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Abstract Based on N-isopropylacrylamide (NIPAm) and
modified copolymer of liquid crystal surfactant
polyoxyethylene 20 cetyl ether (AAc-Brij-58), a series of
“smart” poly(NIPAm-co-AAc-Brij-58) (ACM) microgels
with controllable particle size and adjustable salt stability have
been successfully fabricated by aqueous precipitation poly-
merization. The stability under the stimulus of salt and protein
adsorption/desorption behavior of ACM microgels were ex-
plored. It can be found that when the mass percentage of AAc-
Brij-58/NIPAm is 1 wt.%, the ACMO1 microgel film presents
the lowest contact angel (ca. 35.9°) and the highest hydrody-
namic diameters (Dy) value (ca. 1100 nm) with the increase of
volume phase transition temperature (VPTT). In terms of
transmittance change versus different concentrations of NaCl
solution and transmittance versus temperature under certain
salt concentrations, the responsibility of ACM microgel under
ionic strength is investigated sufficiently. The adsorption/
desorption behavior of ACM microgels to Bovine Serum Al-
bumin (BSA) is also revealed. The results show that the max-
imum adsorption amount of AMCO1 to BSA reaches 982.7
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+26 mg/g at 25 °C, much higher than that of ACMO (714.7
+36 mg/g) and ACMO02 microgels (402 +20 mg/g).

Keywords Microgel - N-isopropylacrylamide - Sensitivity -
Adsorption - Stability

Introduction

Responsive microgels have been drawing extensive attention
since 1986 because of their special structure, small particle size,
and high specific surface area [1]. In recent years, smart
microgels show promising prospect in the fields of controllable
release of drug, protein adsorption and separation, photoelectric
switch, and immobilization of enzyme [2—5], which make more
and more researchers pay attention to them. There are many
kinds of smart microgels such as thermosensitive [6—8], pH-
sensitive [9], photo-sensitive microgels [10], and so on. By
virtue of volume phase transition temperature (VPTT) around
32 °C and closeness to the normal temperature of the body,
much more attention have been paid to the modification of
poly(N-isopropylacrylamide) (PNIPAm) microgels [11]. In
fact, lots of reviews related to stimuli-responsive PNIPAm-
based microgels have been reported recently [12—14].

It has been recognized that within the numerous characteris-
tics of “smart” microgels, the unstability of microgel disper-
sions under different concentrations of salt is very prominent.
In the report of Gan et al. [15], the gelation of poly(N-
isopropylacrylamide-co-2-hydroxyethyl methacrylate)
microgel dispersions with ionic intensity increasing has been
investigated. With the introduction of calcium chloride (CaCl,),
cross-linked physical networks formed in the microgel disper-
sions. Meanwhile, they found that the gelation of the microgel
dispersions was also affected by certain concentration of sodi-
um chloride (NaCl). Sow et al. [16] investigated the effect of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-015-3819-x&domain=pdf

618

Colloid Polym Sci (2016) 294:617-628

NaCl on the aggregation of nanosized fish gelatin. It was found
that the addition of 1.5 % NaCl resulted in the formation of
aggregates and the reduction of gel intensity. However, with
the same concentration, sucrose affected the stability of fish
gelatin less than NaCl did.

With the rapid development of biotechnology, protein ad-
sorption and separation plays a highly significant role in it.
Among the masses of practical applications of microgels, much
attention has focused on the adsorption/desorption behavior of
protein onto smart microgels. By free-radical precipitation po-
lymerization, PNIPAm microgel particles cross-linked with dif-
ferent concentrations of poly(ethylene glycol) (PEG)
diacrylates of three different PEG chain lengths were synthe-
sized by Nolan et al. [17]. They proved that the adsorption of
protein decreased obviously with the increase of PEG length
and concentration. It can be attributed to the increased hydro-
philicity of microgels. The adsorption behavior of human IgG
onto thermo-sensitive poly(methyl methacrylate)/PNIPAm
microgels upon different pH values and temperatures have been
studied by Silva et al. [18]. They found that the adsorption
behavior was intensely affected by temperature at pH= 9, while
at pH=35 it turned out to be that the maximum absorption mass
was the same as that at 25 and 40 °C. Taking advantage of
PEGylation technique, PNIPAm-co-PEGMa microgels were
obtained by Trongsatitkul et al. [19]. It was found that the
degree of PEGylation significantly affected the adsorption of
bovine serum albumin (BSA) on the microgels surface.

