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’ INTRODUCTION

Polymers with chain ends attached to proteins have potential
applications in pharmaceuticals and biotechnology,1�5 as they can
effectively improve protein stability, solubility, and biocompatibi-
lity.6,7 The plausible applications include protein delivery,8,9 enzyme
immobilization,10 and biosensors.11�13 Recently, conjugates between
natural proteins and synthetic polymers have been receiving
increasing research interests in material science areas with expecta-
tions of providing new routes for preparation of biologically
functional structures14�17 by synergistic action from two distinctive
materials.18 In addition, synthetic polymers attached to proteins
impart new properties such as self-assembly and phase behavior.

Although applications of bioconjugates of proteins are being
introduced, the reliable and efficient methodologies of producing
stable bioconjugates in a controlled fashion are still challenging. In
this respect, well-defined polymers have been explored to combine
with proteins of specific reactivity. Recent advances in polymer
synthesis, in particular, controlled radical polymerizations (CRPs),
provided avenues to polymers with well-defined composition,
molecular shape, chain length, andR,ω-functionality.19 The reactive
chain-ends could be used to conjugate some functional proteins. For
example, using CRPs,20 well-defined polymers with N-succinimide

ester,21,22 aldehyde,23 thiol, maleimide,24,25 or pyridyl disulfide26

chain-ends have been used to conjugate with targeted proteins.
While majorities of polymer and protein studies focused on

covalent bioconjugation, only limited studies were reported on
noncovalent approaches.27,28 Some representative examples in-
clude avidin/streptavidin�biotin couples,29�31 sugar�protein
interactions,32 and heme-modified cofactor�protein.33 Since both
Avidin (Av) and streptavidin (SAv) have very strong affinity
toward biotin,34,35 well-defined poly(N-isopropylacrylamide) with
biotin chain-endwas shown to bind to SAv.29 The conjugationwas
accomplished using biotinylated chain end introduced via ATRP
initiator and confirmed by SDS-PAGE.30 In another example, a
SAv tetra-functionalized ATRP initiator was used to polymerizeN-
isopropylacrylamide (NIPAM) by atom transfer radical polymer-
ization (ATRP) in water.31 Also, ATRP and “click” chemistry were
combined to prepare sugar-protein conjugate.32

An alternative noncovalent approach would be to use polymers
containing Ni2þ complexed nitrilotriacetic acid (Ni�NTA) for
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ABSTRACT: We have synthesized nitrilotriacetic acid end-
functionalized polystyrene (NTA�PS) for the controlled bio-
conjugation with histidine-tagged green fluorescence proteins
(His6�GFP). NTA�PS was prepared using initiators contain-
ing tert-butyl protected NTA moiety via atom transfer radical
polymerization (ATRP) of styrene; the protected tert-butyl
group was subsequently removed at the R-chain end of poly-
styrene. The structure of NTA�PS was characterized using 1H
NMR, 13C NMR, and GPC. NTA chain ends of the polystyr-
enes were complexed with Ni2þ to produce Ni�NTA�PS, of
which the specific binding properties were studied by forming spherical aggregates withHis6�GFP in aqueous phase. The reversible
association of His6�GFP with polystyrene spherical aggregates (with Ni2þ) was controlled with imidazole and monitored with
fluorescencemicroscope. Again, Ni�NTA�PS produced well-definedmicelles withHis6�GFP in water/DMF (DMF 4 vol %) and
the size of micelles decreased when excess imidazole was added.
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bioconjugationwith geneticallymodifiedHistidine-tagged (His-tag)
proteins. His-tags bound to either the C- or N-terminus are
commercially available for a large number of proteins/enzymes.
Therefore, it could be a general approach for a large number of
proteins/enzymes.NTA is a tetradentate ligandwhich occupies four
of the six binding sites of Ni2þ, leaving two free sites for His-tag
proteins to bind. The NTA chelating chemistry with His-tag
proteins offers several advantages of biochemical recognition ele-
ments. First, the Ni2þ complexation with a histidine is fast and
reversible reaction, where competitor ligand, such as imidazole
could displace theHis-tag proteins. Second, Ni2þ�NTA complexa-
tion is a very well established and efficient immobilization system in
biology. Transitionmetals chelated by NTA or other chelators were
successfully applied for the purification36�39 and detection36,40 of
oligohistidine-tagged proteins, as well as for surface immobil-
izations41�45 and for tethering to lipid membranes.46�48

