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ABSTRACT: The purpose of this work was the synthesis and
characterization of thermally switchable magnetic particles for
use in biotechnological applications such as protein
purification and enzymatic conversions. Reversible addition−
fragmentation chain-transfer polymerization was employed to
synthesize poly(N-isopropylacrylamide) brushes via a “graft-
from” approach on the surface of magnetic microparticles. The
resulting particles were characterized by infrared spectroscopy
and thermogravimetric analysis and their temperature-depend-
ent agglomeration behavior was assessed. The influence of
several factors on particle agglomeration (pH, temperature, salt
type, and particle concentration) was evaluated. The results showed that a low pH value (pH 3−4), a kosmotropic salt
(ammonium sulfate), and a high particle concentration (4 g/L) resulted in improved agglomeration at elevated temperature
(40 °C). Recycling of particles and reversibility of the temperature-switchable agglomeration were successfully demonstrated for
ten heating−cooling cycles. Additionally, enhanced magnetic separation was observed for the modified particles. Ionic monomers
were integrated into the polymer chain to create end-group functionalized particles as well as two- and three-block copolymer
particles for protein binding. The adsorption of lactoferrin, bovine serum albumin, and lysozyme to these ion exchange particles
was evaluated and showed a binding capacity of up to 135 mg/g. The dual-responsive particles combined magnetic and
thermoresponsive properties for switchable agglomeration, easy separability, and efficient protein adsorption.

KEYWORDS: stimuli-responsive material, thermoresponsive polymer, magnetic microparticles, poly(N-isopropylacrylamide),
block copolymer, bioseparation process

1. INTRODUCTION

In the past decade, much work has been done to design and
develop magnetic particles that not only possess magnetic
properties, but also have the ability to respond rapidly to small
changes in their environment.1,2 Stimuli-responsive magnetic
particles have shown potential in numerous applications due to
their ability to react to external parameters, such as temper-
ature, pH, ionic strength and many more. Thermosensitive
magnetic particles, in particular, have been applied as
adsorbents in separation processes,3,4 drug delivery,5,6 micro-
fluidic devices,7 emulsion stabilization,8 and enzyme immobi-
lization.9 In comparison to commonly used techniques such as
filtration, precipitation, and chromatography, magnetic-based
separation is a simple yet economical technique that has shown
promising potential in the separation of biomolecules.
Poly(N-isopropylacrylamide) (PNIPAM) is the most widely

used thermoresponsive polymer.10 It is suitable for biotechno-
logical applications because of its lower critical solution
temperature (LCST) of approximately 32 °C.11 The chemical
modification of particles by polymer chains can be accom-
plished by either the “graft-to” or the “graft-from” approach.12

While the “graft-to” synthesis allows a-priori characterization of
the polymer, higher grafting densities can be achieved with the

“graft-from” approach.13 The reversible addition−fragmenta-
tion chain-transfer (RAFT) polymerization technique is a form
of reversible-deactivation radical polymerization, which allows
syntheses of polymers with narrow molar mass dispersity and
predetermined molecular weight.14 In addition, RAFT polymer-
ization also provides the flexibility to prepare complex
molecular architectures (stars, blocks, and networks) through
end-group modification and chain extension reactions. For
example, a combination of “graft-from” and RAFT polymer-
ization was previously employed by Ma et al.15 who modified
silica nanoparticles with an optimized ratio of copolymerized
polyethylene glycol and positively charged quaternary amines
for drug delivery. Lai et al.7 synthesized thermoresponsive
magnetic nanoparticles (via RAFT polymerization, self-
assembly, and cross-linking) and demonstrated reversible
aggregation in a microfluidic device at a temperature above
the LCST.
Ion-exchange polymers, which provide affinity toward

specific biomolecules, can be incorporated onto magnetic
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particles for protein purification and separation. These ion-
exchange moieties have the ability to protonate/deprotonate
depending on changes in pH, subsequently allowing the
adsorption/desorption of proteins through electrostatic inter-
actions. Negatively charged carbonyl groups of acrylic acid
(AA) comonomers were utilized by Borlido and co-workers to
prepare cross-linked P(NIPAM-co-AA) with magnetic nano-
particles core for purification of monoclonal antibodies.4

Rahman et al.16 reported the use of magnetic particles coated
with cross-linked P(NIPAM-co-aminoethyl methacrylate) shell
for DNA separation through electrostatic interactions. DNA
adsorption was observed to be dependent on the net surface
charge and density of the particles. Furthermore, magnetic
nanoparticles grafted with P(NIPAM-co-(1-(N,N-bis-
carboxymethyl)amino-3-allylglycerol)) have shown success in
solid phase extraction and determination of trace fluvoxamine
in biological human fluids and pharmaceutical samples.17

In this work, we present the synthesis and characterization of
dual-responsive magnetic particles via the “graft-from” RAFT
polymerization approach for continuous bioseparation pro-
cesses. Our particles consist of a magnetic core and a
thermoresponsive PNIPAM polymer shell, which was further
chain extended with a second block of ion-exchange copolymer,
poly(2-sulfopropyl acrylate) (PSPA) and poly(2-carboxyethyl
acrylate) (PCEA), to create protein binding sites. Through this
design, proteins can be captured by the well-dispersed
M-P(NIPAM-SPA) and M-P(NIPAM-CEA) magnetic particles
at ambient conditions and enhanced separation of the proteins
can be carried out in a magnetic field at a temperature above its
phase transition temperature.

