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Nanoarchitectures of self-assembled poly(styrene-
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polypeptide for effective adsorption of mercury(i)
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We blended the diblock copolymer poly(styrene-b-4-vinyl pyridine) (PS-b-P4VP) with polypeptides. The
pyridyl rings of the P4VP block segment interacted through intermolecular hydrogen bonds with the
phenolic hydroxyl groups on the side chains of poly(tyrosine) (PTyr), thereby enhancing the glass
transition temperatures (Tg) as a result of their miscibility and changed morphology. The addition of
hexamethylenetetramine (HMTA) then led to crosslinking of the phenolic hydroxyl groups of PTyr. The
crosslinked PS-b-P4VP/PTyr materials displayed superior thermal properties. Because mercury ions tend
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Introduction

The rise in environmental awareness has led to commitments to
minimize the environmental impact of heavy metals. Biopoly-
mers are particularly applicable for this because of their envi-
ronmental friendliness, biocompatibility and biodegradability,*®
and rich structural diversity.” The well-defined secondary struc-
tures, namely, the o-helix and B-sheet structures of polypeptides,
which can form intra- and inter-molecular hydrogen bonds,*®
enable them to blend with other block copolymers'®** and make
them useful for adsorbing toxic metals.”>*® For example, the
miscibility of blends of poly(y-methyl i-glutamate) (PMLG),
poly(y-ethyl 1-glutamate) (PELG), and poly(y-benzyl 1-glutamate)
(PBLG) with phenolic resin or polyvinylphenol (PVPh) is influ-
enced dramatically by intermolecular hydrogen bonding of the
side chains of the polypeptides.™ In another study, PBLG was
blended with polystyrene (PS), poly(acetoxystyrene) (PAS), and
PVPh. The different strengths of the resulting noncovalent
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these materials adsorbed mercury with very high efficiency.

interactions (m-m, dipole-dipole, and hydrogen bonding,
respectively), affected the secondary structures formed by PBLG."?
In addition to polyglutamates, poly(tyrosine) (PTyr) (a hydrogen
bond donor through the phenolic hydroxyl groups on its side
chains) also can form a miscible blend with poly(4-vinyl pyridine)
(P4VP) (a hydrogen bond acceptor), stabilized through intermo-
lecular hydrogen bonding; the resulting secondary structures can
also be controlled by varying the polarity of the solvent.™
Furthermore, a miscible rod-rod polypeptide blending system,
PTyr/PMLG, has been prepared, taking advantage of the
hydrogen bonding interactions between the phenolic hydroxyl
groups of PTyr and the side-chain C=0 groups of PMLG.**

The self-assembled structures formed from polypeptide-
based copolymers in solution have also been widely exam-
ined. For instance, poly(ethylene glycol)-b-poly(i-lactide)-b-
poly(i-glutamic acid) (PEG-b-PLLA-b-PLGA) has been synthe-
sized as a novel biodegradable ABC-type triblock copolymer.'” It
can be made to self-assemble into spherical micelles by varying
the volume ratio of water to N,N-dimethylformamide (DMF) and
pH. Raula et al. created polypeptide-based aerosol nanoparticles
by ionically complexing poly(r-lysine) (PLL) with the surfactant
dodecylbenzenesulfonic acid (DBSA) in various solvents.'® In
these systems, however, the polypeptides formed stable micelle-
shaped structures, but they self-assembled only in the liquid
phase with no morphological change.

Here, we have developed a block copolymer/polypeptide
blend system, using poly(styrene-b-4-vinyl pyridine) (PS-b-
P4VP) and PTyr. PS-b-P4AVP is widely used block copolymer in
self-assembled macromolecular systems, particularly because
they can self-assemble into a variety of nanostructures,
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including lamellae, cylinders, and spheres."®>* The degree of
microphase separation can be affected by varying the types of
functional groups and the blend ratio. Due to sharp contrast in
polarity between the two blocks of PS-b-P4VP, it has been
extensively studied to form polymeric blends, although, to the
best of our knowledge, the use of polypeptides to initiate phase
transitions in the bulk state has not been reported as yet.
Furthermore, the self-assembled structure of PS-b-P4VP
blended with PTyr shows remarkable performance towards the
adsorption of Hg(u) ions (Scheme 1).

