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Improvement of the thermal stability of streptavidin
immobilized on magnetic beads by the construction
of a mixed poly(ethylene glycol) tethered-chain layer
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INTRODUCTION

Protein-immobilized substrates have been widely used in several
applications for biosensing and bioseparation. Many kinds of sensors
have been based on changes in colorimetric, fluorometric or lumino-
metric signals derived from the immunoreactions of protein-immo-
bilized sensor chips and particles.1–4 Protein-immobilized substrates,
such as column packings and magnetic beads, have also been used as
selective materials that can rapidly and simply separate target biomo-
lecules in solution.
In the development of high-performance materials for biosensing

and bioseparation, an effective blocking treatment is important to
decrease nonspecific adsorption onto the surfaces of protein-immo-
bilized substrates and to increase the dispersion stability of substrate
particles. Poly(ethylene glycol) (PEG) is known as an excellent block-
ing agent. Because of the nonionic properties, hydrophilicity and large
steric-exclusion effect of PEG,5 PEGylated surfaces and nano- and
microscale particles show excellent non-fouling properties with var-
ious molecules6 and high-dispersion stabilities,7–9 respectively.
Furthermore, in our recent studies, we discovered that PEGylation
improves the functioning of immobilized proteins on solid surfaces
and particles. For example, the antigen-binding efficiencies of an anti-
C-reactive protein antibody-immobilized gold sensor surface10 and
anti-ferritin antibody-immobilized latex particles11 were improved by
the co-immobilization of densely packed PEG layers, consisting of
sulfhydryl-terminated PEGs and oligoamine-terminated PEGs. The
substrate reactivity of glucose dehydrogenase-immobilized gold nano-
particles was improved by the co-immobilization of PEG/polyamine
block copolymer,8 and lipase/PEG-polyamine/glucose dehydrogenase-
immobilized gold nanoparticle hybrids showed almost the same initial
enzymatic activity after five repeated thermal treatments at 58 1C for
10min.12 These results indicate that the co-immobilization of PEG

derivatives onto protein-immobilized substrates has potential as a
treatment to strongly improve the performance of biosensing and
bioseparation materials.
The heat-induced inactivation of proteins is a disadvantage that

often restricts their field of application. It is thought that heat-induced
inactivation occurs because of the dissociation of intramolecular
protein interactions.13 Here, we report the preventative effect of a
densely packed PEG layer against the heat-induced inactivation
of streptavidin-immobilized magnetic beads (SA-MB). SA-MB
co-immobilized with a PEG tethered-chain layer (PEG/SA-MB) were
constructed by the co-immobilization of oligoamine-terminated PEGs
onto SA-MB, and their biotin-binding efficiency was evaluated by
measuring the amount of biotinylated single-stranded DNA (ssDNA)
captured by the modified SA-MB. We found that the capture efficiency
of biotinylated ssDNA by PEG/SA-MB was twice that of unmodified
SA-MB after repeated thermal treatments for 5min at 75 1C.

EXPERIMENTAL PROCEDURE

Materials
Carboxylated magnetic beads (Magnosphere MS300/High Carboxyl, 10% solid

content in slurry, particle diameter 3mm), a-methoxy-PEG-pentaethylenehex-

amine (N6-PEG) at two different molecular weights, N6-PEG (5k) (Block-

master CE510; Mw¼5000) and N6-PEG (2k) (Blockmaster CE210; Mw¼2000),

were kind gifts from the JSR Corporation (Tokyo, Japan). Other chemicals were

used as purchased. The sequence of the biotinylated ssDNA used in this study is

5¢-(biotin)-ATAGGAGTCGACCGACCAGAA-3¢.