For conjugation of protein with polymers, Kiessling et al.
synthesized poly(N-methacryloxysuccinimide) using ATRP,
where NTA derivatives were appended to the polymer backbone.
After nickel complexation, His-tagged fibroblast growth factor 8b
(His-tag FGF-8b) was clustered with NTA moiety through
noncovalent interaction.49 Ober et al. polymerized acrylamide
monomer with an NTA moiety, which was incorporated into
2-hydroxyethyl methacrylate (HEMA) hydrogels in a controlled
fashion for the specific protein immobilization.50 Similar studies
were reported by Kopecek et al. using iminodiacetate (IDA)�
Ni2þ and His-tag protein. They utilized nickel IDA complex for
poly(HPMA-co-DAMA) hybrid hydrogel primary chains and for
the attachment of His-tag coiled-coil proteins.51

In this report, we describe the synthesis of NTA end-functio-
nalized polystyrenes by ATRP and their use for bioconjugation
with His6�GFP to produce self-assembled structures in aqueous
system. Therefore, we synthesized NTA end-functionalized

polystyrene, 4b, by ATRP in a controlled fashion. As shown in
Scheme 1, we prepared alkyl halide with protected NTA moi-
eties, 2, and used them for the initiation of styrene ATRP,
followed by removal of protecting tert-butyl groups. In the
aqueous system, polystyrene spherical aggregates, as in 4b
(with NTA end group) and 5b (with Ni�NTA end group),
were generated through solvent evaporation method. Similar
studies were carried out by Nolte et al. that demonstrated the
aggregation behavior of heme-modified PS,33 which were com-
parable to the micelles of amphiphilic block copolymers.52 The
reversible association of His6�GFP with polystyrene spherical
aggregates (with Ni2þ) was controlled with excess imidazole and
monitored with fluorescence microscope. Again, Ni�NTA�PS
(Mn = 21 800) produced well-defined micelles with His6�GFP
in water/DMF (DMF 4 vol %) and the size of micelles decreased
when excess imidazole was added.

’EXPERIMENTAL SECTION

Materials. Styrene (Junsei, 99.5%) was purified by vacuum distillation
over CaH2. Cu(I)Br (Aldrich, 98%) and Cu(I)Cl (Aldrich, 98%) were
purified by stirring with glacial acetic acid followed by filtering and washing
the resulting solids with ethanol ( � 3) and diethyl ether ( � 2),
respectively. N,N,N0,N0 0,N0 0-penetamethyldiethylenetriamine (PMDETA)
(Aldrich, 98%) was purified by vacuum distillation. 4,40-di(5-nonyl)-2,20-
bipyridine (dNbpy) (97%), tert-butyl bromoacetate (98%), 2,20-dipyridyl
(bpy) (99%þ), palladium (10 wt % activated carbon), 2-bromoisobutyryl
bromide (98%), and 2-bromopropionyl bromide (97%) were purchased
from Aldrich and used as received. H-Lysine(Z)�OtBu 3HCl was used
as received (Bachem, 99%þ). N,N-bis[(tert-butyloxycarbonyl)methyl]-L-
lysine tert-butyl ester (1) was synthesized by following the reported
procedure.53

Measurements. Molecular weight (Mn) and molecular weight
distribution (Mw/Mn) were determined using gel permeation

Scheme 1. Preparation of Ni2þ-Complexed-NTA End-Functionalized Polystyrene (Ni�NTA�PS)