2. EXPERIMENTAL PROCEDURE
2.1. Materials. Commercially available magnetic microparticles

(approximately 1−3 μm) were used in all experiments (M-PVA 012;
PerkinElmer chemagen Technologie GmbH, Baesweiler, Germany).
They consist of nanometer sized magnetite crystals encapsulated in a
hydrophilic matrix of cross-linked poly(vinyl alcohol). These particles
show a relatively high magnetization and superparamagnetic behavior
(see Figure S1 in the Supporting Information for magnetic
characterization), which are favorable properties for magnetic particles
to be used repeatedly in a separation process. Additional data on
particle characterization can be found in the Supporting Information.
Methanol (≥99.9%, Carl Roth, Germany), acetone (≥99%, Merck,

Germany), n-hexane (≥97%, Sigma-Aldrich, USA), 1,4-dioxane
(99.8%, VWR, USA), tetrahydrofuran (THF, ≥ 99.9%, Merck,
Germany), diethyl ether (≥99%, VWR), and N,N-dimethylformamide
(DMF, 99.5%, Merck) were used as received. N-isopropylacrylamide
(NIPAM, 97%, Sigma-Aldrich) was recrystallized in n-hexane before
use. 2,2′-Azobis(2-methylpropionitrile) (AIBN, ≥ 98%, Sigma-
Aldrich) was recrystallized in methanol and used as an initiator for
the RAFT reaction. The chain transfer agent 2-(Dodecylthiocarbono-
thioylthio)-2-methylpropionic acid (DMP) was synthesized according
to Lai et al.18 3-Sulfopropyl acrylate potassium salt (SPA) and
2-carboxyethyl acrylate (CEA) were used as copolymer units with
cation exchange functionality and were purchased from Sigma-Aldrich.
The inhibitor present in CEA was removed by filtration through a
basic aluminum oxide column. 4-(Dimethylamino)pyridine (DMAP),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), and triethylamine (TEA) were purchased from Merck.
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 98%, Alfa
Aesar, USA) was used as a reducing agent during end-group
modification. Ammonium sulfate (>99%), disodium hydrogen
phosphate (>99%), sodium chloride (>99%), and sodium dihydrogen
phosphate (>98%) were purchased from Merck and potassium iodide
(99%) was purchased from Applichem (Germany).

The proteins lysozyme (hen egg white, ≥ 90%, Sigma-Aldrich),
lactoferrin (bovine whey, 97%, Milei GmbH, Germany), and albumin
(bovine serum, ≥ 98%, Merck) were used for adsorption studies. All
buffers were prepared with deionized water.

2.2. Synthesis of PNIPAM-Functionalized Magnetic Particles
[M-PNIPAM]. First, DMP-functionalized M-PVA particles were
prepared by adding 30 mg of M-PVA 012 particles, DMP (52.5 mg,
144 μmol), EDC (55.2 mg, 288 μmol), DMAP (1.8 mg, 14 μmol), and
DMF (0.5 mL) into a 1.5 mL microtube. The reaction solution was
incubated at 25 °C in a shaker (1400 rpm) for 17 h. The DMP-
functionalized particles were magnetically separated from the reaction
solution, followed by washing with DMF (1 mL × 3), acetone (1 mL
× 2), deionized water at 50 °C (1 mL × 2), 1 M NaCl in 0.1 M
phosphate buffer pH 7 (1 mL), deionized water (1 mL × 2), acetone
(1 mL), and 1,4-dioxane (1 mL). After every washing step, magnetic
separation was used to collect the particles.

M-PNIPAM was synthesized with two different chain lengths of
PNIPAM, 17 kDa and 30 kDa. The resultant DMP-functionalized
particles were transferred to a 10 mL glass tube while a solution of
NIPAM (17 kDa, 1 g/8.4 mmol; 30 kDa, 3.6 g/31.8 mmol) and AIBN
(17 kDa, 1 mg/5.98 μmol; 30 kDa, 2 mg/12 μmol) in 1,4-dioxane
(17 kDa, 2.25 mL; 30 kDa, 8.12 mL) was prepared in a separate glass
vial. Additional DMP (10.92 mg, 29.94 μmol) was added to synthesize
free PNIPAM chains which lowers the polydispersity and prevents
interparticle coupling.19 The monomer solution was then added to the
glass tube with the particles and sealed with a rubber septum. The
reaction solution was deoxygenated with nitrogen for 30 min.
Polymerization was then carried out for 17 h in a 60 °C water bath
equipped with a shaker (200 rpm). The reaction was stopped by
cooling the reaction vessel in an ice bath. A sample of the reaction
supernatant was taken for further analysis (NMR, GPC). The
M-PNIPAM particles were magnetically separated from the reaction
solution and washed with 1,4-dioxane (1 mL × 3), deionized water at
50 °C (1 mL × 2), 1 M NaCl in 0.1 M phosphate buffer pH 7 (1 mL),
deionized water (1 mL × 2), and acetone (1 mL). Again, magnetic
separation was used after every washing step to separate the particles
from the reaction medium. Particles were left to dry at ambient
conditions.