Although PNIPAm-based microgels with good adsorp-
tion of BSA have been reported, the adsorption behaviors
of PNIPAm-based microgel containing liquid crystal unit
upon BSA are still unknown. In our previous work [20],
via esterification between acrylic acid (AAc) and
polyoxyethylene 20 cetyl ether (Brij-58), we successfully
synthesized AAc-Brij-58, and prepared the corresponding
bulk hydrogels. However, compared to the bulk hydrogels,
microgels take great advantages over drug release and de-
livery in vivo and adsorption/desorption behavior. To reveal
the relationship between microgel and stability under salt
stimulus and rapid protein adsorption/desorption, a novel
poly(NIPAm-co-AAc-Brij-58) microgel (ACM) with dif-
ferent mass percentages was designed and fabricated by
precipitation polymerization [21, 22]. The chemical compo-
sition, appearance, and hydrophilic/hydrophobic properties
of synthesized microgel were investigated by the methods
of FTIR, TEM, and the contact angle meter. To clarify the
thermo-sensitivity of obtained microgel latexes, dynamic
light scattering (DLS), differential scanning calorimetry
(DSC), and turbidity analysis were carried out jointly. The
turbidity method was applied in order to explore the stabil-
ity of microgels versus temperature and ion concentration.
Furthermore, the adsorption/desorption behavior of BSA
onto microgel was investigated and the comparison with
corresponding bulk hydrogels was conducted.
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Experimental
Materials

N-isopropylacrylamide (NIPAm, 95 %, Tokyo Kasei Kogyo
Co.) was purified by repeated recrystallization in a mixture of
toluene and hexane (60:40, V/V). Polyoxyethylene 20 cetyl
ether (Brij-58) was purchased from Shanghai Meryer Chem-
ical Technology Co., Ltd. Acrylic acid (AAc) was purchased
from Tianjin Real & lead Chemical Co., Ltd., China. Liquid
crystal monomer C;H33(OCH,CH,),,0-COCH = CHj, (here-
inafter referred to as AAc-Brij-58) was prepared upon our
previous report based on AAc and Brij-58 [20]. N,N'-
methylenebisacrylamide (MBA, a cross-linker) was pur-
chased from Tianjin Kemiou Chemical Reagent Co. and re-
crystallized by methanol. Initiator ammonium persulfate
(APS) was obtained from Shanghai Chemical Reagent Co.
and used without any purification. BSA (molecular weight
68,000) was purchased from Beijing Solarbio Science &
Technology Co., China. Hydrophilic Durapore
polyvinylidene fluoride (PVDF) filter membranes with the
size of 50 mmx0.22 um were purchased from Shanghai
Xinya Purifier Devices Factory. The greatest advantage of
Durapore PVDF filter membranes is the ultra low protein ad-
sorption (protein recovery reaches 99 %). The dialysis mem-
brane (cutoff M, =14, 000) was purchased from Beijing
Solarbio science and technology company. The water used
was Milli-Q grade. Other raw materials and reagents were
all analytical pure and used as received.

Synthesis of poly(NIPAm-co-AAc-Brij-58) microgels

The poly(NIPAm-co-AAc-Brij-58) microgels were syn-
thesized by aqueous precipitation polymerization. In brief,
the polymerizable monomer AAc-Brij-58 was firstly dis-
solved in 150 mL of deionized water under continuous
stirring till the uniform solution formed. Then, 8.84 mmol
of NIPAm monomer and 0.65 mmol MBA were added
successively. After 30 min, the above mixtures were grad-
ually heated to 70 °C under water bath and nitrogen
stream. As the reaction temperature reaches equilibrium,
0.065 mmol of APS (dissolved in 1 mL of water) was
added. The whole reaction lasted for 6 h at 70 °C under
nitrogen atmosphere. At the beginning of the polymeriza-
tion, the solution color changed from transparent to light
blue in a few minutes, then slowly turned to a milky
white. In the process of reaction, the pH value of solution
remained at around 6~7. Finally, the poly(NIPAm-co-
AAc-Brij-58) microgel latex was obtained.

The obtained latex was first filtered with pore size 10—
15 um filter paper removing the aggregates, and then the
dispersion was purified with dialysis membrane in deionized
water for 2 weeks to remove unreacted monomers and other



Colloid Polym Sci (2016) 294:617-628

619

impurities. The subsequent products were represented as
ACMX, here X represents the mass percentage of AAc-Brij-
58/NIPAm, such as ACMO02 means that the dosage of AAc-
Brij-58 and NIPAm is 0.02 g and 1.0 g, respectively.

Fourier transform infrared spectroscopy (FTIR)

The ACM microgel solution was firstly freezed in refrigerator
at —20 °C for 1 h. The completely frozen sample was freeze-
dried at —60 °C with freeze dryer (Alphal-4LD, German
Christ Inc.) subsequently for 5 h. The chemical composition
was determined by FTIR (TENSOR 37, Germany) using a
KBr tablet containing dried microgel powders.

Transmission electron microscope (TEM)

Firstly, the ACM microgel aqueous solution with concentra-
tion of 1 wt.% was prepared. Then a tiny AAc-Brij-58 solution
was dropped onto a pure copper mesh before being air-dried at
25 °C. The TEM graphs were performed on a Hitachi (H-
7650, Japan) transmission electron microscope.