Mercury (Hg) is a cumulative poison, mainly damaging the
human central nervous system and kidneys even at very low
concentrations.”®**® Many studies have focused on mercury
removal using polymer blends; for example, poly(vinyl alcohol)/
poly(ethyleneimine) (PVA/PEI) and PVA/P4VP by the Lebrun-
Corporation.””*® Those studies have revealed that the efficiency
of P4VP is higher than that of PEI because protonated P4VP
tends to bind mercury ions more strongly. In an alternative
approach, Chen et al. employed an extracellular biopolymer,
poly(y-glutamic acid) (y-PGA), to adsorb mercury by binding
with both its carboxylate and amido groups.’® In this present
study, we added hexamethylenetetramine (HMTA) to crosslink
the PTyr segments and, thereby, enhance the mechanical and
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Scheme 1 Self-assembled structures of (a) PS-b-P4VP/PTyr blends.
(b) Crosslinked PS-b-P4VP/PTyr blends.
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thermal properties of the PS-b-P4VP/PTyr blend system, stabi-
lizing the material against disorder in aqueous solution. The
crosslinked PS-b-P4VP/PTyr has both attractive structural
properties and excellent mercury adsorption capability, poten-
tially leading to higher-efficiency wastewater quality indicators.

Experimental section
Materials

The PS,,5-b-PA4VPy,, diblock copolymer was synthesized
through sequential anionic polymerization [M, = 42 000 g
mol~'; polydispersity index (PDI) = 1.02]. PTyr [M, = 1300 g
mol™'; PDI = 1.08] was prepared through ring-opening-
polymerization (ROP) of r-tyrosine N-carboxyanhydride mono-
mer."”* DMF (Echo, 99.5%) was dried and distilled prior to use.
Hexamethylenetetramine (HMTA), mercury(u) nitrate, and ace-
tic acid (0.1 M, pH = 2.85) were used without purification.

PS-b-P4VP/PTyr blends and crosslinking reaction

PS-b-P4VP and PTyr were dissolved in various weight ratios in
DMTF (5 wt%). HMTA was added to each blend at a content that
was twice the molar amount of the phenolic hydroxyl groups of
PTyr. After stirring for 6 h at room temperature, the mixtures
were dried in a vacuum oven at 60 °C for two days. The cross-
linking reaction was performed by heating sequentially a 100 °C
for 2 h, 150 °C for 1 h, and 190 °C for 0.5 h.

Mercury adsorption

A crosslinked blend system (2 mg) was immersed in Hg(u)
solution (340 mg L', 10 mL, pH 2.85). The solution was
collected by filtering after stirring for 24 h at room temperature,
and the concentration of Hg(un) was determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES).

Characterization

Differential scanning calorimetry (DSC, Hitachi HT-Seiko
Instrument SII Exster X-DSC7000) was performed to deter-
mine the glass transition temperature (7,); heating and cooling
were performed from —90 to +250 °C under N, at the rate of
20 °C min~'. The specific interactions between functional
groups were observed using Fourier transform infrared (FT-IR)
spectroscopy with a Thermoscientific Nicolet 4700 spectrom-
eter operated at a resolution of 4 cm™'; the samples were
prepared in KBr. Thermogravimetric analysis/differential
thermal analysis (TGA/DTA, Hitachi HT-Seiko Instrument
Exter 6300 TG/DTA) was performed to determine the thermal
stability, over a temperature range from 30 °C to 800 °C under
air atmosphere. Crystal structures were determined through
wide-angle powder X-ray diffraction (XRD, Rigaku RINT 2500X,
CuKo. radiation, 40 kV, 40 mA) at a scanning rate of 0.5 min™".
Small-angle X-ray scattering (SAXS) was performed at the
BL17A1 wiggler beamline of the National Synchrotron Radia-
tion Research Center (NSRRC), Taiwan (diameter and wave-
length of X-ray beam: 0.5 mm and 1.1273 A, respectively; Q
range: 0.015-0.3 A~*). Transmission electron microscopy (TEM,
JEOL 2100 microscope) images were collected at 200 kV after
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staining with I, (P4VP domains). The adsorption of mercury was
determined using ICP-OES (720 ES, Agilent, Santa Clara); a gold
solution was added to the sample solutions to minimize the
memory effect from mercury on the ICP-OES instrument.