2.3. End-Group Modification of M-PNIPAM [M-PNIPAM-CEA
and M-PNIPAM-SPA]. First, the M-PNIPAM 17 kDa particles
(30 mg) were washed with deionized water (1 mL × 2), DMF (1 mL),
and THF (1 mL). To these particles, hexylamine (63.9 μL, 480 μmol)
and TCEP (6.9 mg, 24 μmol) were added. The particles were
incubated for 30 min at 25 °C under a nitrogen atmosphere.

To prepare M-PNIPAM end-groups modified with SPA, this was
followed by addition of TEA (3.33 μL, 24 μmol) and SPA (55.8 mg,
240 μmol), which was first dissolved in deionized water (0.2 mL).
THF (1 mL) was added as solvent. The particles were then incubated
for 18 h at 25 °C under nitrogen atmosphere. The particles were
magnetically separated from the reaction solution and washed with
deionized water (1 mL × 2), reaction solvent (1 mL × 2), and
deionized water (1 mL × 2). CEA end-group functionalized particles
were also prepared in the similar method, with the addition of
2-carboxyethyl acrylate (34.6 mg, 240 μmol) instead of SPA and DMF
was used as solvent.

2.4. Syntheses of Block Copolymers. 2.4.1. Two-Block
Copolymers [M-P(NIPAM-SPA) and M-P(NIPAM-CEA)]. In a glass
tube with M-PNIPAM (30 mg), the acrylate (115.2 mg/496.0 μmol of
SPA or 71.5 mg/495.8 μmol of CEA), which was first dissolved in
deionized water (0.2 mL), and AIBN (0.8 mg, 4.8 μmol) were added
to the particles and dissolved in DMF (1.5 mL). The tube was sealed
with a rubber septum and was purged with nitrogen for 30 min before
incubated for 18 h at 60 °C. The polymerization was stopped by
cooling the reaction vessel in an ice bath. The particles were washed
with DMF (1 mL × 2), 1 M NaCl in 0.1 M phosphate buffer pH 7 (1
mL), deionized water at 50 °C (1 mL × 2), and acetone (1 mL × 2).

2.4.2. Three-Block Copolymers [M-P(NIPAM-SPA-NIPAM)]. In a
glass tube containing M-P(NIPAM-SPA) particles (30 mg), NIPAM
(510 mg, 4.5 mmol), and AIBN (0.8 mg, 6 μmol) were added and
dissolved in 1,4-dioxane (2 mL). The tube was sealed with a rubber
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septum and purged with nitrogen for 30 min before incubated for 18 h
at 60 °C. The polymerization was stopped by cooling the reaction
vessel in an ice bath. The M-P(NIPAM-SPA-NIPAM) particles were
washed with DMF (1 mL × 2), 1 M NaCl in 0.1 M phosphate buffer
pH 7 (1 mL), deionized water at 50 °C (1 mL × 2), and acetone
(1 mL).
2.5. ATR-FTIR Spectroscopy. Attenuated total reflection (ATR)

Fourier-transform infrared (FTIR) spectroscopy was applied in this
work to analyze the magnetic particles for new molecules and bonds.
Approximately 5 mg of particles were washed with 0.1 M MES buffer
pH 5.3 (1 mL × 2) and deionized water (1 mL × 2), before they were
magnetically separated and dried overnight at 60 °C. A Fourier-
transform infrared spectrometer with an attenuated total reflection
unit (Tensor 27 and Platinum ATR accessory, Bruker Optics,
Germany) was used for measurement of particle samples. The spectra
were recorded from 4000 to 400 cm−1 at a resolution of 4 cm−1 using
32 scans per measurement and were evaluated with the software
OPUS (Version 7.2, Bruker Optics).
2.6. Thermogravimetric Analysis (TGA). The polymer content

of unfunctionalized and PNIPAM functionalized magnetic particles
was determined by thermogravimetric analysis (TGA).20 A defined
mass (approximately 5 mg) of predried particles was measured in a
thermal analyzer STA 449 C (Netzsch, Germany) under N2 flow
(20 mL/min) with a heating rate of 10 K/min up to a temperature of
1000 °C. The sample mass was recorded as a function of the
temperature and mass spectroscopy of the volatile decomposition
products (QMS 403 C, Netzsch) was run in parallel. Using a simple
calculation, the polymer content of the particles can be determined
under the assumption that the polymer is completely decomposed and
evaporated. First, the magnetite mass fraction of particles is
determined from the initial (at 50 °C) and residual mass (at
700 °C) of the particle sample, m0, particle and mr, particle, respectively

ξ =
m

mmagnetite,particle
r,particle

0,particle (1)

The PVA mass fraction of the M-PVA particles directly follows from
the mass balance of the M-PVA particles

ξ ξ= −− −100%PVA,M PVA magnetite,M PVA (2)

As the PVA to magnetite ratio of all particles is constant, it can be used
to calculate the fraction of PVA in M-PNIPAM and
M-P(NIPAM-SPA) particles. The PNIPAM mass fraction
ξ PNIPAM, M‑PNIPAM is then calculated by a mass balance of the
M-PNIPAM particles