Dynamic light scattering (DLS)

The hydrodynamic diameters (Dy) and size distribution of
ACM microgel were performed on DLS (Delsa’™ Nano,
Beckman Ltd, America) at 28 ~45 °C. The scattering angle
of 90° was used and Beckman digital correlator was intended
for collecting the measured information. A thermocouple
stage was used to control the temperature of ACM microgel
aqueous solution precisely. Before collecting data, it should
spend at least 20 min on samples making them reach an equi-
librium state at the given temperature. The data was analyzed
with the Delsa Nano software equipped in the computer. Un-
der each temperature, the measurement was repeated for 3
times and the mean value of Dy; was received.

Turbidimetric analysis

The transmittance of the ACM microgel dispersion was deter-
mined using a double beam TU-1901 Ultraviolet-visible (UV/
Vis) spectrophotometer (Beijing Purkinje General Instrument
Co., P.R. China) equipped with double beam. The temperature
was controlled in the range from 28 to 45 °C.

Contact angle (CA)

The measurement process of CA was as follows. First, the
slides with a size of 20 mm x 50 mm % 1 mm were immersed
in mixture solution of V(Concentrated sulfuric acid) to V(Hy-
drogen peroxide)=2:1 for 24 h. Then the slides were dipped
into distilled water and cleaned with ultrasonic washer (Kun
Shan Ultrasonic Instruments Co., People’s Republic of China)

for 20 min. After that, the slides were dried completely in oven
before using. Soon afterwards, 0.5 mL ACM microgel disper-
sions were coated on a slide in a square area of about
2 cm x 2 cm until the formation of dried film. Then the static
CA of ACM microgel film was measured by a JYSP-180
contact angle meter (Jinshengxin Instrument Co., Beijing,
People’s Republic of China) after the film was completely
dried. For reducing the error, three different experiments were
conducted each group and then the average value was
calculated.

Determination of the volume phase transition temperature
(VPTT)

The VPTT was conducted on a DSC machine. Aluminum
pans were used to lay sample. Approximately 10 mg of
ACM microgel latexes was used under a gentle stream of
nitrogen. Temperature increased from 20 to 50 °C at a heating
rate of 1 °C/min. The VPTT values were determined accord-
ing to the initial temperature of endothermic peak.

The adsorption/desorption behavior of ACM microgel
to BSA

The glass bottle containing 100 mL of 6 mg/L BSA aque-
ous solution was first put into 37 °C water bath oscillator
(Honour Instrument Co., Tianjin, P.R. China), followed by
the addition of 2 mL of ACM microgel dispersion. Then,
1 mL of mixture solution was taken out each 10 min
under continuous running of the oscillator. To remove
the microgels in the mixture solution, Durapore PVDF
filter membranes with 50 mm diameter and 0.22 pum pore
size were used (purchased from Shanghai Xinya Purifier
Devices Factory). Due to the ultra low protein adsorption
(protein recovery reaches 99 %) of the filter membranes to
BSA, therefore, it can be thought that the BSA adsorbed
by the filter membrane itself can be ignored. After filter-
ing the solution, the residual solution was diluted to
10 mL. The absorbance of unabsorbed BSA was measured
by using a double beam TU-1901 UV/Vis spectrophotom-
eter. The wavelength of light was 280 nm and a series of
three different experiments were conducted. After that the
glass bottle was transferred to a shaking bath with a con-
stant temperature of 25 °C. For the absorbance measured
subsequently at 25 °C, the process was performed as
above.

The determination of BSA absorbance
As is known, protein solution carried out on UV/Vis spectro-
photometer presents the characteristic light wavelength at

280 nm [23]. Meanwhile, the absorbance value is proportional
to the concentration of proteins solution. According to the

@ Springer



620

Colloid Polym Sci (2016) 294:617-628

absorbance values obtained from the UV/Vis spectrophotom-
eter, curves of the absorbance variation versus the experiment
conditions could be obtained. Meanwhile, the concentration
of BSA solution C, at a certain time can be calculated accord-
ing to the results showed at 7 time quantitatively. Finally, the
BSA saturated absorbance capacity ¢ can be easily worked out
according to Eq. 1.

Co—10 x C,
mq

q="V:x x 1000(mg/g) (1)

Where Cj is the primary concentration of BSA aqueous
solution (6 mg/L), and mgq is the weight of ACM microgel at
dried state. When t=0, V,=V;,=200 mL.

Results and discussion

The structure composition and analysis
of poly(NIPAm-co-AAc-Brij-58) microgel

Figure 1 shows the FTIR spectrum of ACM microgels. As
seen from Fig. la, characteristic adsorption peaks of am-
ide group appear in all ACM curves. The characteristic
band at 1649 cm ™' can be assigned to the C=0 stretching
of amide I band. The peak of amide II band was located at
1546 cmfl, which can be ascribed to the combination of
N-H bending vibrations and C-N stretching vibrations.
Finally, the double peak centered at around 1368 and
1387 cm™' was attributed to symmetrical bending vibra-
tions and the coupling split originating from dimethyl of -
CH(CHs3), group. From the above, it can be concluded
that all curves in Fig. la contain the typical bands of
amide group, revealing that PNIPAm has been obtained
by polymerization of NIPAm monomer successfully.

