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Binding enhancement of antigen-functionalized PEGylated gold
nanoparticles onto antibody-immobilized surface by increasing the
functionalized antigen using a-sulfanyl-o-amino-PEG T
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We established a technique for constructing PEGylated gold
nanoparticles (GNP) that have small compounds with almost
complete functionalities on their surfaces using a newly synthe-
sized hetero-telechelic poly(ethylene glycol) (PEG), and their
association/dissociation behavior on an antibody-immobilized
surface was evaluated using a surface plasmon resonance
(SPR) sensor.

GNPs have received widespread interest, particularly with
regard to their uses in biotechnological systems for diagnostic
applications,? and biological imaging,® due to the ease with
which they can be prepared and bioconjugated, and their
highly controlled optical properties. Notably, GNPs have
recently attracted much attention in the medical field, since
GNPs act not only as excellent agents for optical imaging, but
also for photothermal therapy (PTT), which allows the selec-
tive killing of cancer cells, leaving healthy cells unaffected.*
Since GNPs aggregate spontaneously under physiological salt
concentrations due to surface charge shielding, several at-
tempts have been made to stabilize GNPs in aqueous media.’
Weuelfing et al. reported the reliable stabilization of GNPs in
an aqueous milieu using a semi-telechelic PEG, a-methoxy-m-
mercapto-PEG (CH;0-PEG-SH).® This PEGylation strategy
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confers appreciable stability and biocompatibility upon GNPs
under physiological conditions owing to the steric repulsion
effects of the tethered PEG strands, although the GNPs
prepared by this method lack reactive groups for ligand
immobilization onto the PEG-tethered chains, which enable
the selective targeting and delivery of PEGylated GNPs.

We have been studying the synthesis of various types of
homo- and hetero-telechelic PEGs based on the ring-opening
polymerization of ethylene oxide (EO) using a metal alkoxide
initiator with a protected functional group.” Using a-acetal-co-
sulfanyl-PEG (acetal-PEG-SH), an acetal group-terminated
GNP can be prepared, which reacts with a small compound
that carries an amino group, p-aminophenyl -p-lactopyrano-
side, with low-level functionalities (ca. 65%).'”® Since this
lactose-functionalized PEGylated GNP has a unique binding
property, i.e., dissociation of the GNP from target proteins is
easily accomplished by the addition of competitor molecules,
the PEGylated GNP can be used in colorimetric assays for a
lectin'? and as a signal-enhancement agent for the detection of
galactose in the SPR sensor system.” In contrast, the develop-
ment of a high-performance PTT agent requires both strong
association and nondissociative properties with the target
protein. Thus, modification of the PEG surface with ligands
having high-level functionalities is crucial, and novel methods
for improving functional efficiency at the PEG end are needed.
However, to the best of our knowledge, a technique for
constructing a ligand-functionalized PEGylated GNP with
high-level functionalities and binding performance has not
been reported to date.

We present herein a new technique for constructing a ligand-
functionalized PEGylated GNP with almost complete function-
alities, and show the effect of the immobilized amount of ligand
in changing the binding property of ligand-terminated
PEGylated GNPs. In the present study, a new heterotelechelic
PEG, a-sulfanyl-o-amino-PEG (HS-PEG-NH,; M, = 5 k,
My/M, = 1.1), was synthesized by anionic ring-opening poly-
merization of EO using the allyl alcohol/potassium naphthalene
initiator system® (Scheme 1). Furthermore, a technique for
constructing ligand-functionalized PEGylated GNP with al-
most complete functionalities was established, and its associa-
tion/dissociation behavior on an antibody-immobilized gold
surface was evaluated by SPR. As controls, PEGylated GNPs
with various densities of surface-immobilized ligands were
constructed using a combination of HS-PEG-NH, and
a-sulfanyl-semi-telechelic PEG, and their binding properties
were assessed.
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Scheme 1 Synthetic route to HS-PEG-NH, (6). Reagents and condi-
tions: (a) potassium naphthalene, EO; (b) methanesulfonyl chloride;
(c) ammonia; (d) thioacetic acid, azoisobutyronitrile, UV irradiation;
(e) sodium methoxide-methanol, HCI. More detailed synthetic proce-
dures were described in ESI.