Construction of PEG/SA-MB and SA-MB
Figure 1 shows a schematic illustration of the PEG/SA-MB. Streptavidin,

ethanolamine and N6-PEGs were attached to the surface of carboxylated

magnetic beads through the active ester reaction method in the same manner

as previously reported.9,11 Magnetic bead suspension (10ml) was poured into a
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1.5-ml plastic tube, and the tube was placed on a magnetic separator to remove

the supernatant. The remaining beads were dispersed into 1ml of NaH2PO4

buffer solution (10mM, pH 4.7). Then 100ml of 10mgml�1 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) solution (also in

NaH2PO4 buffer) was added to this suspension, followed by shaking for 30min

at room temperature and at pH 4.7. After again removing the supernatant,

using the magnetic separator, the beads were dispersed into 1-ml aliquots of

streptavidin solution at various concentrations (again in NaH2PO4 buffer at pH

4.7). The reaction time for streptavidin immobilization was 15min at room

temperature. To construct a densely packed PEGylated surface, we used our

original blocking procedure9–11,14–16 in this study, in which a mixed PEG

tethered-chain layer was constructed on the SA-MB surface by the use of a

mixture of long PEG (5k) and short PEG (2k), as follows: immediately after the

immobilization of streptavidin, the beads were dispersed into 1ml of N6-PEG

solution and incubated overnight. The N6-PEG solution was a mixture of

600ml of N6-PEG (5k) (1.5wt%, pH 7.4) and 400ml of N6-PEG (2k) (1.5wt%,

pH 7.4) aqueous solutions. As control, unmodified SA-MB was prepared by

treating streptavidin-conjugated beads with ethanolamine; the beads were

dispersed into 1ml of ethanolamine aqueous solution (6.8�10�3 M, pH 7.4)

and incubated overnight. The resulting beads were washed twice with phos-

phate-buffered saline (PBS) (10mM sodium phosphate buffer containing

150mM NaCl, pH 7.4) and resuspended in 1ml of PBS.

Measurement of the amount of biotinylated ssDNA captured by
PEG/SA-MB and SA-MB
To measure the amount of biotinylated ssDNA captured by PEG/SA-MB and

SA-MB, the change in the absorbance of the ssDNA solution at 260 nm after

bead incubation was measured using a NanoDrop 1000 (Thermo Fisher

Scientific Inc., Waltham, MA, USA) as follows: bead suspension (40ml) was

pipetted into a 0.2-ml plastic tube and washed once with binding buffer (10mM

Tris-HCl containing 0.5mM EDTA, 1M NaCl, 0.1wt% Tween-20, pH 7.4). Then

the supernatant was removed and 10ml of biotinylated ssDNA solution (5.0mM,
dissolved in binding buffer) was added. After incubation for 1 h at room

temperature, the beads were separated and the absorbance of the supernatant at

260nm was measured. The amounts of biotinylated ssDNA captured by

PEG/SA-MB and SA-MB were estimated from the obtained absorbance, and

the extinction coefficient of biotinylated ssDNA was estimated to be

220 200 lmol�1 cm�1.

Measurement of f-potential
The z-potentials of PEG/SA-MB and SA-MB were measured on a Zetasizer

Nano (Malvern Instruments Ltd, Worcestershire, UK). Measurements were

taken at room temperature. All samples were dispersed into PBS, and the bead

concentration was 0.05mgml�1.

Evaluation of the amount of biotinylated ssDNA captured by the
modified magnetic beads after heat treatment
It was previously reported that the melting point of streptavidin is greater than

75 1C at neutral pH.13 Therefore, we used heat treatment at 75 1C in this study.

Before the incubation of the magnetic beads with the biotinylated ssDNA

solutions, PEG/SA-MB and SA-MB were heated in an iCycler (Bio-Rad

Laboratories, Inc., Hercules, CA, USA). One to three cycles of heat treatment

for 5min at 75 1C were performed. The estimation of the amount of

biotinylated ssDNA captured by the modified magnetic beads was performed

using the same procedures as described above. The same evaluation was

performed in methoxy-PEG-OH (10wt%, Mw¼5000) containing PBS buffer.