It should be also known that polyNIPAm plays an impor-
tant part in ACM microgel network because the mass frac-
tion of AAc-Brij-58/NIPAm is less than 3 wt.%. Therefore,
the two characteristic peaks located at 1620 and 1730 cm™ ",
which assigned to the stretching vibration of -C=C- and -O-
CO- groups of AAc-Brij-58 are hardly visible. Neither are
the three peaks at 1062—1146 cm ™', which belonged to -
CH,-0O-CH;- stretching vibration. Whereas, among the
magnified FTIR spectrum curves, it can be clearly seen from
Fig. 1b that the peaks at 1726 cm™' become gradually
smoother, with the mass percentage of AAc-Brij-58/NIPAm
increase from 0 to 3 wt.%. It can be attributed to the
stretching vibration of C=0 in -O-CO- group of AAc-
Brij-58, and the slope at the point of 1726 cm™' was influ-
enced more strongly with increasing mass percentage of
AAc-Brij-58/NIPAm. Therefore, it is reasonable to assume
that ACM microgels have been successfully synthesized by
copolymerization of AAc-Brij-58 and NIPAm.
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The surface hydrophilic/hydrophobic property
and morphology of poly(NIPAm-co-AA c-Brij-58)
microgel

Contact angle (CA) is the significant method to investigate the
hydrophilicity/hydrophobicity of the sample. Just as we all
know, in smooth surface, the higher hydrophilicity leading
to lower CA value. Table 1 shows the CA data and images
of ACM microgel film. The CA value of the compared group
measured on glass plate is 26.8°+3°, while that of ACMO,
ACMO1, and ACMO02 microgel films are 48.7°+2.8°,
35.9°£3.6°, and 47.8°+2.9°, respectively. In terms of ACM
microgel films, the CA values are all below 50°. Comparing
the three CA values above, it can be found that as the mass
percentage of AAc-Brij-58/NIPAm is below 1 wt.%, ACM
microgel film presents highest hydrophilicity. Owing to the
high hydrophilic lypophilic balance (HLB) of 15.7 possessed
by Brij-58, it is natural to think that the addition of AAc-Brij-
58 leads to the formation of hydrogen bond between hydro-
philic PEO groups of AAc-Brij-58 and water molecules. This
result is in good agreement with previous findings reported by
Zhang et al. [24]. The subsequent increase of CA value for
ACM microgels film can be attributed to the dominant role
played by the hydrophobic ester groups and -C;¢H33 groups in
polyAAc-Brij-58 molecular chains. In fact, the CA results
have been proved by the following measurements like TEM,
DLS, and UV/Vis.

The morphology of ACM microgel particles is presented in
Fig. 2. It can be seen that all the ACM microgel particles
present spherical structure and narrow particle size distribu-
tion except ACMO03. Roughly calculated, it was found that the
microgel diameters of ACM0, ACMO01, and ACMO02 were
about 580, 900 and 400 nm, respectively. As a matter of fact,
during the polymerization reaction, the increasing addition of
ester surfactant AAc-Brij-58 would facilitate the formation of
AAc-Brij-58 micelles. Blandamer et al. [25] have pointed out
that the concentration of surfactant above the so-called critical
micelle concentration (CMC) will lead to the formation of
micelles. As the free-radical reaction proceeded, part of ester
chains in poly(NIPAm-co-AAc-Brij-58) network grew to a
certain length and became insoluble in water, which gradually
led to the reversed-phase precipitation of molecular chains and
the formation of ACM microgel particles in aqueous solution.

Furthermore, with increasing mass percentage of AAc-
Brij-58/NIPAm from 0 to 2 wt.%, the Dy of ACMO,
ACMO1, and ACMO2 microgels at 28 °C can be roughly
gained as 928, 1100, and 760 nm, respectively. This variation
tendency of Dy, which increases firstly and then decreases can
be explained by the following two competitive effects. On one
hand, the introduction of AAc-Brij-58 with hydrophobic
groups of -(CH,),5CH; and hydrophilic groups of
-(CH,CH,0),00H certainly increases Dy of PNIPAm chains.
On the other hand, owing to the relatively enhanced
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Fig. 1 The FTIR spectrum of ACM microgel (a) and the FTIR spectrum of ACMO0-03 microgel (b). The locally enlarged image with the wavenumber
range of 2400-1400 cm ™'

hydrophobic effect, Dy of ACM microgels decrease. Itis ev-  58/NIPAm increases from 1 wt.% to 2 wt.%. The change of
ident from the circle marked picture of ACMO02 that a small ~ hydrophilicity/hydrophobility for ACM microgel has been
portion of ACMO2 microgel particles aggregated. It indicates  confirmed by the CA measurement above. As a matter of fact,
that hydrophobic effect plays a significant role in the size of ~ Farn et al. [26] have pointed out that, in terms of amphiphilic
ACM microgel particles, as the mass percentage of AAc-Brij-  surfactant, both the solubility of hydrophobic group in