4674 dx.doi.org/10.1021/ma200480f |Macromolecules 2011, 44, 4672–4680

Macromolecules ARTICLE

chromatography (GPC), which was precalibrated with polystyrene stan-
dards.GPCwas equippedwith Agilent 1100 pump, RIDdetector, and PSS
SDV (5 μm, 105, 103, 102 Å 8.0 � 300.0 mm) columns. Monomer
conversion was determined by HP 5890 gas chromatography, equipped
with HP101 column (methyl silicone fluid, 25 m� 0.32 mm�0.3 μm).
1H and 13C NMR spectra were obtained using Varian Unity Plus 300 or
Inova 500 FT-NMR spectrometers. Transmission electron microscope
(TEM) and scanning electron microscope (SEM) images were obtained
on a Hitachi H-7600 instrument at 100 kV and on a Hitachi S-4200,
respectively. Energy Dispersive X-ray fluorescence analysis (EDX, Hor-
iba/EX-250) results were obtained by Hitachi/E-1030 ion sputter with
Nikon/SMZ-U stereomicroscope. For microscopic analysis, TEM sam-
ples were prepared by dipping a TEM grid (carbon coated grid) into
respective solutions. SEM/EDX samples were prepared by dropping
solution onto the silicon wafer. Extra solution was blotted with filter
paper and dried for 12 h at room temperature. Differential scanning
calorimeter (DSC) analyses were performed with TA Instruments Q 100,
which operated at a 10 �C/min under nitrogen gas. Fluorescence optical
microscope images were obtained on Nikon TE2000-U. Dynamic light
scattering (DLS) studies were performed with 90 Plus, Particle Size
Analyzer, Brookhaven Instruments Corporation. The photoluminescence
(PL) spectra were recorded using an Ocean Optics HR4000CG Compo-
site-grating spectrophotometer with an excitation wavelength at 395 nm.
Synthesis of N,N-Bis[(tert-butyloxycarbonyl)methyl]-N0-2-

bromopropionyl-L-lysine tert-Butyl Ester (2a). Under nitrogen,
2-bromopropionyl bromide (90.0 μL, 8.5 � 10�1 mmol) was added
dropwise to a stirring mixture of 1 (342 mg, 7.7 � 10�1 mmol) and
triethylamine (320 μL, 2.3 mmol) in 50.0 mL THF in an ice bath for 1 h.
Upon complete addition of the acid bromide, the mixture was stirred at
room temperature for 12 h. After evaporation of THF, the mixture was
dissolved in 100 mL of CH2Cl2 and washed with water (5 � 100 mL).
The crude product was purified by column chromatography, eluting
with 4:1 n-hexane/ethyl acetate: yielding sample with the following
NMR analysis. 1H NMR (300 MHz, CDCl3): δ 1.38 (s, 18H), 1.40
(s, 9H), 1.49 (m, 2H), 1.60 (m, 2H), 1.65 (m, 2H), 1.88 (s, 3H) 3.20
(t, 2H), 3.25 (t, 1H), 3.42 (dd, 4H), 4.41 (q, 1H). MS (ESI�MASS):
found, 589 (M þ Naþ); m/z calculated for C25H45N2O7Br1Na1, 589.
Synthesis of N,N-Bis[(tert-butyloxycarbonyl)methyl]-N0-2-

bromoisobutyryl-L-lysine tert-Butyl Ester (2b). 2b was prepared
in a procedure similar to that used for 2a, where 2-bromoisobutyryl
bromide was used, instead of 2-bromopropionyl bromide, yielding a
samplewith the followingNMR analysis. 1HNMR (300MHz, CDCl3):δ
1.38(s, 18H), 1.40 (s, 9H), 1.49 (m, 2H), 1.60 (m, 2H), 1.65 (m, 2H),
1.88 (s, 6H) 3.20 (t, 2H), 3.25 (t, 1H), 3.42 (dd, 4H);MS (ESI�MASS):
found, 601 (M þ Naþ); m/z calculated for C26H47N2O7Br1Na1, 601.
Synthesis of Polystyrene 3b. Styrene (1.00 mL, 8.82 mmol) and

anisole (1.00 mL) were added to a N2-purged Schlenk flask. After three
freeze�pump�thaw cycles, CuICl (36.4 mg, 0.368 mmol) and dNbpy

(300.8 mg, 0.736 mmol) were added to the flask, followed by two
freeze�pump�thaw cycles. The flask was placed into an oil bath set at
110 �C. Then initiator 2b (106.5 mg, 0.184 mmol) was added to the
flask. At timed intervals, aliquots of 0.05 mL of the reaction mixture were
taken and diluted in THF for GC and GPC analysis. The product was
precipitated against MeOH and dried in vacuo at 45 �C for 12 h.
Deprotection of tert-butyl group in 3b. Polystyrene 3b (300 mg,

61.2� 10�3 mmol) and trifluoroacetic acid (TFA, 136.4 μL, 18.6� 10�1

mmol) were stirred in 20.0 mL of CH2Cl2 at room temperature for 12 h.
The solvent was evaporated under reduced pressure. The resulting product
was purified by precipitation against MeOH and dried in vacuo at 45 �C
for 12 h.
Nickel Complexation of 4b. Polystyrene 4b (100 mg, 21.3 �

