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Abstract

Multifunctional nanoparticles have been shown earlier to bind certain proteins with high affinity and the binding affinity could be
enhanced by molecular imprinting of the target protein. In this work different initiator systems were used and compared during
the synthesis of poly (N-isopropylacrylamide-co-acrylic acid-co-N-tert-butylacrylamide) nanoparticles with respect to their future
applicability in molecular imprinting of lysozyme. The decomposition of ammonium persulfate initiator was initiated either thermally
at 60 °C or by using redox activators, namely tetramethylethylenediamine or sodium bisulfite at low temperatures. Morphology
differences in the resulting nanoparticles have been revealed using scanning electron microscopy and dynamic light scattering.
During polymerization the conversion of each monomer was followed in time. Striking differences were demonstrated in the
incorporation rate of acrylic acid between the tetramethylethylenediamine catalyzed initiation and the other systems. This led to a
completely different nanoparticle microstructure the consequence of which was the distinctly lower lysozyme binding affinity. On the

contrary, the use of sodium bisulfite activation resulted in similar nanoparticle structural homogeneity and protein binding affinity

as the thermal initiation.
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1 Introduction

Since the seminal paper of Pelton and Chibante [1], ther-
moresponsive poly(N-isopropylacrylamide) nanoparticles
(NPs) have attracted a rapidly growing interest which does
not seem to level off even in the last ten years. This is due
to their unique reversible Volume Phase Transition (VPT)
upon thermal stimuli at near-physiological temperatures.
In addition, by copolymerizing other functional mono-
mers with N-isopropylacrylamide (NIPAm), NPs with
novel properties can be obtained with extended applica-
bility. These novel "smart" materials that respond to pH,
ionic strength, solvent and other environmental changes
besides thermal stimuli can be used in numerous fields [2]
like drug-delivery [3, 4] biosensing [4, 5] catalysis [6] and
optical devices [7]. An intriguing application area of such
nanoparticles is stemming from Shea's group who applied
them as plastic antibodies that are capable of recognizing

specific biomacromolecules with effectiveness comparable
to antibodies [8]. Water soluble NPs having high affinity toa
toxic target peptide, melittin were synthesized by free-rad-
ical copolymerization of NIPAm with hydrophobic and
charged monomers in the presence of a small amount of
crosslinker (N,N-methylenebisacrylamide, BIS) based on
the methods of Debord and Lyon [9] and Ogawa et al. [10].
By optimizing the type and ratio of the monomers to match
hydrophobic and charged amino acid sequences in the
peptide high affinity multifunctional copolymer nanopar-
ticles could be obtained [11]. Furthermore, by applying
affinity purification [12] or combinatorial approach [13]
the affinity of the NPs to the target peptide could be largely
enhanced. The NPs with enhanced binding affinity showed
neutralization of the toxin in vivo [14]. A similar strategy
was involved by the same group to design high affinity
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multifunctional NPs for the selective capture and ther-
mocontrolled release of a protein, lysozyme, whereby the
thermoresponsivity of the polyNIPAm particles was also
exploited [15]. These particles autonomously switching
to the collapsed state above their VPT temperature, encap-
sulated the protein preventing it from denaturation upon
thermal stress [16]. Later, along the same line NPs have
been developed with nanomolar affinity for other proteins,
too [17, 18]. In order to further increase the affinity of these
biomolecule-selective NPs molecular imprinting appears
to be a promising strategy [19-21]. Molecular imprinting
creates molecular recognition sites in a polymeric material
by copolymerizing monomers and crosslinker in the pres-
ence of the target or template molecule, which is removed
from the ensuing 3D polymer network. Imprinted binding
sites being complementary in shape and functional groups
to the template can then selectively rebind it with high
affinity. Such an approach has been used by Shea's group
to obtain high affinity NPs for the peptide melittin [22].
Other groups have adapted the multifunctional nanoparti-
cle approach to prepare protein imprinted NPs using solid
phase anchored templates [23-27]. In these polymeriza-
tion systems the original, persulfate initiated precipita-
tion polymerization method [9, 10] which was carried out
in the presence of a surfactant at 60 °C, had to be modi-
fied because these circumstances are not favorable for the
imprinting of the delicate proteins. The high temperature
required for the fast decomposition of ammonium persul-
fate (APS) initiator could be alleviated by applying an acti-
vator. Tetramethylethylenediamine (TEMED) is widely
used with APS as a redox pair to initiate the polymeriza-
tion of acrylamide hydrogels under mild circumstances and
has been introduced for the preparation of poly(NIPAm)
nanogels as well by Hu et al. [28]. The above cited, pro-
tein imprinted multifunctional NPs have been also synthe-
sized using the APS/TEMED redox pair. Another, less fre-
quently used reducing agent with APS is sodium bisulfite
(SBS) [29]. Our aim was to study how the different ini-
tiator systems influence the properties of multifunctional
poly(NIPAm) nanoparticles in order to achieve favorable
protein binding affinities under optimal polymerization
conditions for molecular imprinting. Until now, there have
been very few research conducted to reveal the differences
in the micro/hydrogel properties obtained with different
initiator systems [30—33]. In this paper, therefore, we have
compared the physico-chemical properties, the polymer-
ization rate and lysozyme binding properties of poly(NV-iso-
propylacrylamide-co-N-tert-butylacrylamide-co-acrylic
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acid) nanoparticles proposed by Yoshimatsu and utilized
by others [15, 17, 24, 26, 34-36] using different initiation
systems. We have used ammonium persulfate at 60 °C
both in surfactant-free precipitation polymerization and
also using SDS and the redox systems APS/TEMED and
APS/SBS at room temperature and at 40 °C.