Table 1  The surface CA values of glass plate and ACM microgel films
The surface CA values of glass plate and ACM microgel films

groups glass plate ACMO ACMO1 ACMO2

27.1° 45.5° 39.8° 50.2°

| sdeglll g

average

26.8°+3° 48.7°+2.8° 35.9°+3.6° 47.8°+2.9°

value
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Fig.2 The TEM images of ACM e e
microgels v e
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aqueous solution and the hydrophilic group in nonpolar phase
are very low and therefore the formation of aggregates de-
pending on hydrophobic effect.

As the mass percentage of AAc-Brij-58 reaches 3 wt.%, the
hydrophobic effect of ACMO03 microgel is the most remark-
able. As a result, irregular shapes of ACMO03 microgel parti-
cles can be observed. In fact, during the polymerization of
ACMO3, explosive reaction occurred and followed by the
generation of solid particles. Based on this matter, the subse-
quent measurement related to ACMO3 microgel won’t be an-
alyzed or clarified.

Thermo-sensitivity of poly(NIPAm-co-AA c-Brij-58)
microgel

Hirokawa et al. [27] have pointed out that PNIPAm molecular

chains exhibit significantly temperature sensitivity, owing to
the hydrophilic amide groups and the hydrophobic isopropyl
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groups in molecular chains. Meanwhile, because of an obvi-
ous hydrophilicity/hydrophobicity change around VPTT,
PNIPAm-based microgels generally present rapid sensitivity
to temperature. The temperature-sensitivity of microgels can
be easily confirmed by DLS, upon which the Dy curve of
microgel spheres as a function of temperature or VPTT can
be obtained. Figure 3 shows the particle size variation of
ACM microgels as a function of temperature. It can be found
that the Dy; values of ACMO0, ACMO1, and ACMO02 decrease
to 384, 360, and 248 nm from 928, 1100, and 760 nm, with
increasing temperature from 28 °C to 45 °C, respectively.
Significant decrease upon Dy can be observed between 32
and 34 °C. It indicates that all ACM microgels exhibit good
thermo-responsibility, regardless of the mass percentage of
AAC-Brij-58/NIPAm. On the other hand, it also shows that
the VPTT values of ACM microgels mainly occur at 32—
34 °C. To further investigate the effect of addition of AAc-
Brij-58 upon thermo-responsibility of ACM microgels, in
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Fig. 3 Plots of Dy versus temperature for the ACM microgels

Fig. 3 the positive slope values of ACM microgels bewteen 32
and 34 °C are calculated. For ACM0, ACMOI1, and
ACMO02 microgels, the values obtained are 114.85,
122.8, and 108.05, respectively. The slope values dem-
onstrate that the sensitivity of ACMO1 microgels in re-
sponse to temperature is much better than those of
ACMO and ACMO2.

It is also noteworthy that below 40 °C, the relationship
among the Dy values of ACM microgels shows that
ACMO1>ACMO> ACMO02, which is in good agreement with
the results of Fig. 2. It reconfirmed that as the mass percentage
of AAc-Brij-58/NIPAm is below 1 wt.%, the hydrophilicity of
ACM microgels increases. While as the mass percentage of
AACc-Brij-58/NIPAm is above 1 wt.%, the hydrophilicity of
ACM microgels decreases. It is interesting to note that, when
the temperature is above 40 °C, the Dy values of ACMO1 are
less than ACMO. The reason is considered to be that the higher
temperature leads to the destruction of hydrogen bonds, the
hydrophobic effect of alkyl groups in AAc-Brij-58 plays a
dominant role in microgel emulsion. As a result, the hydro-
phobic state results in the bigger loss of water in ACMO1
microgels and the microgels shrink. This can be aided by the
report of Ricka et al. [28].

UV/Vis method was also adopted to analyze the thermo-
responsibility of ACM microgels. The varied transmittance
curves of ACM microgels versus temperature are shown in
Fig. 4. It can be seen that the transmittance of ACM microgels
decrease gradually as temperature increases from 28 °C to
45 °C. The illustration shown in Fig. 4 also shows that with
the temperature increase, the appearance of ACM microgel
latex turns to ivory from transparence, confirming the
thermo-responsibility of ACM microgels from macroscopic
appearance. The varied transmittance of ACM microgel latex
is mainly due to the water existing in the interior void of
microgels, which reveals the difference value of refractive
index between water-microgel macrocomplex and bulk water.