ξ ξ ξ= − −− − −100%PNIPAM,M NIPAM PVA,M PNIPAM magnetite,M PNIPAM

(3)

As the M-P(NIPAM-SPA) particles were synthesized from the
M-PNIPAM particles, the ratio of PNIPAM to magnetite is constant
as well. This allows calculation of the PNIPAM mass fraction of
M-P(NIPAM-SPA) particles. The PSPA mass fraction ξ PSPA is again
calculated by a simple mass balance of the particle.
2.7. Agglomeration Behavior. UV/vis transmission measure-

ments were carried out with a UVmini-1240 spectrophotometer
(Shimadzu, Japan) at a defined temperature. First, a blank sample
containing only buffer was measured to set the transmission to 100%.
Then, 2 mL particle suspension was filled into a cuvette and placed
inside the spectrophotometer’s temperature-regulated measurement
chamber. After 10 min, the sample was resuspended and the
transmission at 500 nm was recorded every 15 s over an interval of
3 min. These observations are intended to show the formation of
agglomerates and the sediment of particles and agglomerates due to
gravity. Because the light path through the cuvette is perpendicular to
the sedimentation of the particle sample, the transmission will increase
over time. The transmission values were normalized to the initial
transmission value at time 0 s.
2.8. Recycling Experiments. Repeated agglomeration and

recycling of particles was investigated using the following procedure:
a sample of 2 mL of particle suspension was filled into a cuvette,

cooled to 20 °C for 10 min. After resuspension and 3 min of
sedimentation, the transmission at 500 nm was recorded. The sample
was then heated to 40 °C for 10 min, resuspended and the
transmission was again recorded after 3 min of settling. Next, the
cuvette with the sample was weighed, the particles were magnetically
separated, and the supernatant was removed. The sample was filled up
with fresh buffer to the initial weight. These steps were repeated nine
times and the transmission values were plotted versus the number of
cycles.

2.9. Magnetic Separation. Magnetic separation of particles was
conducted using a small permanent magnet. The particle sample in
buffer was filled into rectangular sample cells (LUM GmbH,
Germany) with a path length of 2 mm. First, the temperature of the
suspension was equilibrated for 10 min, and then the sample was
resuspended and placed next to the magnet at a defined distance
(3 cm). Magnetic separation was observed visually and documented
with a camera.

2.10. Protein Adsorption Studies. The protein adsorption
capacity of particles was determined in a 1 mL scale with lactoferrin,
lysozyme, and bovine serum albumin (BSA) as model enzymes. The
protein loading of particles Q (mg protein/g particle) was determined
for a defined temperature and calculated following eq 4

=
− *

Q
c c V

m
( )0 total

p (4)

with the particle mass mp, the protein concentration in the initial
solution c0, and in the supernatant c* after 30 min of equilibration, and
the total volume of the sample Vtotal. The protein concentration was
determined by UV/vis absorption measurements at 280 nm.

Different temperatures (20 and 40 °C) were used during adsorption
to examine the effects of the PNIPAM chain conformation (linear,
collapsed) on adsorption behavior. The Langmuir isotherm was fitted
to the data points

= *
+ *

Q Q
c

k cmax
L (5)

with the equilibrium loading and maximum loading of the adsorber Q
and Qmax, the equilibrium concentration c* and the Langmuir
coefficient kL. For particles that did not follow the simple Langmuir
equation, a Bi-Langmuir fit of the following form was used

= *
+ *

+ *
+ *

Q a
c

b c
c

c
d c (6)

where a, b, c, and d are the fitting parameters of the two individual
Langmuir terms. In eq 6, the first term serves to describe low,
unspecific binding, while the second term serves to explain high
specific binding to the ligands of the adsorbents. The software
SigmaPlot, version 11.0, (Systat Software Inc., USA) was used for data
fitting. The desorption yield was defined as the fraction of desorbed
protein using 1 M NaCl as an eluting agent.

For particles with low protein binding capacity, fluorescence
microscopy was employed using an Axio Observer Z1 at 63×
magnification with filter set 81 HE (Zeiss, Germany). Adsorption of
green fluorescent protein (GFP) to unmodified, PNIPAM modified
and end-group functionalized particles was investigated. The particles
(approximately 2 mg) were incubated in 500 μL of GFP solution
(approximately 1.5 g/L in 10 mM acetate buffer pH 4) for 30 min at
18 °C. Next, the supernatant was removed and the particles were
washed with pure buffer and subsequently diluted in ethanol. A small
volume (3 μL) of dilute particle suspension was transferred to a
microscope slide were the solvent was allowed to evaporate. Then,
10 μL of stabilizing fluid (Fluoroshield Mounting, Abcam, UK) were
added on the sample and a cover glass was put on top. Still images
were recorded both in bright field and using the green filter (470 nm).
The software ZEN lite (Zeiss) was used for image analysis.
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3. RESULTS AND DISCUSSION