2 Material and methods

2.1 Chemicals

N-isopropylacrylamide (NIPAm), acrylic acid (AAc),
N,N-methylene bisacrylamide (BIS), ammonium persul-
fate (APS), sodium dodecyl sulfate (SDS), N,N,N',N'-
tetramethylethylenediamine (TEMED), sodium bisulfite
(NaHSO,; SBS), freeze-dried Micrococcus lysodeikticus,
lysozyme from chicken egg white (MW 14.3 kDa, pl 11.35)
were from Sigma-Aldrich. N-tert-butylacrylamide (TBAm)
was purchased from Tokyo Chemical Industry Co.
All chemicals were used as received, except that NIPAm
was recrystallized from hexane and AAc was passed
through an aluminium oxide inhibitor remover column
(Sigma-Aldrich) before use. Ultrapure water was produced
by a Millipore Direct-Q system (Merck). Gradient grade
acetonitrile and hexane were from Merck. Orto-phosphoric
acid 85 % was from VWR International.

2.2 Preparation of the polymer nanoparticles

The feed monomer composition of the NPs, the initiators
and other additives used during their synthesis are listed
in Table 1. NIPAm, AAc, BIS and in one instance SDS
(10 mg) were dissolved in water (50 mL) and the result-
ing solution was filtered through a 0.2 pm regenerated
cellulose membrane filter to remove particulate impurities.
TBAm was dissolved in ethanol (I mL) before addition
to the monomer solution. The total monomer concentration
was 65 mM. Argon gas was bubbled through the reaction
mixture for 50 minutes. Following the addition of 300 pL
freshly prepared 100 mg/mL aqueous APS solution (4 mol%
of the polymerizable double bonds) and 19.4 uL TEMED or
135 uL 100 mg/mL SBS the polymerization was carried out
in a thermostated water bath for 3 h under continuous mag-
netic stirring and argon bubbling. The polymerization solu-
tion was purified by dialysis (Spectra/Por 4 type RC mem-
brane, 12-14 kDa MWCO, Spectrum Laboratories Inc.,
Rancho Dominguez, CA, USA) in ultrapure water changed
twice a day for 5 to 6 days to remove unreacted mono-
mers and impurities. The yield of the NPs was determined
by measuring their weight after drying at 60 °C for one
day. The dilution due to dialysis was taken into correction.
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Table 1 Polymerization conditions used during the synthesis of the nanoparticles

Monomer composition [mol%]
Sample name

Initiator system (molar ratio of the components) Temperature [°C]

AAc TBAm NIPAm BIS

NPI* 5 40 53 2 APS 60 °C
NP2 5 40 53 2 APS 60 °C
NP3 5 40 53 2 APS:SBS (1:1) 40 °C
NP4 5 40 53 2 APS:SBS (1:1) RT

NP5 5 40 53 2 APS:.TEMED (1:1) 40 °C
NP6 5 40 53 2 APS:TEMED (1:1) RT

NP7 2.5 40 55.5 2 APS:TEMED (1:1) 40 °C
NP8 10 40 48 2 APS:.TEMED (1:1) 40 °C
NP9 5 40 53 2 APS:TEMED (1:0.5) 40 °C
NP10 5 40 53 2 APS:.TEMED (1:0.25) 40 °C

* polymerization was carried out in the presence of 0.2 mg/mL SDS

2.3 Measurement of the hydrodynamic diameter and
the zeta potential

The zeta potential and the hydrodynamic diameter of the
NPs were measured with a Zetasizer Nano-ZS instru-
ment (Malvern Instruments, Malvern, UK). The dialyzed
NP solution was transferred into a disposable cuvette and
the hydrodynamic diameter was measured in three repli-
cates at 25 + 0.1 °C by Dynamic Light Scattering (DLS).
Polydispersity index (Pdl) was calculated by the instru-
ment as the width of a hypothetical monomodal distri-
bution Before zeta potential measurements the dialyzed
nanoparticles were diluted ten times with water and
placed into a zeta potential cell that had been thoroughly
cleaned with ultrapure water. Each reported zeta potential
is the average of three successive measurements.