RESULTS AND DISCUSSION

The immobilization of streptavidin on the magnetic bead (SA-MB)
surfaces was performed by the active ester method. The functionality
of the obtained SA-MB was estimated by the amount of biotinylated
ssDNA captured. The quantitative data are listed in Supplementary
Figure S1 in the Supplementary Information section. As shown here,
the amount of biotinylated ssDNA captured by SA-MB increased with
increasing streptavidin concentration in the immobilization reaction.
These results indicate that the effective immobilization of streptavidin
onto the magnetic beads was accomplished under the experimental
conditions, and the amount of immobilized streptavidin can be
controlled by changing the streptavidin concentration in the solution.
The immobilization of PEG in the form of a tethered-chain layer on

the SA-MB surfaces was performed using N6-PEG, which has six
amino groups at the end of each PEG chain. Although a monoamine
end group is theoretically sufficient to conjugate a surface-active ester
moiety, it is experimentally difficult to conjugate desirable amounts of
PEG molecules because of the steric repulsion between the PEG
chains. Because the SA-MB surface is negatively charged, the oligoa-
mine moiety tends to access the SA-MB surface. This electrostatic
attractive force facilitates the reaction of N6-PEG with the active ester
moiety and the formation of a polyion complex with the liberated
carboxylic acids on the surface of the magnetic beads. To increase the
chain density, a mixed PEG tethered-chain layer was constructed on
the SA-MB surfaces.
The amount of biotinylated ssDNA captured by the SA-MB was

slightly higher than that captured by PEG/SA-MB (Supplementary
Figure S2). To confirm the elaboration of the PEG layer on the
magnetic beads, z-potential analysis and observation of the dispersion
stability in cell lysis buffer were performed. Figure 2 shows the changes

Figure 1 Schematic illustration of the preparation of streptavidin-

immobilized magnetic beads (SA-MB) and poly(ethylene glycol) (PEG)/

streptavidin co-immobilized magnetic beads (PEG/SA-MB).

Figure 2 Changes in the z-potentials of (�) poly(ethylene glycol) (PEG)/

streptavidin co-immobilized magnetic beads (PEG/SA-MB) and (J)

streptavidin-immobilized magnetic beads (SA-MB) according to the amount

of immobilized streptavidin. All samples were dispersed in 10 mM sodium

phosphate buffer containing 150mM NaCl at pH 7.4, and measurements

were taken at room temperature. Concentration of the bead was

0.05 mgml�1.
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in the z-potential of PEG/SA-MB and SA-MB in relation to the
amount of immobilized streptavidin. The z-potential of the SA-MB
increased with increasing amounts of streptavidin immobilized on the
bead surface. For example, the z-potential of SA-MB possessing
11.1 pmol streptavidin per mg beads was �20.9mV, and it increased
with increasing amounts of immobilized streptavidin, finally reaching

�11.5mV. Because the isoelectric point of streptavidin is 6.8–7.5, it is
slightly negatively charged under these conditions. In contrast, the
z-potential of the PEG/SA-MB was approximately �5mV, regardless
of the amount of immobilized streptavidin, indicating that the
negatively charged surfaces of the magnetic beads were shielded almost
completely by the PEG layer. Additionally, the dispersion stability of
the modified beads was also evaluated. Figure 3 shows images of SA-
MB and PEG/SA-MB suspensions in cell lysis buffer containing non-
ionic and zwitterionic surfactants. As shown here, most of the SA-MB
was precipitated after 1 h, whereas no precipitation was observed from
the PEG/SA-MB suspension. These results indicate that a PEG layer
had formed effectively on the SA-MB surfaces.
Before the investigation of PEG co-immobilization on the SA-MB

surfaces, we examined the effect of free PEG in the buffer solution on
the stabilization of streptavidin on the magnetic bead surfaces. Free
PEG stabilizes both protein structure and protein activity. For exam-
ple, free PEG in the reaction medium functions as a stabilizer of
penicillin acylase and Ca-ATPase.17,18 The flexibility and hydration of
PEG is thought to help stabilize the compact structures of surrounded
proteins because of increasing intramolecular hydrophobic interac-
tions.19 Figure 4 shows the changes in the capture efficiency of
biotinylated ssDNA by SA-MB after three cycles of heat treatment at
75 1C in PBS, with and without a sufficient concentration (10wt%) of
methoxy-PEG-OH (5k). The capture efficiency is here defined as the
percentage of the initial capture amount (before heat treatment). In
this experiment, SA-MB possessing 26.4 pmol streptavidin per mg
beads were used. When SA-MB were subjected to three cycles of heat
treatment in PBS without PEG addition, the capture efficiency of
biotinylated ssDNAwas drastically reduced, reaching 29% of the initial
capture amount. In the presence of 10wt% commercial PEG, on the

Figure 3 Images of (a) poly(ethylene glycol) (PEG)/streptavidin co-

immobilized magnetic beads (PEG/SA-MB) and (b) streptavidin-immobilized

magnetic beads (SA-MB) dispersed in 100ml of 5� cell lysis buffer (pH

8.0). The amount of streptavidin immobilized on these beads was 26.4 pmol

per mg beads, and 2-mg samples of each type of bead were incubated for

1 h at room temperature. The aggregation is indicated by arrow.

Figure 4 The capture efficiency of biotinylated single-stranded DNA by
streptavidin-immobilized magnetic beads (SA-MB) (with 26.4 pmol of

immobilized streptavidin per mg beads) after three cycles of heat treatment

for 5 min at 75 1C with and without 10 wt% poly(ethylene glycol) (PEG) (5k)

in phosphate-buffered saline buffer. The efficiency was defined as the

percentage of the initial value (before heat treatment).

Figure 5 Changes in the capture efficiency of biotinylated single-stranded

DNA by poly(ethylene glycol) (PEG)/streptavidin co-immobilized magnetic

beads (PEG/SA-MB) (�) and by streptavidin-immobilized magnetic beads
(SA-MB) (J) as a function of the number of heat-treatment cycles. The

efficiencies were defined as percentages of the initial values (before heat

treatment). The amount of streptavidin immobilized on both the PEG/SA-MB

and SA-MB was 26.4 pmol per mg beads. Heat treatment for 5 min at 75 1C

was performed for each cycle.
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other hand, 41% of the capture efficiency of the surface streptavidin
remained after the three cycles of heat treatment. These results indicate
that the addition of free PEG to the buffer solution only slightly
improves the thermal stability of the immobilized streptavidin.
We next evaluated the change in the ssDNA capture ability of

PEG/SA-MB after heat treatment. Figure 5 shows the change in the
capture efficiency of biotinylated ssDNA according to the number of
heat-treatment cycles. In this experiment, PEG/SA-MB and SA-MB,
each possessing 26.4pmol streptavidin per mg beads, were used. To
construct a PEG layer with sufficient density on the streptavidin-
immobilized surface, we selected 0.2mM as the streptavidin concentra-
tion in the preparation step to leave some remaining surface open for
consecutive PEG immobilization. The capture efficiencies were again
defined as the percentages of the initial values (before heat treatment).
These efficiencies decreased with an increasing number of heat-
treatment cycles. In the case of the SA-MB, only approximately 29%
of the biotinylated ssDNA was captured (J) after the SA-MB was
heated three times. In contrast, in the case of the PEG/SA-MB,
approximately 62% of the biotinylated ssDNA was captured (�),
even after three cycles of heat treatment. These results clearly indicate
that the co-immobilization of a PEG tethered-chain layer on the
magnetic bead surfaces with streptavidin resulted in a great improve-
ment in the thermal stability of the immobilized streptavidin.

CONCLUSION

This is the first report of the use of a co-immobilized PEG layer to
prevent the heat-induced inactivation of the biotin-recognition ability
of SA-MB; the co-immobilized PEG tethered-chain layer is an effective
treatment for improving not only enzymatic activity12 but also the
molecular recognition ability of a protein under high-temperature
conditions. Furthermore, this study also revealed that the protective
effect against the heat-induced inactivation of SA-MB of the co-
immobilization of a PEG tethered-chain layer was more effective
than that of the addition of free PEG in solution, indicating the
importance of the polymer/protein hybrid surface in developing high-
performance biomaterials. Recently, SA-MB has been widely used as
bioseparation materials in diverse applications for biopanning, bio-
macromolecule isolation, immunoassays and genome sequencing. In
these cases, SA-MB is often used in extreme conditions, such as high
temperature, low pH and high-surfactant concentration. The modified
PEG/SA-MB, displaying high thermal stability, would be expected to
perform effectively in these extreme conditions.
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