10�3 mmol) was dissolved in 50 mL of DMF in the flask, followed by
addition of nickel chloride (NiCl2, 54.4 mg, 0.420 mmol). The com-
plexation was carried out by stirring at room temperature for 12 h. The
mixture was purified by precipitation against MeOH and then dried in
vacuo at 45 �C for 12 h.
Preparation of Aggregates of 4b and 5b. H2O (8 mL) was

slowly added to 2 mg of 4b and 5b in THF (2 mL), under rapid stirring.
The mixture was continually stirred for 3 h at 60 �C. After complete
removal of THF, the resulting aqueous solution was sonicated for 30min
and kept at �4 �C.
Expression and Purification of His6�GFP. Escherichia coli

BL21 (DE3) harboring the pET�GFPmut3.1 expressing GFPmut3.154

tagged with hexahistidine at its N-terminus was grown to OD600 of 0.6
at 37 �C in 100 mL of Luria�Bertani (LB) medium containing 100 μg/
mL of ampicillin, induced with 0.05 mM isopropyl β-D-thiogalactopyr-
anoside (IPTG) for 6 h at 37 �C, and pelleted. Cells were lysed by using
BugBuster protein extraction kit (Novagen). Briefly, collected cell pellet
was resuspended in 5 mL of lysis buffer, incubated at room temperature
for 10 min, and centrifuged for 20 min at 9,000 g and 4 �C. After the
extracts was incubated with 5mg of Ni�NTAHisBind Resin (Novagen)
for 3 h at 4 �C, the resin was loaded into column, washed with 2� 4 mL
of washing buffer (50 mM phosphate buffer, pH 8.0; 300 mM NaCl;
20 mM imidazole), and the His6�GFP was eluted with 1 mL of elution
buffer (50 mM phosphate buffer, pH 8.0; 300 mM NaCl; 250 mM
imidazole). Imidazole in the eluted solution was removed by Diafiltra-
tion (Millipore). The protein fractions were analyzed by SDS-PAGE
(12% acrylamide gel), showing that the purity of purifiedHis6�GFPwas
more than 95%.
Conjugation of His6�GFPwith 4b and 5b. Aggregate solution

(300 μL) was spun down at 10 000g for 3 min. After discarding the
supernatant, the pellet was resuspended in 500 μL PBS with 1% BSA
(w/v) and incubated for 10 min in rotating rack. Washing step was
repeated three times. After the final wash, 3 μLHis6�GFP solution were
added with the pellet and incubated for 10 min in rotating rack. The
pellet was spun down at 10 000g for 3 min and washed with 200 μL of

Table 1. ATRP of Styrene Using NTA Derivative Initiators at 110 �Ca

no. [M]0/[I] 0 [I]0 catalyst time [h] convn [%] Mn,GPC [103] Mw/Mn Mn,theory
b [103]

1 672 2a CuBr/PMDETA 17 34 154 1.45 24.7

2 672 2a CuCl/PMDETA 7 26 170 1.67 18.7

3 196 2a CuCl/2dNbpy 5.75 27 11.0 1.26 6.1

4 196 2b CuCl/2dNbpy 14 55 13.5 1.21 11.8

5 48 2b CuCl/2dNbpy 14 72 4.9 1.09 4.2

6 29 2b CuCl/2dNbpy 20 70 3.9 1.08 2.7
a 1: [styrene]0 = 7.9 M, [initiator]0 = [CuBr/PMDETA]0 = 1.2 � 10�2 M, anisole =7.8 � 10�1 mL. 2: [styrene]0 = 4.3 M, 2[initiator]0 = [CuCl/
PMDETA]0 = 1.3� 10�2 M, anisole =7.8 mL. 3: [styrene]0 = 4.3 M, 2[initiator]0 = [CuCl/2dNbpy]0 = 4.5� 10�2 M, anisole =1.5 mL. 4: [styrene]0 =
4.3 M, 2[initiator]0 = [CuCl/2dNbpy]0 = 4.5 � 10�2 M, anisole =1.5 mL. 5: [styrene]0 = 4.3 M, 2[initiator]0 = [CuCl/2dNbpy]0 = 1.8 � 10�1 M,
anisole =1.0 mL. 6: [styrene]0 = 4.3 M, [initiator]0 = [CuCl/2dNbpy]0 = 1.5 � 10�1 M, anisole = 3.0 mL. bMn,theory = conversion �
([monomer]0/[initiator]0) � Mmonomer þ Minitiator
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PBS with 1% BSA (w/v), and 2 μL of pellets were examined with
fluorescence microscope.
Release of His6�GFP with Imidazole. 300 μL imidazole