90
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40

30+
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Fig. 4 Curves of the transmittance variation of the ACM microgel
dispersions versus temperature

Below VPTT, the difference in the refractive index is small by
virtue of swollen state of microgels, resulting in a higher trans-
mittance. However, as temperature above VPTT, ACM
microgels become curly hard spheres from previous stretching
network. As a result, as Pelton et al. [29] have proved, water
was expelled from the interior of microgels, leading to a
higher refractive index and a lower transmittance. Further-
more, it is of interest to note that the transmittance of ACM
microgels rapidly decreased at ca. 34-36 °C, slightly higher
than those achieved from Fig. 3. The reason may be attributed
to the hysteresis effect generated by the fact that the real tem-
perature in the heating bath is actually lower than the digital
display. It is also worth noting that the VPTT of ACMO1 is
higher than that of other two groups. This result confirms
again that the hydrophilicity of ACM microgels decreases
after originally increases with increasing mass percentage of
AAc-Brij-58/NIPAm from 0 to 2 wt.%, which is in good ac-
cordance with the result in Fig. 3 and Table 1.

DLS and UV/Vis methods can only provide a broad scope
of VPTT. In order to investigate the fixed VPTT value, DSC
was used to determine VPTT of ACM microgel, as shown in
Fig. 5. It can be seen that all DSC curves of ACM microgel
dispersions present weak endothermic peak. This is because
that ACM microgel latex contains large amounts of water, and
the volume changes of ACM microgels are not obvious like
bulk hydrogel that was reported by Gao et al. [30]. Despite this
special issue, the endothermic peaks can still be found from
DSC curves of ACM microgel after magnification. It shows
that the VPTT values (the starting point of the peaks) of
ACMO, ACMO1, and ACMO02 microgel dispersions are
32.4, 33, and 30 °C, respectively. It is known that in the
heating process of DSC, the hydrogen bonds between water
molecules and hydrophilic groups of microgels are destroyed
due to the energy absorption, causing water to be expelled
from microgel interior. The more water is excluded, the more
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Fig. 5 DSC curves of ACM microgels

energy will be consumed, and the more obvious endothermic
peaks in the DSC curve will appear. For ACMO02 microgel,
less energy was needed to consume for the deswelling process
by virtue of the lower hydrophilicity, leading to the formation
of very weak endothermic peak. In fact, high hydrophilicity
would increase the VPTT of gels. Fernandez et al. [31] and
Bradley et al. [32] have confirmed it by introducing hydro-
philic group AAc in polymer and observed the increase of
VPTT. Conversely, high hydrophobicity of copolymer leads
to the VPTT decreases.

The stability of poly(NIPAm-co-AA c¢-Brij-58) microgel
under salt stimulus

In medicine, cosmetics, and other fields, the practical applica-
tion of the intelligent microgel closely relates to its stability. It
is normally required that microgel should be stable within a
certain range of ionic strength and temperature. It is well
known that the stability of colloid is decided by the van der
Waals force, electrostatic repulsion, and spatial stability. And
the separation, aggregation, and sedimentation of the colloid
occur as the van der Waals force is greater than the electro-
static repulsion and spatial stability [33, 34].

The transmittance change curves of the ACM microgel
dispersions versus different concentrations of NaCl solution
are shown in Fig. 6. It is seen that with the increase of NaCl
concentration, the transmittance of ACM microgel emulsion
decreases at the beginning and then increases. As the concen-
trations of NaCl are 1.42, 1.35, and 1.12 mol/L, respectively,
the minimal transmittance values of ACM microgel emulsion
were reached. And these points are denoted as the critical salt
concentration point of the microgel aggregation, above which
the ACM microgel particles would aggregate immediately,
followed by the gradually increase of light transmittance. As
is known to all, there are two main reasons that the NaCl
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Fig. 6 The transmittance change curves of the ACM microgel
dispersions versus different concentrations of NaCl solution

solution system destroys the stability of microgel [35, 36].
One is that the electrostatic repulsion is shielded by the intro-
duction of NaCl, and the shielding effect is enhanced with the
increase of NaCl concentration, leading to the electrostatic
repulsion decreases. The other is that the osmotic pressure
inside and outside the microgel particles are different on ac-
count of the addition of NaCl. As a result, the water inside the
particles penetrate outward continuously, causing particle size
decreases, indicating that the original stability of particle size
is gradually lost. With increasing NaCl concentration, the
microgel emulsion turned to turbid from transparent with the
gradually precipitation of the subtle solid particle, until it
reached an ultimate transparent emulsion followed by the sed-
imentation of the solid particle. Consequently, the light trans-
mittance originally reduces and then increases with the in-
crease of NaCl concentration. It is also interesting to note that
along with the mass percentage of AAc-Brij-58/NIPAm in-
creasing, the critical point decreased because of polar groups
in AAc-Brij-58, which means the sensitivity that the system of
ACM microgel reacted to ionic strength increased. Mean-
while, introduction of NaCl to the suspension induced the
“salt-out” effect of ACM microgel, leading to the dehydration
of poly(NIPAm) chains in microgel network, therefore the
shrinkage of microgel was produced [37]. Moreover, with
the increase of NaCl concentration, the osmotic pressure in
solution was higher than that in the microgel network. There-
fore, water was released from the inside of microgel, reducing
the Dy of microgel particle [38]. This also can be explained by
the hairy layer model, which has been elucidated by Seebergh
et al. [39]. The model holds that microgel network is com-
posed of many polymer chains, or hairs, they extend into the
surrounding solution due to the electrostatic repulsion be-
tween charged groups in polymer chains. The electrostatic
repulsion is screened by the presence of NaCl, resulting in
the decrease of hairy layer thickness. Therefore, the Dy of
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microgel particle decreases. Furthermore, dehydration of
ACM microgel results in the value of effective Hamaker
constant (4.¢) increased, and the spatial stability of ACM
microgel system was damaged simultaneously. These
worked together to generate the formation of aggregates
[40]. In terms of ACMO2, owing to the self-aggregation of
ACMO2, the needed critical aggregation salt concentration
decreased.

Taking thermo-responsibility and salt-sensitivity of ACM
microgels into consideration together, the stability of ACM
microgels versus temperature under different salt concentra-
tions are shown in Fig. 7. Taking the critical aggregation salt
concentration as points of separation, the thermal stability of
ACM microgels under 0.2, 0.5, 1.0, and 2.0 mol/L NaCl so-
lution was investigated. It is well known that destroying the
stability of microgel emulsion by means of increasing temper-
ature mainly stems from following two reasons [11, 41]. One
is that the particle sizes gradually decrease with the increasing
of temperature, and the steric stability disappears progressive-
ly. Secondly, the thermal motion of microgel particles in
higher temperature is more drastic, at higher temperature the
collision likelihood of particles improves; therefore, it is easier
for the aggregation of microgel particles. Figure 7a—c show
that in 0.2 mol/L NaCl solution, the transmittance values of
ACM microgel dispersions drop markedly as the temperature
is above VPTT, and then keep slightly decreasing. It indicates
that heating can not induce the aggregation of ACM microgel

particles when the concentration of NaCl solution is below
0.2 mol/L. However, when the concentration of NaCl solution
reaches 0.5 mol/L, some solid particles appear owing to the
self-aggregation of microgel dispersions. Moreover, it be-
comes easier for the solid particles to aggregate with the in-
crease of temperature. It turns out that the increase of NaCl
concentration and temperature both make the transmittance of
microgel latex reduce sharply, and the sudden decrease ap-
pears below the phase transition temperature. The reason is
that both the improvement of the ion strength and the increase
of temperature promote water expelled from microgels, which
can increase the difference of refractive indices between water
and microgels [7]. Whereas the transmittance will increase on
the condition that continues to heat up afterwards, it can be
attributed to the aggregation of solid particles. When the con-
centration of NaCl is 1 mol/L, the transmittance curve is sim-
ilar to that of 0.5 mol/L NaCl solution, somewhat differently,
the abrupt change point of temperature is lower due to the
increased concentration of NaCl. As the concentration of
NaCl is 2 mol/L, aggregates appeared in ACM microgel dis-
persions. In the wake of increase in temperature, microgels
aggregated more severely and the transmittance increased ac-
cordingly. In addition, a sudden change appeared around the
phase transition temperature. It demonstrates that the aggrega-
tion behavior was aggravated with the particle size of microgel
decreased and the spatial stability disappeared, which led to
the increase of transmittance values.

80

Fig. 7 The transmittance change
curves of the ACM microgel
dispersions versus temperature in
NaCl solution (a), the
transmittance change curves of
the ACMO microgel dispersions
versus temperature at 0.2, 0.5, 1,
and 2 mol/L NaCl solution,
respectively (b), and the
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The adsorption/desorption behavior of ACM microgel
onto BSA

The column diagram of BSA adsorption content and the sche-
matic illustration of BSA adsorption/desorption onto ACMO-
02 microgels at 25 °C and 37 °C are shown in Fig. 8. It was
found that both the BSA adsorption amount at 25 or 37 °C and
the adsorption difference between 37 °C and 25 °C showed a
trend that increase first and then decrease. For instance, the
BSA adsorption amounts of ACMO0, ACMO1, and ACMO0?2 are
714.7+36,982.7+26 and 402 +£20 mg/g, respectively. In our
previous work, it was proved that as mass percent of AAc-
Brij-58/NIPAm was 1 wt.%, poly(NIPAM-co-AAc-Brij-58)
(ACHO1) bulk hydrogel presented the highest adsorbed BSA
amount, which was about 1090+24 mg/g at 37 °C. And no
BSA aggregates on the surface of ACH hydrogels were ob-
served after desorption at 25 °C [20]. Similar to ACH hydro-
gel, in the process of microgel collapse, polyAAc-Brij-58
plays an extremely important role in the BSA adsorption/de-
sorption. Owing to the hydrophobic alkyl chains -C;¢Hs3 in
polyAAc-Brij-58, they promote BSA to be adsorbed easily.
Conversely, the electrostatic repulsion of ethoxy groups in

AAc-Brij-58 would cause negative impact on BSA
adsorption.

Figure 3 shows that the particle size of ACMO1 is bigger
than ACMO within the range of 25 to 40 °C. Therefore, in the
phase transition process of BSA adsorption from 25 to 37 °C,
it will be easier for BSA to penetrate into the network structure
of ACMO1 microgel and adsorbed at the external and central
section, as illustrated in Fig. 8b. It can be explained from the
fact that the bigger the particle size is, the larger adsorption
area will be. Combining this with the promoting adsorption
effect of AAc-Brij-58 mentioned above, a larger amount of
BSA adsorption onto AMCO1 than ACMO microgel ultimate-
ly realized at 37 °C. On the other hand, although the electro-
static repulsion of ethoxy groups in AAc-Brij-58 promoted
BSA desorption in the ACMOI surface layer at 25 °C, the
promoting adsorption effect of AAc-Brij-58 plays a dominate
role in BSA adsorption, hence the adsorption amount of BSA
onto ACMO1 microgel is still larger than ACMO. It probably
can be attributed to the fact that some BSA macromolecules
are tangled in the central and external section of microgels;
therefore, the movement of tangled BSA is restricted by the
poly(NIPAM-co-A Ac-Brij-58) molecular chains. From the

Fig. 8 The bar chart of BSA
adsorption quantity and the
schematic illustration of BSA
adsorption/desorption at different
temperatures
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difference values of adsorption it can be concluded that the
adsorption effect improved by ACMO1 is more significant
than ACMO.

With increasing mass percentage of AAc-Brij-58/
NIPAm from 1 wt.% to 2 wt.%, the particle size of
ACMO2 becomes smaller at 25 °C and the effective ad-
sorption area reduces. Meanwhile, various structures of
AAc-Brij-58 appear and the steric hindrance effect is
more prominent with the increase of mass percentage.
All these work together to strengthen the ability of anti-
adsorption to BSA, thus the adsorption amounts of BSA
onto ACMO02 at 25 °C and 37 °C all eventually reach the
minimum value than ACM0O and ACMO1.

On the other hand, in virtue of the introduction of AAc-
Brij-58, the electrostatic repulsive effect of -CH,-CH,-O-
groups to BSA is more highlighted in ACM microgels than
in poly(NIPAm-co-AAc-Brij-58) (ACHX) bulk hydrogel. In
consequence, the adsorption/desorption behavior of BSA onto
ACMO is improved apparently compared to ACHX bulk hy-
drogel. While, as for ACMO1 and ACMO2, only the desorp-
tion performance onto BSA increased.

Conclusions

In the present work, a series of poly(NIPAM-co-A Ac-Brij-58)
(ACM) microgels with various mass percentages of AAc-Brij-
58/NIPAm were successfully synthesized by aqueous precip-
itation polymerization. With the diameter ranges from 400 to
900 nm, all of the ACM microgel particles obtained present
spherical shape and narrow particle size distribution. Increas-
ing the mass percentage of AAc-Brij-58/NIPAm from 0 to
2 wt.%, the obtained CA values of ACM0, ACMO1, and
ACMO2 film are 48.7°+£2.8°, 35.9°+£3.6° and 47.8°+2.9°,
respectively. The obtained ACM microgels present rapid
temperature- and salt-responsibility. The Dy values of
ACMO, ACMO1, and ACMO02 microgels from 928, 1100,
and 760 nm decrease to 384, 360, and 248 nm separately as
temperature increases from 28 °C to 45 °C. With the increase
of NaCl concentration from 0 to 2.5 mol/L, the transmittance
value of ACM microgel emulsion decreases initially and in-
creases afterwards. As ACMO0-02 microgel aggregate, accord-
ingly, the critical salt concentration is 1.42, 1.35, and
1.12 mol/L, respectively. However, with the temperature in-
creasing at a certain NaCl concentration, there were no aggre-
gations below 0.2 mol/L. However, above 0.5 mol/L, the sta-
bility of ACM microgels was destroyed. The adsorption
amounts of BSA onto ACM0, ACMO1, and ACMO02 microgel
dispersions are 714.7+36, 982.7+26 and 402 +20 mg/g, re-
spectively. Meanwhile, with the maximum adsorption differ-
ence value of 670 mg/g, ACMO1 shows great potential appli-
cations in drug release and delivery in vivo.
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