2.4 Determination of the Volume Phase Transition
Temperature (VPTT) of the NPs

The VPTT of the NPs in water was studied by dynamic
light scattering measurements at different temperatures.
Before each measurement the solutions were incubated
at the specified temperature for 25 min to achieve thermal
equilibrium. Each point represents an average of 3 repli-
cate measurements.

2.5 Measurement of monomer conversion

To follow the monomer conversion, samples were taken
regularly from the polymerization reaction mixture at dif-
ferent time intervals. The samples were immediately
diluted with ultrapure water and oxygen was introduced
to stop the reaction. Unreacted monomers were sepa-
rated from the polymeric reaction products by filtration

through an 0.2 pum regenerated cellulose membrane filter
and the filtrate was analyzed by high-performance liquid
chromatography (HPLC) measurements. The mono-
mers were quantified using an EX1600 HPLC system
(Exformma Technologies, China) equipped with UV
detector. The stationary phase was a Lichrospher 100 C18
column (125 mm x 4 mm i.d., 5 pm) from Merck KGaA.
A mixture of 95 % water, 5 % acetonitrile and 0.05 %
orto-phosphoric acid was used as the mobile phase with a
flow rate of 2.0 mL min . The injection volume was 25 pL.
The detector wavelength was set to 210 nm.

2.6 Scanning electron microscopic analysis of the NPs

Before the measurement the NP sample was diluted
with water and ultrasonicated for 30 mins. One drop
of polymer suspension was placed onto a copper grid
with continuous carbon layer and dried at room tempera-
ture. The microstructure of the nanoparticles was studied
using a Hitachi S-4800 Field Emission Scanning Electron
Microscope (SEM) equipped with Bruker AXS Energy-
dispersive X-ray spectrometer (EDS) system. An accelera-
tion voltage of 10 kV was used for the analysis and second-
ary electron (or transmitted electron) signals were used
to study the morphology of the polymers. Particle size
was determined from the SEM micrographs by averag-
ing the diameter of at least 100 individual particles from
each sample using the ImageJ 1.52a software (National
Institutes of Health, Bethesda, MD, USA). Polydispersity
index (U) was calculated using the following formulas.
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where D is the number-average diameter, D  is the
weight-average diameter and U is the polydispersity index.
D, denotes the individual diameter of a particle, n, is the
number of particles with a specific diameter, and & is the
number of different diameters.

2.7 Lysozyme binding to the NPs

Lysozyme (5 pg/mL) was incubated with various
concentrations of the NPs (between 0.5 and 2000 pg/mL)
in phosphate buffer (PB, 10 mM, pH 7.4) for 20 minutes
atroomtemperature. A Vivaspin 500 (100 kDaMWCO) cen-
trifugal filter unit (Sartorius Stedim Lab Ltd., Stonehouse,
UK) was utilized to separate the free and NP-bound lyso-
zyme by centrifugation (Eppendorf 5430R, Eppendorf AG,
Hamburg, Germany) at 11,800 rcf for 20 minutes. The lyso-
zyme activity of the filtrate was measured and compared
to that of a similarly filtered 5 pg/mL control lysozyme
solution (B). The ratio of the two gives an estimate of
unbound/total lysozyme concentration. Subtracting this
ratio from 1 gives the ratio of the protein bound to the NPs
(B) relative to the initial protein concentration (B,)).

2.8 Lysozyme activity assay

Lysozyme activity assay was based on the method of
Shugar [37]. 5 pg/mL lysozyme was dissolved in PB
(10 mM, pH 7.4). Freeze-dried Micrococcus lysodeikticus
cells were resuspended at 150 pg/mL concentration in PB
(50 mM, pH 6.2). 100 uL lysozyme containing solution
was added to 2500 uL cell suspension, and the cell
lysis was followed at 25 °C by measuring the decrease
in absorbance at 450 nm using a UV-Vis spectrophotome-
ter (JASCO V-550, JASCO International Co. Ltd., Tokyo,
Japan). The slope of absorbance decrease in the first 5 min-
utes was used as a measure of lysozyme activity.

3 Results and discussion

3.1 Preparation of the nanoparticles

We have prepared thermoresponsive polymer nanoparticles
from NIPAm, AAc and TBAm monomers with 2 mol%
BIS crosslinker using different initiator systems. Table 1
shows the feed monomer composition and other synthe-
sis conditions of the nanoparticles. The molar ratio of the
monomers in samples NP1-NP6 and NP9-NP10 was the
same as described by Yoshimatsu et al. [15] who optimised
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multifunctional NPs for the sequestration of lysozyme,
an antimicrobial enzyme with high isoelectric point (11.35).
53 mol% NIPAm served as a backbone monomer, 40 mol%
TBAm afforded hydrophobic character and 5 mol% AAc
provided negative charge to the nanoparticle. It was shown
earlier [15] that both the hydrophobic and negatively charged
monomers are indispensable for the binding of the posi-
tively charged protein. Moreover, the incorporation of high
percentage of TBAm into the poly(NIPAm) backbone low-
ered the VPTT from 32 °C to approximately 11 °C, therefore
free-radical precipitation polymerization at room tempera-
ture became feasible. Polymers NP7 and NP8 contained half
as much and two times more acrylic acid, respectively com-
pared to the others. In two samples the polymerization was
initiated with APS only (NP1; NP2) and the polymerization
temperature was set to 60 °C since the decomposition rate
of APS is insignificant at room temperature and still quite
low at 40 °C. Sodium-dodecylsulfate surfactant was added
to the monomer mixture of NP1 to obtain small particles
below 100 nanometer [5] but it was omitted in case of NP2
(surfactant—free polymerization). To carry out the polymer-
ization at (25 °C) or near room temperature (40 °C), besides
APS, tetramethylethylenediamine (NP5-NP10) or sodium
bisulfite (NP3; NP4) was added to increase the decompo-
sition rate of APS. These latter circumstances are adapt-
able in the molecular imprinting of proteins since the lower
temperatures and the omission of surfactant are favorable
for these biomolecules.

All the polymerizations resulted in homogeneous,
milky polymer suspensions even when cooled down
to room temperature and in each case the yield was above
80 % (Table 2). At room temperature all the polymers were
still in a collapsed state due to the incorporated hydro-
phobic TBAm monomer. The suspension of nanoparti-
cles prepared with (NP1) and without SDS at 60 °C (NP2)
and using SBS (NP3; NP4) was stable even after months.
On the contrary, nanoparticles prepared with TEMED
(NP5-NP10) settled down in less than an hour (Fig. 1).

3.2 Characterization of the nanoparticles

Morphology of the different nanoparticles was studied
by scanning electron microscopy. SEM micrographs of
NP1, NP2, NP3 and NP5 are shown in Fig. 2 a)—d).

NP1, NP2 and NP3 consisted of both single beads
and small aggregates of 2 to 10 uniformly sized parti-
cles. From the SEM images it can be perceived that the
aggregates are formed during the polymerization process
whereby the particles grow together at some point.
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Table 2 Particle size, zeta potential and yield of the nanoparticles
Sample Hydrodynamic diameter® [nm] PdI® Dry particle diameter® [nm] ud Zeta-potential [mV] Yield [%]
NP1 85.9£1.7 0.031 70.2+9.4 1.057 —41.5 88.4
NP2 444.9+8.9 0.043 374+22 1.011 —42.6 83.1
NP3 168.0+3.4 0.060 152+14 1.026 —41.6 88.7
NP4 173.8+1.7 0.069 - - —40.0 86.4
NP5 213412 0.241 93.4+6.7 1.015 —40.7 92.9
NP6 144425 0.577 - - =327 86.4
NP7 139.0£7.0 0.096 - - —42.5 98.2
NP8 251.74£5.5 0.114 - - —35.7 89.3

* Number mean diameter measured by dynamic light scattering in water at 25 °C

® Polydispersity index obtained from DLS measurement
¢ Measured by SEM
4 Polydispersity index obtained from SEM measurement

1 2. = L\.

Fig. 1 Snapshot of the nanoparticles after 1 hour settling (from left
to right; 1 - NP5 prepared at 40 °C with TEMED; 2 - NP1 prepared
at 60 °C using SDS, 3 - NP3 prepared at 40 °C using SBS; and
4 - NP2 prepared at 60 °C without SDS

Contrary to NP1-3, NP5 prepared with TEMED con-
tained much larger aggregates of hundreds of mono-
disperse particles. This can explain the fast settling time
and the instability of its colloidal solution. The size of NP1,
NP2, NP3 and NP5 in the dry state was determined from
the SEM images. Particle sizes obtained with SEM together
with the polydispersity indices (U) are listed in Table 2.

Polymerization at 60 °C with surfactant yielded the
smallest particle size (NP1; 70.2+9.4 nm), while the lack
of SDS at 60 °C lead to several hundred nanometer par-
ticle diameter (NP2; 374+22 nm). The combined use of
APS initiator and SBS yielded 152+14 nm particles (NP3)
while APS with TEMED resulted in 93.446.7 nm parti-
cle size (NP5). It can be deduced that the use of the redox
initiator systems, similarly to the use of a surfactant
allowed the formation of much smaller particles than the

surfactant-free polymerization. All the particles showed
very uniform size distribution with polydispersity indices
being between 1.011 and 1.057. The size of the hydrated,
collapsed nanoparticles was measured by dynamic light
scattering in water at 25 °C (Table 2).

These values were approximately 10-20 % higher than
the dry particle diameters in case of NP1-3, due to hydra-
tion and also to the presence of small aggregates that
the DLS cannot resolve. Nonetheless, the particle size
of NP5 measured by DLS was more than twice higher
than the size obtained from SEM measurement. This is
mainly attributable to the largely aggregated particles and
not to extensive swelling. Size homogeneity obtained
from the DLS measurements supported this assumption.
Polydispersity indices (PdI) below 0.1 indicated that NPs
prepared at 60 °C or with SBS (NP1-4) were highly mono-
disperse, while nanoparticles obtained using TEMED had
a much broader size distribution (NP5-6). The Volume
Phase Transition Temperature of NPI1-6 was studied
by measuring the hydrodynamic diameter of nanoparti-
cles at different temperatures using DLS. Results of NP1-5
are shown in Fig. S1 a)—e) in the Supplement. (NP6 could
not be measured due to its colloidal instability.) All poly-
mer preparations exhibited similar VPT at around 10 °C
in agreement with literature data for the same mono-
mer composition [15]. Below the VPTT the NP solutions
became completely transparent and no valid measurement
results could be obtained, probably due to the very low
scattering intensity. It can be concluded that the collapse
temperature was not affected by the initiation method.

Zeta potential measurements in water were carried out
to prove the incorporation of acrylic acid into the poly-
mer NPs. For this purpose, a reference polymer containing
58 mol% NIPAm, 40 mol% TBAm and 2 mol% BIS but
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Fig. 2 SEM images of NPs: a) NP1, prepared at 60 °C using SDS; b) NP2, prepared at 60 °C without SDS; ¢) NP3, prepared at 40 °C using SBS and
d) NP5, prepared at 40 °C with TEMED. All pictures were taken at 100,000 times magnification

no acrylic acid has been synthesized at room temperature
using the APS/TEMED initiator system. This polymer
had a zeta potential of 7.47 mV. As can be seen in Table 2
all the NPs had much more negative zeta potential val-
ues than the reference polymer indicating that AAc was
built into the polymer structure endowing the particle sur-
face with negative charges. Interestingly, NP6 had less
negative zeta potential (—32.7 mV) than NP5 (—40.7 mV),
although they differed only in their polymerization tem-
perature. Later experiments have shown that only 55 %
of the feed AAc was incorporated into NP5 as opposed to
85 % in NP6 and this difference might have been the cause
of the observed less negative surface charge.

3.3 Monomer conversion measurements

In order to investigate the polymerization kinetics and
the extent to which the different monomers are incorporated
into the polymer network we have followed the amount of
residual monomers in time during the polymer synthesis.
For this purpose, aliquots from the reaction mixture were
taken at different time intervals and the residual monomers
were quantitated by HPLC after filtration. Conversion of
each monomer was calculated, together with the total mono-
mer conversion. To compare the polymerization kinetics
using the different initiator systems the total monomer con-
version was plotted in time in Fig. 3. For the time course

of the individual monomer conversions see Fig. S2 in the
Supplement. It can be noted at first glance that the polym-
erization rate using the redox initiator systems (NP3 and
NP5) is much higher at 40 °C than with merely APS at 60 °C
(NP1 and NP2). This is attributable to the much faster initi-
ator decomposition rate in the redox system compared to its
thermal homolysis [38, 39]. With SBS and TEMED maxi-
mum conversion is achieved already after about 40 minutes,
while using only APS with and without SDS approximately
120 minutes is needed. It is also of interest to compare
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Fig. 3 Total monomer conversion with time obtained with the different

initiator systems



34 Ahmed et al.
Period. Polytech. Chem. Eng., 65(1), pp. 28-41, 2021

the polymerization rates of the two redox initiator systems
at room temperature and at 40 °C (Fig. 4). With the SBS/APS
system the rate of polymerization is much slower at room
temperature (NP4) than at 40 °C (NP3), in fact it is similar to

1.0 4

Total monomer conversion

—A— NP3 (with SBS at 40°C)

0.2
A NP4 (with SBS at RT)
—e— NP5 (with TEMED at 40°C)
o NP6 (with TEMED at RT)
0.0 ¢ T T T 1
0 50 100 150 200

Time (min)

Fig. 4 Total monomer conversion using the redox initiator systems

at different temperatures
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that of the polymerizations at 60 °C with only APS. On the
contrary, using TEMED with APS the rate of polymeriza-
tion is only slightly affected by the temperature.

To visualize the relative conversion rates of the indi-
vidual monomers, their conversion was plotted against the
total monomer conversion in the different polymerization
systems (Fig. 5 a)—d)). In these plots if a monomer has
a more positive curvature than the other it indicates that
it is converted faster throughout the reaction. The relative
incorporation rate of BIS, TBAm and NIPAm shows quite
similar picture, only slight differences exist. In all systems
the BIS crosslinker reacts faster than the other monomers
and NIPAm is the slowest among the three.

This behavior has already been reported with NIPAm/
BIS microgels [40] and has important consequences on the
structural inhomogeneity of the microgel particle.

Because BIS incorporates faster into the growing micro-
gel particles than NIPAm, the internal core of the particle
has a higher crosslink density while the outer shell is com-
posed of dangling branched polymer chains [41]. As far
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Fig. 5 Conversion of the different monomers as a function of the total monomer conversion a) NP1 prepared at 60 °C using SDS; b) NP2 prepared
at 60 °C; ¢) NP3 prepared at 40 °C with the APS/SBS initiator system; d) NP5 prepared at 40 °C with the APS/TEMED initiator system



as the AAc conversion is concerned, there is a striking
difference between the TEMED/APS system and the oth-
ers. Using APS with and without SDS at 60 °C and using
the SBS/APS redox initiator system the relative incorpora-
tion rate of AAc is higher than that of NIPAm indicating
that the core of the microgel particles is somewhat more
enriched in AAc than the outer layers. This is in good
agreement with the results of Hoare and McLean [42] who
investigated the functional group distributions in carbox-
ylic-acid-functionalized poly(NIPAm)-based microgels.

It is stunning to see, however, that using TEMED to cat-
alyze the decomposition of APS, the polymerization rate
of AAc drastically lags behind the others. Moreover, at the
end of the reaction when all the other monomers are fully
converted there is still significant amount (approx. 15 %) of
unreacted AAc monomer in the polymerization mixture.

Hoshino et al. [12] have come to a qualitatively con-
forming conclusion when they measured the incorporated
AAc to be 48 % at different AAc feed concentrations in a
similar polymerization system. If we take a closer look
on the polymerization rate of the individual monomers
in the different polymerization systems (see Fig. S2 in the
Supplement) it becomes evident that TEMED selectively
enhances the polymerization rate of all the monomers, but
acrylic acid. One can explain this by the acid base properties
of the two substances: TEMED being a weak base (pK, 8.97)
can react with acrylic acid, a weak acid (pK 4.25) form-
ing an acrylate salt. It was shown earlier for the free-radi-
cal polymerization of acrylic acid in aqueous solutions that
by changing the pH from 1 to 7 and concomitantly neutral-
izing the acid the polymerization rate is rapidly decreas-
ing [43—45]. This might be due to the inherently different
polymerization rates of the protonated and deprotonated
forms of acrylic acid. Therefore, by adding TEMED to the
polymerization mixture where AAc is present in compara-
ble quantity the acid will be neutralized (the degree of ion-
ization is 0.8) and its polymerization slows down.

To clarify this behavior, first, we have changed the AAc
feed concentration to half and double of the initial com-
position i.e. from 5 mol% (NP5) to 2.5 mol% (NP7) and
10 mol% (NPS8) and carried out the polymerization using
TEMED with APS at 40 °C.

In Fig. 6 a) the conversion of AAc during the three
polymerization reactions is plotted with time. As demon-
strated in the figure there is no significant difference
in the rate of AAc conversion and the final monomer con-
versions are also equal in each case. The conversion of
AAc is not complete, only 85 % of the initial amount is
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polymerized. Concurrently, the AAc concentration in the
final particles is somewhat less than 2.5; 5 and 10 mol%,
that is 2.1; 4.3 and 8.8 mol%, respectively. However, if
we plot the conversion of AAc against the total monomer
conversion (Fig. 6 b)), one can observe important differ-
ences. With the lowest, 2.5 mol% AAc feed concentra-
tion the incorporation rate of AAc compared to the other
monomers is the lowest and increasing the molar concen-
tration of AAc its relative polymerization rate increases,
the most explicitly with 10 mol% AAc. Since the polym-
erization rate of AAc is the same in all three systems,
this must imply that the polymerization rate of the other
monomers is decreasing by feeding more and more AAc
(see Fig. S3 in the Supplement) This, in turn, suggests that
excess AAc inactivates TEMED and its catalytic effect
ceases. Caglio and Righetti have found that during poly-
acrylamide gel polymerization the APS/TEMED system
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Fig. 6 a) Conversion of AAc as a function of time in NPs with different

molar ratios of AAc in the presence of TEMED at 40 °C; b) Conversion

of AAc plotted against the total monomer conversion in NPs with
different molar ratios of AAc in the presence of TEMED at 40 °C
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gives optimal incorporation of the monomers only in the
7-10 pH range and decreasing the pH the conversion drops
markedly until at pH 4 no gelation occurs [46]. We have
measured the pH in the monomer mixtures of NP7, NP5
and NP8, and it was found that increasing the molar con-
centration of AAc from 2.5 to 5 and 10 mol% the pH suc-
cessively decreases from 8.3 to 6.0 and 5.0, respectively
which eventuates that TEMED becomes less and less
active, as we observed. It should be mentioned here, that
the same authors suggested the concurrent use of SBS and
TEMED to extend the optimal pH range of the acrylamide
polymerization down to pH 4.

As a second step, we have decreased the amount of
TEMED to 50 and 25 % of its original concentration
in the polymerization solution, thereby changing the orig-
inal APS/TEMED 1:1 molar ratio to 1:0.5 (NP9) and
1:0.25 (NP10) to see how this affects the polymerization
rate. Polymerizations were carried out at 40 °C. The total
monomer conversion with time and the AAc conver-
sion against the total monomer conversion were plotted
in these systems (Fig. 7 a) and b), respectively). (For the
change of the individual monomer conversions with time
see Fig. S4 in the Supplement).

From Fig. 7 a) one can see that by lowering the TEMED
concentration from 100 % to 50 % and then to 25 % of
its original value the polymerization becomes slower as
can be expected in a common redox initiation system.
Similar observation has been made by Feng et al. [47]
in the solution polymerization of acrylamide. It can also
be perceived that using 1:0.25 APS/TEMED molar ratio
the polymerization practically stops well before the mono-
mers are completely converted. The total monomer con-
version is only 0.77. Fig. 7 b) indicates that by lowering
the TEMED concentration the relative incorporation rate
of AAc is getting higher approaching that of the poly-
mers synthesized without TEMED. Here again, just like
with increasing concentrations of AAc, this signifies that
it is not the A Ac who reacts faster, but the polymerization
becomes slower and higher fraction of AAc remain in the
neutral (protonated) form. (see Fig. S4 in the Supplement).
Using 1:1 and 1:0.5 APS/TEMED ratio the final monomer
conversion of AAc does not change (=0.8). In these sam-
ples the final monomer conversion of the other monomers
approaches unity. With 1:0.25 APS/TEMED ratio the final
conversion of AAc is less, only 0.67, but here the conver-
sion of the other monomers is also incomplete.

The above results support the assumption that TEMED
and AAc mutually affect each other during the polym-
erization. Excessive amounts of AAc shift the pH of the
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Fig. 7 a) Total monomer conversion with time in NPs prepared
with different TEMED concentrations; b) Conversion of acrylic
acid as a function of the total monomer conversion with varying

TEMED concentrations

polymerization to lower pH values where the catalytic effect
of TEMED is inhibited. On the other hand, while TEMED
enhances the polymerization rate of NIPAm, BIS and
TBAm, it slows down the polymerization of AAc by par-
tially or completely neutralizing it and forming acrylate salt.

These effects result in two consequences considering

the resulting microgel particles:

* Whereas not all of the AAc is converted during the
NP synthesis the final monomer composition of the
microgel particle is different from the feed monomer
composition i.e. it contains less AAc. It is also differ-
ent from the nanoparticles prepared with only APS
at 60 °C with or without SDS or at 40 °C with SBS
where all the monomers are fully converted.

* The microstructure of the particles synthesized using
TEMED might be very different from that of the NPs
prepared with the other initiation systems. While with
the latter initiators AAc is converted somewhat



faster than NIPAm during microgel formation, using
TEMED the opposite tendency prevails, that is AAc
is converted much slower. Therefore, as opposed
to the other polymers where the core of the particle is
slightly enriched in AAc and the outer shell contains
relatively lower concentrations, here the particle core
has markedly lower AAc concentration while the
outer surface is highly enriched in it. We have to bear
in mind though, that the average A Ac concentration
in the particle is lower than in the other systems due
to the incomplete conversion of AAc.

3.4 Lysozyme binding properties of the nanoparticles
In the next set of experiments, we have addressed, how
the above differences in their microstructure influence
the protein binding affinity of the nanoparticles. Thus we
compared the lysozyme binding properties of NPs synthe-
sized with the different initiator systems. Lysozyme bind-
ing to the NPs was assessed by incubating increasing con-
centrations of the nanoparticles with 5 pg/mL protein then
separating the bound and unbound protein by ultrafiltration.
The lysozyme concentration in the filtrate (unbound
concentration) was estimated with an enzymatic assay
using Micrococcus lysodeikticus cell suspension as sub-
strate. Ratio of the bound and total amount of lysozyme
was plotted against the NP concentration. This plot can be
seen in Fig. 8 a) for the differently initiated polymers.

At a first glance it is obvious that different concentra-
tions are needed from the various nanoparticles (NPI;
NP2; NP3 and NP5) to bind the same amount of lysozyme.
This can arise from two aspects. First of all, due to differ-
ences in the size of the nanoparticles, their surface area
available for protein binding is also different. Second, this
can be also an indication that the NPs possess dissimilar
affinities for the protein. In order to separate these two
phenomena, we have calculated the bound amount of lyso-
zyme per unit surface area which is independent of parti-
cle size. This has been estimated from the particle diame-
ter and density and the initial, linear portion of the binding
curve, where the particle surface is supposedly saturated
with the protein using Eq. (4):

c c
b b @
cNP 6 X cNP
X Ay
PxVyp pxdy
where:

* ¢, . is the bound lysozyme concentration

* c,, is the weight concentration of the nanoparticles
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Fig. 8 Bound/total lysozyme concentration with increasing
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the same feed monomer composition and b) of NP7; NP5 and NP8
having 2.5; 5 and 10 mol% A Ac in the feed monomer mixture

e p is the estimated density of the nanoparticle
(0.27 g/cm?, taken from [11])

* V,and 4, is the volume and area of one nanoparti-
cle, respectively

* d,, is the hydrodynamic diameter of the nanoparticle

The results can be seen in Table 3 and they can be con-
sidered only as rough approximate values. As can be con-
cluded from Table 3 NP1 (SDS at 60 °C), NP2 (at 60 °C)
and NP3 (SBS at 40 °C) binds lysozyme in a similar order
of magnitude. This suggests that they show similar affin-
ity to the protein. Polymer NP5 (TEMED at 40 °C) binds
almost an order of magnitude less protein showing a sig-
nificantly decreased affinity. This can be interpreted using
the results of the monomer conversion measurements.
In NP1; NP2 and NP3 all the monomers are completely
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Table 3 Estimated lysozyme binding capacity of the nanoparticles

Hydrodynamic diameter Bound lysozyme per unit

Sample

[nm] surface area [ pg/m?]
NP1 85.9+1.7 1700
NP2 444.9+8.9 1200
NP3 168.0+£3.4 1000
NP5 153.9£5.5 250
NP7 139+7.01 50
NP8 251.745.5 700

converted and incorporated into the particles so the aver-
age particle composition is the same for all three samples.

The relative conversion rate of the monomers is also
quite similar and, as a consequence the particle micro-
structure should be fairly homogeneous, the internal core
of the particles is only slightly enriched in AAc compared
to the outer surface.

On the contrary, in NP5 the AAc conversion is not com-
plete, therefore its molar concentration in the final par-
ticle is less than in the three other NP samples. What is
more important, its relative conversion rate is signifi-
cantly lower than in NP1; NP2 and NP3, and the outer part
of the nanoparticle contains almost all the incorporated
AAc and much less from the other monomers. This impli-
cates that the proper balance of the hydrophobic TBAm
and the charged AAc monomer that is necessary to bind
lysozyme [15] is not achieved and the NP has much lower
affinity to the protein.

In a complementary set of experiments, we have com-
pared the lysozyme binding affinity of NP7, NP5 and
NP8 having 2.5; 5 and 10 mol% AAc feed concentra-
tions, respectively. These results are shown in Fig. 8 b).
As indicated in Fig. 8 b) increasing A Ac content led to an
increased lysozyme binding since less particle could bind
the same amount of protein. To correct for the different
surface areas of the NPs, the bound lysozyme per unit sur-
face area has been calculated again and shown in Table 3.
NP7 synthesized with the lowest AAc feed concentration
showed the lowest binding affinity, the surface concentra-
tion of lysozyme being only 50 pg/m?2.

Increasing the A Ac feed ratio to 5 and 10 mol% resulted
in correspondingly increased surface concentrations of
250 and 700 pg/m?, respectively. The increased concen-
tration of the negatively charged monomer, however, can-
not account for the large difference in the observed affini-
ties in itself. The main reason is presumably the difference
in the relative incorporation rates of AAc in NP5, NP7
and NP8 (see Fig. 6 b) and Fig. S3 in the Supplement)

and the evolving inhomogeneous monomer distributions
across the nanoparticles. In NP7 with 2.5 mol% A Ac feed
concentration the particle surface is probably much more
enriched in AAc than in NP8 with 10 mol% AAc, where
the polymerization of the other monomers is much slower,
therefore AAc is more homogeneously distributed in the
particle. The more balanced hydrophobic and charged
patches on the particle surface consequently ensure con-
siderably higher binding affinity towards lysozyme.

4 Conclusions

Different initiator systems have been compared for the
synthesis of poly (N-isopropylacrylamide-co-acrylic
acid-co-N-tert-butylacrylamide) nanoparticles to find
an optimal system for the molecular imprinting of proteins
under mild conditions. Two redox activators, TEMED and
SBS were tested in comparison with the widely used thermal
activation of the initiator at 60 °C. While with thermal and
SBS initiation the conversion rate of AAc was comparable
to the other monomers, using TEMED the relative incorpo-
ration rate of AAc was extremely slow. This was attributed
to the acid base reaction between AAc and TEMED. As a
result, the other systems afforded almost homogeneous
incorporation of AAc throughout the particle, but the
TEMED activated reaction rendered AAc to accumulate
almost exclusively in the outer shell of the nanoparticles.
This, in turn, lead to a decreased binding of lysozyme.

Due to the inherent basic properties of TEMED, its appli-
cation in the polymerization of multifunctional nanoparti-
cles containing acidic monomers requires much attention
and careful optimization. SBS, a similar redox activator
of APS offers a viable alternative when the synthesis tem-
perature should be kept low, because it affords nanoparti-
cles with similar microstructure and protein binding prop-
erties as the thermally initiated polymerization.
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