X"oH

The amino group at the w-end of HS-PEG-NH, can be used
for the quantitative immobilization of amino-reactive com-
pounds (ARC) that have an amino-reactive group, such as
isothiocyanate and activated ester. Our strategy for construct-
ing ligand-functionalized GNPs was based on the immobiliza-
tion and co-immobilization through thiol-gold linkages of
ARC-PEG-SH and ARC-PEG-SH/PEG-SH, respectively,
onto a commercially available GNP (9.5 nm) (Fig. 1(a)).
Fluorescein isothiocyanate was used as a model compound,
and fluorescein (FL)-functionalized PEGylated GNPs
(FL-GNPs) with various densities of surface-immobilized FL
were constructed. Using ion exchange chromatography and
"H NMR measurements, it was confirmed that FL was almost
fully introduced at the m-end of HS-PEG-NH, (see ESI+). Fig.
1(b) shows a typical transmission electron microscopy (TEM)
image of the FL-GNP, which was constructed using a combi-
nation of HS-PEG-FL and PEG-SH, clearly indicating that
the diameter of the constructed GNPs were about 10 nm. The
PEGylated GNP sample showed no significant aggregation in
solution under physiological conditions (150 mM NaCl,
50 mM phosphate buffer, pH 7.4).

FL-GNPs with various densities of surface-immobilized FL
were prepared using mixtures of several molar ratios of
HS-PEG-FL and acetal-PEG-SH (M,, = 5 k) (Table 1). The
FL content of FL-GNPs can be regulated by changing the
molar ratios of the HS-PEG-FL/acetal-PEG-SH mixture. The
number of FL groups on the FL-GNP, as assessed by the
fluorescence-based determination of HS-PEG-FL that leached
from the GNP surfaces (see ESIf), was increased as the
HS-PEG-FL molar ratio in the mixed solution. The maximum
number of FL groups that could be functionalized onto
the PEGylated GNP was found to be 168, and all of the

(a)
HS-PEG-FL PEG-SH
N
GNP
Fig. 1 Schematic illustration (a) and TEM image (b) of FL-termi-

nated PEGylated GNP constructed using a combination of HS-PEG-
NH, and PEG-SH.

Table 1 Number of FL-PEG immobilized on GNP surface®

HS-PEG-FL: No. FL per single
Sample acetal-PEG-SH” GNP surface
FL-GNP(0) 0:10 0
FL-GNP(6) 1:9 6
FL-GNP(22) 5:5 22
FL-GNP(49) 9:1 49
FL-GNP(168) 10: 0 168

@ Experimental conditions were described in ESI. ? Molar ratio in
mixed solution.

FL-PEG-immobilized GNPs prepared in this manner showed
stable dispersibility in aqueous solutions with elevated ionic
strength, which is an environment that immediately induced the
aggregation of unmodified gold particles.'®

The PEG properties of water-solubility, flexibility'' and
electroneutrality'? confer upon FL-GNP the characteristics
of stable dispersibility and nonfouling in physiological salt
concentrations. However, the properties of nonfouling and
molecular recognition on the PEGylated GNP surface were in
tradeoff relation. To evaluate the binding performance of
FL-GNP(0)-(168), SPR analysis was carried out on an anti-
body-immobilized gold sensor surface, whereby the fragment
of antigen-binding (Fab’) of the anti-fluorescein antibody
(FL-antibody) and CH;O-PEG-SH (M, = 2 k) were
co-immobilized directly onto a bare gold surface via a
thiol-gold linkage. Fig. 2(a) shows the SPR sensorgrams for
the adsorption behavior of the FL-GNPs on the constructed
sensor surface. The extremely large binding responses of
0.2-0.5° were observed when FL-GNP(6), (22), (49) and
(169) were injected into the flow path on the surface. The
binding response tended to increase depending upon the
number of functionalized FLs onto the FL-GNP surface, such
that FL-GNP(49) showed the strongest SPR angle shift. In
contrast, there was essentially no adsorption when bovine
serum albumin (BSA) and FL-GNP(0) were flowed onto the
same surface (A° = 0.001 and 0.008, respectively) (Fig. 2(a)).
These results indicate that the FLs functionalized onto the
PEGylated GNP surface can react selectively with the Fab’ on
the sensor surface, retaining the low nonspecific interaction of
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Fig. 2 SPR sensorgrams for the association/dissociation behavior of
5 nM FL-GNPs(0)-(168) onto the Fab’/PEG-SH(2k) co-immobilized
sensor surface. All samples and running buffer solutions were prepared
with 50 mM sodium phosphate containing 150 mM NaCl at pH 7.4.
Sample injections were carried out at a constant flow rate of 5 pL min~"
at 25 °C. Replacement reaction of FL-GNP(n) with FL was carried out
by injecting of 1 uM FL solution.
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environmental materials. Interestingly, FL-conjugated BSA
(FL-BSA), the volume of which is significantly larger than
that of GNP, also showed slight changes in the SPR angle shift
(A° = 0.022). This means that the response signals of FL-
GNP(n)s bound to the antibody-immobilized sensor surface
are strongly enhanced by the coupling of the localized surface
plasmon of GNP to the propagating plasmon on the gold
sensor surface.