In the following sections, the chemical surface structures of
thermoresponsive magnetic microparticles of different complex-
ity are characterized in detail, followed by the discussion of the
effects of surface chemistry onto temperature-induced agglom-
eration behavior and protein binding capabilities. This will be
done step by step, starting from the properties of unmodified,
commercial magnetic microparticles having a plain poly(vinyl
alcohol) matrix (M-PVA) with embedded magnetite nano-
crystals, followed by the same particles with N-isopropylacry-
lamide polymer chains grafted to their surface (M-PNIPAM),
toward two-block polymer particles having a chain extension of
the PNIPAM with a second block of ion-exchange copolymer,
either poly(3-sulfopropyl acrylate M-P(NIPAM-SPA) or poly-
(2-carboxyethyl acrylate M-P(NIPAM-CEA), and finally, three-
block polymers having a further PNIPAM block coupled onto
M-P(NIPAM-SPA) particles, resulting in a M-P(NIPAM-SPA-
NIPAM) structure.
3.1. M-PNIPAM Particles. The reaction scheme for the

RAFT “graft-from” synthesis of PNIPAM on magnetic particles
is shown in Figure 1. First, the RAFT chain transfer agent
(DMP) was bound to the particle surface via Steglich
esterification at 25 °C, followed by RAFT polymerization of
NIPAM. ATR-IR spectroscopy confirmed the successful
introduction of PNIPAM chains. Figure 2 (left) shows the
spectra of unmodified and modified particles in the range 500−
2000 cm−1. No change is observed for wavenumbers 628 and
557 cm−1 where magnetite shows characteristic bands, so that it
can be concluded that the magnetic particle itself is preserved.
New bands are visible at 1645 cm−1 and at 1546 cm−1 which are
characteristic for amide I and amide II bands, respectively.21

Since PNIPAM chains contain amide bonds, it can be
concluded that the polymer is present. For P(NIPAM-SPA)
particles, new bands appear at 1410 and 1098 cm−1 that can be

attributed to stretching of SO3
− from the newly introduced

SPA.22

Thermogravimetric analysis (TGA) allows a comparison of
temperature profiles and the residual mass of different particles.
The relative mass as a function of temperature for M-PVA,
M-PNIPAM 17 kDa, and M-P(NIPAM-SPA) particles is shown
in Figure 2 (right). It can be concluded that the polymer (PVA,
PNIPAM, and PSPA) is mainly degraded between 300 and 400
°C,23,24 whereas the remaining magnetite undergoes further
transformation up to a temperature of 1000 °C.25 Mass
spectroscopy of CO2, H2O, and SO2 was run in parallel with
TGA (see the Supporting Information, Figure S6). These data
indicate that respective polymers were fully decomposed below
700 °C. The PNIPAM mass fraction ξ of the M-PNIPAM
particles was calculated to approximately 5% using eq 3. The
PNIPAM and PSPA mass fractions of M-P(NIPAM-SPA)
particles were calculated to approximately 5 and 3%,
respectively.
A sample of the PNIPAM chains in the sorption supernatant

was characterized further via NMR and GPC (see the
Supporting Information). The molecular weight of the polymer
in the supernatant can be used to approximate the molecular
weight of the attached polymer chains.19 The actual molecular
weight of the PNIPAM chains of the M-PNIPAM 17 kDa and
30 kDa synthesis procedures was determined to approximately
45 kDa and 63 kDa, respectively. The polydispersity of the
samples was low (PDI: approximately 1.2). The grafting density
was calculated to approximately 0.026 polymer chains per nm2

of particle surface. Therefore, one polymer chain occupies an
area of approximately 38 nm2, resulting in an average chain
distance of approximately 6 nm. From this number, it can be
assumed that the distance between polymer chains is bigger
than their gyration radius, and the chains form mushroomlike

Figure 1. Reaction scheme of (A) the attachment of DMP onto the particles, followed by (B) the “graft-from” RAFT polymerization of NIPAM.

Figure 2. ATR-FTIR spectra (left) of (a) unmodified M-PVA, (b)M-PNIPAM 17 kDa, and (c) P(NIPAM-SPA) particles in the range 500−2000
cm−1. Relevant peaks are indicated by their wavenumber. Thermogravimetric analysis (right) of unmodified M-PVA magnetic particles (solid black
line) and M-PNIPAM 17 kDa (dotted black line), and M-P(NIPAM-SPA) (solid gray line) thermoresponsive particles. The relative mass is based on
the initial mass of the sample at 50 °C and is plotted versus the temperature.
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structures that do not exclude larger molecules from
approaching lower parts of the chain.
Both TGA and ATR-IR analysis show that the polymer is

present in M-PNIPAM particles. Therefore, the thermores-
ponsive property of these modified particles was investigated.
The dependence of particle agglomeration behavior on various
factors is discussed in the following.
3.1.1. Effect of Temperature on Particle Agglomeration.

The effect of temperature on particle agglomeration was
studied with suspensions of varied temperature (30−40 °C,
reference at 25 °C). Figure 3 shows the transmission of M-PVA
(A) and M-PNIPAM 17 kDa (B) suspensions at 500 nm over
time. At low temperatures, the transmission is nearly constant
for both types of particles. The transmission of M-PNIPAM
suspensions reaches higher values with increasing temperatures
which indicates that agglomeration of particles increases
likewise. This is a result of the collapse of PNIPAM chains
that takes place around the LCST. In this case, a distinct change
in behavior is seen at 38 °C.
3.1.2. Effect of Suspension pH on Particle Agglomeration.