solution (250 mM) was added to 300 μL of conjugated aggregate
solution with His6�GFP, followed by sonication for 10 min. The
solution was spun down at 10 000g for 10 min. After removing super-
natant, the pellet was resuspended in 200 μL of PBS with 1%BSA (w/v),
and 20 μL of the pellets were examined with fluorescence microscope.

’RESULTS AND DISCUSSION

Synthesis. Initiators, containing the activated alkyl bromide,
were prepared to introduceNTA functional group atR-chain end
of polymers using ATRP. In order to ensure high solubility of the
initiator and prevent side reactions (protonation of ATRP
ligand), tert-butyl protected NTA-based amidic initiators55,56

were designed (2a or 2b). Initially, 2a was prepared by the
amidation reaction of protected aminobutyl NTA with 2-bro-
mopropionyl bromide (Scheme 1). The polymerization of
styrene was carried out with 2a using CuBr/PMDETA, which
is the frequently used ATRP catalytic system (entry 1 in
Table 1).57 However, the resulting polymers displayed higher
molecular weights than expected and showed broad molecular
weight distribution (MWD) at low conversion. This result
indicated that the initiation of styrene ATRP by 2a was slow,
as reported previously in literature.58,59

In order to improve initiation efficiency, a technique known as
halogen exchange was employed.60 In the halogen exchange,
CuCl catalyst was used with the alkyl bromide initiator. Hence,
NTA�PS was synthesized with 2a using CuCl/PMDETA
instead of CuBr/PMDETA. However, the results of polymeri-
zation showed again a typical slow initiation behavior, yielding
polymers with higher molecular weight and broad MWD (entry 2
in Table 1). These results showed that halogen exchangemethod
was not effective in the polymerization of styrene with the
propionamide-based alkyl bromide initiator (2a) and CuCl/
PMDETA catalyst. When the ligand for catalyst was changed
from PMDETA to a bipyridine-based ligand, dNbpy, the polym-
erization of styrene showed better control (entry 3 in Table 1).
The polymerization with initiator 2b together with dNbpy
yielded well-controlled polystyrene, 5 (entries 4�6 in Table 1)
as 2b initiator showed fast activation rate. In addition, fast
deactivation rate with bpy based catalyst may also contribute to
the improvement of initiation efficiency.61

The polymerization of styrene with 2b and CuCl/dNbpy
showed typical characteristics of living polymerization. The first
order kinetic plot was linear and the rate of radical generation was
faster than that of 2a. The molecular weight increased linearly
with conversion, which showed good agreement with theoretical
molecular weight. The molecular weight distribution was narrow
as 1.09 (Figure 1 and Figure 2).
Presence of NTA moiety in PS (entry 6 in Table 1) was verified

by 1H NMR and 13C NMR (Figure 3 and 4). Peaks at 1.33 (a,
(CH3)3�) and 1.35 ppm (b, (CH3)3�) were assigned to tert-butyl
protons and peaks at 2.71 (h,�CH2�), 3.15 (d,�CH�), 3.38 (c,
�CH2�) 4.25 (n, �CH�Cl) and 5.17 (i, �NH�) ppm were
clearly assigned to NTA moiety in Figure 3A, which indicated that
2b was successfully used as ATRP initiator. Based on the integral
ratio of peak h (2.6�2.8 ppm), to the phenyl ring proton (6.2�7.4
ppm), theMn of 3bwas calculated to be 4500 g/mol.Mn calculated
from 1HNMR agreed well with those fromGPC (Mn,GPC = 3900).
NTA-end-functionalized polystyrene, 4b was obtained by re-

moving tert-butyl groups of 3bwithTFA inCH2Cl2. The structure
of 4b was confirmed by 1H and 13C NMR. Mixed solvent of
CDCl3/MeOD-d4 = 99/1 by vol % was used for 1H NMR. After
the deprotection, hydrophilic nature of NTA chain-end of poly-
styrene would result in the restriction of the segmental motion and
mobility of the polymer components in CDCl3. This restriction of
the motion of polymer molecular chains would have significant

Figure 1. Results of styrene ATRP using 2b (entry 5, Table 1): (A) first-order kinetic plots; (B)Mn andMw/Mn evolution on monomer conversion.

Figure 2. Gel permeation chromatogram traces of NTA�PS (entry 5,
Table 1).
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effects on the spin�lattice relaxation time of their protons. With
the addition ofMeOD-d4 (1 vol %) toCDCl3, peaks from 4bwere
clearly assigned. The chain end structures of polystyrene before
and after deprotectionwere also confirmed by 13CNMR spectra in
Figure 4.
Successful transformation of chain-end to NTA was also

supported by GPC analysis. Figure 5 showed that after removal
of tert-butyl protecting groups, the peak molecular weight of
NTA�PS decreased slightly, while the formation of high mo-
lecular weight species and significant tailing were observed.
These observations could be explained by the effect of carboxylic
acid groups at the polystyrene chain end, inducing the molecular

association of 4b through hydrogen bonding and interactions of
4b with stationary phase in GPC analysis.62,63

Glass transition temperatures, Tg, were measured by DSC to
further confirm the successful deprotection of tert-butyl groups
of 3b, as shown in Figure 6. 3b (Mn = 3900) exhibited Tg at
78.5 �C, which was similar to Tg of prepared polystyrene (Mn =
3100, polystyreneATRP) using ATRPwith 1-phenylethyl bromide
as an initiator. After the deprotection, Tg of 4b increased to
93.8 �C, suggesting that the carboxylic acid groups in polystyrene
chain end played a role in heightening Tg of 3b.

64,65 Increased Tg

of 4b could be attributed to the self-association of carboxyl end
groups, reducing the polystyrene chain end mobility.

Figure 3. (A) 1HNMR spectra ofR-(p-NTA)�polystyrene, 3b, (Mn, GPC = 3900;Mw/Mn = 1.08,), CDCl3 100%, and (B)R-(NTA)�polystyrene, 4b,
(Mn,GPC = 3500; Mw/Mn = 1.18), mixed solvent system (CDCl3/MeOH-d4 = 99/1 by vol %).
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Conjugation of NTA End-Functionalized Polystyrene
(NTA�PS) with His6�GFP. The conjugation of NTA�PS with
His6�GFP and their self-assembly were studied by two different
methods by changing solvent (THF andDMF) as well asmolecular
weight of the polymer (Mn = 4700 andMn = 21 800) with water. In
THF evaporation method, aggregates of 4b (without Ni2þ) and 5b
(with Ni2þ) were prepared by the addition of water to THF
solution containing 4b and 5b, respectively.66 THF was evaporated
by stirring the respective mixture at 60 �C. In both cases, SEM and
TEM studies showed that the size of polymeric aggregates were

nearly 500 nm without staining (Figure 7). Aggregates were
spherical and relatively uniform in size. The presence of Ni2þ in
the aggregates was confirmed by EDX analysis.
Fluorescence microscopy was used to compare the binding of

His6�GFP on the spherical aggregates produced from 4b
(without Ni2þ) and 5b (with Ni2þ), respectively (Figure 8).
His6�GFP solution was added to spherical aggregate solution of
4b and 5b, respectively. The mixture was spun down and washed
with PBS. The fluorescence intensity of 4b (A-1) was weaker than

Figure 4. 13C NMR spectra of p-NTA�PS, 3b, (Mn,GPC = 3900; Mw/Mn = 1.08), and NTA�PS, 4b, (Mn,GPC = 3500; Mw/Mn = 1.18).

Figure 5. GPC chromatograms of R-(p-NTA)-polystyrene, 3b (Mn,

GPC = 4900; Mw/Mn = 1.09) and R-NTA-polystyrene, 4b (Mn,GPC =
4700; Mw/Mn = 1.40).

Figure 6. DSC curves of 3b, 4b, and polystyrene prepared using ATRP
with 1-phenyl ethyl bromide as an initiator.
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that of 5b (B-1), which could be due to the absence of nickel
for chelating between His6�GFP and NTA on the surface of
spherical aggregates specifically (4b). According to Figure 8,
adsorption of His6�GFP on the surface of polystyrene spherical
aggregates was irreversible and nonspecific, because the fluores-
cence intensity of4b did not decrease even after rinsingwith excess
of imidazole.