To evaluate the dissociation of FL-GNPs from the antibody-
immobilized gold sensor surface, a competitive reaction with a
1 uM solution of free FL was carried out (Fig. 2(b)). The largest
decrease in the SPR sensorgram was observed at the
FL-GNP(6)-modified sensor surface, whereas negligible changes
were observed when 1 uM of free FL was injected into the flow
path on the FL-GNP(22)-, FL-GNP(49)- and FL-GNP(168)-
modified sensor surfaces. To evaluate the dissociation behavior
in more detail, the SPR angle shift changes for the dissociation of
FL-GNPs from the sensor surface were monitored by increasing
the free FL concentration (Fig. 3). In the case of FL-GNP(22)-
and FL-GNP(6)-modified sensor surfaces, decreases in the SPR
angle shift change were observed with increases in the free
FL concentration; and eventually 5 and 20% of the respective
GNPs were dissociated from the surfaces. In contrast, negligible
SPR angle shift changes were observed for the FL-GNP(49)- and
FL-GNP(168)-modified sensor surfaces. These results give a new
insight into the binding performance of ligand-functionalized
PEGylated GNPs, in that the association abilities and nondisso-
ciative properties of the ligand-functionalized PEGylated GNPs
with antibodies were increased by increasing the number of
antigens immobilized on the PEGylated GNP surface. The
high-level binding accompanying the nondissociative properties
of FL-GNP(49) and FL-GNP(168) are interesting, and this
binding property is suitable for the selective and effective staining
of targets by PEGylated GNPs. Multipoint interactions might
play an important role for the present binding behavior.

In summary, we synthesized a hetero-bifunctional PEG,
HS-PEG-NH,, which reacted with ARC with almost full
functionality through the amino group at the w-end. This new
hetero-telechelic PEG enables the construction of FL-functio-
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Fig. 3 SPR angle shift changes in the competitive reaction between
FL-GNP(n) and free FL on the Fab’/PEG co-immobilized gold sur-
face. 5 nM GNP was pre-modified to the surface and FL solutions
were injected at 20 pL min~' flow rate for 15 min at 25 °C. All sample
and running buffer solution were prepared with 50 mM sodium
phosphate containing 150 mM NaCl at pH 7.4.

nalized PEGylated GNPs with high-level functionality on its
surface. Interestingly, SPR analysis revealed that FL-GNP(49)
and FL-GNP(168) had high binding affinities accompanying
the nondissociative property for the FL-antibody Fab’-immo-
bilized sensor surface. These results give a new insight into the
construction of high-performance PTT agents, since the num-
ber of ligand immobilized on the PEG surface affects not only
the association properties but also the dissociation properties of
PEGylated GNPs. Thus, PEGylated GNPs with high ligand
functionalities could be used as high-performance photothermal
agents in PTT. On the other hand, PEGylated GNPs with
various ligand functionalities can be constructed using a com-
bination of HS-PEG-FL and acetal-PEG-SH, and the associa-
tion/dissociation behavior of the PEGylated GNPs with low
functionalities make them suitable for the GNP replacement
assay for the detection of small molecules in the SPR
instrument.'? The established technique for preparing a sur-
face-functionalized PEGylated GNP using HS-PEG-NH,
should be useful for the derivation of PEGylated GNPs with
high densities of surface-immobilized molecules.

Notes and references

1 (a) U. Drechsler, B. Erdogan and V. M. Rotello, Chem.—Eur. J.,
2004, 10, 5570-5579; (b) H. Otsuka, Y. Akiyama, Y. Nagasaki and
K. Kataoka, J. Am. