviors of the
microspheres were studied by the cloud-point method. The results demonstrated that semi-IPN
microspheres could respond independently to both pH and temperature changes. After storing in a
PBS solution (pH 7.0) at 4 ˝C for 6 months, the semi-IPN microspheres remained stable without a
change in morphology or particle size. This study demonstrated a promising method for controlling
the synthesis of semi-IPN structure microspheres with a uniform size and multiple functionalities.

Keywords: poly(N-isopropylacrylamide) (PNIPAM); semi-interpenetrating polymer network
(semi-IPN); stimuli-responsive; uniform microspheres; premix membrane emulsification

1. Introduction

Stimuli-responsive polymers have attracted extensive interest due to their special response
behavior to external environment changes. Poly(N-isopropylacrylamide) (PNIPAM) is one of the
prominent thermally reversible polymers that can change its characteristics around the lowest critical
solution temperature (LCST, approximately 32 ˝C in water) [1,2]. PNIPAM microspheres possess a
small size and rapid response time and thus have potential use in many high-tech fields including
medical diagnostics, controlled drug delivery and enzyme immobilization [3–8]. To broaden its
applicability, dual stimuli-responsive PNIPAM-based microspheres have been developed. Among
these, the microspheres that respond to both pH and temperature simultaneously are expected to be
widely used.
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The pH/temperature dual stimuli-responsive behavior of PNIPAM-based microspheres can be
obtained in different ways, including the copolymerization with hydrophilic/hydrophobic monomers
and the formation of interpenetrating polymer networks (IPNs) [9–12]. However, a disadvantage of
the copolymerization method is that the property of each component will interfere with the other [13].
Compared with copolymerization, the formation of IPNs is an effective strategy to overcome this
weakness as the individual components show little interference with each other [14]. IPNs are well
known as a combination of two polymers in network form with the polymer components entangled
physically [15]. Full-IPNs and semi-IPNs are the two main types of IPNs, and the full-IPNs are
characterized by the presence of both polymers in the cross-linked state. If one of the components in
IPNs is linear and the other is crosslinked, semi-IPNs can be formed. In both semi-IPN and IPN from
two-component systems, each phase evolved by the phase separation is forced to form a compatible
metastable structure [16].

Generally, PNIPAM-based IPN microgels are prepared by a two-step seed-swelling
polymerization. In 2004, Hu and Xia first prepared PNIPAM–PAAc IPN nanogels (approximately
200 nm) using the two-step method [17,18]. Initially, the PNIPAM cross-linked nanogels were
synthesized as the seeds for the next polymerization. The PNIPAM nanogels were then immersed in
a solution containing AAc monomer and cross-linker, and the IPN structure was formed by in situ
polymerization of AAc inside the PNIPAM network. The obtained IPN nanogels were found to
undergo the volume phase transition at 34 ˝C, which was similar to the temperature for the PNIPAM
nanogels. Subsequently, several studies have been reported on the preparation of PNIPAM-based
microgels with IPN or semi-IPN structures. Ma et al. utilized a similar two-step method to prepare
semi-IPN PNIPAM–PAAc nanocomposite microgels [19]. First, the PNIPAM microgel was prepared
via surfactant-free emulsion polymerization using clay as a cross-linker, and then the AAc monomer
was polymerized to form PAAc chains within the PNIPAM microgels. The obtained semi-IPN
microgels with diameters ranging from 360 to 400 nm could respond independently to both pH
and temperature changes. Temperature and pH dual stimuli-responsive hollow nanogels with an IPN
structure based on a PAAc network and a PNIPAM network were fabricated by a two-step sequential
colloidal template polymerization and the subsequent removal of the cavity templates [20,21]. These
microcapsules were approximately 500 nm at room temperature, and possessed pH and temperature
stimuli-responsive properties with little mutual interference. Ahmad et al. prepared IPN hydrogel
microspheres based on PNIPAM and poly(methacrylic acid) (PMAA) by a sequential polymerization
method [22]. The prepared microspheres with a diameter of approximately 400 nm exhibited both
temperature- and pH-sensitive volume phase transitions.

In summary, the resultant particles mentioned above exhibited improved temperature and pH
responsiveness. However, the two-step method was complicated in terms of the production of the
IPN or semi-IPN particles. The polymerization time needed to be controlled carefully, otherwise the
structures of particles would change from IPN to core–shell structures [17,23]. Additionally, the sizes of
the obtained spheres were nano- or sub-micron, which will limit their further applications. For instance,
particles are often filled into columns for separation in protein analysis processes, and extremely
small spheres will generate high back pressure [24]. Furthermore, it is inconvenient to identify the
structure of nano-sized particles in aqueous solution using optical microscopy. Because the properties
and behaviors of the microgels are strongly dependent on its water content, a direct inspection of
microgels in aqueous solution is very important [25]. Given the above considerations, it would be
beneficial to explore an easier strategy for fabricating uniform dual stimuli-responsive micro-sized
microspheres with an IPN or semi-IPN structure. Membrane emulsification is a technique that has
proven especially useful in preparing uniform-sized particles [26]. According to the preparation
mechanisms, this technique is divided into two types: direct membrane emulsification and premix
membrane emulsification. Compared with the former, it is more suitable to prepare small particles
for the systems with high viscosity in the premix membrane emulsification process. Moreover, the
technique characterized by a high trans-membrane flux can obtain uniform droplets efficiently, which
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would be beneficial for industry production in large scale. Recently, our research group has prepared
uniform particles with various structures using this technology [27–29]. Therefore, it is expected that
dual stimuli-responsive PNIPAM-based microspheres with semi-IPN structure can be prepared by this
novel process.

In this study, we proposed combining the premix membrane emulsification process with
the subsequent one-step suspension polymerization method to fabricate dual stimuli-responsive
microspheres with a semi-IPN concept. Thus, by carrying out polymerization of NIPAM with
cross-linker in PAAc aqueous droplets, the two-component network could be formed directly.
This work was focused on the preparation and characterization of semi-IPN structure microspheres,
as well as its temperature- and pH-induced volume phase transition behaviors. Furthermore,
the stability of microspheres stored in PBS solution was investigated using confocal laser scanning
microscopy (CLSM) and a laser particle size analyzer at different times.

2. Experimental Section

2.1. Materials

N-isopropylacrylamide (NIPAM) was purchased from Tokyo Chemical Industrial Co., Ltd.
(Tokyo, Japan) and was recrystallized from n-hexane at 40 ˝C before using. Acrylic acid (AAc)
and Span 80 were bought from Sinopharm Chemical Regent Beijing Co., Ltd. (Beijing, China),
and ammonium persulfate (APS) was supplied by Shantou Xilong Chemical Factory Guangdong,
China. N,N,N1,N1-tetramethylethylenediamine (TEMED), N,N1-methylenebis (acrylamide) (MBA) and
Rhodamine 123 (Rh 123) were purchased from Sigma-Aldrich Co., St. Louis, MO, USA. All these
reagents of analytical grade were used as received. The micro-porous membrane and membrane
emulsification equipment (FM-500M) were kindly provided by Senhui Microsphere Tech (Suzhou,
China) Co., Ltd. Deionized water used in the synthesis and characterization was obtained through the
RiOs-water system (Millipore Corp., Billerica, MA, USA) to remove impurities.

2.2. Synthesis of PAAc

Six milliliters of acrylic acid, 0.45 g of APS, and 0.5 g of isopropyl alcohol were added into 15 mL of
water, after which the mixture was heated to 80 ˝C. Polymerization was carried out for 2 h in a 100-mL
three-neck flask attached to a reflux condenser. The PAAc solution was washed with petroleum ether to
remove impurities and then dried at room temperature in a vacuum. Gel permeation chromatography
(GPC, Waters Corp., Milford, MA, USA) was used to measure the molecular weight of the polymer
using polystyrene as a standard, with 5800 as the number-average molecular weight (Mn) of the PAAc
polymer and 1.08 as the Mw/Mn value.

2.3. Preparation of PNIPAM and Semi-IPN Microspheres

The microspheres were synthesized using suspension polymerization (Figure 1), and the recipes
of the water phase are shown in Table 1. Generally, different ratios of NIPAM, PAAc, MBA, and APS
were dissolved together in 9.5 mL of deionized water. The pH value of the water phase was adjusted
to 4.0 using an HCl solution, and the carboxyl groups of PAAc were not ionized as its pKa was 4.7 [30].
In this pH condition, a hydrogen bond could exist between the carboxyl groups of PAAc and the
amide groups of NIPAM. Cyclohexane (100 mL) and 2.5 g of Span 80 were mixed together in a beaker.
The water phase was then dispersed into the oil phase at 140 rpm for 30 min. The coarse emulsion
was pressed through a micro-porous membrane (the pore size of the membrane was 5.2 μm) under a
certain nitrogen pressure, and this preliminarily emulsified emulsion was passed through the same
membrane in the next pass. The final water-in-oil (W/O) emulsion was obtained after repeating the
above process 1–5 times. The obtained emulsion was bubbled with nitrogen gas to remove oxygen
before polymerization. Afterwards, TEMED dissolved in 2 mL of cyclohexane was introduced to
accelerate the reaction. The system was kept at 20 ˝C under a nitrogen atmosphere for 4 h.
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Figure 1. Process for the preparation of PNIPAM/PAAc semi-IPN microspheres.

Table 1. Recipes for the preparation of PNIPAM-based microspheres.

Sample Code
NIPAM

(ˆ10´1 mol/L)
PAAc

(ˆ10´5 mol/L)
MBA

(ˆ10´2 mol/L)
APS

(ˆ10´2 mol/L)
TEMED

(ˆ10´3 mol)

PNIPAM 7.1 0 3.2 1.1 6.7
semi-IPN1 7.1 3.4 3.2 1.1 6.7
semi-IPN2 7.1 3.4 3.2 2.2 13.4
semi-IPN3 7.1 3.4 3.2 3.3 20.1

After the polymerization, the dispersions were washed with acetone and deionized water three
times to ensure the complete removal of unreacted chemicals. The obtained microspheres were
dispersed in deionized water for further analysis. A series of PNIPAM–PAAc semi-IPN microspheres
(semi-IPN1, semi-IPN2, semi-IPN3) were synthesized by changing the initiator APS amount while
keeping a constant molar ratio of initiator APS to accelerator TEMED.

2.4. Characterizations of Microspheres

The shape and surface morphology of the microspheres were observed with a scanning electron
microscope (SEM, JEOL, JSM-6700F, Tokyo, Japan). Before the measurement, the microspheres were
dried by CO2 supercritical drying with K850 Critical Points Driers (Quorum/Emitech, Ashford,
UK) [11]. The resulting samples were coated with gold using a fine coater (JEOL JFC-1600, Tokyo,
Japan) on a copper platform.

The morphology of the dried microspheres was examined by transmission electron microscopy
(TEM, JEOL, JME-2100, Tokyo, Japan). Before TEM observation, the samples were stained by
mixing 1 mL of the microsphere dispersion and 100 μL of a 0.75 mmol¨L´1 uranyl acetate solution.
Subsequently, 15 μL of the mixture was placed on a copper grid (coated with a carbon membrane) and
then dried overnight at room temperature.

The particle size and size distribution was measured by laser diffraction using a Mastersizer 2000
(Malvern Instrument, Malvern, UK). The samples were allowed to equilibrate for at least 15 min at each
condition. At least three replicates were assessed for each sample to give an average hydrodynamic
diameter and size distribution. The particle size distribution was referred to as the Span value and
was calculated as follows [31–33]:

Span “ DV,90% ´ DV,10%

DV,50%
,

where Dv,90%, Dv,50% and Dv,10% are the volume size diameters at 90%, 50% and 10% cumulative
volumes, respectively. The smaller the span value indicates the narrower the size distribution.

The chemical structure was analyzed by Fourier transform infrared spectrometer (FTIR,
NicoletiS50, Thermo Fisher Scientific Inc., Waltham, MA, USA) using a KBr tablet containing the
microsphere powders.

Thermal analysis was performed by differential scanning calorimetry (DSC, TGA/DSC1,
Mettler-Toledo Inc., Columbus, OH, USA) in a nitrogen atmosphere. Samples of approximately
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4 mg were placed in aluminum sample pans and sealed. The first run was heated from 20 to 200 ˝C
to remove the thermal history, and the second run was heated from 20 to 250 ˝C at a heating rate of
10 ˝C/min. An empty aluminum pan of an approximately equal weight was used as a reference.

2.5. Measurement of Thermo- and pH-responsive Behaviors of Microspheres

Thermo- and pH-responsive behaviors of the prepared microspheres were investigated by
measuring the transmittance values of the microsphere aqueous dispersions at 575 nm using an
UV-vis spectrometer. Microsphere dispersions were treated in an ultrasound instrument for 15 min
before the measurements. During the thermo-responsive behaviors measurement, the temperatures
were varied from 25 to 50 ˝C using a circulating water pump, and the heat rate was approximately
0.1–0.25 ˝C/min. The LCST value was judged to be the initial break point of the curve of transmittance
versus temperature. For pH-responsive behavior measurements, a 0.1 M HCl solution and a 0.1 M
NaOH solution were used to adjust the pH values of the dispersions. Every temperature or pH point
was maintained for 10 min before reading the transmittance, and the measurements were repeated
three times.

2.6. Examination of Microsphere Stability

Confocal laser scanning microscopy (CLSM, TCS SP5, Leica Microsystems, Wetzlar, Germany)
was used to observe the microspheres in PBS solution (10 mM, pH 7.0), and the samples were labeled
by Rhodamine 123 (Rh 123). At predetermined times, a small amount of microspheres (8 mg/mL) was
removed from the samples and washed by water to remove the free PAAc chains. The microspheres
were then added into the Rhodamine 123 solution (5 μg/mL) and incubated at 4 ˝C for 24 h. The labeled
microspheres were separated from the unbound dye by centrifugation and were observed using
CLSM at an excitation wavelength of 488 nm. For accuracy in the experiments, the same amount of
microspheres, dye, and fluorescence intensity were maintained for the different samples.

3. Results and Discussion

3.1. Optimization of the Process Parameters for Preparing Microspheres with a Narrow Size Distribution

3.1.1. Trans-Membrane Pressure

In the premix membrane emulsification process, the preparation of uniform emulsion droplets
is based on extruding the primary coarse emulsions through a membrane by a suitable pressure.
Thus, the trans-membrane pressure is one of the crucial parameters influencing the size distribution.
To investigate the effect of the pressure on particle size, the primary coarse emulsions of semi-IPN3
were pressed through a micro-porous membrane under different trans-membrane pressures, i.e., 235,
255, and 275 kPa. The number of trans-membrane passes used was three, and the other parameters
were the same as mentioned in Section 2.3. The relationship between the trans-membrane pressure
and the size distribution of the microspheres is shown in Figure 2. It can been observed that the Span
values of the resultant microspheres (3.462, 0.266, and 1.081 for 235, 255 and 275 kPa, respectively)
were significantly influenced by pressure, and the narrowest size distribution of the microspheres was
obtained at 255 kPa. Because they were at a lower pressure, the droplets of coarse emulsions were
difficult to break and would pass through the membrane pores by changing their shape. In contrast,
a higher pressure caused a faster pass-through rate and promoted the coarse emulsions to cross
the membrane at a high speed. In this situation, a large amount of smaller droplets was obtained.
Therefore, too low or too high of a trans-membrane pressure could lead to a broad size distribution of
the microspheres, and 255 kPa was chosen as the suitable transmembrane pressure to prepare uniform
semi-IPN microspheres in the following experiments.
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Figure 2. Size distributions of the semi-IPN3 microspheres prepared under different
trans-membrane pressures.

3.1.2. Number of Trans-Membrane Passes

The number of trans-membrane passes is another key factor influencing the uniformity of
microspheres. The primary coarse emulsions of semi-IPN3 were pressed through the micro-porous
membrane for a different number of trans-membrane passes, and the other conditions were the same as
mentioned in Section 2.3. As shown in Figure 3, a large amount of larger particles was obtained when
the coarse emulsion was passed through the membrane only one time. The reason for this was that the
droplets could not be fully emulsified by passing through the membrane pores only once. When the
coarse emulsion was pressed through the membrane three and five times, the larger droplets were
broken into smaller ones, and a narrower size distribution was obtained. The size distributions of the
microspheres prepared by three and five trans-membrane passes were almost the same. For simplicity
of operation, three passes were employed in the following experiments. Similar results have been
reported in other studies [28,34].

Figure 3. Size distributions of the semi-IPN3 microspheres prepared under different number of
trans-membrane passes.

3.2. Chemical Structure of the PNIPAM-PAAc Semi-IPN Microspheres

FTIR spectroscopy was carried out to analyze the chemical compositions and molecular structures
of the PNIPAM-PAAc semi-IPN microspheres. As depicted in Figure 4, the typical double peaks at
1650 and 1540 cm´1 could be assigned to the amide I band (C=O stretching) and the amide II band
(N–H in-plane bending vibration) of PNIPAM, respectively. A band at 1720 cm´1 attributed to the
stretching vibration of the carboxyl group (–COOH) could be found in the spectrum of PAAc. The
spectra of semi-IPN3 showed the characteristic amide groups at 1650 and 1540 cm´1 of PNIPAM,
and the carbonyl stretching bonds shifted to 1730 cm´1 of PAAc. A shift of wavenumbers to higher
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values on the carboxyl group in the semi-IPN microspheres was consistent with previously published
reports [35,36]. These results were the consequence of the hydrogen bond between the carboxyl group
of the PAAc chains and the amide group of the PNIPAM network, indicating that PNIPAM–PAAc
semi-IPN microspheres were prepared successfully.

Figure 4. FT-IR spectra for the PAAc, PNIPAM, and semi-IPN3 microspheres.

3.3. Particle Morphology and Size of the PNIPAM-PAAc Semi-IPN Microspheres

To observe the morphology of the microspheres in solid state, SEM measurements were performed.
As shown in Figure 5, the surface of the PNIPAM microspheres were largely deformed compared
with those of the PNIPAM–PAAc semi-IPN microspheres, which was due to the uneven collapse of
the structure as a result of drying. These figures clearly show that the semi-IPN microspheres were
more rigid than the PNIPAM microspheres. Some researchers have reported that the introduction
of the semi-IPN structure and linear polymer chains could reinforce the unvarnished hydrogel
network [37,38]. Thus, in the present system, it could be considered that the presence of the PAAc
chains supported the PNIPAM network, resulting in less shrinkage during the dehydration process.
Moreover, the surface of the semi-IPN3 microspheres was smoother than that of semi-IPN1 and
semi-IPN2. The reason for this was that the increasing concentration of initiator led to a higher
crosslinking density, increasing the rigidity of the microspheres [39].

 

Figure 5. SEM images of semi-IPN and PNIPAM microspheres.
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Figure 6 shows the particle size distributions of different microspheres, and Table 2 displays
the particle sizes and the yield of the microspheres. It can be observed that the particle sizes of
the semi-IPN microspheres (6.7, 6.3 and 6.2 μm, respectively) were similar to those of the PNIPAM
microspheres (6.5 μm). However, the Span values of all the semi-IPN microspheres were smaller
than those of the PNIPAM microspheres (1.571 ˘ 0.500), which meant that the size distribution of the
semi-IPN microspheres was narrower than that of the PNIPAM microspheres. It has been reported
that Span values of less than 1 were considered monosized distributions [40,41]. Thus, the uniform
semi-IPN microspheres were obtained, and the average yield of the semi-IPN microspheres was
73%. Remarkably, the particle size distribution of semi-IPN1 was slightly different from those of
semi-IPN2 and semi-IPN3, possibly because when the initiator concentration was 1.1 ˆ 10´2 mol/L,
the cross-linking density was smaller and the rigidity of the semi-IPN1 microspheres was lower.
Hence, a tiny proportion of the microspheres could have been broken during the wash process, which
increased the Span value.

Figure 6. Particle size distribution of the semi-IPN and PNIPAM microspheres (10 mM, pH 7.0
PBS, 25 ˝C).

Table 2. Particle sizes and Span values of the different microspheres (10 mM, pH 7.0 PBS, 25 ˝C).

Sample Particle Size (μm) Span

PNIPAM 6.5 ˘ 1.7 1.571 ˘ 0.500
Semi-IPN1 6.7 ˘ 2.5 0.649 ˘ 0.219
Semi-IPN2 6.3 ˘ 1.1 0.272 ˘ 0.132
Semi-IPN3 6.2 ˘ 0.7 0.266 ˘ 0.112

3.4. TEM Observation of PNIPAM-PAAc Semi-IPN Microspheres

Transmission electron microscopy (TEM) was used for a further in-depth investigation of the
microstructure of the PNIPAM–PAAc semi-IPN microspheres. Uranyl acetate was chosen to stain the
microspheres before the measurement. Because PNIPAM cannot be stained, the black spots in the
sample indicate the location of the PAAc domains. As shown in Figure 7, the amount of large-size black
spots in the microspheres decreased from semi-IPN1 to semi-IPN3, and the amount of small-size black
spots increased; moreover, a homogeneous texture associated with a network-like feature appeared in
the semi-IPN3. These TEM pictures revealed that the increased initiator amount resulted in smaller
PAAc and PNIPAM domains.

3.5. DSC Thermograms of the PNIPAM–PAAc Semi-IPN Microspheres

The glass transition temperature (Tg) is a very important characteristic parameter of a polymer
as it determines the miscibility of the polymer component. A DSC study was performed on the
dried microspheres to obtain the Tg during the heating process, and the calorimetric endotherms are
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displayed in Figure 8. The Tg of PNIPAM and PAAc were 147 and 92 ˝C, respectively. PNIPAM–PAAc
semi-IPN3 exhibited two Tg values of 97 and 145 ˝C, which was indicative of a phase-separated
structure. Compared with pristine PNIPAM and PAAc microspheres, the Tg of PAAc and PNIPAM
in the semi-IPN3 microspheres shifted towards each other. It has been reported that most IPNs form
immiscible compositions during synthesis [42]. In addition, it is known from the literature that the Tg of
the individual components shift towards each other, indicating a partial mixing of the networks [43,44].
Therefore, the DSC results of the present work showed that an incomplete compatible state existed
between the two polymer networks. Meanwhile, the PAAc chains were entangled with the PNIPAM
networks and were relatively independent of the PNIPAM networks.

 
Figure 7. TEM images of semi-IPN with different initiator amounts (samples were labeled with
uranyl acetate).
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Figure 8. DSC curves of the PAAc, PNIPAM, and semi-IPN3 microspheres.

3.6. Thermo- and pH-Responsive Behaviors of Microspheres

The cloud-point method was used to observe the real-time change in the transmittance of
microsphere suspensions in different temperature or pH conditions. The onset temperatures
determined by transmittance versus the temperature curves, which corresponded to the first sign
of microsphere aggregation in the solution, could be equal to the LCST [45]. Figure 9 shows the
transmittance changes in the microsphere suspensions at temperatures ranging from 25 to 50 ˝C. For all
semi-IPN samples, the transmittance values decreased significantly at temperatures approximately
32 ˝C, which was similar to the observations of the PNIPAM microspheres. Other researchers have
also measured the transmittances of the suspensions of PNIPAM-co-AAc copolymer microspheres
at various temperatures, and the results demonstrated that the AAc component could significantly
increase the LCST value of the matrix [46]. However, in our experiment, an increase in the LCST values
for the semi-IPNs was not observed. This result suggested that due to the chemical independence,
the PAAc chains barely hindered the phase transition behavior of the PNIPAM network.
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Figure 9. Transmittance of the PNIPAM and semi-IPN microsphere suspensions in different
temperatures at pH 7.0.

To investigate the effect of pH on the swelling capacity of PNIPAM and semi-IPN microspheres,
the microspheres were immersed in a buffer solution with a pH adjusted from 3.5 to 9.5.
The transmittances of the microsphere suspensions as a function of pH are shown in Figure 10
and Table S1 (Supplementary Materials). No transmittance variation in the PNIPAM microsphere
suspension was observed in the measured range, whereas the semi-IPN ones showed different
transmittance values depending on the pH of the medium. When considered in detail, the curves
in Figure 10 could be divided into two sections by pH 5.5. As the pH increased from 3.5 to 5.5,
the transmittance increased obviously, indicating an increase in the particle diameter. Indeed, the
particle size of microspheres at the various pH values was also measured, which showed similar
results (Table S2 in Supplementary Materials). The reasons for this are as follows. When the pH
was lower than the pKa of the PAAc component, due to the hydrogen bonding interactions between
the amide group of PNIPAM and the carboxyl group of PAAc, the semi-IPN microspheres were in a
shrunken state. As the pH increases above the pKa, the carboxyl groups were gradually dissociated,
leading to a swelling of the microspheres derived from the increased osmotic pressure and electrostatic
repulsion between the charged groups [47]. The transmittance increased with the pH until a plateau
region was reached around pH 5.5, with similar behavior reported for PNIPAM–PAAc semi-IPN
nanogels with inorganic clay as a crosslinker [19]. These results could be attributed to the completed
disassociation of the carboxyl group at a pH higher than the pKa [48].The thermo-sensitive behaviors
of the pristine PNIPAM and semi-IPN microspheres were also investigated at different pH values
(Figure S1 in Supplementary Materials). It could be observed that as the pH increased from 4.5 to
8.5, the LCST values of the semi-IPN microspheres were increased slightly, whereas those of the
PNIPAM microspheres were constant (Table S3 in Supplementary Materials). The results showed that
the thermo-sensitive behaviors of the semi-IPN microspheres were barely influenced by the pH value
and that the temperature-responsive and pH-responsive behaviors of the semi-IPN microspheres had
little effect on each other.
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Figure 10. Transmittance of the PNIPAM and semi-IPN microsphere suspensions in different pH
conditions at 25 ˝C.
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3.7. Storage Stability of Microspheres

Unlike covalently cross-linked structures, physical entanglement is usually not permanent [49].
In the semi-IPNs system, the PAAc chains and PNIPAM network interacted with each other by
hydrogen bond and physical entanglement; thus, it was possible for a fraction of the PAAc chains
to diffuse out of semi-IPN microspheres during the storage period. In the enzyme immobilization
process, the medium is always a pH 7.0 PBS solution, and the microspheres are usually kept in this
solution. The change of functional groups in the microspheres greatly influenced the morphology
and the dispersibility of the microspheres, and thus would change the configuration of the enzyme
molecules. Taking this into account, an investigation of the morphology and particle size was used
to study the stability and dispersibility of microspheres. As shown in Figure 11, all the semi-IPN
microspheres were labeled well as Rhodamine 123 (Rh123) has amino groups that would interact with
the carboxyl groups of the microspheres. After three months, no obvious change in the fluorescence
distribution of the samples was observed. Because only PAAc chains were labeled by Rh123 in the
microspheres, the leaching phenomenon of PAAc was hardly observed, which implied that the PAAc
chains stably existed in the semi-IPN microspheres over the three months. With a storage time of up
to six months, all the samples still had good dispersibility. The morphologies of the semi-IPN2 and
semi-IPN3 microspheres were almost the same as the original, whereas there was a little change in the
fluorescence distribution in the semi-IPN1. The fluorescence tended to distribute near the surface of
the semi-IPN1 microspheres, suggesting that the PAAc chains in the semi-IPN1 could diffuse out of
the microspheres easier than the other samples. Combined with the TEM images, the reason for this
might be a loose structure in the semi-IPN1.

 

Figure 11. CLSM images of the semi-IPN microspheres at different storage times (4 ˝C, 10 mM pH 7.0
PBS solution; the samples were labeled with Rh 123).

Figure 12 presents the particle size distribution of the PNIPAM and semi-IPN microspheres at
different storage times. It was observed that both the PNIPAM and the semi-IPN microspheres had
a narrow size distribution at the initial time. After three months, a bigger size distribution of the
PNIPAM microspheres started to emerge. Six months later, the original size distribution of the PNIPAM
microspheres disappeared and a bimodal size distribution appeared. The bigger size distribution
indicated that the PNIPAM appeared to form aggregates over a prolonged time. The generation of
PNIPAM microsphere aggregation might be derived from the absence of charged groups. In contrast,
the semi-IPN microspheres retained a narrow size distribution during the whole measurement period.
These results, combined with the CLSM images, indicated that the motility of the PAAc chains were
restricted by the PNIPAM network in the semi-IPN microspheres, and the PAAc chains in turn
improved the dispersibility of the microspheres. In general, the particle size and morphology of the
semi-IPN microspheres were relatively stable compared with the PNIPAM microspheres over several
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months, which indicated that the storage stabilities of the semi-IPN microspheres were more desirable
than the PNIPAM microspheres.

Figure 12. Size distribution of the PNIPAM (a) and semi-IPN3 (b) microspheres at different storage
times (4 ˝C, 10 mM pH 7.0 PBS solution).

4. Conclusions

In this work, we developed a novel one-step method to synthesize uniform dual
stimuli-responsive microspheres with semi-IPN structures. By polymerization of NIPAM monomers
with an MBA cross-linkers in an AAc aqueous solution, PNIPAM–PAAc semi-IPN microspheres were
formed directly. The morphologies of the dried microspheres were observed by SEM. The results
revealed that the introduction of the semi-IPN structure and the PAAc chains could reinforce the rigidity
of the hydrogel network, and uniform and spherical semi-IPN microspheres were obtained. Both the
PNIPAM and semi-IPN microspheres possessed a particle size of approximately 6 μm, and the particle
size distribution of the latter was narrower than the former. The semi-IPN microspheres underwent a
similar sharp volume phase transition at 32 ˝C, which was barely influenced by the interpenetration
of hydrophilic PAAc. The particle sizes of the semi-IPN microspheres changed with increasing pH
values, which was due to the contribution of the PAAc. In addition, the temperature-responsive and
pH-responsive properties had little interference with each other. After storage in a PBS solution at 4 ˝C
for 6 months, the morphology and particle size of the semi-IPN microspheres were more stable than
those of the PNIPAM microspheres. These studies on network formation and properties provide a
reference for designing dual-responsive micro-size hydrogel particles and microspheres with a uniform
size, which have various advantages for use in different applications, such as use as drug carriers and
enzyme support.

Supplementary Materials: Supplementary Materials can be found at www.mdpi.com/2073-4360/8/3/90/s1.
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Abstract: As a facile method to prepare hydrophilic polymeric microspheres, reflux precipitation
polymerization has been widely used for preparation of polymer nanogels. In this article,
we synthesized a phthalamide-protected N-aminooxy methyl acrylamide (NAMAm-p) for
preparation of alkoxyamine-functionalized polymer composite microspheres via reflux precipitation
polymerization. The particle size and functional group density of the composite microspheres
could be adjusted by copolymerization with the second monomers, N-isopropyl acrylamide, acrylic
acid or 2-hydroxyethyl methacrylate. The resultant microspheres have been characterized by TEM,
FT-IR, TGA and DLS. The experimental results showed that the alkoxyamine group density of
the microspheres could reach as high as 1.49 mmol/g, and these groups showed a great reactivity
with ketone/aldehyde compounds. With the aid of magnetic core, the hybrid microspheres could
capture and magnetically isolate glycopeptides from the digested mixture of glycopeptides and
non-glycopeptides at a 1:100 molar ratio. After that, we applied the composite microspheres to profile
the glycol-proteome of a normal human serum sample, 95 unique glycopeptides and 64 glycoproteins
were identified with these enrichment substrates in a 5 μL of serum sample.

Keywords: alkoxyamine-functionalized microspheres; reflux precipitation polymerization; magnetic
composite microspheres; oxime click; glycoproteins/glycopeptides enrichment

1. Introduction

In the past decades, multi-functional polymeric microspheres have attracted great attention
because of their broad applications in modern science and technology [1]. The particle size and
functional groups of polymeric microspheres both play an important role in practical applications.
For example, micron-size microspheres are usually applied as chromatographic separation media in
size-exclusion chromatography (SEC) [2,3], and nanoscale microspheres are widely used in biomedical
fields [4,5]. In order to fulfil different requirements, more and more hybrid microspheres with
inorganic cores and polymeric shells have been prepared with different methods, including emulsion
polymerization [6,7], surface initiated living polymerization (e.g., SI-ATRP [8–11], SI-RAFT [12,13]),
and so on. The functional microspheres show great potentials in protein enrichment [14–16], drug
delivery [17–19], imaging [20,21], and diagnosis [22,23].

Polymers 2016, 8, 74 104 www.mdpi.com/journal/polymers



Polymers 2016, 8, 74

Reflux precipitation polymerization (RPP), which is a heterogeneous polymerization system
without addition of any surfactants, has been adopted to prepare a variety of microspheres with
hydrophilic shell [24,25]. However, depending on the RPP requirement, the available functional
monomers are synthetically challenging. Although the post-modification strategy have found success
in this regard [26,27], the procedure is tedious and often low yielding. Therefore, exploration of new
functional monomers for RPP is highly required.

Imine is an important chemistry structure, which has been studied for many years [28]. The
substituent groups on carbon atom affect the stability of the imine structure, and the electrophilic
structures can stabilize imine in aqueous solution. Compared with aliphatic Schiff base, the aromatic
Schiff base is more stable [29]. Of imine derivatives, hydrazones are very useful in controllable drug
release because of their slow hydrolysis property in weak acidic aqueous solution [30]. Oximes are
the most stable imine structure, which have been widely used in bioconjugation [31–33]. Recently,
it is found that the nucleophilic catalyst could accelerate the reaction between alkoxyamine and
ketone/aldehyde groups [34–37]. This finding implies that alkoxyamine-functionalized nanomaterials
have great potentials for use in identification of aldehyde-containing biomolecules, for example,
glycopeptides and glycoproteins.

Up to date, some papers report the post-modification preparation of alkoxyamine-functionalized
polymers [32,35,38], but they do not concern with the problem of functional group density. In order to
directly prepare the alkoxyamine polymers or polymer microspheres, N-boc-protected alkoxyamine
monomers have been synthesized [33,39], but the deprotection condition is not fit to prepare hybrid
materials. Sumerlin and co-workers prepared a phthalamide-protected alkoxyamine monomer, and
the well-defined polymer was synthesized via RAFT polymerization [40]. However, it is evident that
these monomers are not suitable to polymerize in RPP.

Within the context, we designed a new alkoxyamine-based monomer to directly prepare
alkoxyamine-functionalized polymer microspheres with magnetite nanoclusters in core by the RPP
route. Phthalamide-protected N-aminooxy methyl acrylamide (NAMAm-p) was synthesized as
monomer [41], and it was subjected to the RPP for well controlling the particle size and functional
group density. Finally, the tailor-made microspheres were applied in enrichment of glycoproteins
and glycopeptides.

2. Materials and Methods

2.1. Materials

Iron(III) chloride hexahydrate (FeCl3¨ 6H2O), ammonium acetate (NH4Ac), sodium acetate
anhydrous (NaAc), ethylene glycol, anhydrous ethanol, trisodium citrate dihydrate, aqueous ammonia
solution (NH3¨ H2O, 25%), N,N’-dimethylformamide (DMF), aniline, 2,2-azobisisobutyronitrile (AIBN),
N-isopropyl acrylamide (NIPAm), acrylic acid (AA), 2-hydroxyethyl methacrylate (HEMA) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). N,N1-Methylene-bis-
acrylamide (MBA), N-methylolacrylamide, diisopropyl azodicarboxylate (DIPA), triphenylphosphine,
N-hydroxyphthalimide (NOP), hydrazine monohydrate were purchased from Aladdin (Shanghai,
China). Methacryloxypropyltriethoxysilane (MPS), bovine serum albumin (BSA), asialofetuin from
fetal calf serum (ASF), myoglobin from horse heart (MYO), lysozyme (LYS), sodium periodate (NaIO4),
ammonium bicarbonate (NH4HCO3), urea, MALDI matrix (α-cyano-4-hydroxycinnamic acid, CHCA)
were all obtained from Sigma (St. Louis, MO, USA). Acetonitrile (ACN, 99.9%, chromatographic
grade) and trifluoroacetic acid (TFA) were purchased from Merck (Darmstadt, Germany). The glycerol
free peptide-N-glycosidase (PNGase F, 500 units/μL) and SDS-PAGE molecular weight standards
(6.5–175 kDa) were from New England Biolabs (Ipswich, MA, USA). Sep-Pak C18 columns were from
Waters (Shanghai, China). Human serum was provided by Fudan University Shanghai cancer center
and stored at ´80 ˝C before analysis. Water used in experiments was ultrapure water prepared using
a Milli-Q50SP Reagent Water System (Millipore, Bedford, MA, USA).
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2.2. Instrument and Analysis

The polydispersity index (Mw/Mn) of the polymers was measured by gel permeation
chromatography (GPC). The GPC anylysis was performed on an Agilent 1100 equipped with
a G1310A pump, a G1362A refractive index detector, and a G1315A diode-array detector, poly
(methyl methacrylate) (PMMA) standard samples were used as calibration, DMF was used as mobile
phase, the measurement condition is at 40 ˝C with an elution rate of 0.5 mL/min. Transmission
electron microscopy (TEM) images were taken on a JEM-2100F transmission electron microscope
(JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. Samples dispersed at an appropriate
concentration were cast onto a carbon coated copper grid. Magnetic characterization was carried out
on a VSM on a Model 6000 physical property measurement system (Quantum, Blaien, WA, USA) at
300 K. Hydrodynamic diameter (Dh) measurements were conducted by dynamic light scattering (DLS)
with a ZEN3600 (Malvern, Malvern, UK) Nano ZS instrument using He–Ne laser at a wavelength of
632.8 nm. Fourier transform infrared spectra (FT-IR) were recorded on a Magna-550 (Nicolet, Waltham,
MA, USA) spectrometer. Spectra were scanned over the range of 400–4000 cm´1. All of the dried
samples were mixed with KBr and then compressed to form pellets. Thermogravimetric analysis
(TGA) measurements were performed on a Pyris 1 TGA instrument (PerkinElmer, Waltham, MA, USA).
All measurements were taken under a constant flow of atmosphere of 40 mL/min. The temperature
was first increased from room temperature to 100 ˝C and held until constant weight, and then increased
from 100 to 600 ˝C at a rate of 20 ˝C/min. NMR data were measured by Varian Mercury AS400 NMR
System (Varian, Palo Alto, CA, USA). The sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) was performed using 4%–15% precast polyacrylamide gels and Mini-Protean Tetra cell
(Tanon, Shanghai, China). Protein concentration was obtained by measuring absorbance at 595 nm
using BioTek Power Wave XS2 microplate reader (BioTek, Winooski, VT, USA).

2.3. Synthesis of N-Aminooxy Methylacylimde-p (NAMAm-p)

In a typical procedure, N-methylol acrylimide (10.1 g), N-hydroxyphthalimide (16.3 g),
triphenylphosphine (26.2 g) were dissolved by 150 mL ACN in a 250 mL three-necked round-bottomed
flask. After purging nitrogen for 0.5 h, diisoproply-azodicarboxylate (20.2 g) was dropped slowly
into the solution within 1 h and the solution was stirred overnight at room temperature. At last,
5 mL ethanol was added into the solution and the mixture was concentrated under reduced pressure.
The product was washed with 50 mL chloroform for 3 times and dried in the vacuum to obtain the
pure NAMAm-p white powder (16.5 g, 65%). 1H NMR (400 Hz, d6-DMSO): δ 9.30 (t, H), δ 7.84
(s, 4H), δ 6.10 (qd, 2H), δ 5.67 (dd, H), δ 5.17 (d, 2H). 13C NMR: δ 165.20 (CONH), δ 164.78 (CONO),
δ 135.20 (COCCH), δ132.56 (CHCH2), δ 129.41 (CCHCH), δ 126.51 (CH2CH), δ 123.64 (CHCHCH),
δ 63.04 (NHCH2).

2.4. Preparation of PNAMAm-p Polymer Chain and Deprotection for PNAMAm

The PNAMAm polymer was prepared by traditional radical polymerization. Typically,
NAMAm-p (500 mg) and AIBN (20 mg, 0.122 mmol) were dissolved by 50 mL ACN in a dried
100 mL two-necked flask, followed by 5 min ultra-sonication to ensure the formation of homogeneous
solution. After purging nitrogen for 0.5 h, the solution was stirred with magnetic stirring bar and
heated to 90 ˝C, keeping reflux for 4 h. The product was concentrated under reduced pressure, and the
residual powder were dissolved in 20 mL DMF and precipitated with methanol twice. At last, the pure
PNAMAm-p white powder (362 mg, 70%) was obtained.

For the deprotection, PNAMAm-p (300 mg) was dissolved in the solution of 20 mL DMF with
2 mL hydrazine hydrat, then the solution was stirred at room temperature for 2 h. The final product
of PNAMAm as white powder were collected by precipitation with methanol and dried at 40 ˝C in
vacuum oven (97 mg, 69%).
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2.5. Preparation of Monodisperse Crosslinked PNAMAm-p Microspheres and Deprotection Study

The microspheres preparation was carried out via reflux-precipitation polymerization by varying
the crosslinker and monomer concentrations and reaction times. A typical polymerization procedure
was as follows: NAMAm-p (100 mg), MBA (25 mg) and AIBN (5 mg) were dissolved by 20 mL ACN in
a dried 50 mL single-necked flask, followed by 5 min ultra-sonication. The flask was then equipped
with an allihn condenser and immersed in oil bath, and the reaction temperature was slowly increased
from ambient temperature to 90 ˝C, the reaction solution kept refluxing for one hour without stirring
at this temperture. The final products were collected by centrifugation following by repeated washing
with ACN and DMF. The crosslinked PNAMAm-p microspheres were deprotected with 10% hydrazine
hydrate in DMF solution for 2 h at room temperature. The final microspheres were collected by
centrifugation and dried at 40 ˝C in vacuum oven.

2.6. Preparation of MPS Modified MSPs (MSP-m)

The MSPs (magnetic supraparticles) were prepared by a modified solvothermal route [14].
Typically, FeCl3¨ 6H2O (4.3 g), NaAc (4.8 g), sodium citrate (1.0 g) were dissolved in 70 mL of ethylene
glycol. The mixture was stirred vigorously for 1 h at 160 ˝C to form a homogeneous black solution
and then transferred into a Teflon-lined stainless-steel autoclave (100 mL capacity). The autoclave
was heated at 200 ˝C and maintained for 20 h, then it was cooled to room temperature. The black
precipitate MSPs were washed twice by ethanol. Then, the MSPs were modified with MPS through a
sol–gel method. Typically, all of the products were dispersed in 160 mL ethanol and 40 mL DI water,
then 3 mL ammonium hydroxide and 1.2 mL MPS were added into the mixture, and the mixture
was stirred overnight at room temperature. The final products were washed twice with ethanol by
a magnet, and dried in the vacuum at 40 ˝C.

2.7. Preparation of MSP@PNAMAm-p Magnetic Hybrid Microspheres and Deprotection for MSP@PNAMAm

The MSP@PNAMAm-p magnetic composite microspheres were prepared by a modified RPP
route under different conditions by varying the monomer and crosslinker concentrations, in all the
formulation, the MSP-m concentration was fixed at 1.25 mg/mL. Typically, MSP-m (25 mg), NAMAm-p
(100 mg), MBA (25 mg), AIBN (5 mg) were dispersed in 20 mL ACN in a dried single-necked flask
by 5 min ultra-sonication to ensure the formation of a stable dispersion. The mixture was heated
to 90 ˝C and kept the reaction for 2 h, the final product was collected and washed with DMF twice.
The deprotection procedure was the same as above and the final products were dried at 40 ˝C in the
vacuum for further use.

2.8. Enrichment of Model N-glycoprotein and N-glycopeptides with MSP@PNAMAm Microspheres

In a typical procedure, 5 μg BSA, 5 μg RNase B and 5 μg LYS were dissolved in 40 μL oxidation
acetate buffer (pH = 5.6, 100 mM), and then 10 μL 50 mM NaIO4 solution was added. After 1h shaking
in the darkness at room temperature, the oxidation process was quenched by 10 μL 50 mM sodium
sulfite solution Then, the oxidized products were lyophilized and the coupling buffer (pH = 4.6,
containing 10 mM ammonium acetate) were introduced. After the addition of MSP@PNAMAm and
100 mM aniline, the mixture above were kept at 45 ˝C for 4 h under constant shaking in the dark.
Then, the nonspecifically captured peptides were removed by washing twice with 50% DMF and
50 mM NH4HCO3 sequentially with the aid of magnet. Next, the microspheres were incubated in the
mixture containing 1 μL of PNGase F (500 units per μL) and 50 mM NH4HCO3 at 37 ˝C overnight,
the supernatant and eluate were analyzed by SDS–PAGE individually.

For the enrichment of N-glycopeptides, the standard protein (ASF and MYO) were dissolved in
50 mM NH4HCO3 (pH = 8.0) and denatured by incubating at 100 ˝C for 10 min. After cooling down to
room temperature, trypsin was added to the solution at an enzyme-to-substrate ratio of 1:50 (w/w)
and the proteolysis was proceeded overnight at 37 ˝C, followed by lyophilization of the digested
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sample. The lyophilized glycopeptides and non-glycopeptides at different ratios (1:10, 1:50, 1:100)
were used as the enrichment sample, and the procedure of the enrichment was similar to that of model
proteins. After digestion of the PNGase F, the supernatant and eluate were analyzed by MALDI-TOF.
All experiments of standard glycopeptides were performed in reflector positive mode on AB Sciex 5800
MALDI-TOF/TOF mass spectrometer (AB Sciex, Framingham, MA, USA) with a pulsed Nd/YAG
laser at 355 nm. 0.5 μL aliquot of the eluate and 0.5 μL of CHCA (10 mg/mL CHCA in 50% ACN
containing 0.1% TFA) matrix were spotted onto a MALDI target plate.

2.9. Enrichment of N-glycopeptides from Human Serum with MSP@PNAMAm

In order to evaluate the enrichment capability of the MSP@PNAMAm magnetic hybrid
microspheres, we further used MSP@PNAMAm to enrich glycopeptides in human serum from normal
volunteers. The tryptic digest of 5 μL human serum was treated according to the above procedure
after reduction and alkylation. Then the eluate was collected and sent for nano-LC-MS/MS analysis.
The human serum protein sample was analyzed by a LC-20AD system (Shimadzu, Tokyo, Japan)
connected to a LTQ orbitrap mass spectrometer (Thermo Electron, Bremen, Germany) equipped with
an online nanoelectrospray ion source (Michrom Bioresources, Auburn, CA, USA). The lyophilized
deglycosylated peptides were redissolved in solution containing 5% ACN containing 0.1% FA. Then
the sample solution was loaded on a CAPTRAP column (0.5 mm ˆ 2 mm, MICHROM Bioresources,
Auburn, CA, USA) in 4 min with a flow rate of 20 μL/min. For a gradient separation, the gradient
elution was performed as follows: Acetonitrile from 5% to 45% (95% ACN in 1% FA) over 100 min at a
flow rate of 500 nL/min. For each cycle of duty, full mass scan was acquired from 400 to 2000 m/z.
The MS/MS spectra were obtained in data-dependent ddMS2 mode. The 12 most intense ions with
charge 2, 3 or 4 were selected for the MS/MS run, and the a dynamic exclusion duration was 90 s.
Finally, three parallel enrichment operations were performed as technical repeats.

2.10. Data Analysis

For the enrichment of glycopeptides in the human serum, the raw data derived from the ESI
MS/MS analysis was searched by MASCOT, against a database (uniprot. Human). The parameters of
the search were set as follows: Enzyme of trypsin (partially enzymatic, two missed cleavages were
allowed). Fixed modifications of carboxamidomethylation (C, 57.02150), variable modifications of
oxidation (M, 15.99492) and deglycosylation (N, 0.98402). 20 ppm error tolerance of precursor mass and
1 Da offragment mass for the Mascot search. Significance threshold was controlled as p value below
5%. Only peptides’ sequence containing N-X-S/T(XX-S were considered as N-linked glycolpeptides.

3. Results and Discussion

3.1. Polymerization of PNAMAm-p and the Deprotection Study

The monomer NAMAm-p was synthesized via Mitsunobu reaction (Scheme 1a) and its molecular
structure was confirmed by 1H NMR (Figure S1a, Supplementary Material). Then the PNAMAm
was prepared by traditional free radical polymerization of NAMAm-p and one-step deprotection
(Scheme 1b). Compared with the 1H NMR spectrum of NAMAm-p, the PNAMAm-p (Figure 1a) gives
the peaks at 9.30, 5.17 and 7.84 ppm, which could be ascribed to secondary amine, methylene and
phthalimide, respectively, while the peaks of the –CH=CH2 protons (6.10 and 5.67 ppm) was not
observed. The result confirmed the obtained PNAMAm-p structure, and also, it well agreed with that
found in the FT-IR spectra, wherein the stretching peaks of C=C at 1633 cm´1 disappeared due to the
polymerization of NAMAm-p monomer (Figure 1f–I, II).
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Scheme 1. Synthesis of (a) monomer NAMAm-p and; (b) polymer PNAMAm.
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Figure 1. 1H NMR spectra of (a) PNAMAm-p; (b) PNAMAm, and; (c) PNAMAm-m; GPC spectra of;
(d) PNAMAm-p (PDI = 1.36), and; (e) PANAMAm (PDI = 1.37); (f) FT-IR spectra of (I) NAMAm-p;
(II) PNAMAm-p; and (III) PNAMAm. The labelled peaks are (i) 1790 cm´1; (ii) 1735 cm´1 and
(iii) 1633 cm´1.

Deprotection of the PNAMAm-p was accomplished by hydrazine hydrate in DMF at room
temperature for 2 h. As shown in Figure 1b, the phthalimide peak at 7.84 ppm disappears, the
methylene peak shifts from 5.17 to 4.50 ppm, and a new peak is found at 5.90 ppm, which is attributed
to the –O–NH2 protons. The integral area ratio of peaks at 4.50 and 5.90 ppm is about 1:1, which is well
consistent with the theory value. The results reveal that the PNAMAm-p is completely deprotected
and the alkoxyamine groups are formed. Again, FT-IR spetra (Figure 1f) proved the deprotection due
to disappearance of the stretching peaks of C=O at 1790 cm´1, C=C at 1735 cm´1. The high efficient
deprotection ensures the precise control of functional group density on the polymers. According to
GPC measurement (Figure 1d), the Mn of PNAMAm-p is 3630 and the Mw is 3940, the PDI is 1.36.
A small difference in PDI (Figure 1d,e) was found, implying the molecular weight distribution of
polymer chains did not change much in the deprotection process, and only the side groups were
changed. However, the GPC results could not provide more information because the polymer polarity
was greatly changed.

We estimiated the reactivity of the side alkoxyamine groups by the model reaction. Acetone was
used to react with PNAMAm to form oxime bonds. As shown in Figure 1c, the peak of –O–NH2

protons at 5.90 ppm disappears, and the peak of methylene protons shifts from 4.50 to 4.90 ppm.
This change is owing to the formation of oxime bonds. The product yield, which could be calculated
by comparing the integration of the peak at 4.90 ppm, was about 95%. It means that the acetone
is efficiently linked to the PNAMAm under the mild conditions. The results demonstrate that the
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PNAMAm not only possesses a high reaction activity, but also provides possibility for bioconjugation
with aldehyde/ketone-based glycoproteins and glycopeptides in complex physiological environment.

3.2. Preparation of PNAMAm Microspheres and MSP@PNAMAm Core-Shell Microspheres

To satisfy different potential applications, we studied the copolymerization of the monomer
NAMAm-p with crosslinker and other monomers to fabricate different kinds of alkoxyamine functional
microspheres. The detailed design was shown in Scheme 2. First, we investigated the effect
of crosslinker species and relative amounts on the microsphere properties. The three often used
crosslinkers, divinylbenzene (DVB), ethylene glycol dimethylacrylate (EGDMA) and N,N1-methylene
bisacrylamide (MBA), were utilized for the preparation of PNAMAm-p microspheres. The results
showed that only MBA could afford the corresponding microspheres, the possible reason is related to
the higher reactivity of MBA.

Scheme 2. Preparation of the crosslinked PNAMAm micropsheres, MSP@PNAMAm core–shell
microspheres, and the core-shell microspheres with varying functional groups (MSP@PNAMAm-R).

TEM images in Figure 2 display that the particle size is greatly influenced by the feed amount
of crosslinker MBA. When 20 wt % MBA was used, the particle size was about 300 nm. With
the increase of MBA content to 30 wt % and 50 wt %, the particle sizes accordingly decreased to
200 and 150 nm. Meanwhile, the amount of alkoxyamine groups in the microspheres were reduced
(Figure S2, Supplementary Material). When the MBA content was less than 20 wt %, no microspheres
were formed.

 

Figure 2. TEM images of PNAMAm with different amount of MBA as crosslinker: (a) 20%; (b) 30%;
(c) 40%; (d) 50%. The scale bar is 200 nm.
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On the basis of the above results, the core–shell magnetic microsphere consisting of a crosslinking
PNAMAm-p in shell (20% MBA) and a magnetite supraparticle (MSP) in core was successfully prepared
(Figure 3). The characteristic peaks at 1790 and 1735 cm´1 were found in the FT-IR spectrum for the
MSP@PNAMAm-p, proving the formation of PNAMAm-p component (Figure S3, Supplementary
Material). After the deprotection, the MSP@PNAMAm was obtained, and the core-shell structure was
preserved, without any change in morphology (Figure 3c).

 
Figure 3. TEM images of (a) MSP (magnetic supraparticle); (b) MSP@PNAMAm-p; (c) MSP@PNAMAm.
The scale bar is 100 nm.

Meanwhile, TGA results were applied to analyze the compositions, and the density of
alkoxyamine group (d) could be calculated by the formula below:

d “ pW1 ´ W2q{pW2 ˆ Mptq (1)

where, W1 and W2 represent the final residual weight percentages of the core-shell composite
microspheres after and before the deprotection at 600 ˝C in air; Mpt is 132 g/mol, which is the
differ molecular weight caused by deprotection. The microspheres remained 65.4% mass and 78.3%
mass at 600 ˝C before and after deprotection, respectively (Figure 4a). According to the formula above,
the alkoxyamine group density was calculated to be 1.49 mmol/g (More details about the calculation
are provided in Supplementary Material).

 
100 200 300 400 500 600

60

70

80

90

100

W
ei

gh
t(

%
)

Temperature(oC)
-20000 0 20000

-100

-50

0

50

100

M
s(

em
u/

g)

H(Oe)

ii

iii

i
iii

ii
i

(a) (b)

Figure 4. (a) TGA and; (b) VSM curves of (i) MSP; (ii) MSP@PNAMAm-p; (iii) MSP@PNAMAm.

The VSM results also could give the mangetic contents of the resultant microspheres, which
coincided with that obtained from the TGA results. Besides, the magnetic hysteresis curves proved
that the supraparamagnetic characteristic was unchanged during the deprotection process (Figure 4b).

In our experiment, we found that the solid content played a key role in adjusting the thickness of
the polymer shell (Figure 5). When the solid content was 0.25%, only ~5 nm polymer shell could be
obtained. When the solid content was 0.375%, the shell thickness increased to 30 nm. With continuous
increase of the solid content to 0.675%, the shell thickness could be changed to almost 100 nm. This
increment trend was also confirmed by DLS (Figure 5e).

111



Polymers 2016, 8, 74

 

Figure 5. TEM images of MSP@PNAMAm with different thickness of polymeric shell prepared with
different solid contents of (a) 0.25%; (b) 0.375%; (c) 0.5%; (d) 0.625%, the scale bar is 100 nm; (e) DLS
results of (i) MSP and MSP@PNAMAm prepared with different solid contents; (ii) 0.25%; (iii) 0.375%;
(iv) 0.5%; (v) 0.625%.

In order to quantitatively measure the density of alkoxyamine group in the shell of magnetic
composite microspheres, a series of samples with different crosslinking densities were tested by TGA
(Table 1). According to the analysis results, the magnetic composite microspheres, which were prepared
with different feeding ratios of NAMAm-p and MBA and with the same solid content (0.5%), had
almost similar shell thickness (Figure S4, Supplementary Material). Through the comparison of the
weight changes before and after deprotection, the alkoxyamine group densities were calculated to be
1.49, 1.12, 0.95 and 0.77 mmol/g for the MSP@PNAMAm-1, MSP@PNAMAm-2, MSP@PNAMAm-3,
and MSP@PNAMAm-4, respectively.

Table 1. Recipe, TGA data and the calculated alkoxyamine group density of the MSP@PNAMAm
samples with different feeding amount of MBA.

Sample m(MSP) mg mpN AMAm´pq mg m(MBA) mg W1 W2 D mmol/g

MSP@PNAMAm-1 25 80 20 78.30% 65.40% 1.49
MSP@PNAMAm-2 25 75 30 72.40% 63.10% 1.12
MSP@PNAMAm-3 25 60 40 76.50% 67.96% 0.95
MSP@PNAMAm-4 25 50 50 73.80% 67.00% 0.77

In addition, the copolymerization properties of NAMAm-p were also investigated. NIPAm, AA,
and HEMA were used as the second monomers. From the TEM images in Figure 6, the monomer
NIPAm has the best performance in copolymerization with NAMAm-p, resulting in a uniform and thick
polymer shell. The relative ratio of PNAMAm-p and PNIPAm could be adjusted by varying the feeding
monomer ratios, which was also confirmed by FT-IR (Figure S5, Supplementary Material). Since the
monomers of AA and HEMA tend to polymerize on their own, the resultant polymer shells were very
thin (Figure 6b,c), but FT-IR spectra (Figures S6 and S7, Supplementary Material) validated that the
shells were composed of PNAMAm-p-co-PAA and PNAMAm-p-co-HEMA copolymers, respectively.
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Figure 6. TEM images of (a) MSP@PNAMAm-p-co-PNIPAm; (b) MSP@PNAMAm-p-co-PAA;
(c) MSP@PNAMAm-p-co-HEMA. The scale bar is 100 nm.

3.3. Selective Enrichment of Glycoproteins and Glycopeptides

In order to prove the high reactivity between alkoxyamine and aldehyde groups, we evaluated
the ability of MSP@PNAMAm to enrich the model glycoproteins. In general, for glycoproteins, the
diol structure of saccharide can be oxidized to aldehyde groups, which can bond with the alkoxyamine
group. RNB, a typical mono-N-glycosylation protein was chosen as the model glycoprotein and the
MSP@PNAMAm-1 as the enrichment substrate. The mechanism of enrichment was shown in Scheme 3
and the results were shown in Figure 7. In Lane 1, it was the typical band of protein RNB. After
oxidation and conjugation, all of the RNB disappeared in the supernatant (Lane 2). Then with the
catalysis of PNGase F, the deglycosylated RNB was eluted in Lane 3. The glycoprotein band with the
different molecular weight from Lane 1 represented the lost saccharide structure of RNB by PNGase F.
The selectivity of glycoprotein was investigated subsequently by enriching glycoproteins in a mixture
with non-glycoproteins (BSA and LYS). The results were shown in Figure 7, Lane 4 to Lane 6. Before
enrichment, all the proteins were shown in Lane 4. After oxidation and conjugation, BSA and LYS still
remained in the supernatant, but the RNB disappeared in Lane 5. In Lane 6, only deglycosylated RNB
was found. There results prove that the MSP@PNAMAm could be applied to enrich glycoproteins
selectively, and this property provides a potential ability to enrich glycoproteins and glycopeptides
selectively in a complex system.

Scheme 3. Mechanism of glycoprotein and glycopeptide enrichment with magnetic core–shell
microspheres (MSP@PNAMAm-1).
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Figure 7. SDS–PAGE analysis of the model glycoprotein proteins before and after treatment with
MSP@PNAMAm-1 core-shell microspheres. M stands for protein marker; Lane 1 represents the RNase
B; Lane 2 represents the supernatant after enrichment with MSP@PNAMAm-1; Lane 3 represents
the released deglycoslated RNB after enrichment; Lane 4 represents the protein mixture of BSA,
RNB(RNase B)and LYS(The amount of BSA:RNB:LYS = 1:1:1); Lane 5 represents the supernatant of the
protein mixture after enrichment; Lane 6 represents the released deglycosylated RNB after enrichment.

Meanwhile, the selective enrichment of glycopeptides was also investigated from the digests of
the mixture containing ASF and MYO (ASF:MYO = 1:10). Considering the effect of functional group
density, MSP@PNAMAm-1 and MSP@PNAMAm-4, which had 1.49 and 0.77 mmol/g of alkoxyamine
groups, respectively, were applied in glycopeptides enrichment, and the results were shown in
Figure 8. Before enrichment, the dominant peaks in the spectrum were due to non-glycopeptides.
After enrichment with the two samples, all the dominant peaks (m/z values of 1627.6, 1755.7, 1950.8
and 3017.4) were attributed to deglycopeptides from the digest of ASF. What is more, it was interesting
that the glycopeptide distribution in the mass spectrum were affected by the enrichment materials.
For the MSP@PNAMAm-4, the strongest peak was at 3017.4 (m/z), while the intensity of this peak
was weaker than those at 1627.6 (m/z) and 1755.7 (m/z) with MSP@PNAMAm-1. In addition, it was
observed when non-glycopeptide was mixed with glycopeptides in a high molar ratio (100:1) (Figure S8,
Supplementary Material). The early reports found the same phenomenon [29,42]. In consideration of
the complex conjugation-elution process, it is difficult to explain this phenomenon now, but it is sure
that different surface structures have varying interaction with glycopeptides, and the difference might
affect the enrichment results.

 

Figure 8. MALDI-TOF mass spectra of the tryptic digest mixture of ASF (asialofetuin) and MYO
(myoglobin), the mole ratio of ASF:MYO = 1:10. (a) direct analysis; (b) analysis after enrichment by
MSP@NAMAm-1 and deglycosylation by PNGase F; (c) analysis after enrichment by MSP@NAMAm-4
and deglycosylation by PNGase F. The symbols * denote the deglycosylated peptides.

The enrichment ability of MSP@PNAMAm-1 and MSP@PNAMAm-4 were further investigated
by profiling the N-glycoproteome of a normal human serum sample. We found that the result of
MSP@PNAMAm-1 was not good. In contrast, MSP@PNAMAm-4 with the low functional group

114



Polymers 2016, 8, 74

density showed much better enrichment ability, 95 unique glycopeptides and 64 glycoproteins were
identified in a 5 μL serum sample (Table S1, Supplementary Material). It implies that a suitable
functional group density is benificial for glycoproteins and glycopeptides enrichment in complex
physiological environment. In addition, it proves that the MSP@PNAMAm microspheres exhibit a
great potential in real biomedical application.

4. Conclusions

In this paper, we have prepared the alkoxyamine-functionalized magnetic core-shell microspheres
via reflux precipitation polymerization. Alkoxyamine acrylamide monomer with a protective
group phthalamide was synthesized, and underwent the reflux precipitation polymerization for
alkoxyamine-functionalized polymer microspheres. By varying a series of reaction conditions including
monomer concentration, comonomer species and crosslinker content, the core-shell magnetic composite
microspheres were constructed to achieve the tunable shell thickenss, controllable alkoxyamine
group density, and versatile copolymer composition. After the deprotection, the MSP@PNAMAm
displayed high activity to couple with carbonyl compounds under mild conditions. They could
serve as enrichment substrate to efficiently identify glycoprotein/glycopeptides. Moreover, we
found success in profiling the glycoproteome in human serum samples with the structure-optimized
composite microspheres.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/2073-4360/8/3/xx/s1.
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Abstract: “Pickering-type” emulsions were prepared using polydopamine (PDA) particles as
a particulate emulsifier and n-dodecane, methyl myristate, toluene or dichloromethane as an oil phase.
All the emulsions prepared were oil-in-water type and an increase of PDA particle concentration
decreased oil droplet diameter. The PDA particles adsorbed to oil–water interface can be crosslinked
using poly(ethylene imine) as a crosslinker, and the PDA particle-based colloidosomes were
successfully fabricated. Scanning electron microscopy studies of the colloidosomes after removal of
inner oil phase revealed a capsule morphology, which is strong evidence for the attachment of PDA
particles at the oil–water interface thereby stabilizing the emulsion. The colloidosomes after removal
of inner oil phase could retain their capsule morphology, even after sonication. On the other hand,
the residues obtained after oil phase removal from the PDA particle-stabilized emulsion prepared in
the absence of any crosslinker were broken into small fragments of PDA particle flocs after sonication.

Keywords: Pickering emulsion; polydopamine; oil–water interface; crosslinking; colloidosome

1. Introduction

Emulsions stabilized with solid particles (so-called “Pickering emulsions”) have received great
interest in the colloid and interface research area [1–5]. In essence, particulate emulsifiers offer more
robust, reproducible formulations and lower toxicity profiles compared to conventional molecular-level
emulsifiers. It has been well-known that various types of solid particles can work as emulsifier: inorganic
particles such as silica [6,7], metals [8–10], semiconductors [11,12], clays [13], or ceramics [14,15]; organic
particles such as bionano-particles including viruses [16] and proteins [17–19]; latex particles [20–27];
microgel particles [28–31]; and micelles [32] have been used as an effective particulate emulsifier.

Polydopamine (PDA), a mimetic of mussel adhesive proteins, has attracted much attention as
a coating material without surface pre-treatments [33]. Dopamine monomer can be self-polymerized
under basic condition on a variety of materials, such as metals, inorganic materials, and polymer
materials. Extensive studies have been carried out to create PDA-coated materials with controllable
film thickness and stability [34–37]. Some of the present authors have reported the preparation of
PDA layers containing atom transfer radical polymerization initiating groups [38,39], polyethylene
glycol moieties [40], dyes [41], and carboxylic acid-bearing compounds [42] to produce functional
polymeric materials. Another advantage of PDA coating lies in their chemical structures that contain
numerous functional groups, such as catechol and amine groups. Because of this advantage, PDA were
easily modified by post-functionalization [43] or crosslinking [44]. Although most studies in which
a PDA layer has been used have involved modifying the materials’ surface, there are a limited number
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of reports on the preparation of PDA in a form of particles, which were used for metal adsorbent
materials [45], anti-cancer drug delivery [46], biomedical applications [47], and carbon source [48].
Unfortunately, the PDA particles synthesized previously are polydisperse in size, and synthesis of
PDA particles with high monodispersity are desired. Under these situations, we have succeeded
in fabrication of monodisperse PDA particles in water–methanol solution, and their use as bright
structural color materials [49].

Herein, we describe the evaluation of PDA particle as a particulate emulsifier for the first time
and utilize a liquid–liquid interface as a tool to assemble PDA particles. Thanks to catechol group on
the PDA surface, PDA particles assembled at the droplet interface could be subsequently crosslinked
using poly(ethylene imine) in order to stabilize these superstructures and to fabricate colloidosomes.

2. Materials and Methods

2.1. Materials

Reagents used to prepare PDA particles were dopamine hydrochloride (DA–HCl, Kanto Chemical,
Tokyo, Japan), tris(hydroxymethyl)aminomethane (Tris, Kanto Chemical), and methanol (Kanto
Chemical). Oils used to prepare emulsions were n-dodecane (ě99%, Sigma-Aldrich, Tokyo, Japan),
toluene (99%, Sigma-Aldrich), dichloromethane (DCM, ě99.0%, Sigma-Aldrich), methyl myristate
(95.0%, Wako Pure Chemical, Osaka, Japan), octafluorotoluene (97%, Wako Pure Chemical) and
perfluorononane (99%, Wako Pure Chemical). Poly(ethylene imine) (PEI, Average Molecular Weight,
approximately 600, Wako Pure Chemical) was used as a crosslinking agent for PDA particles.
Poly(vinyl alcohol) (PVA) were purchased from Sigma-Aldrich. Deionized water (<0.06 μS¨ cm´1,
Advantec MFS RFD240NA: GA25A-0715) was used for preparation of PDA particles and emulsions.
All other chemicals and solvents were of reagent grade and used as received.

2.2. PDA Particles Synthesis

DA–HCl (1.7 mg/mL, 10.8 mmol), Tris (14.4 g, 120 mmol), and water/methanol (w/w = 4/1)
solution (1.2 L) were placed in a flask, and the mixture was stirred at 30 ˝C for 20 h. The PDA particles
were separated and purified repeatedly by centrifugation (10,000 rpm (15,600ˆ g) for 30 min) and
redispersed in deionized water.

2.3. PDA Particles Characterization

2.3.1. Scanning Electron Microscopy (SEM) Study

Scanning electron microscopy (SEM; JSM-6510A; JEOL, 20 kV, JEOL, Tokyo, Japan) studies were
conducted on Pt sputter-coated (JFC-1600 Auto Fine Coater; JEOL) dried samples.

2.3.2. Dynamic Light Scattering (DLS) and Zeta Potential Studies

The hydrodynamic diameter (Dh; in water) and the zeta potential (in 0.01 M NaCl aqueous
solution) of the PDA particles were measured by dynamic light scattering (DLS; ELSZ-1000ZS; Otsuka
Electronics Co. Ltd., Osaka, Japan).

2.3.3. Density

The solid-state density of the dried PDA particles was determined by helium pycnometry using
a Micromeritics AccuPyc II 1340 instrument (Micromeritics, Norcross, GA, USA).

2.3.4. Infrared (IR) study

IR spectra were measured by IR spectrophotometer (FTIR-420; JASCO, Tokyo, Japan).
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2.4. Emulsion Preparation

Each volume (3.0 mL) of aqueous dispersion of the PDA particles with a solid concentration
of 1.00 wt % and oil (n-dodecane, methyl myristate, toluene or dichloromethane) were placed in
a glass vessel (inner volume, 13 mL). The two phases were homogenized for 2 min at 25 ˝C using
a homogenizer (IKA ULTRA-TURRAX® T 25 digital, Staufen, Germany) equipped with a dispersing
element (S25N-8G: stainless steel, 18 mm stator diameter, 12.7 mm rotor diameter, 108 mm shaft
length) operating at 20,000 rpm. Emulsion stabilities after standing for 24 h at 25 ˝C were assessed by
gravimetric or visual inspection.

2.5. Crosslinking of Particle-Stabilized Emulsion

PEI aqueous solution (5.0 mL, 0.05–10 wt %) was added to the PDA particle-stabilized DCM-in-water
emulsion (1.0 mL, prepared at a PDA particle concentration of 1.00 wt %) and magnetically stirred to
ensure homogeneous mixing. The emulsion was then allowed to stand stirred at 25 ˝C for 1 h to allow
colloidosome formation to occur.

2.6. Sonication Challenge

An aliquot of Pickering emulsion or colloidosome sample prepared using DCM (0.40 mL) was
purified by five times replacement of supernatant with deionized water, and then was sonicated using
an ultrasonic washing machine (Bransonic 221, Yamato Scientific Co., Tokyo, Japan) for 1 h. During the
purification, DCM oil phase was removed from the droplets because of dissolution to repeatedly
replaced water media. The sample was viewed by both optical microscopy and SEM.

2.7. Emulsion Characterization

2.7.1. Drop Test

Emulsion type was confirmed using “drop test”. One drop of the emulsion was added to both
water and oil and its ease of dispersion was assessed by visual inspection. Relatively rapid dispersion
indicated that the continuous phase of the emulsion was the same as the diluent.

2.7.2. Optical Microscopy (OM) Study

A drop of the diluted emulsion was placed on a microscope slide and viewed using an optical
microscope (Motic BA200, Shimadzu, Kyoto, Japan) fitted with a digital system (Moticam 2000, Shimadzu).

2.7.3. Laser Diffraction Study

A Malvern Mastersizer2000 instrument equipped with a small volume Hydro 2000 SM sample
dispersion unit (ca. 150 mL including flow cell and tubing), a HeNe laser operating at 633 nm and
solid-state blue laser source operating at 466 nm were used to size the emulsion droplets. The stirring
rate was adjusted to 2000 rpm in order to avoid creaming of the emulsion. It was confirmed that
droplet size did not change under these measurement conditions, which indicated no coalescence
of the emulsion droplets. The raw data were analyzed using Malvern software. The mean droplet
diameter was taken to be the volume average diameter (D4/3), which is mathematically expressed as
D4/3 = ΣDi

4Ni/ΣDi
3Ni (Di, the diameters of individual droplets; Ni, the number of emulsion droplets

corresponding to the diameters). The D4/3 values were shown plus–minus standard deviations, which
were also determined using the Malvern software (Malvern Instruments, Malvern, UK). Droplet size
can be measured from 0.02 to 2000 μm. Light diffraction method is an authorized technique to measure
mean droplet diameters and their distributions. There is a high reproducibility in light diffraction
measurements in our study.
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2.7.4. Scanning Electron Microscopy Study

Scanning electron microscopy (SEM; Keyence VE-8800, 12 kV, Keyence, Osaka, Japan) studies
were conducted on Au sputter-coated (Elionix SC-701 Quick Coater, Sanyu Electron, Tokyo, Japan)
dried samples.

3. Results and Discussion

3.1. PDA Particles Characterization

First, the PDA particles obtained were characterized by FT-IR spectroscopy (Figure 1a). The IR
spectrum of the PDA particles shows a broad peak at 3200–3500 cm´1 due to the hydroxyl structures
such as a catechol group. The characteristic peaks of indole and indoline structures at approximately
1600 cm´1 and approximately 1500 cm´1, respectively, were also found in PDA particles. Figure 1b
shows a digital photograph of the PDA particle dispersion (0.5 wt % in water), which confirms the
formation of black-colored aqueous dispersion. The hydrodynamic diameter, measured by DLS, was
approximately 220 ˘ 39 nm (Figure 1c). The zeta potential of the PDA particles was measured to
be approximately ´42 mV (in 0.01 M NaCl aqueous solution), and the PDA particles with negative
surface charges were well dispersed in water with no flocs were observed over a one-month period.
The PDA particles size used in this study was measured to be 220 nm from the SEM image (Figure 1d),
which accords well with that reported previously [49]. As indicated in the SEM image, PDA particles
obtained are near monodisperse, which is consistent with the result obtained using DLS, and have
smooth spherical surface. The PDA particles were used as a particulate emulsifier in their colloidally
stable state.

 
Figure 1. (a) FT-IR spectra of PDA particles and DA–HCl; (b) digital photograph of an aqueous
dispersion of PDA particles (0.50 wt %); (c) size distribution of PDA particles measured by DLS; and
(d) SEM image of PDA particles.
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3.2. Emulsions Stabilized with PDA Particles

3.2.1. Different Oils Emulsion Data

In order to check the ability of the PDA particles as a Pickering-type emulsifier, four oils, namely
n-dodecane, methyl myristate, toluene and DCM, were used as an oil phase to prepare emulsions at a PDA
concentration of 1.00 wt %. n-Dodecane and methyl myristate are non-volatile at room temperature, and
toluene and dichloromethane are volatile and used in order to characterize droplet after evaporation of oil
phase in detail. In all cases, highly stable oil-in-water emulsions were achieved after homogenization and
OM studies revealed that oil droplets stably dispersed in aqueous continuous phase without coalescence.
All emulsions prepared in this study (beside methyl myristate) survived at least one month and nearly
100% emulsions remained in closed system where the evaporation of oil and water are not allowed: in
the methyl myristate system, 39% demulsification occurred after two months.

Homogenization of the four oils in the absence of any PDA particles led to no/unstable emulsions:
rapid macro-phase separation occurred. These results indicate that the PDA particles play an important
role for the stabilization of the emulsions.

3.2.2. Effects of PDA Particles Concentration on Emulsion Formation and Stability

It is worth asking whether the PDA particle concentration can be reduced below 1.00 wt % without
affecting the emulsifier performance. Table 1 summarizes the results obtained by systematically
reducing the PDA particle concentration from 1.00 to 0.05 wt % for n-dodecane as model oil. There is
a clear trend of increasing droplet size with a decrease of PDA particle concentration. All the emulsions
obtained were confirmed to be oil-in-water type from drop test although poor emulsions were obtained
at or below PDA particles concentration of 0.05 wt %. The percentage of survived emulsion was
calculated referring an equation (Equation (1)).

Survived emulsion % “ 100 ´
˜

Vseparated
oil

Vinitial
oil

ˆ 100

¸
(1)

Voil
initial: Initial oil volume prior to emulsification

Voil
separated: Volume of separated oil

Table 1. Characterization data obtained for the emulsions prepared by adding PDA aqueous dispersion
at various concentrations to n-dodecane. Equal volumes of oil and aqueous PDA dispersion were used
and emulsification was carried out at 20,000 rpm for 2 min.

PDA Concentration/wt %
Type of Emulsion

Formed
Survived Emulsion

for 1 Week/ %
Volume-Average oil

droplet Diameter/ μm

0.05 Oil/water 81 88 ˘ 40
0.10 Oil/water 99.5 46 ˘ 25
0.20 Oil/water 99.5 44 ˘ 24
0.50 Oil/water ~100 33 ˘ 13
1.00 Oil/water ~100 30 ˘ 12

At and above the PDA particles concentration of 0.50 wt %, the emulsions were completely
stable to coalescence over one week and only slow creaming was observed with time (see Figure 2a).
At the PDA particle concentrations of 0.20 and 0.10 wt %, the emulsions were relatively stable: 100%
emulsion survived for 24 h and only approximately 0.5% demulsification occurred after one week.
At the PDA concentration of 0.05 wt %, the emulsion survived well (81% after one week), however
demulsification occurred slowly to result in macrophase separation (only 66% emulsion survived)
after 1.5 months. Typical OM images taken 24 h after emulsification in Figure 3 showed polydisperse
oil droplets prepared at every PDA concentration. Number-average diameters were estimated using
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the optical micrographs as follows: 1.00 wt %, 11 ˘ 6 μm; 0.50 wt %, 12 ˘ 3 μm; 0.20 wt %, 13 ˘ 4 μm;
0.10 wt %, 17 ˘ 4 μm; and 0.05 wt %, 51 ˘ 14 μm (n =100). These number-average oil droplet diameters
increased with a decrease of the PDA particle concentration, whose tendency accorded well with that
estimated by the laser diffraction method (see Figure 2b and Table 1).

Figure 2. (a) Digital photographs; and (b) droplet size distribution curves of PDA-stabilized
n-dodecane-in-water emulsions prepared at various PDA concentrations: (i) 0.05 wt %; (ii) 0.10 wt %;
(iii) 0.20 wt %; (iv) 0.50 wt %; and (v) 1.00 wt %.

Figure 3. Optical micrographs of PDA-stabilized “Pickering-type” n-dodecane-in-water emulsions
prepared at various PDA concentrations: (a) 0.05 wt %; (b) 0.10 wt %; (c) 0.20 wt %; (d) 0.50 wt %; and
(e) 1.00 wt %. The emulsions were observed 24 h after preparation.

The fraction of PDA particles adsorbed at the oil–water interface can be readily estimated
assuming a monolayer of adsorbed PDA particles is formed. Percentages of the PDA particles
effectively attached on the oil–water interface based on the total amount of the PDA particles added
were calculated using a following simple equation (Equation (2)) [17].

% PDA particles “ π
Roil

2 Noil

Npart Rpart
2 ˆ 100 % (2)

where Npart “ Wpart NA

Mwpart
, and Noil “ 3 Voil

4π Roil
3 .

Here, the calculations require some assumptions regarding the PDA particles packing efficiency
at the interface, and the relatively polydisperse nature of the droplets can also introduce errors [13].
We assume 2D square lateral packing, uniform PDA particles and droplet sizes and PDA particle
dimensions negligible as compared with those of oil droplets. We also assume that there are no PDA
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particles present in the oil phase because the energy barrier for the PDA particles to enter n-dodecane
phase is too high. Rpart and Roil are the radii of the particles and oil, respectively (Roil values used
here were the volume mean radius determined by the laser diffraction method); Npart and Noil are the
numbers of particles and oil droplets, respectively; Voil is the volume of oil; and Wpart is the weight of
PDA particles. The density of PDA (1.52 g/cm3) was used to calculate the PDA particle numbers used
for preparation of emulsions. Laser diffraction studies (see Table 1) suggest mean volume-average
droplet diameters of 30 ˘ 12, 33 ˘ 13, 44 ˘ 24, 46 ˘ 25 and 88 ˘ 40 μm obtained at the PDA particle
concentrations of 1.00, 0.50, 0.20, 0.10 and 0.05 wt %, respectively. Within these constraints, the PDA
particle adsorption efficiencies were estimated to be 352%, 682%, 1207%, 2307% and 1957%. This is
a surprising result, and we need to re-examine the assumptions used for the calculations. The possible
reason for these values over 100% efficiency should be due to non-closely packed PDA particles at
oil–water interface in aqueous media at all the PDA particle concentrations. Recently, it has been
reported that the PDA particles are expected to consist of electrostatically bonded PDA and DA
oligomers [42,50,51], and there is a possibility that these DA oligomers can be dissolved into aqueous
medium during storage after extensive centrifugal washing and could work as a molecular emulsifier.
Actually, homogenization of the supernatant of the PDA particle aqueous dispersion, which was
prepared by centrifugation, and n-dodecane led to formation of oil-in-water emulsion. From these
results, it is expected that mixture of the PDA solid particles and DA oligomers eluting out from the
PDA particles work as an emulsifier and the PDA particles are adsorbed to oil droplet surface in
non-closely packed manner.

In order to investigate the particle adsorption density at oil droplet surface in detail, wax was
used as a solidifiable oil phase to stabilize oil-in-water emulsion. The particle-stabilized emulsion
was successfully prepared using wax (3.0 mL) with a melting point of 58–60 ˝C by homogenization
with an aqueous dispersion of PDA particles (3.0 mL, 0.50 wt %) at 70 ˝C. The prepared oil-in-water
emulsion was cooled down to room temperature, and the liquid oil phase was solidified, which made
possible for the droplets to be observed by SEM as well as OM (Figure 4). The droplet diameters were
estimated to range from 10 to 200 μm (Heywood diameter, 123 ˘ 39 μm), and the PDA particles can
be observed at droplet surface by OM (Figure 4a,b), thanks to their black color. Interestingly, the oil
droplets were not fully covered with the PDA particles, and the PDA particles adsorbed at the surface
formed islands. SEM studies also supported these OM results and magnified SEM images revealed
the islands consisted of the PDA particle monolayer (Figure 4c,d). The area with no PDA particles
should be stabilized with DA oligomers which cannot be observed using SEM due to their small sizes.
There is a possibility that lateral capillary forces working between PDA particles at oil–water interface
effectively attracted each other and the particles gathered to form islands [52]. Average percentage of
the PDA particles at wax droplet surface was measured to be 42% ˘ 17%.

Figure 4. (a,b) Optical micrographs; and (c,d) SEM images of PDA-stabilized wax-in-water emulsion
prepared using PDA particle aqueous dispersion (0.50 wt %). (b,d) are magnified images of (a,c),
respectively. SEM images were taken without Au coating at an electron acceleration voltage of 8 kV.
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3.2.3. Visualization of Transparent Emulsion

PDA is known to be deeply colored and this color can be easily monitored with the naked eye.
Therefore, PDA has been considered to be a good candidate as a coloring agent for creating patterned
surface [53]. In the present study, the performance of the PDA particles as a colored particulate
emulsifier was evaluated. Properties of the PDA material used in this study are its intense, intrinsic
chromogenicity and its colloidal dimensions. A mixture of 62 wt % perfluorotoluene and 38 wt %
perfluorononane, which has the same refractive index as water, was used as an oil phase. The refractive
index of the oil and water was matched; therefore, in this emulsion system, light is not refracted or
reflected by the oil–water interface, which generally leads to transparent emulsions. The PDA particles
(1.00 wt %) proved to act as an effective particulate emulsifier for the oil, and the droplet test for the
emulsion indicated that an oil-in-water emulsion was obtained. A typical OM image of the emulsion is
shown in Figure 5a. The colored PDA particles attached to the oil–water interface for visualization of
the emulsion droplets. The emulsion droplets were spherical and fairly polydisperse, with diameters
ranging from 70 to 250 μm. Careful OM studies confirmed that there were bare oil–water interfaces
that were not covered with the PDA particles on the droplet surface (Figure 5b), as already observed
in wax-in-water emulsion system. In contrast, droplets could hardly be observed for the emulsion
stabilized with PVA, which acts as a surface-active polymeric stabilizer (Figure 5c). The diameters
of the droplets stabilized with PVA were between 5 and 20 μm and were smaller than those of the
droplets stabilized with PDA particles. This is because molecular-level PVA emulsifier could stabilize
larger oil–water interfacial area comparing with particulate PDA emulsifier.

Figure 5. Optical micrographs of oil (mixture of 62% perfluorotoluene and 38 wt % perfluorononane)-in-water
emulsion stabilized with (a,b) PDA particles and (c) PVA stabilizer. (b) is a magnified image of (a).
The emulsion was prepared at 1.00 wt % stabilizer concentration and were observed 1 h after
preparation. Arrows in (b) indicate bare oil–water interface that was not coated with the PDA particles.

3.2.4. Emulsion Data with Dichloromethane as a Model Volatile Oil

Recently, fabrication of colloidal assembly consisting of PDA particles has attained notable interest,
because of their unique structural coloring character [49]. However, simple routes to direct and
assemble PDA particles into shape-controlled constructs with hierarchical ordering are still lacking.
We utilized the oil–water interface (that is, on the surface of oil droplets dispersed in continuous
aqueous phase), which has been shown to be an ideal place for the assembly of colloidal particles, to
fabricate capsule consisting of colloidal assembly shell. Homogenization of DCM and PDA aqueous
dispersion (1.00 wt %) successfully led to stable DCM-in-water emulsion. OM studies recorded during
the in situ evaporation of DCM gave important information of structure of the particle-stabilized oil
droplets. The oil droplets, first, shrunk due to a decrease of oil volume remaining spherical shape. Then,
slow droplet deformation from sphere to non-sphere occurred, and wrinkles appeared on the surface of
droplet (see Figure 6). Relationship between time and circularity of oil droplets was shown in Figure 7,
and it is clear that the circularity remained 1.0 until 4–5 min and then started to decrease. As indicated,
the PDA particles were adsorbed to oil droplet surface in patchy manner, and it is expected that the
droplet shrunk maintaining spherical shape until the PDA particles completely cover the droplet
surface. After close-packed covering of the droplet surface with the PDA particles, the droplet shape
started to deviate from sphere to non-sphere, because the volume of droplet decrease with keeping
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the fixed surface area. The appearance of the wrinkles is strong evidence for the attachment of PDA
particles on the oil–water interface and stabilization of the emulsion. The SEM studies of the PDA
residues remaining after evaporation of DCM and water from the emulsion revealed a wrinkled and
ruptured capsule morphology (Figure 8a,b): this morphology accords well with that observed in the
OM studies after the evaporation of DCM. The detailed SEM observation of the capsule confirmed
the existence of cracks on the capsule surface, which should indicate there is no chemical bonding
among the PDA particles and they attract each other via van der Waals force-based particle–particle
interaction. Sonication of the PDA capsules dispersed in water medium led to breakage and formation
of ill-defined PDA particle debris, which should indicate that the capsules were again formed via van
der Waals force-based particle–particle interaction.

Figure 6. Optical micrographs illustrating evaporation of oil phase from DCM-in-water emulsion
prepared using PDA aqueous dispersion (1.00 wt %). The emulsion was stored for 10 days after
preparation before observation. The images were taken: (a) 0 min; (b) 5 min; (c) 7 min; and (d) 13 min
after start of optical microscopy observation. The oil droplets indicated using arrows were used for
estimation of circularity (see Figure 7).

Figure 7. Relationship between time and circularity obtained for the oil droplets observed in Figure 6
(as indicated using arrows: , droplet A; �, droplet B).
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Figure 8. SEM images of “Pickering-type” DCM-in-water emulsion (a,b) without and (c,d) with crosslinking
after the evaporation of DCM. (b,d) are magnified images of the areas shown in (a,c), respectively.

3.3. Formation of Colloidosomes from Particle-Stabilized Emulsion

In order to fabricate robust microcapsules, the PDA particles were connected with each other at
oil–water interface of the droplets. These kinds of microcapsules are known as colloidosomes [20,23].
Covalent crosslinking is one of effective routes to connect the particles at oil–water interfaces, and
some reactions (e.g., reactions between maleic anhydride and amine groups [54], epoxy and amine
groups [55–58] and hydroxyl and isocyanate groups [59]) have been utilized. Here, the reaction
between catechol and amine groups [44] was utilized to crosslink the PDA particles at droplet surfaces.
Specifically, the PDA particles carrying catechol groups on their surfaces were crosslinked using
water-soluble PEI crosslinker at oil–water interface. Although the contact angle of the PDA particles
at oil–water interface is not known, the formation of an oil-in-water emulsion means that the contact
angle must be less than 90˝ [3–5]. Thus, more than 50% surface area of each adsorbed particle should
be exposed to the aqueous phase compared to the oil phase, which means large amount of the catechol
groups on the particle surface must be available for reaction with the water-soluble PEI crosslinker.

Figure 9 shows OM images captured during evaporation of DCM from the colloidosomes prepared
using 10 wt % PEI aqueous solution. The OM studies confirmed that the droplets had wrinkles
on their surfaces from start of crosslinking reaction, rather than near-spherical shape observed in
non-crosslinked precursor Pickering emulsion system. This difference should be due to partial removal
of DCM oil phase from the droplets and decrease of the droplet surface area before crosslinking, which
leads to close-packed PDA particles at the interface. Crosslinking reaction was conducted using the
DCM-in-water emulsion with 10 days storage period at room temperature after preparation, and
it is expected that small amount of DCM evaporated even closed with a lid, which should lead to
near-closed packing of the PDA particles at droplet surface. The emulsion was diluted with PEI
aqueous solution when the crosslinking reaction was conducted, which should also decrease the
surface area of the droplets and close packing of PDA particles occur because of partial dissolution of
DCM from the droplets into continuous aqueous phase.
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Figure 9. Optical micrographs illustrating evaporation of oil phase from colloidosomes prepared by
crosslinking DCM-in-water emulsion shown in Figure 6. The images were taken: (a) 0 min; (b) 6 min;
(c) 13 min; and (d) 19 min after start of optical microscopy observation.

Degree of circularity of colloidosome decreased with an increase of DCM evaporation time,
as observed in precursor Pickering emulsion system. The SEM studies of the colloidosomes after
evaporation of DCM and water revealed a wrinkled capsule morphology (Figure 8c,d). The microcapsule
with wrinkles had few cracks on their surface, which should indicate there is crosslinking of the
PDA particles successfully occurred. Successful crosslinking was also assessed by a sonication
challenge, followed by OM and SEM observations. Sonication of the colloidosomes dispersed in
aqueous medium after removal of DCM retained their microcapsule morphologies even after extensive
sonication (Figure 10f–h), which should again indicate that the successful crosslinking occurred. On the
other hand, the residues obtained after oil phase removal from the PDA particle-stabilized emulsion
prepared in the absence of any crosslinker were broken into small fragments of PDA particle flocs after
sonication (Figure 10b–d).

Figure 10. (a,b,e,f) Optical micrographs and (c,d,g,h) SEM images of PDA particle-stabilized
DCM-in-water emulsions (a–d) without and (e–h) with crosslinking using 10 wt % PEI aqueous
solution after removal of DCM oil phase. The emulsions were observed (a,e) before and (b–d,f–h) after
sonication challenges. Insets shown in (a,b,e,f) are digital photographs of the samples.

It is worth investigating how much the PEI crosslinker concentration can be reduced without
affecting colloidosome formation (Figure 11). OM studies on colloidosomes after extensive sonication
challenge revealed that wrinkled microcapsules were main product for 5 wt % PEI solution system.
At and below 1 wt % PEI solution systems, the broken capsules were observed and the amount of

128



Polymers 2016, 8, 62

ill-defined PDA particle debris increased with a decrease of PEI concentration. These results indicated
that the robustness of colloidosomes can be controlled by changing the crosslinking degree.

Figure 11. Optical micrographs of PDA particle-stabilized DCM-in-water emulsions after crosslinking
using PEI aqueous solutions with various concentrations: (a) 5.0 wt %; (b) 1.0 wt %; (c) 0.1 wt %; and
(d) 0.05 wt % PEI aqueous solution systems. The emulsions after removal of DCM oil phase were
observed after sonication challenges.

4. Conclusions

In summary, we described the first use of PDA as a particulate emulsifier. The PDA particles
proved to be an effective Pickering emulsifier for the stabilization of oil-in-water emulsions.
These emulsions were characterized in terms of their mean droplet diameter and morphology using
laser diffraction, OM and SEM. SEM studies of the PDA residues remaining after evaporation of oil and
water from the emulsion revealed a capsule morphology, which is strong evidence for the attachment
of PDA particles on the oil–water interface and stabilization of the emulsion. The PDA particles
adsorbed to the oil–water interface can be covalently crosslinked using PEI to form colloidosomes,
which can retain their microcapsule morphology against sonication challenge. The understanding and
thereafter the control over the unique organizations of the particle assembly at fluid–fluid interfaces
render the possibility to fabricate functional nanostructured materials with hierarchical orderings, like
ultrathin particle membranes. Chemical functionalization of PDA can open further opportunities for
their use in different applications. These new colloidosomes are expected to become a useful drug
delivery carrier, catalyst, and cosmetics.
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Abbreviations

PDA Polydopamine
DA–HCl Dopamine hydrochloride
DCM Dichloromethane
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PEI Poly(ethylene imine)
PVA Poly(vinyl alcohol)
SEM Scanning electron microscopy
DLS Dynamic light scattering
OM Optical microscopy
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Abstract: Uniform small-sized (<10 μm) Konjac glucomanna (KGM) microspheres have great
application prospects in bio-separation, drug delivery and controlled release. Premix membrane
emulsification is an effective method to prepare uniform small-sized KGM microspheres. However,
since KGM solution bears strong alkalinity, it requires the membrane to have a hydrophobic surface
resistant to alkali. In this study, uniform small-sized KGM microspheres were prepared with
epoxy-based polymer membrane (EP) we developed by premix membrane emulsification. It was
found that emulsion coalescence and flocculation occurred frequently due to the high interface energy
and sedimentation velocity of KGM emulsions. Emulsion stability had a significant influence on the
uniformity and dispersity of the final KGM microspheres. To improve the stability of the emulsions,
the effects of the concentration of the emulsifier, the viscosity of the KGM solution, the oil phase
composition and the feeding method of epoxy chloropropane (EC) on the preparation results were
studied. Under optimal preparation conditions (emulsifier 5 wt % PO-5s, KGM III (145.6 mPa¨ s),
weight ratio of liquid paraffin (LP) to petroleum ether (PE) 11:1), uniform and stable KGM emulsions
(d = 7.47 μm, CV = 15.35%) were obtained and crosslinked without emulsion-instable phenomena.

Keywords: uniform small-sized KGM microspheres; premix membrane emulsification; epoxy-based
polymer membrane (EP); alkaline condition

1. Introduction

Konjac glucomannan (KGM), as a high-molecular-weight polysaccharide, has special physical
characteristics such as moisture retentivity, thickening, and gelling properties [1] and bears so many
hydroxyl groups that various chemical modifications can be realized on KGM molecular chains [2–6].
KGM microspheres based on KGM powder have great application prospects in the fields of separation
and purification [7], cell culture [8], enzyme and cell immobilization [9], drug delivery [10] and
controlled release [11]. At present, the research on the preparation of KGM microspheres is insufficient,
especially on those with small particle size (<10 μm). The most commonly used method to prepare
KGM microspheres is mechanical stirring. In our previous work [12], a technology was developed
to prepare KGM microspheres, which included acid degradation, alkali dissolution of KGM powder,
emulsion preparation by mechanical stirring, and crosslinking steps. Compared with the traditional
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method, this method greatly shortened the reaction time and simplified the preparation process.
However, since these microspheres prepared by this method were not uniform, sieving was necessary,
and this resulted in higher product costs. It was more important to discover that uniform microspheres
with small particle size (<10 μm) cannot be prepared by this method. Jianhua Shen [13] has reported
a method of injection with template. It was characterized by the use of template to form homogeneous
emulsions with controllable particle size. However, the size of the KGM microspheres prepared by this
method was in the range of 50–500 μm, and small-sized (<10 μm) microspheres cannot be obtained.

Membrane emulsification technology [14], as a novel emulsion preparation method, has huge
application prospects [15]. Different from the traditional technology, membrane emulsification can
be used to produce uniform emulsions with a particle size less than 10 μm [16]. In this study,
this technology was chosen to prepare small-sized KGM microspheres. KGM solutions used for
the preparation of KGM microspheres bear strong alkalinity [17], which requires the membrane to
have a hydrophobic surface resistant to alkali. However, Shirasu Porous Glass (SPG) membrane
(Ise Chemical Co., Ise, Japan), as the most commonly used membrane in membrane emulsification [18],
is chemically unstable in alkaline solution [19]. The main component of SPG is SiO2 which is not
resistant to alkali. If used in alkaline conditions chronically, SPG will become semitransparent, which
means some pores in SPG have collapsed [20]. Furthermore, SPG is hydrophilic in nature due to
a great amount of Si–OH groups on its surface [21]. Hydrophobic modification of SPG is needed
in the preparation of water-in-oil (W/O) emulsions [22]. However, the hydrophobic ligands on the
surface of SPG come off easily under alkaline conditions [19]. Therefore, SPG membrane cannot be
directly used in the preparation of KGM microspheres. In a previous work, we obtained a kind of
epoxy-based polymer (EP) membrane with a three-dimensional bicontinuous structure and stable
hydrophobic surface [23]. With the appropriate porosity and narrow pore size distribution, as well as
special pore structure, the EP membrane has been successfully applied in membrane emulsification to
prepare W/O emulsions. It was worth noting that EP membrane can be applied in alkali systems due
to its resistance to alkali [20]. In this study, uniform KGM emulsions were firstly prepared with EP
membrane by premix membrane emulsification.

In the preparation process of KGM microspheres, emulsion coalescence and flocculation occur
due to the high interface energy and sedimentation velocity of small-sized KGM emulsions [24].
Emulsion coalescence between two emulsion droplets is irreversible, and it will decrease the number
and increase the size of emulsion droplets. Flocculation is a process where two or more emulsion
droplets are adhered together into a whole by collision. These aggregated emulsion droplets will
disperse again by shaking. However, if it occurs in the crosslinking process, those flocculated
microspheres will be solidified and this flocculation is irreversible [25]. In practical cases, coalescence
and flocculation may occur simultaneously. Some measures should be taken to avoid these phenomena
and improve the preparation results.

In this study, the EP membrane we developed was firstly used in basic system to prepare uniform
KGM microspheres by premix membrane emulsification. The effects of the concentration of emulsifiers,
the viscosities of KGM solutions and the oil phase composition on the emulsification and crosslinking
results were systematically studied. Meanwhile, different crosslinking results were obtained with the
same formula by changing the feeding methods of epoxy chloropropane (EC).

2. Materials and Methods

2.1. Materials

Konjac powder (the content of KGM was approximately 65% (w/w)) was obtained from Hu-Bei
Konson Konjac Gum Co. Ltd. (Hubei, China). Hexaglycerinpenta ester (PO-5s) purchased from
Sakamoto Yakuhin Kogya Co. Ltd. (Osaka, Japan) was used as emulsifier. Liquid paraffin (LP) and
petroleum ether (PE) were chosen as oil phase and were supplied by Sinopharm and Tianjin Jin Dong
Tian Zheng Precision Chemical Reagent Factory (Tianjin, China), respectively. Epoxy chloropropane (EC)

134



Polymers 2016, 8, 53

provided by Xilong Co. Ltd. (Guangdong, China) was used as crosslinking agent. Other reagents were
of analytical purity and were purchased from Beijing Chemical Reagent Company (Beijing, China).

2.2. Preparation of KGM Solutions and Determination of the Viscosities of KGM Solutions and Oil Phases

Since 1% (w/w) KGM dissolved in water takes on a gelatin texture, it is too viscous to disperse
in oil phase. Therefore, it is necessary to degrade the KGM molecules into small ones to improve
its flowability. Here, KGM solutions with different viscosities were obtained by acid degradation.
The preparation procedure was shown in Figure 1. A certain amount of hydrochloric acid (HCl,
0.5 M) was mixed with deionized water, and then the Konjac powder was added. With enough
stirring, the mixture became jelly and then was heated at 115 ˝C for 55 min. After that, 45% (w/w)
sodium hydroxide was added under vigorous stirring. Finally, 8% (w/w) KGM solutions with different
viscosities were prepared (Table 1).

The viscosities of KGM solutions and oil phases were measured with a Brookfield viscometer
(DV-II+Pro) using spindle 62 (50 rpm and 40 ˝C) and spindle 61 (50 rpm and 25, 40, 50, 60, 70, and
80 ˝C), respectively.

Konjac flour Acid degradation Alkali dissolution Filtration KGM solution 

Figure 1. Scheme of the preparation of Konjac glucomanna (KGM) solution.

Table 1. Konjac glucomanna (KGM) solutions with different viscosities.

Samples KGM I KGM II KGM III KGM IV

Viscosity (mPa¨ s) a 66.0 ˘ 0.5 88.4 ˘ 0.5 145.6 ˘ 0.5 180.3 ˘ 0.5
a All of data were the average values from three determinations.

2.3. Preparation of KGM Microspheres by Premix Membrane Emulsification

The schematic diagram of premix membrane emulsification was shown in Figure 2. The coarse
emulsions prepared by traditional method were pressed through a membrane with narrow pore size
distribution under high pressure. The particle size of the obtained emulsions became smaller and more
uniform. The tubular EP membrane used in this study has inside diameter of 0.8 cm, outside diameter
of 1.0 cm and length of 2 cm.

(a) (b) 

Figure 2. Schematic diagram of premix membrane emulsification apparatus and principle. (a) Premix
membrane emulsification apparatus; (b) Premix membrane emulsification principle.
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The preparation of KGM microspheres by premix membrane emulsification was as follows: the
mixture of liquid paraffin and petroleum ether (weight ratio 7:5, 10:2, 11:1, 12:0) with an emulsifier
PO-5s (3%, 4%, 5%, 6%) was chosen as oil phase. Aqueous phase of KGM solution (8.0 wt %, 3 mL)
was emulsified in oil phase (40 mL) by homogenization (3600 rpm, 1 min) to form coarse emulsion.
Then the coarse emulsion was poured into storage tank and pressed through EP membrane five times
under nitrogen pressure to achieve uniform emulsions. EC (2 mL) as crosslinking agent was slowly
added into the emulsions at 60 ˝C by burette, and then the mixtures were kept at 60 ˝C for 8 h to obtain
the particles. Finally, the KGM particles were collected and successively washed by petroleum, ethanol
and water. The pore sizes of EP membranes were 14.80 μm with operating pressure of 85 kPa. Recipe
for the preparation of KGM microspheres was shown in Table 2.

Table 2. Recipe for preparing KGM microspheres.

Sample
Emulsifier Concentration

in Oil Phase (w/w)
KGM Solution

Weight Ratio of Liquid Paraffin (LP)
and Petroleum Ether (PE) (w/w)

S1 3% KGM III 11:1
S2 4% KGM III 11:1
S3 5% KGM III 11:1
S4 6% KGM III 11:1
S5 5% KGM I 11:1
S6 5% KGM II 11:1
S7 5% KGM IV 11:1
S8 5% KGM III 7:5
S9 5% KGM III 10:2
S10 5% KGM III 12:0

2.4. Determination of the Size and Size Distribution of KGM Emulsions

The average KGM emulsions size and size distribution coefficient of variation (CV) were
determined by automatic analysis software on the basis of optical photographs taken by optical
microscope (XSZ-H3). Diameters of over 500 droplets were analyzed to calculate the average particle
size and particle size coefficient variation according to Equations (1) and (2). Wherein, di was the
diameter of a single microsphere, d was the number-average particle diameter.
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2.5. Determination of Interfacial Tension between Aqueous and Oil Phases

The interfacial tension between aqueous and oil phases was determined by Contact angle system
OCA (Dataphysics, Berlin, Germany). The aqueous phase was injected into the oil phase through the
pinhole under the action of the microflow pump. This process would be recorded by video imaging
system and then the interface tension was calculated through the video.

3. Results

In the preparation process of KGM microspheres with small particle size, emulsion coalescence
and flocculation occurred due to the high interface energy and sedimentation velocity of KGM
emulsions. Emulsion stability had a significant influence on the uniformity and dispersity of the
final KGM microspheres. To improve the stability of emulsions, the effects of the concentration of the
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emulsifier, the viscosity of the KGM solution, the oil phase composition and the feeding method of EC
on the preparation of KGM microspheres were studied.

3.1. Effects of Emulsifier Concentration on the Preparation of KGM Microspheres

Emulsifier adsorbed on the interface between oil and water could improve the stability of emulsions
by forming a layer of viscoelastic membrane with a certain strength [26]. The emulsifier concentration
has an important effect on the performance of membrane emulsification. After preliminary investigation,
PO-5s was chosen as an emulsifier and the effects of its concentration on the preparation of KGM
microspheres were investigated. Preparation parameters are shown in Table 2 (S1, S2, S3, S4).

The emulsification results are found in Figure 3 (S1, S2, S3, and S4). It shows that when the
emulsifier concentration was increased from 3 wt % to 5 wt %, both the CV values and particle sizes of
the KGM emulsions changed little. When the emulsifier concentration reached 6%, the CV value (20.64%)
and the particle size (7.84 μm) had marked changes. The effects of the emulsifier concentration were not
obvious until it was seriously excessive. The emulsifier played two main roles in the formation of the
emulsions. One was lowering the interfacial tension between the oil and water, and the other one was
stabilizing the emulsion droplets against coalescence and/or flocculation [27]. Increasing the amount
of emulsifier to a proper amount could improve emulsion stability. However, when the emulsifier
was excessive, it would play the opposite role [28]. The excess emulsifier will not further reduce the
interfacial energy; instead, it will adsorb on the surface of the membrane pores. The more emulsifier
was added, the more likely the EP membrane was covered with emulsifier following when it was
wetted by the aqueous phase in the emulsification process. In this process, large-size droplets would
be produced.

Figure 3. Microscopic photographs of KGM emulsions prepared with different emulsifier concentration
(3%, 4%, 5% and 6%, Po-5S, w/w).

In the following crosslinking process of the KGM emulsions, the effects brought by the changes
of emulsifier concentration cannot be ignored. The crosslinking results are shown in Figure 4
(S1-Crosslinking, S2-Crosslinking, S3-Crosslinking, and S4-Crosslinking). It was found that flocculation
and coalescence occurred in S1-Crosslinking. Meanwhile, there were two sizes of particles which
conglutinated to the gobbet. With the increase of emulsifier concentration, the phenomena of
flocculation and coalescence were weakened and finally disappeared when the emulsifier concentration
reached 5%. Emulsifier was the key factor in keeping the stability of the emulsions. Emulsions a with
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low content of emulsifier were unstable due to the high interface energy [29]. Increasing the emulsifier
concentration would reduce the interfacial energy and improve the stability of the emulsions against the
occurrence of flocculation and coalescence. In summary, the stability of the emulsions was important
for the crosslinking results and 5% (w/w) was the optimal emulsifier concentration in terms of the
uniformity and stability of emulsions.

 

Figure 4. Microscopic photographs of KGM microspheres prepared with different emulsifier
concentrations (3%, 4%, 5% and 6%, Po-5S, w/w): S1-Crosslinking, S2-Crosslinking, S3-Crosslinking
and S4-Crosslinking were the crosslinking results of S1, S2, S3 and S4.

3.2. Effects of the Viscosity of KGM Solution on the Preparation of KGM Microspheres

The content of KGM solution has great significance for the application of KGM microspheres.
Since viscosities were the main difference in KGM solutions with different contents, the effects of
the viscosity of KGM solution on the preparation of microspheres were studied. By changing the
amount of acid in the process of acid degradation, four kinds of KGM solutions (Table 1) with different
viscosities (66.0, 88.4, 145.6 and 180.3 mPa¨ s) were obtained.

KGM emulsions prepared with different viscosities of KGM solutions as aqueous phase are
shown in Figure 5 (S5, S6, S3, and S7). The emulsification results varied little in the particle size and
uniformity of emulsions, except for the emulsions prepared with a low viscosity of KGM solutions
(Figure 5 (S5)), the uniformity of which was relatively poor (CV = 22.55%). Coalescence could occur in
the emulsification process due to the low viscosity of the aqueous phase, which would decrease the
uniformity of the final emulsions. Therefore, high viscosity of aqueous phase showed advantages for
obtaining uniform emulsions.

Figure 6 (S5-Crosslinking, S6-Crosslinking, S3-Crosslinking, and S7-Crosslinking) shows the
crosslinking results. With a low viscosity of the KGM solution (Figure 6 (S5-Crosslinking)), the
final microspheres had a much larger size compared with those before crosslinking. These large
microspheres adhered to each other. By increasing the viscosity of KGM solution (Figure 6
(S6-Crosslinking)), two sizes of microspheres were produced. Compared with those in S5, the
flocculation and coalescence were apparently weakened. The dispersity and uniformity of the final
microspheres got much better after a further increase of the viscosity of the KGM solution (Figure 6
(S6-Crosslinking and S7-Crosslinking)). Low viscosity of the KGM solution possessed good liquidity
contributing to mass transfer, which would induce coalescence in the collision process between
emulsion droplets. In addition, low viscosity of KGM solution had low viscoelasticity, which would
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cause flocculation [30]. In the viscosity range we have studied, the KGM microspheres prepared with
high viscosity of aqueous phases had good uniformity and dispersity. The greater the viscosity of the
KGM solution, the higher the transmembrane pressure needed in premix membrane emulsification
was. So considering the transmembrane pressure, we chose KGM III as the optimal aqueous phase.

Figure 5. Microscopic photographs of KGM emulsions prepared with different KGM viscosities (KGM I,
KGM II, KGM III and KGM IV).

Figure 6. Microscopic photographs of KGM microspheres prepared with different KGM viscosities
(KGM I, KGM II, KGM III and KGM IV): S5-Crosslinking, S6-Crosslinking, S3-Crosslinking and
S7-Crosslinking were the crosslinking results of S5, S6, S3 and S7.

3.3. Effects of Oil Phase Composition on the Preparation of KGM Microspheres

As one of the major components of emulsions, the continuous phase has a decisive influence on
the stability of emulsions. We investigated the effects of oil phase composition in the following work.
Figure 7 (S8, S9, S3, and S10) shows the preparation results of KGM emulsions by premix membrane
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emulsification. We found that the oil phase composition had little effect on the droplet size and size
uniformity of the emulsions. However, the changes of the oil phase composition had considerable
influence in the crosslinking process.

 

Figure 7. Microscopic photographs of KGM emulsions prepared with different oil phase compositions
(7:5, 10:2, 11:1 and 12:0, LP/EP, w/w).

Since the viscosity of liquid paraffin was much higher than that of petroleum ether, the viscosity of
the mixed oil phase decreased with the increase of the amount of petroleum ether (shown in Figure 8).
In Figure 9 (S8-Crosslinking, S9-Crosslinking, S3-Crosslinking, and S10-Crosslinking), the crosslinking
results with different oil phase composition are shown. Serious flocculation occurred in Figure 9
(S8-Crosslinking) due to the low viscosity of the oil phase. By increasing the viscosity of the oil
phase, flocculation was weakened (Figure 9 (S9-Crosslinking)). As the viscosity of the oil phase was
further increased, the dispersity of the final microspheres became better (Figure 9 (S3-Crosslinking and
S10-Crosslinking)). When droplets approached each other, the discharging rate of the liquid between
the deformed droplets partly depended on the viscosity of the continuous phase. The greater the
viscosity was, the lower the liquid discharging rate and the flocculation rate were [31]. Considering
the effects of oil phase composition on emulsification and crosslinking results, the optimum oil phase
composition was 11:1 (w/w, LP/EP).
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Figure 9. Microscopic photographs of KGM microspheres prepared with different oil phase
compositions (7:5, 10:2, 11:1 and 12:0, LP/EP, w/w): S8-Crosslinking, S9-Crosslinking, S3-Crosslinking
and S10-Crosslinking were the crosslinking results of S8, S9, S3 and S10.

3.4. Effects of the Feeding Methods of EC on the Preparation of KGM Microspheres

In the crosslinking process, flocculation and coalescence occurred frequently. Figure 10 shows the
evolution of emulsions with time in the absence of a crosslinking agent. Flocculation and aggregation
occurred at different times in the emulsions with different stabilities. The results indicated that low
temperature contributed to the stability of the emulsions. An increase in the temperature increased
the solubility of the emulsifier in the oil and aqueous phases, so that part of the emulsifier would be
desorbed from the oil-water interface, leading to the reduction of the interfacial film strength and
the decline of the emulsion stability [32]. Meanwhile, the viscosities of the oil phase and aqueous
phase increased with temperature (Figure 11a). The collision energy between the emulsion droplets
would decrease for the high motion resistance resulting from the high viscosity of the oil phase.
The high viscosity of the aqueous phase could partly inhibit flocculation due to the high viscoelasticity.
In addition, high temperature would promote the Brown movement and increase the chance of collision
between droplets which would induce the flocculation and coalescence of the emulsions. Although the
interfacial tension got larger at low temperature (Figure 11b), it played a minor role. Temperature had
an important influence on the stability of the emulsions.

Before coalescence and flocculation occurred, emulsions generally kept stable for a period. During this
period, increasing the crosslinking rate would partly inhibit the coalescence and flocculation. So it
was very important to increase the crosslinking rate at the beginning of the crosslinking process.
Here, we adjusted the crosslinking rate by changing the feeding method of the crosslinking agent
(EC). In the traditional method, the EC was added slowly at the crosslinking temperature (60 ˝C).
Here, two different methods were proposed. In the first one, EC was added at 40 ˝C and then
the temperature was increased gradually to 60 ˝C. Sufficient dispersion of EC in the oil phase
could be achieved at 40 ˝C. During this period the emulsions were in stable state because that low
temperature contributed to emulsion stability. As the crosslinking temperature (60 ˝C) was reached,
the well-dispersed EC would react more rapidly with the emulsion droplets. In the second one, EC
solution (20 wt %, EC was mixed with oil phase adequately) was added in one batch at the reaction
temperature (60 ˝C). It was easier for the EC solution to spread to the microsphere surface. It can
be seen from the results in Figure 12 that flocculation and coalescence occurred in S5-Crosslinking 1
which was cured by the traditional method. In S5-Crosslinking 2, emulsions were stirred at 60 ˝C for
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1 h after emulsification and then EC was added. In this process, emulsion coalescence was almost
fully developed before crosslinking and the new emulsions were in stable state, so the obtained
microspheres had better dispersity than those in S5-Crosslinking 1. Both of the methods (Figure 12
(S5-Crosslinking 3 and S5-Crosslinking 4)) improved the crosslinking results. The final microspheres
prepared with the two different feeding methods had better dispersity and the coalescence and
flocculation were effectively suppressed.

 

Figure 10. Microscopic photographs of KGM emulsions for S5. After emulsification, emulsions of S5

were kept at 60 ˝C (or 40 ˝C) for 30, 45 and 60 min with stirring.

Figure 11. The viscosities of oil (LP/EP, 11/1 (w/w)) and aqueous phases (KGM I) and the interfacial
tension between oil phase and aqueous phases at different temperatures. (a) Viscosities of oil and
aqueous phases at different temperatures; (b) Interfacial tensions between oil and aqueous phases at
different temperatures.
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Figure 12. Microscopic photographs of KGM microspheres prepared by different feeding modes of EC:
S5 was KGM emulsions before crosslinking and S5-Crosslinking 1 (EC was added slowly at 60 ˝C),
S5-Crosslinking 2 (emulsions were stirred at 60 ˝C for 1 h and then EC was added), S5-Crosslinking
3 (EC solution (20 wt %, EC was mixed with oil phase adequately) was added in one batch at 60 ˝C)
and S5-Crosslinking 4 (EC was added at 40 ˝C and then the temperature was increased to 60 ˝C) were
the crosslinking results of S5.

4. Conclusions

Uniform small-sized KGM microspheres were successfully prepared with the EP membrane
we developed by premix membrane emulsification. The stability of emulsions had an important
influence on the uniformity and dispersity of the final KGM microspheres. It was found that the
preparation condition of the emulsifier 5 wt % PO-5s, KGM III (145.6 mPa¨ s), and weight ratio of LP to
PE 11:1 was in favor of the uniformity and dispersity of the final KGM microspheres. The addition of
emulsifier was beneficial to the stability of emulsions, but the excess emulsifier would increase the
hydrophilicity of the membrane and produce large droplets. High viscosity of the KGM solution could
partly improve the uniformity and stability of emulsions and the greater the oil phase viscosity was,
the better the emulsion stability was. In addition, the feeding methods of EC played a significant
role in the crosslinking results. Different from the traditional feeding method of EC, the two feeding
methods proposed in this study could partly inhibit the coalescence and flocculation, which effectively
improved the crosslinking results.
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The following abbreviations are used in this manuscript:

EP Epoxy-based Polymer membrane
KGM Konjac Glucomannan
SPG Shirasu Porous Glass membrane
LP Liquid Paraffin
PE Petroleum Ester
CV Coefficient of Variation
EC Epoxy Chloropropane
Po-5s Hexagly Cerinpenta Ester

References

1. Vanderbeek, P.B.; Fasano, C.; O’Malley, G.; Hornstein, J. Esophageal obstruction from a hygroscopic
pharmacobezoar containing glucomannan. Clin. Toxicol. 2007, 45, 80–82. [CrossRef]

2. Han1A, B.; Zhang, C.; Luo, X. Study of konjac glucomannan esterification with dicarboxylic anhydride and
effect of degree of esterification on water absorbency. Key Eng. Mater. 2011, 501, 42–46. [CrossRef]

3. Zhang, T.; Xue, Y.; Li, Z.; Wang, Y.; Xue, C. Effects of deacetylation of konjac glucomannan on alaska pollock
surimi gels subjected to high-temperature (120 ˝C) treatment. Food Hydrocoll. 2015, 43, 125–131. [CrossRef]

4. Wang, S.; Zhan, Y.; Wu, X.; Ye, T.; Li, Y.; Wang, L.; Chen, Y.; Li, B. Dissolution and rheological behavior of
deacetylated konjac glucomannan in urea aqueous solution. Carbohydr. Polymer 2014, 101, 499–504. [CrossRef]
[PubMed]

5. Tian, D.; Li, S.; Liu, X.; Wang, J.; Liu, C. Synthesis and properties of konjac glucomannan-graft-poly(acrylic
acid-co-trimethylallyl ammonium chloride) as a novel polyampholytic superabsorbent. Adv. Polym. Technol.
2013, 32, E131–E140. [CrossRef]

6. Shen, C.; Li, W.; Zhang, L.; Wan, C.; Gao, S. Synthesis of cyanoethyl konjac glucomannan and its liquid
crystalline behavior in an ionic liquid. J. Polym. Res. 2012, 19, 1–8. [CrossRef]

7. Xiong, Z.D.; Zhou, W.Q.; Sun, L.J.; Li, X.N.; Zhao, D.W.; Chen, Y.; Li, J.; Ma, G.H.; Su, Z.G. Konjac glucomannan
microspheres for low-cost desalting of protein solution. Carbohydr. Polym. 2014, 111, 56–62. [CrossRef] [PubMed]

8. Wang, J. Study on konjac glucomannan accumulation in cell suspension culture of Amorphophallus konjac.
J. Anhui Agric. Sci. 2010, 27, 14836–14838.

9. Guo, X.M.; Wang, G.L.; Wei-Lin, Y.E.; Zhou, Z.X.; Xiang, Y.; Zhu, X. Hydrogen peroxide biosensor based on
immobilizing enzyme with deacetyled konjac glucomannan. J. Instrum. Anal. 2008, 27, 581–580.

10. Chen, L.G.; Liu, Z.L.; Zhuo, R.X. Synthesis and properties of degradable hydrogels of konjac glucomannan
grafted acrylic acid for colon-specific drug delivery. Polymer 2005, 46, 6274–6281. [CrossRef]

11. Korkiatithaweechai, S.; Umsarika, P.; Praphairaksit, N.; Muangsin, N. Controlled release of diclofenac from
matrix polymer of chitosan and oxidized konjac glucomannan. Marine Drugs 2011, 9, 1649–1663. [CrossRef]
[PubMed]

12. Ma, G.H.; Su, Z.G.; Wang, J.X.; Ge, J.L. A konjac Glucomannan Microsphere and Its Preparation Method.
CN 101113180 B, 8 December 2010.

13. Shen, J. A Method to Prepare Konjac Glucomanan Microspheres. CN 102627779 A, 8 August 2012.
14. Nakashima, T.; Shimizu, M.; Kukizaki, M.; Nakashima, T.; Shimizu, M.; Kukizaki, M. Membrane emulsification

by microporous glass. Key Eng. Mater. 1992, 61, 513–516. [CrossRef]
15. Piacentini, E.; Drioli, E.; Giorno, L. Membrane emulsification technology: Twenty-five years of inventions

and research through patent survey. J. Membr. Sci. 2014, 468, 410–422. [CrossRef]

144



Polymers 2016, 8, 53

16. Van der Graaf, S.; Schroen, C.; Boom, R.M. Preparation of double emulsions by membrane emulsification—A review.
J. Membr. Sci. 2005, 251, 7–15. [CrossRef]

17. Zhang, Y.Q.; Xie, B.J.; Gan, X. Advance in the applications of konjac glucomannan and its derivatives.
Carbohydr. Polym. 2005, 60, 27–31. [CrossRef]

18. Charcosset, C.; Limayem, I.; Fessi, H. The membrane emulsification process—A review. J. Chem. Technol. Biotechnol.
2004, 79, 209–218. [CrossRef]

19. Kohler, J.; Chase, D.B.; Farlee, R.D.; Vega, A.J.; Kirkland, J.J. Comprehensive characterization of some
silica-based stationary phases for high-performance liquid chromatofraphy. J. Chromatogr. 1986, 352, 275–305.
[CrossRef]

20. Mi, Y.; Zhou, W.; Li, Q.; Gong, F.; Zhang, R.; Ma, G.; Su, Z. Preparation of water-in-oil emulsions using
a hydrophobic polymer membrane with 3D bicontinuous skeleton structure. J. Membr. Sci. 2015, 490, 113–119.
[CrossRef]

21. Vladisavljevic, G.T.; Kobayashi, I.; Nakajima, M.; Williams, R.A.; Shimizu, M.; Nakashima, T. Shirasu porous glass
membrane emulsification: Characterisation of membrane structure by high-resolution X-ray microtomography
and microscopic observation of droplet formation in real time. J. Membr. Sci. 2007, 302, 243–253. [CrossRef]

22. Bardenhagen, I.; Dreher, W.; Fenske, D.; Wittstock, A.; Bäumer, M. Fluid distribution and pore wettability of
monolithic carbon xerogels measured by 1H NMR relaxation. Carbon 2014, 68, 542–552. [CrossRef]

23. Mi, Y.; Zhou, W.Q.; Li, Q.; Zhang, D.L.; Zhang, R.Y.; Ma, G.H.; Su, Z.G. Detailed exploration of structure
formation of an epoxy-based monolith with three-dimensional bicontinuous structure. RSC Adv. 2015, 5,
55419–55427. [CrossRef]

24. Miyagawa, Y.; Katsuki, K.; Matsuno, R.; Adachi, S. Effect of oil droplet size on activation energy for
coalescence of oil droplets in an o/w emulsion. Biosci. Biotechnol. Biochem. 2015, 1–3. [CrossRef] [PubMed]

25. Becher, P. Encyclopedia of Emulsion Technology, Vol. 1: Basic Theory; Marcel Dekker: New York, NY, USA,
1983; p. 320.

26. Kabalnov, A.S.; Shchukin, E.D. Ostwald ripening theory—Applications to fluorocarbon emulsion stability.
Adv. Colloid Interface Sci. 1992, 38, 69–97. [CrossRef]

27. Schröder, V.; Behrend, O.; Schubert, H. Effect of dynamic interfacial tension on the emulsification process
using microporous, ceramic membranes. J. Colloid Interface Sci. 1998, 202, 334–340. [CrossRef]

28. Zhou, Q.; Wang, L.; Ma, G.; Su, Z. Multi-stage premix membrane emulsification for preparation of agarose
microbeads with uniform size. J. Membr. Sci. 2008, 322, 98–104. [CrossRef]

29. Silva, H.D.; Cerqueira, M.A.; Vicente, A.A. Influence of surfactant and processing conditions in the stability
of oil-in-water nanoemulsions. J. Food Eng. 2015, 167, 89–98. [CrossRef]

30. Wasan, D.T. Interfacial Transport Processes and Rheology; Award Lecture on Chemical Engineering Education
Spring 1992; Chicago, IL, USA, 1992.

31. Sjöblom, J. Emulsions and Emulsion Stability; Taylor & Francis: New York, NY, USA, 2006.
32. Wang, X.; Brandvik, A.; Alvarado, V. Probing interfacial water-in-crude oil emulsion stability controls using

electrorheology. Energy Fuels 2010, 24, 6359–6365. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

145



polymers

Article

Initiator Systems Effect on Particle Coagulation and
Particle Size Distribution in One-Step Emulsion
Polymerization of Styrene

Baijun Liu 1, Yajun Wang 1, Mingyao Zhang 1,* and Huixuan Zhang 1,2

1 School of Chemical Engineering, Changchun University of Technology, Changchun 130012, China;
liubaijun111@126.com (B.L.); yjwang_bio@163.com (Y.W.); zhanghx@mail.ccut.edu.cn (H.Z.)

2 Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China
* Correspondence: zmy@mail.ccut.edu.cn; Tel.: +86-431-8571-6465

Academic Editor: Haruma Kawaguchi
Received: 6 December 2015; Accepted: 15 February 2016; Published: 19 February 2016

Abstract: Particle coagulation is a facile approach to produce large-scale polymer latex particles.
This approach has been widely used in academic and industrial research owing to its higher
polymerization rate and one-step polymerization process. Our work was motivated to control
the extent (or time) of particle coagulation. Depending on reaction parameters, particle coagulation is
also able to produce narrowly dispersed latex particles. In this study, a series of experiments were
performed to investigate the role of the initiator system in determining particle coagulation and
particle size distribution. Under the optimal initiation conditions, such as cationic initiator systems
or higher reaction temperature, the time of particle coagulation would be advanced to particle
nucleation period, leading to the narrowly dispersed polymer latex particles. By using a combination
of the Smoluchowski equation and the electrostatic stability theory, the relationship between the
particle size distribution and particle coagulation was established: the earlier the particle coagulation,
the narrower the particle size distribution, while the larger the extent of particle coagulation, the
larger the average particle size. Combined with the results of previous studies, a systematic method
controlling the particle size distribution in the presence of particle coagulation was developed.

Keywords: emulsion polymerization; particle size distribution; coagulation; initiator

1. Introduction

Emulsion polymerization is a widely used process for the production of rubber, plastic, coating,
and adhesives in industry [1–5]. Control over size and polydispersity in these applications is
required because of the close relationship between the properties of the polymer and the particle size
distribution [6–13]. Thus, how to control particle size and polydispersity has gradually become an
essential issue. Until today, many technologies based on emulsion polymerization including seeded
emulsion polymerization and agglomeration method [1,3,6,10,14–16] have been proposed to control
the particle size and distribution. Among these technologies, the particle coagulation technology has
been accepted as a highly effective approach to prepare nanoparticles in both industrial production
and theoretical investigation [1,7,15,17–19].

Particle coagulation is a process that occurs in the period of the particle nucleation and growth.
Even though it is induced by the increase in the interfacial energy change, it is also a kinetically
controlled process. Particle coagulation can be divided into two periods, as shown in Scheme 1:
(1) the process of the particle aggregation is determined by the probability of the particle collision.
Some factors such as the viscosity of the media and the reaction temperature can directly affect
this process [20]. In agreement with the Smoluchowski equation [21,22], the kinetic of the particle
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coagulation can be expressed by ´ dN
dt

“ kcN2
0 , where ´ dN

dt
is the particle coagulation rate, and kc and

N0 are a constant and particle number, respectively. In another period, several particles merge into
a larger one, which is determined by the particle structure and glass transition temperature [23,24].
The effect of simple reaction parameters on particle coagulation in emulsion polymerization using pure
water as solvent has been well illustrated by many researchers. For instance, Dobrowolska et al.
investigated the effect of ionic strength on the extent of particle coagulation and particle size
distribution, and illustrated that higher ionic strength could decrease the thickness of the diffuse
electric double layer, and further increase the extent of particle coagulation [17,18,25]. Chern et al.
elaborated the role of surfactant systems in determining particle coagulation and found that the
relationship between the particle number and the surfactant concentration [26,27].

Scheme 1. The schematic diagram of particle coagulation in one-step emulsion polymerization.

As usual, the emulsion polymerization is carried out in water as the medium. However, recent
investigations indicated that the addition of co-solvent to the medium played an important role
in determining the particle size and distribution of the ultima latex. For example, Adelnia et al.
investigated that the effect methanol on the characteristics of the Poly (methacrylate-co-butyl acrylate)
latex, and found that the addition of methanol increased the medium viscosity and further facilitated
the particle coagulation [20]. Kim et al. also carried out the investigation of soap-free emulsion
polymerization of methyl methacrylate in different methanol solutions, and indicated that the
polymerization product and behavior resembled those typical of pure water [28].

In our previous reports, we carried out a series of experimental investigations about particle
coagulation, and stressed the role of a co-solvent such as methanol in determining the extent of
the particle coagulation [29–32]. With the increase in methanol concentration in aqueous phase,
the interfacial tension between the aqueous phase and particles decreased. This decreased the
adsorption capability of the surfactant molecules on particle surface and further decreased the repulsive
potential energy. On the other hand, the attractive potential increased because of the decrease in the
Hamaker constant. As a result, the extent of the particle coagulation was enhanced. In addition,
the addition of the methanol also increased the length of the critical chain length (CCL) when polymer
chains precipitated from the aqueous phase, further increasing the initial particle size, and decreasing
the polymerization reaction rate. Even though particle coagulation has been studied extensively,
some fundamental issues such as the effect of the initiator systems on particle coagulation are still
puzzling to investigators.

Radical polymerization initiator systems can be divided into many categories. From the solubility
view, the initiator systems can be divided into water-soluble and oil-soluble initiators; from another
view, it can also be divided into ionic and nonionic types. The ionic type initiator system is further
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divided into cationic and anionic types based on the difference in the charges. The effect of the
initiator system on particle coagulation seems to be an easy problem, but it is indeed an extremely
complicated phenomenon. According to the Smith–Ewart theory, pure water was usually chosen
as solvent, and the particle number increased with increasing initiator concentration [3], but the
Smoluchowski equation indicated that the rate of particle coagulation also increased with increasing
particle number, as described above [21,22]. Thus, the addition of the initiator seems to play an
opposite role in determining particle number, and what is its main function? The ionic initiator not
only plays the role of the initiator, but also function as an electrolyte, which increases the complexity
of the particle coagulation. In the case of opposite charged surfactant and initiator, does the shielding
action between surfactant molecules adsorbed on particle surface and the initiator chain ends affect the
extent of the particle coagulation? Can the time of particle coagulation be adjusted by initiator systems?

In regard to the effect of the oil-soluble initiator on particle nucleation mechanism in emulsion
polymerization, two main mechanisms for the production of radicals were postulated. One of the
mechanisms considered that the first radicals were generated in the monomer-swollen polymer
particles/monomer droplets/monomer swollen micelles, and desorbed to the continuous phase;
another mechanism considered that the radical formed in the continuous phase were derived from
the fraction of the oil-soluble initiator dissolved in the continuous phase [33–37]. Nomura et al.
indicated the relationship between the particle number (and molecular weight) and recipe compositions
when oil-soluble initiator was used in pure water solvent. For example, Nomura et al. carried out
the unseeded and seeded emulsion polymerization of styrene using azodiisobutyronitrile (AIBN)
as an oil-soluble initiator and concluded that the latex particles were formed in the emulsifier
micelles, and the particle number was proportional to the 0.30th power of the concentration of
the initiator [38,39]. Capek et al. also reported that the kinetic aspects initiated by AIBN in the presence
of a blend of anionic and non-ionic surfactant conditions and stressed that the addition of AIBN
decreased the molecular weight and the polymerization reaction rate [40,41]. Recently, Gugliotta et al.
investigated the role of the oil-soluble initiator in governing the particle nucleation in mini-emulsion
polymerization, and indicated that the oil-soluble initiator could promote droplet nucleation and
control the second nucleation [42]. Even though the kinetic model and experimental evidence of the
emulsion polymerization initiated by oil-soluble initiator have been developed, it is still difficult to
control the particle size distribution of ultima latex when oil-soluble initiator is used, especially to
prepare narrowly dispersed polymer latex particles.

To address these problems, in this study, different initiator systems such as water-soluble
potassium persulfate (an anionic type initiator), oil-soluble azodiisobutyronitrile (a nonionic type),
and 2,2’-azobis [2-methylpropionamidine] dihydrochloride (AIBA) (a cationic ionic type) were chosen
to initiate the polymerization reaction of styrene in the presence of methanol solution. The evolution of
the particle size, number, and distribution as a function of polymerization time was traced for achieving
a comprehensive understanding about particle coagulation. The polymerization condition selected
here is based on the idea that obvious particle coagulation occurs, although, in many situations, particle
coagulation is not obvious. The effect of reaction parameters except initiator systems on the particle
coagulation and particle size distribution could be obtained from our previous studies [23,29–32].

2. Materials and Methods

Chemical Styrene (St, 99%), supplied by the Shanghai Chemical Reagent Corporation (Shanghai,
China), was distilled under vacuum to remove the inhibitors prior to polymerization and used
as the monomer. Sodium dodecyl sulfate (SDS; 99%; Aladdin, Shanghai, China) and Potassium
carbonate (K2CO3; 98.5%; Aladdin, Shanghai, China) were used as the surfactant and electrolyte
without any further purification. Potassium persulfate (KPS; 99.5%; Aladdin, Shanghai, China),
Azodiisobutyronitrile (AIBN; 98%; Aladdin, Shanghai, China), 2,2’-azobis [2-methylpropionamidine]
dihydrochloride (AIBA, 99%; Aladdin, Shanghai, China) were used as the initiator. Double
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distilled-deionized (DDI) water was used in all experiments. The polymerization fundamental recipe
for investigating the effect of initiator systems on particle coagulation is shown in Table 1.

Table 1. The polymerization fundamental recipe for investigating the effect of initiator systems on
particle coagulation.

Formulation parameter Reagents Quantity (g)

Monomer St 100
Surfactant SDS 1.5
Initiator KPS/AIBN/AIBA Variable

Electrolyte K2CO3 0.6
Co-solvent methanol 30

2.1. Polymerization Reactions

The emulsion polymerization reactions of styrene were carried out using a 500 mL glass reactor
equipped with four necks for string mechanically with an anchor stirrer (Bar Length: 300 mm;
Blade Diamete: 45 mm; Surface Coating Material: Polytetrafluoroethylene), condensing the reflux with
cold water, purging with nitrogen gas, and sampling an aliquot of the solution with a pipette. The SDS,
K2CO3, DDI and co-solvent (methanol) were added to reaction equipment according to this sequence;
subsequently, monomer was also added when all auxiliaries were dissolved in the aqueous phase.
Nitrogen (N2) purging was carried out for 30 min before the initiator was added to the reactor. When
the initiator dissolved in some DDI or monomer was added into the equipment, the polymerization
reaction begins. The polymerization reaction was carried out under the N2 atmosphere, the reaction
temperature and stirring rate were set as 65 ˝C and 250 rpm, respectively. During the polymerization
process, 2–3 g latex was withdrawn from the reactor using a syringe at appropriate intervals to analyze
the monomer conversion, particle size distribution and particle number. The polymerization reaction
time was set as 6 h.

2.2. Characterization

The particle size and distribution was measured by the Brookhaven 90plus Particle Size Analyzer
(Brookhaven, NY, USA) and transmission electron microscopy (TEM) (JEOL 1210, Tokyo, Japan).
The polydispersity index (PDI) was directly obtained from the Particle Size Analyzer, and defined by
ISO 13321: 1996 E. The particle number (Np) was obtained by the following equation [32]:

Np “ 6XM0

πd3
pρp

(1)

where M0 is the monomer concentration in the unit mass aqueous phase (1 kg for aqueous phase),
ρp is the polymer density, X is the monomer fractional conversion (which could be obtained by the
gravimetric method) and dp is the average size of the latex particle.

3. Results

3.1. KPS Initiator System

To better understand the effect of the initiator system on the particle coagulation and particle size
distribution, the KPS system was first considered. The KPS initiator system is one of the most widely
used initiators in conventional emulsion polymerization in pure water solvent [3,10]. The theory of
Smith–Ewart (micellar theory) predicted a proportionality value of 0.40 between particle number and
KPS initiator concentration; Sajjadi et al. performed the emulsion polymerization of butyl acrylate
using KPS as initiator according to the method of Capek [41], and found that the particle number was
proportional to 0.39th power of KPS concentration [43]. These theories confirmed the relationship
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between the particle size and initiator concentration, indicated that the particle size of the ultimate
latex decreased with increasing the initiator concentration. In this study, the particle size of the
ultimate latex corresponding to different initiator concentrations is shown in Figure 1. The particle
size increased with increasing initiator concentrations (97.9, 107.5, 136.7, and 161.5 nm at 0.3, 0.6,
0.9 and 1.2 wt %, respectively), and was in reverse trend to that of particle size in the conventional
emulsion polymerization.

Figure 1. TEM micrographs of the final particles prepared by emulsion polymerization of styrene using
methanol solution (20/80 w/w) as the polymerization medium and various amount of initiator KPS:
(a) 0.3 wt %; (b) 0.6 wt %; (c) 0.9 wt %; and (d) 1.2 wt %.

In addition, the evolution of monomer conversion, particle size and number as a function of
the polymerization process for different initiator concentrations is traced, as shown in Figure 2.
The curve of monomer conversion vs. the polymerization time, as shown in Figure 2a, indicates that
the polymerization rate using 0.3 wt % KPS initiator system was the fastest among these reactions
and was opposite to the results reported by Carro et al [21]. Figure 2b shows that the particle size
rapidly reached 90 nm at 0.2 conversion in the presence of 1.2 wt % KPS. Meanwhile, the particle size
corresponding to the systems consisting of 0.3, 0.6, and 0.9 wt % KPS only attained 54.2, 62.1, and
70.0 nm, respectively. Figure 2c shows that the particle number increased with increasing conversion,
then decreased until reaching a constant particle number at appropriate conversion. The decrease
in particle number and the increase in particle size indicated that the particle coagulation occurred
during the polymerization process [29–32]. With increasing initiator concentration, the extent of
particle coagulation gradually increased and the time of particle coagulation advanced. In addition,
the evolution of the system temperature inside reactor also reflects some information about the particle
coagulation, as shown in Figure 2d. The increase in the system temperature was mainly attributed to
the heat released from the system larger than the heat transmission from the reaction system to the
environment [44,45]. The increase in temperature was also considered as an evaluated parameter to
indicate the polymerization reaction rate [46]. Figure 2d shows that the maximum system temperature
decreased with increasing initiator concentrations from 71.2, 70.2, and 69.1 ˝C at 0.3, 0.6 and 0.9 wt %
KPS, respectively, to 67.9 ˝C at 1.2 wt %. Moreover, the time corresponding to the maximum system
temperature also advanced as the initiator KPS concentrations increased. With increasing initiator
concentrations, the initial reaction rate was enhanced, and the particle number also increased. However,
by increasing the particle number, the extent and time of the particle coagulation were enhanced. This
decreased the rate of the polymerization reaction and led to the decrease of the system temperature [20].
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Figure 2. Plots of monomer conversion (a); particle size (b); number (c); and system temperature
(d) against reaction time (or monomer conversion) for the emulsion polymerization of styrene using
methanol solution (20/80 w/w) as the polymerization medium and various amount of initiator KPS
([I] = 0.3, 0.6, 0.9 and 1.2 wt %).

As a result of early particle coagulation, the width of particle size distribution of the final latex
particles decreased with increasing initiator concentrations, as shown in Figure 3. The polydispersity
index of ultimate latex particles decreased from 0.036, 0.030, and 0.024 at 0.3, 0.6, and 0.9 wt % KPS,
respectively, to 0.016 at 1.2 wt % KPS. The polydispersity index of ď0.1 indicates that the ultimate latex
particles had a relatively narrow particle size distribution [47]. Meanwhile, the particles obtained by
particle coagulation were spherical and smooth, indicating that narrowly dispersed latex particles
could be prepared in the presence of particle coagulation.

Figure 3. Cont.
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Figure 3. Particle size distribution of final latex particles prepared by emulsion polymerization of
styrene using methanol solution (20/80 w/w) as the polymerization medium and various amount of
initiator KPS: (a) 0.3 wt %; (b) 0.6 wt %; (c) 0.9 wt %; and (d) 1.2 wt %.

To ensure the role of increasing initiator concentration, the polymerization reactions with 0.6 wt %
KPS initiator were carried out at the initiation reaction temperatures of 55 and 75 ˝C. The initiator
decomposition rate is well known to increase with increasing reaction temperature [48]. Therefore,
increasing initiation temperature also increased the primary radicals, thus increasing the extent of
particle coagulation [45,46,48]. The TEM images of the ultimate latex particles prepared at different
reaction temperature are shown in Figure 4. As expected, the average size of latex particles increased
with increasing reaction temperature from 91.2 to 111.2 nm. Moreover, the polydispersity index value
decreased from 0.031 at 55 ˝C to 0.015 at 75 ˝C.

Figure 4. TEM micrographs of the final particles prepared by emulsion polymerization of styrene using
methanol solution (20/80 w/w) as the polymerization medium and various reaction temperatures:
(a) 55 ˝C and (b) 75 ˝C. The TEM micrograph of the final particles prepared by emulsion polymerization
of styrene at 65 ˝C is shown in Figure 1b.

The evolution of the monomer conversion, average particle size, number and system temperature
as a function of reaction time (or monomer conversion) of KPS system at different initiation reaction
temperatures is shown in Figure 5. The rapid increase in average particle size and the decrease
in the particle number confirmed the particle coagulation behavior during the polymerization
process. The initial time of the decrease in the particle number showed that the starting time of
particle coagulation advanced to the nucleation period with increasing initiation reaction temperature.
As the reaction temperature increased, the total polymerization reaction time shortened, as shown in
Figure 5a. In addition, the time corresponding to the highest system temperature shifted to 10 min
from 24 min with increasing reaction temperature, as expected.
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Figure 5. Plots of monomer conversion (a); particle size (b); number (c); and system temperature
(d) against reaction time (or monomer conversion) for the emulsion polymerization of styrene using
methanol solution (20/80 w/w) as the polymerization medium and various reaction temperatures
(55, 65, and 75 ˝C).

3.2. AIBN and AIBA Initiator Systems

As mentioned above, other type of initiators, such as oil-soluble AIBN and cationic AIBA, could
also be used to initiate emulsion polymerization reactions. Differing from the conventional KPS
initiator, the oil-soluble initiator AIBN scarcely dissolves in aqueous media during the polymerization
process. From the AIBN solubility view, the initiator decomposition reaction should be carried out in
these monomer droplets or swollen micelles according to a similar bulk method. However, the small
reaction volume of the swollen-micelles (or monomer droplets) made the initiator radicals easy to
recombine, further limiting the initiation reactions that occurred in monomer droplets [33–37]. Thus,
the kinetic model of emulsion polymerization using oil-soluble AIBN was closer to the zero-one model,
rather than the pseudo-bulk model [48–50]. Figure 6 shows that the TEM images of ultimate latex
particles prepared using AIBN and AIBA initiators at 0.6 wt % concentration. The results indicated
that the latex particles using AIBN and AIBA were much larger than those using KPS initiator system.
The average particle size attained were 141.2 and 224.6 nm with AIBN and AIBA, respectively.

The curves of monomer conversion, particle size, particle number, and system temperature vs.
monomer conversion (or reaction time) shown in Figure 7 indicate that particle coagulation was scarcely
observed for the AIBN system because no decrease in particle number was observed in Figure 7c.
In contrast to AIBN system, an obvious particle coagulation process was observed in the AIBA system,
as shown in Figure 7c. Figure 7a shows that the KPS initiator system only needed ~120 min reaction
time when the monomer conversion reached 1, even though particle coagulation occurred. However,
the systems initiated by AIBN and AIBA needed 240 and 300 min, respectively. The curves of the
particle number vs. monomer conversion indicate that the initial particle numbers of the AIBA and the
AIBN systems were much smaller than the KPS one. The evolution of the system temperature inside
the reactor initiated by AIBA and AIBN is also traced, as shown in Figure 7d. However, the variation
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in the system temperature was difficult to observe because of the slow polymerization rate. In the
whole polymerization process, the maximum system temperatures for AIBA and AIBN were slightly
higher than the reaction temperature, 67.5 and 67.2 ˝C, respectively.

Figure 6. TEM micrographs of the final particles prepared by emulsion polymerization of styrene using
methanol solution (20/80 w/w) as the polymerization medium and various initiator systems: (a) AIBN
and (b) AIBA. The TEM micrograph of the final particles prepared by emulsion polymerization of
styrene initiated by KPS is shown in Figure 1b.

Figure 7. Plots of the monomer conversion (a); particle size (b); particle number (c); and system
temperature (d) against monomer conversion (or reaction time) for the emulsion polymerization
of styrene using methanol solution (20/80 w/w) as the polymerization medium and various types
of initiator.
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4. Discussion

Based on these experimental results, the effect of initiator systems on particle coagulation and
particle size distribution is discussed.

The extent of particle coagulation was indeed controlled by adjusting the initiator system,
especially by using ionic initiators such as KPS and AIBA. The addition of KPS not only increased the
primary radical concentration in aqueous media, but also increased the ionic strength. The increase in
the primary radical concentration increased the probability of particle collision, and further promoted
particle coagulation occurred. This process could be expressed by the modified Von Smoluchowski
equation [51]:

B pi, jq “ f pγq N piq N pjq “
dp piq ` dp pjq‰3 (2)

where B(i,j) and f (γ) are the number of collisions between particles i and j class and constant,
respectively. Because of the increase in the primary particle number, the B(i,j) directly increased, thus
enhancing the extent of particle coagulation. This process was controlled by the kinetics, as described
in the Introduction Section. As the particle coagulation was carried out, N(i) and N(j) decreased,
thus the collision frequency between particles i and j class decreased. Meanwhile, the larger particles
obtained by the particle coagulation between particles i and j class was difficult to aggregate unless
the number of larger particles attained a critical value. On the other hand, KPS and AIBA initiator
could also be considered as the electrolyte in polymerization recipe, and the addition of ionic initiator
enhanced the ionic strength. Furthermore, the thickness of electrical double layer surrounding the
particle surface was compressed, which decreased the particle stability and increased the extent of
particle coagulation [25]. The oil-soluble AIBN initiator was not ionic, therefore, the addition of AIBN
scarcely affected the thickness of electrical double layer, and, furthermore, particle coagulation was
not obvious. Meanwhile, when the oil-soluble AIBN was used as initiator, the vast majority of the
initiator dissolved in monomer droplets, monomer-swollen micelles, and polymer particles, and only a
small quantity of initiator dissolved in the aqueous phase, which initiated the polymerization reaction.
Because the pairs of radicals produced within a volume as small as a monomer-swollen latex particle
or a monomer-swollen micelle are easily recombined, the free radicals produced from the fraction of
initiator dissolved in the aqueous phase are responsible for particle formation and growth. Therefore,
the deactivation of the oil-soluble initiator plays a significant role in determining the initial particle
number and the rate of the polymerization reaction. Nomura et al. indicated that the efficiency of the
oil-soluble initiator was only 1/9 of that of KPS in pure water solvent [52]. In the oil-soluble initiator
system, the relationship between particle number and initiator was similar to conventional emulsion
initiated by KPS system, indicating that the particle number decreased with decreasing initiator
concentration. The deactivation of the AIBN is equivalent to the decrease in initiator concentration.
As a result, the initial particle number of the oil-soluble initiator was much smaller than that initiated
by KPS. The smaller the particle number was, the smaller the frequency of particle collision achieved,
which limited the occurrence of particle coagulation. Notably, in the AIBA initiator system, the initial
particle number was much smaller than that of the KPS system. This might be attributed to the in situ
charge neutralization. The polymer initiated AIBA possessed cationic chain ends, which shielded
the anionic charge of surfactant molecules SDS adsorbed on the particle surface. As a result, particle
coagulation occurred in the early polymerization period. Even though particle coagulation occurred
in particle nucleation period, the slight increase in particle number was also observed in this period
(Figure 7c). The increase in particle number might be attributed to the new particle formed in aqueous
phase. The particle number would increase when the rate of particle formed in aqueous phase is
larger than the rate of particle coagulation [30,32]. As the polymerization reaction was carried out, the
particle number gradually attained a constant value because a balance between particle nucleation
and coagulation was obtained. The earlier the particle coagulation, the narrower the particle size
distribution of ultimate latex particles. The curves of particle number vs. monomer conversion confirm
that the time of particle coagulation could affect the polydispersity of the final latex particles because
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of the competitive growth mechanism [53]. If the particle coagulation occurred in the early nucleation
period, the latex particles were completely swollen by styrene monomer because of the presence of
monomer droplets. Thus, the particles were practically soft, leading to the primary coagulation of latex
particles easily merging into the larger one [25]. The process of particle coagulation was controlled by
the kinetic factors such as the particle collision. In the next particle growth period, the larger particle
size had a smaller ratio of surface and volume and, furthermore, had a relatively slow rate of capturing
monomer radicals, resulting in a much slower growth rate of larger particles than the smaller ones [6].
As a result, the narrowly dispersed latex particles were obtained in the presence of particle coagulation.

From the thermodynamic view, the initiator systems also affect the electrostatic force among
the particles themselves. For instance, the cationic AIBA initiator systems decomposed into initiator
radicals, and the initiator radicals reacted with styrene monomer dissolved in aqueous media and
formed the monomer radicals with cationic initiator ends. These monomer radicals were captured
by the swollen micelles formed by SDS molecules, and further shielded the negative charge of the
surfactant SDS molecules adsorbed on the particle surface, and decreased the electrostatic repulsion
among the particle themselves. As a result, in situ charge neutralization process occurred, further
increasing the extent of the particle coagulation, and promoting particle coagulation that occurred in
the early nucleation period.

5. Conclusions

In conclusion, we demonstrated the effect of initiator systems on the particle coagulation and
particle size distribution of ultimate latex particles. The change in the initiator systems not only affects
the extent of the particle coagulation, but also determines the time of particle coagulation. In the anionic
KPS system, with the increase in the initiator concentration, the extent of particle coagulation was
enhanced, resulting in obtaining larger size and narrowly dispersed latex particles. The cationic AIBA
initiator played a significant role in determining the time of particle coagulation. The positive charges
derived from AIBA chain ends shield the negative charge of surfactant SDS molecules adsorbed on
the particle surface, leading to in situ charge neutralization, further enhancing the extent of particle
coagulation and advancing the time of particle coagulation. The kinetics of oil-soluble AIBN systems
seems similar to that of a conventional polymerization because of the deactivation of the oil-soluble
initiator. Thus, combined with our previous reports on the particle coagulation, a systematic method
for controlling the particle size distribution in the presence of particle coagulation was achieved.
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