Results and discussion

Fig. 1a displays the DSC analysis of the PS-b-PAVP/PTyr blend
systems with different weight ratios. The pure PS-b-P4VP
diblock copolymer displayed two glass transition temperatures,
at 103 °C and 151 °C for the PS and the P4VP block segments,
respectively. The pure PTyr had a value of T, of 162 °C. The DSC
traces recorded after blending the block copolymer with the
PTyr homopolymer retained the two glass transition tempera-
tures, implying the microphase separation. The glass transition
temperature representing the PS block segment remained
nearly the same, 100 °C, but an obvious increase in the value of
Ty by 20-30 °C compared to the pure P4VP and the PTyr
analogue was observed after forming the PAVP/PTyr complex,
presumably because of strong intermolecular hydrogen
bonding between the pyridyl rings of PAVP and the phenolic
hydroxyl groups of PTyr. This positive deviation from the linear
rule (dashed line) was fitted by the Kwei equation (solid line) as
displayed in Fig. 1b and described by eqn (1):*'

Wi Ty + kW, Ty
T,= g2 2

W, W- 1
: Wk, T4 (1)

where W,; and W, represent the weight fractions of PAVP and
PTyr, respectively; Ty, and Ty, are the glass transition temper-
atures of pure P4VP and PTyr, respectively; k and g are fitting
constants. The strength of the interactions in a blend system is
particularly evident in the value of the parameter q. After fitting
with the Kwei equation (solid line), we obtained values for k and
g of 1 and 135, respectively (Fig. 1b). In a previous study, we also
obtained a value of k = 1, but values of ¢ = 100 and 135 in
blended and complexed systems, respectively (by choosing
solvents of different polarities, ie., methanol and DMF,
respectively).”® In this present study, however, P4VP still
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Fig. 1 (a) DSC traces of PS-b-P4VP/PTyr blends with various ratios of
PS-b-P4VP to PTyr; second heating runs for determination of the
values of Tq. (b) Glass transition behavior based on the Kwei equation
(with the solid line and the dashed line showing by the linear rule and
the Kwei equation, respectively, k = 1, g = 135).
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Fig. 2 (a) FT-IR spectra displaying signals for the pyridyl functional
groups in PS-b-P4VP/PTyr in different weight ratios. (b) Fraction of
pyridyl groups of P4VP hydrogen-bonded to the polypeptide, plotted
with respect to the PTyr content in the blend systems.

complexed with PTyr, even though we had used a high-polarity
solvent (DMF), presumably because of nano-confinement of the
diblock copolymer segments as a result of the microphase
separation. PTyr prefers to interact with P4VP blocks rather
than with PS blocks. As a result, the chain mobility of the P4VP/
PTyr complex phase was restricted because of the ordered
nanostructure and more compact packing. This phenomenon
resulted in a relatively smaller free volume with a higher glass
transition temperature. Ultimately, the interactions between
P4VP and PTyr were strengthened and the value of g was high,
even though the blend was in a high-polarity solvent.

FT-IR spectra can reveal details of the specific interactions in
polymer blend systems. Fig. 2a presents FT-IR spectra collected
in the wavenumber range from 1025 to 980 cm ™. The spectrum
of pure PS-b-P4VP featured a characteristic band at 993 cm ™,
corresponding to free pyridyl rings, and there was a signal at
1013 cm ™' from pure PTyr. After blending PS-b-P4VP with PTyr
in various weight ratios, the intensity of the band for the free
pyridyl rings decreased, and a new band appeared near 1003
cm ', which was assigned to the hydrogen-bonded pyridyl rings
in this blend system. These three peaks could be resolved well
by Gaussian functions, as displayed also in Fig. 2a and S1 in the
ESI.f The fraction of hydrogen-bonded pyridyl units of PAVP at
1003 cm ™' increased with increasing concentration of PTyr.
Fig. 2b and Table 1 summarize the results.

The XRD patterns indicated that the secondary structure of
PTyr changed after blending with the PS-b-PAVP diblock
copolymer (Fig. S2at). The XRD peaks at 18° and 20° confirm
the B-sheet secondary structure of pure PTyr. These indicate the
distance between the polymer chains of each antiparallel B-
pleated sheet and the repeated residues of the chain, respec-
tively.”® On blending with PS-b-P4VP diblock copolymer, the
pattern turned into an amorphous halo. Similar behavior was
also observed in the FT-IR spectra in Fig. S2b.t We observed
eight major peaks for pure PTyr: for ring vibrations at 1597 and
1615 cm ™ for the B-sheet conformation at 1630 ecm™%; for the a-
helical conformation at 1655 cm™; for the B-turn conformation
at 1670 cm™'; and for the random coil conformation at 1643,

This journal is © The Royal Society of Chemistry 2016
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Table 1 Fractions of hydrogen-bonded units in PS-b-P4VP/PTyr blends
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Free pyridyl rings

H-bonded pyridyl rings

PS-b-P4AVP/PTyr v(em™* Wy (em™) Ar (%) v (em™) Wi (em™) Ay (%)
80/20 993 9 36.9 1003 12 63.1
60/40 994 9 28.0 1004 13 72.0
50/50 994 8 18.1 1004 14 81.9
40/60 994 8 17.0 1004 12 83.0
20/80 994 8 14.0 1004 10 86.0

- images revealing spherical micelle structures (Fig. 4e—j). Thus,
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Fig. 3 Secondary structures in PS-b-P4VP/PTyr blend systems with
various P4VP contents.

1683, and 1700 cm™'.**3 Based on the results of curve fitting
(Fig. 3 and S37), the fractions of the o-helical and B-sheet
conformations decreased, accompanied by an increase in the
fraction of random coil conformations, with increasing PS-b-
P4VP concentration, which is consistent with the wide angle X-
ray diffraction (WAXD) patterns.

Fig. 4 displays the morphologies of the PS-b-P4VP/PTyr blend
systems. The SAXS analysis of the pure PS-b-P4VP revealed the
long-range order of a lamellar structure, based on peak posi-
tions in the ratio of 1:2:3:4 (Fig. 4a), as confirmed in the
TEM images in Fig. 4b. After blending with PTyr at 20 wt%, the
short-range order of a cylinder structure was evident through
SAXS analysis (Fig. 4c), with a peak position ratio of 1: 7%/, as
confirmed in the corresponding TEM image in Fig. 4d. When
the weight percent of PTyr was 40-60%, the SAXS patterns
featured a single broad peak, with the corresponding TEM

This journal is © The Royal Society of Chemistry 2016

the morphological change observed upon increasing the
concentration of PTyr in the PS-b-P4VP/PTyr blend system was
from lamellae to cylinders and, finally, to spherical micelles.
When the flexible polymer (PVPh)*' and inorganic nanoparticles
of (octakis[dimethyl(4-hydroxyphenethyl)siloxy] silsesquioxane
(OP-POSS))*® were blended with the PS-b-PAVP systems, the
phenolic hydroxyl groups of both PVPh and OP-POSS formed
hydrogen bonds with the P4VP blocks and resulted in an
ordered morphological transition upon increasing the PVPh or
OP-POSS concentrations. In contrast, blending with PTyr
resulted in limited morphological transformations because of
the rigid-rod characteristic of PTyr and the lower entropic
change induced by the polypeptide chain.

To extend the applications of this system, we added the
crosslinking agent (HMTA) into the PTyr matrix to improve the
mechanical properties of the blend materials. Simply heating
the system allowed crosslinking of the phenolic groups of
PTyr. After such heat-treatment, the physical properties
improved, especially the thermal properties. In addition, the
crosslinked systems could not be re-dissolved in DMF because
of the high degree of crosslinking. DSC revealed (Fig. S4aft)
that the value of T, increased substantially in the PAVP/PTyr
complex phase (by approximately 10-35 °C). In addition, the
glass transition temperature behavior could also be fitted to
the Kwei equation, as displayed in Fig. S4b;i we obtained
values of k and g of 1 and 250, respectively, with the latter
significantly higher than for the PS-b-P4VP/PTyr blend system
without crosslinking (¢ = 135). This behavior presumably
arose because of the formation of crosslinking points, which
further restricted the mobility of the polymer chains and thus
increased the value of T,. Similarly TGA analysis revealed
higher residues or char yields from the crosslinked samples
after heating to 800 °C, compared with those of the non-
crosslinked sample (Fig. S5a and bt). Thus, both DSC and
TGA analyses confirmed that the crosslinked PTyr materials
possessed thermal properties superior to those of the non-
crosslinked samples.

The XRD analysis of the crosslinked blend systems in
Fig. Séat reveals that the pure crosslinked PTyr retained the
signal at 18°, representing the distance between lamellar layers.
We conjecture that the crosslinking process in PTyr occurred
mostly through the phenolic groups on the side-chains of the
polypeptide. This peak disappeared when the concentration of
PS-b-P4VP was greater than 40 wt%, with the XRD patterns

RSC Adv., 2016, 6, 106866-106872 | 106869
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Fig. 4 (Left) SAXS patterns and (right) corresponding TEM images of
PS-b-P4VP/PTyr blends in ratios of (a) and (b) 100/0, (c) and (d) 80/20,
(e) and (f) 60/40, (g) and (h) 50/50, and (i) and (j) 40/60.
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Fig. 5 Secondary structures in the crosslinked PS-b-P4VP/PTyr blend
systems with various P4VP contents.

showing broad amorphous halos after thermal crosslinking. FT-
IR spectroscopic analysis (Fig. S6b and S71) also revealed the
change in the secondary structure of the crosslinked PTyr; Fig. 5
summarizes the results from curve-fitting. Similar to the
behavior of the non-crosslinked blend systems, the content of
random coil conformations increased while those of the a-helix
and B-sheet conformations decreased. Table S11 summarizes
the proportions of the secondary structures before and after
crosslinking of the blend systems. After crosslinking, there is
a slight decrease in the contents of the o-helix, B-sheet, and
random coil conformations, revealing that the crosslinking
process did indeed influence the self-assembly of the PTyr
secondary structures.

SAXS and TEM analysis revealed the morphologies of the
crosslinked blend systems (Fig. 6). Again, the pure PS-b-PAVP
revealed the long-range order of a lamellar structure (Fig. 6a and
b). After blending with 20 wt% crosslinked PTyr, body-centered
cubic (BCC) spherical structures were observed, based on the
TEM image in Fig. 6d. Upon further increasing the PTyr
concentration with HMTA, the d-spacings decreased, as deter-
mined from the first peaks by SAXS analysis at 0.01 A~* (62.8
nm) in Fig. 6, 0.011 A~* (57.0 nm) in Fig. 6g and 0.013 A~* (48.3
nm) in Fig. 6i. The morphology was not obviously different from
that of the non-crosslinked sample, but it did display better
uniformity because the crosslinking reaction could enhance the
microphase separation by increasing the molecular weight of
the polypeptides.

In mercury adsorption experiments, since Hg(u) ions tend to
form Hg(OH), and precipitate from aqueous solution, an acidic
solution (pH = 2.85) can be chosen to avoid this precipitation
and simplify the observation process. To calculate the mercury
loading, the adsorption capacity (mg g~ %) at equilibrium was
obtained as follows:

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (Left) SAXS patterns and (right) corresponding TEM images of
crosslinked PS-b-P4VP/PTyr blends in ratios of (a) and (b) 100/0, (c)
and (d) 80/20, (e) and (f) 60/40, (g) and (h) 50/50, and (i) and (j) 40/60.
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Capacity =

(2)

where C, and C.q (mg L") are the initial and equilibrium
concentrations of the Hg(u) solution, respectively; V (L) is the
volume of the solution; and my, (g) is the mass of a variety of
crosslinked samples with different ratios. We calculated the
value of the capacity of each crosslinked sample from ICP-OES
(Fig. 7). The pure crosslinked PTyr had a mercury capacity of
125 mg g™ '; its adsorption ability was better than that of y-PGA,
as determined in a previous study.'® The stability arising from
the crosslinking process may have been responsible for raising
the efficiency. Furthermore, FT-IR spectra revealed that the
peak at 2945 cm ™, representing N-H stretching, disappeared
after the adsorption of mercury, which is evidence that PTyr
combines with mercury through its amido groups.’ Upon the
addition of PS-b-P4VP, the signal in the FT-IR spectrum for the
free pyridyl rings at 993 cm ™" disappeared completely, regard-
less of the amount of P4VP. We suspect that the mercury ions
were bound to the pyridyl rings through ionic dipole interac-
tions.* The highest value of capacity (735.5 mg g~ ') was that
obtained in the presence of 20 wt% PTyr, presumably because
this ratio provided the highest content of free pyridyl rings
(Fig. 2b), as well as the long-range-ordered self-assembled
structure displayed in Fig. 6d. Because both the matrix and
the template could adsorb mercury ions, the crosslinked PS-b-
P4VP/PTyr displayed very high capacity for mercury adsorp-
tion relative to those of PVA/PEI (311 mg g~ ')*® and PVA/P4VP
(450 mg g "),*° thereby improving the efficiency of mercury
ion adsorption. At the same time, the bio-characteristics of PTyr
suggest that it will be eco-friendly.

Conclusions

The morphologies of PS-b-PAVP/PTyr blend systems are influ-
enced by hydrogen bonding interactions between the P4VP
block and the PTyr. This system provides an alternative means
of controlling the polypeptide's self-assembly in the bulk state.
Crosslinking of the PTyr side chains provides a means of

RSC Adv., 2016, 6, 106866-106872 | 106871
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improving the system's thermal properties and stabilizing its
structures. Because they can bind to the pyridyl rings of P4VP
and the amido groups of PTyr, mercury ions adsorbed strongly
to the crosslinked PS-b-PAVP/PTyr. This approach should
improve the removal of mercury in wastewater quality indica-
tors. Furthermore, with the active functional groups, biocom-
patibility and mechanical stability characteristics of crosslinked
PTyr, it can be applied in biological experiments in future
works.
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