In the case of 5b, the fluorescence intensity decreased from
100 (before rinsing with imidazole, Figure 8, B-1) to 14 (after
rinsing with imidazole, Figure 8, B-2) due to the specific and
reversible binding of nickel on the surface of 5b with His6�GFP.
To investigate self-assembled morphology of polymer�pro-

tein conjugate, we examined Ni�NTA�PS (Mn = 21,800) with
water/DMF (See Supporting Information for bioconjugation

Figure 7. SEM and TEM images of the aggregates from the R-(NTA)-polystyrene. A-1 and A-2 are without nickel; B-1 and B-2 are with nickel.

Figure 8. Fluorescence microscope images of the aggregates from the R-(NTA)-polystyrene: A-1, nonspecific binding of His6�GFP with 4b; A-2,
binding after rinse with excess imidazole; B-1, specific binding of His6�GFP to NTA of 5b in presence of Ni; B-2, binding after rinse with excess
imidazole.
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experiment). Control experiment showed that the activity of GFP
(fluorescence intensity) decreased with increasing the amount of
DMFwith water. Therefore, minimum amount of DMF (4 vol % of
water) was added during conjugation experiment. The solution of
Ni�NTA�PS in DMF was added slowly to deionized water using
syringe pumpwith andwithoutHis6�GFPunder stirring. TEMand
DLS studies showed that Ni�NTA�PS produced well-defined
micelles with His6�GFP (Figure 9A), while Ni�NTA�PS itself
produced ill defined and larger aggregates without His6�GFP (See
Supporting Information, Figure SI-1).The reason of the former
might be attributed to the amphiphilic nature of the polymer�pro-
tein conjugate due to specific interaction of polymer and protein via
well established NTA�Ni2þ/His6-tag interaction in water/DMF.
To prove the binding of His6�GFPwith polymer via NTA�Ni2þ/
His6-tag interaction, a solution was filtered using centrifugal filter
(Microcon, YM-100 membrane, NMWL-100 kDa). The fluores-
cence intensity of the initial solution, filtrate and retentate was
measured by photoluminescence (PL) spectroscopy (See Support-
ing Information, Figure SI-2). The fluorescence intensity of the
filtrate decreased compare to that of initial solution. This might be
attributed to the presence of unbound GFP in filtrate, while most of
the GFP remained as retentate due to specific binding with polymer
during filtration process. The size of micelles decreased when
competitor ligand (e.g.; imidazole) was added to the polymer�
proteinmicellar solution. Thismight be due to the release of GFP
by imidazole which was evidenced by TEM and DLS studies
(Figure 9B).

’CONCLUSIONS

In this study, the NTA chain-end functional groups in PS
prepared by ATRP and the recombinant His6�GFP were used to
demonstrate the site specific and noncovalent bioconjugation
between polymer and protein. First, alkyl halides with protected
NTA moiety were synthesized and used as the initiators for
ATRP of styrene. After removing the protecting tert-butyl groups,
NTA end-functionalized PS with predetermined molecular
weight and narrow molecular weight distribution was prepared.
Through solvent evaporation method, spherical aggregates of
R-(NTA)�polystyrene, 4b, and R-(Ni�NTA)�polystyrene,
5b, were yielded. Ni2þ chelation with NTA on the surface of
polystyrene spherical aggregates was confirmed by SEM/EDX.
Bioconjugation of His6�GFP with 4b and 5b was investigated

with florescence microscopy, revealing site-specific and reversi-
ble noncovalent bioconjugation between His6�GFP and 5b,
whereas 4b resulted in the nonspecific and irreversible binding.
By means of imidazole treatment, the conjugation and release of
His6�GFP from R-(Ni�NTA)�polystyrene, 5b were success-
fully controlled. Controlled bioconjugation ofHis-tagged protein
with R-(Ni�NTA)�polystyrene may find broad applications in
protein purification and enzyme immobilization.

’ASSOCIATED CONTENT

bS Supporting Information. Bioconjugation experimental
details in water/DMF, centrifuging procedure using membrane
filter, TEM image (Figure SI-1), and photoluminescence (PL)
spectra of polymer�protein conjugated solution, retentate and
filtrate (Figure SI-2). This material is available free of charge via
the Internet at http://pubs.acs.org.
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