The pH of an M-PNIPAM 17 kDa suspension was varied from
pH 3 to pH 11 using 0.1 M phosphate buffer. Figure 4 shows
the transmission values at 40 °C over time, with a reference
sample at 25 °C and pH 7. Apparently, a low suspension pH
leads to higher agglomeration and sedimentation rates. For pH
3 and pH 5, transmission values reach a maximum after 3 min,
whereas the transmission is much lower at pH 11. The same
effect is observed for an M-PNIPAM 30 kDa suspension (see

the Supporting Information, Figure S8), where agglomeration
and consequently transmission were highest at pH 4. This effect
can be attributed to a varying surface charge of the particles
depending on the pH. A lower surface charge will lead to less
electrostatic repulsion and enhanced agglomeration. This was
verified with zeta potential measurements, which showed that
the point of zero charge of the M-PNIPAM particles was at
approximately pH 4. Therefore, it can be concluded that
agglomeration increases because there is less electrostatic
repulsion at low pH values.

3.1.3. Effect of Salts on Particle Agglomeration. The
influence of salts (potassium iodide, sodium chloride, and
ammonium sulfate) on agglomeration behavior of M-PNIPAM
suspensions was investigated. Figure 5 shows transmission

values after 3 min of settling at 40 °C. It can be seen that NaCl
has virtually no influence on agglomeration, while KI reduces
agglomeration and (NH4)2SO4 leads to enhanced agglomer-
ation. An increase in salt concentration from 0.5 to 1.0 M leads
to a more pronounced effect in the case of (NH4)2SO4 and KI.
The observed differences can be attributed to the salt type,
chaotropic or kosmotropic, and its ability to influence the
ordered structure of water molecules around the polymer-
coated particles, by either salting in or salting out.26 Among the
salts tested, NaCl is neutral while (NH4)2SO4 and KI are
kosmotropic and chaotropic, respectively. Therefore, it can be
concluded that the interaction of hydrophobic domains in the
PNIPAM chains plays an important role in particle
agglomeration.

3.1.4. Recycling of M-PNIPAM Particles. To validate if the
thermoresponsive agglomeration of the M-PNIPAM particles is

Figure 3. Normalized transmission of (A) M-PVA and (B) M-PNIPAM 17 kDa particle suspensions recorded over time at 500 nm. Testing was
done at pH 7 in 0.1 M phosphate buffer at a particle concentration of 4 g/L and the suspension temperature was varied (empty circles, 25 °C; filled
triangles, 30 °C; empty squares, 34 °C; filled circles, 36 °C; empty triangles, 38 °C; filled squares, 40 °C).

Figure 4. Normalized transmission of M-PNIPAM 17 kDa particle
suspension recorded over time at 500 nm. The temperature (40 °C)
and particle concentration (4 g/L) was kept constant. The pH of the
suspension (0.1 M phosphate buffer) was varied (filled squares, pH 3;
filled circles, pH 5; filled triangles, pH 7; empty squares, pH 9; empty
circles, pH 11). A sample at 25 °C and pH 7 (empty triangles) is
shown for comparison.

Figure 5. Transmission of M-PNIPAM 17 kDa particle suspension
recorded at 500 nm after 3 min of settling. The salt type (KI, NaCl,
(NH4)2SO4) and concentration (light gray, 0 M; dark gray, 0.5 M;
black, 1.0 M) was varied. Testing was done at 40 °C, in 0.1 M
phosphate buffer pH 7 and at a particle concentration of 4 g/L.
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reversible, we completed testing as described in Section 2.8.
With the aim of simulating a real process for the intended use,
the particles were additionally separated after each cycle and
fresh buffer was added. Here, possible particle loss should
become visible if particles are withdrawn with the supernatant.
Figure 6 shows ten heating−cooling cycles of a 4 g/L

M-PNIPAM 17 kDa suspension. As can be seen, particle
agglomeration at 40 °C leads to an increase in transmission
values, whereas transmission is low at 20 °C where the
suspension is well-dispersed. This occurs consistently for all ten
cycles with only slight variations. Therefore, the reversibility of
the temperature-switchable agglomeration is confirmed and
particles can be recycled without substantial loss.
3.1.5. Magnetic Field-Induced Separation. The thermores-

ponsive property was introduced to the magnetic particles to
enhance separation in external magnetic fields. This was
investigated in small scale as described in section 2.9. Figure
7 shows the magnetic separation of unmodified M-PVA (A)

and M-PNIPAM (B) particles at 35 °C. The pictures were
taken 5 s (left) and 30 s (right) after placement next to the
magnet. It can be seen that both suspensions are initially well-
dispersed. After 30 s, the M-PNIPAM suspension is almost
completely separated, whereas the M-PVA suspension is still
dispersed. This proves that agglomeration due to thermores-
ponsive polymer chains has led to enhanced separation of
M-PNIPAM particles in the external magnetic field. The

magnetic separation at high and low temperature is compared
in Figure S9 and Figure S10 (Supporting Information) for M-
PVA and M-PNIPAM particles, respectively. Here, a clear
influence of the temperature on particle agglomeration is
observed for M-PNIPAM particles, while no distinct difference
is seen for M-PVA particles. At 35 °C, M-PNIPAM particles are
readily separated, whereas at 20 °C separation is very slow
because particles disperse well.
Analysis showed that protein binding to M-PNIPAM

particles was approximately zero (see Table 1), which means

that there was little unspecific adsorption to the PNIPAM-
coated particle surface. In the following, the modification of
M-PNIPAM particles with ionic monomers is described, which
should allow specific protein binding by ion exchange.

3.2. Block Copolymer Particles. A single end-group per
PNIPAM chain proved to be insufficient for protein binding
(see Supporting Information). The same acrylates used for end-
group functionalization were therefore employed in creating a
two- and a three-block copolymer of PNIPAM and the
respective polyacrylate. The two-block copolymer consists of
a thermoresponsive PNIPAM chain (approximately 90%)
attached to the particle surface and an ion exchange acrylate
chain (approximately 10%) extending outward into the
suspension. The three-block copolymer consists of a PNIPAM
block (approximately 82%), an acrylate block (approximately
9%), followed by another PNIPAM block (approximately 9%).
For block copolymer synthesis, M-PNIPAM 17 kDa particles
were subjected to a second and third RAFT polymerization
step, respectively, with the particular acrylate or NIPAM, at the
conditions described above. Figure 8 shows the reaction
scheme of two-block polymer synthesis; Figure 11 shows the
three-block synthesis procedure.

3.2.1. Two-Block Copolymer PNIPAM Particles [M-P-
(NIPAM-CEA) and M-P(NIPAM-SPA)]. The protein loading
capacity of M-PVA, M-PNIPAM, M-P(NIPAM-CEA), and
M-P(NIPAM-SPA) particles was compared. The protein
loading and corresponding desorption results for binding of
lactoferrin at 20 °C are given in Table 1. Low adsorption
(13 mg protein/g particle) was observed for unmodified M-
PVA particles, whereas M-PNIPAM particles showed no
protein adsorption. The two-block copolymers, M-P(NIPAM-
CEA) and M-P(NIPAM-SPA), showed a high protein loading
capacity of 57 mg/g and 132 mg/g, respectively. The
desorption yields close to 100% indicate that ionic binding is
the dominating source for adsorption. It is assumed that the
polymer was present in linear form because the trial was
conducted below the LCST of PNIPAM.

Figure 6. Transmission of M-PNIPAM 17 kDa particle suspension
recorded at 500 nm after cooling to 20 °C (blue circles) and after
heating to 40 °C (red triangles). After the heating cycle, the particles
were magnetically separated and fresh buffer was added. After each of
the ten cooling and heating cycles the particles were redispersed. Settle
time for all samples prior to measurement was 3 min. The particle
concentration was 4 g/L and 0.1 M phosphate buffer at pH 7 was
used.

Figure 7. Images of the magnetic separation of particles, recorded 5 s
(left) and 30 s (right) after placement next to a small permanent
magnet block. Unmodified (A) M-PVA particles and (B) M-PNIPAM
17 kDa particles at 4 g/L in 0.1 M acetate buffer pH 4, at 35 °C.

Table 1. Protein Loading Capacity of Modified Particles
Compared with Unmodified M-PVA Particlesa

particle type
protein loadingb

(mg g−1 particle)
desorptionc

(%)

M-PVA 13 ± 0 96 ± 2
M-PNIPAM 17 kDa 0d

M-P(NIPAM-CEA) 57 ± 2 101 ± 9
M-P(NIPAM-SPA) 132 ± 4 97 ± 4

aA concentration of 1.5 g/L lactoferrin and a particle concentration of
5 mg/mL were used. The trials were conducted at 20 °C and pH 7.
bCalculated using eq 4. cRelative desorption values were obtained by
elution with 1 M NaCl. dThe calculated loading value was negative
due to a measurement uncertainty of the supernatant and initial
concentration.
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M-P(NIPAM-SPA) particles were chosen for further
investigations as these particles showed higher protein
adsorption than the M-P(NIPAM-CEA) particles. The temper-
ature dependence of protein adsorption is important for the
proposed use as temperature-switchable adsorbents. In Table 2,

the adsorption of lactoferrin and lysozyme to M-P(NIPAM-
SPA) particles is compared at 20 and 40 °C. For both proteins,
the loading capacity is virtually the same at 20 and 40 °C. The
desorption yield is lower at 40 °C than at 20 °C. At a
temperature above the LCST, collapsed PNIPAM chains may
contribute to protein binding via hydrophobic interaction.
These interactions are not weakened by the addition of salt,
resulting in incomplete desorption and lower desorption yields.
Adsorption isotherms of lactoferrin are shown in Figure 9,

whereas the corresponding Bi-Langmuir fitting parameters are
given in Table S1 (Supporting Information). For M-P(NIPAM-
SPA), the maximum loading capacity greatly increases and the
Langmuir coefficient decreases at both 20 and 40 °C. Thus, the
modified particles have a high adsorption capacity and affinity
for the protein. The isotherms confirm that protein binding to
M-P(NIPAM-SPA) particles is independent of temperature.
Agglomeration was not observed for M-P(NIPAM-SPA)

particles up to a temperature of 50 °C (at pH 7 and a particle
concentration of 4 g/L). It is well-known that various

comonomers can alter the LCST of PNIPAM copolymers27−29

and that the thermoresponsive behavior may disappear
completely.30,31 According to Kuckling et al.,29 charged
copolymers prevent agglomeration of the polymer chains. In
the present case, it is assumed that the ionic block (SPA: pKa
2−2.532) rendered the two-block copolymer particles too
hydrophilic to readily agglomerate. However, the particles
showed thermoresponsive agglomeration at 40 °C, when
lysozyme or BSA was adsorbed to their surface. This is
probably due to shielding of the ionic groups by bound protein
molecules. Figure 10 shows the transmission curves of
M-P(NIPAM-SPA) suspensions at 20 and 40 °C. At 40 °C,
the transmission greatly increases over time whereas at 20 °C
the transmission stays nearly constant.

Figure 8. Reaction scheme for “graft-from” RAFT synthesis of two-block copolymer with acrylate monomers CEA and SPA starting from M-
PNIPAM 17 kDa particles. “n” is the number of NIPAM monomers and “m” is the number of acrylate monomers.

Figure 11. Reaction scheme of “graft-from” RAFT synthesis of three-block copolymer starting from M-P(NIPAM-SPA) particles. “n” is the number
of NIPAM monomers in the first block, “m” is the number of acrylate monomers in the second block, and “o” is the number of NIPAM monomers in
the third block.

Table 2. Protein Loading Capacity of M-P(NIPAM-SPA)
Particles Incubated with Protein Solutiona

protein temperature (°C)
protein loadingb

(mg g−1 particle)
desorptionc

(%)

lactoferrin 20 136 ± 2 94 ± 2
40 134 ± 2 74 ± 1

lysozyme 20 65 ± 1 101 ± 1
40 65 ± 1 95 ± 4

aA protein concentration of 2 g/L and a particle concentration of 5
mg/mL were used. The trials were conducted at pH 7. bCalculated
using eq 4. cDesorption values were obtained by elution with 1 M
NaCl. Figure 9. Adsorption of lactoferrin in 0.1 M phosphate buffer pH 7 at

20 °C. Equilibrium binding capacity of unmodified M-PVA particles at
20 °C (empty squares) and 40 °C (filled squares) as well as M-
P(NIPAM-SPA) particles at 20 °C (empty circles) and at 40 °C (filled
circles), each with the respective Bi-Langmuir isotherm fit. The Bi-
Langmuir parameters are given in Table S2 (Supporting Information).
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The thermoresponsive agglomeration behavior of the two-
block copolymer particles with adsorbed proteins render them
applicable as temperature-switchable adsorbents in the
following way: while adsorption takes place in a large volume
at a low temperature, followed by enhanced separation due to
particle agglomeration at an elevated temperature, elution is
conducted in a small volume to concentrate the product. When
ammonium sulfate or another kosmotropic salt are used as a
desorption agent, agglomeration of particles is enhanced.
Particles can then easily be separated by magnetic fields and
be reused with fresh feed solution.
3.2.2. Three-Block Copolymer PNIPAM Particles. A third

block consisting of PNIPAM was integrated into the polymer
chains according to the reaction scheme shown in Figure 11,
with the intention of regaining thermoresponsive agglomer-
ation behavior of the unloaded particles. However, even after
the introduction of this third block, the unloaded particles did
not show temperature induced agglomeration and kept high
protein binding capacities (details can be found in the
Supporting Information). Both observations are an indication,
that the third block of PNIPAM was not able to shield the ionic
groups. Another reason for the only slightly reduced protein
binding capacity is the fairly high distance between the grafted
polymer chains (approximately 6 nm) offering enough space
for the proteins to approach the ionic block in the middle of the
chain.
4. Conclusions. Thermoresponsive magnetic particles were

synthesized via RAFT “graft-from” synthesis. The successful
introduction of thermoresponsive polymers was verified by IR
spectroscopy and TGA. The M-PNIPAM particles’ agglomer-
ation properties were investigated in terms of suspension
concentration, pH, temperature and salt addition. Maximum
agglomeration of M-PNIPAM suspensions was found at 40 °C
in 0.1 M phosphate buffer at pH 3−4 at high particle
concentrations. Kosmotropic salt (ammonium sulfate) was
found to enhance agglomeration, most likely due to salting out
of PNIPAM chains. In all cases, sample agglomeration was
measured indirectly by transmission values that increased
because of agglomeration and sedimentation of agglomerates. A
comparison between modified and unmodified particles served
to verify that the observed effects are actually due to the
thermoresponsive property. Repeated agglomeration and
deagglomeration was demonstrated along with improved
separation in an external magnetic field. Protein binding was
accomplished by the introduction of ionic copolymers
3-sulfopropyl acrylate and 2-carboxyethyl acrylate. It was
shown that binding of lysozyme, BSA, and lactoferrin was
independent of temperature. High adsorption capacities were

found for both two- and three block copolymer particles, but
agglomeration of these particles was only possible when protein
was adsorbed. This allows capture of proteins by the well-
dispersed copolymer particles at ambient temperature with
subsequent selective magnetic separation of particle agglomer-
ates at elevated temperature.
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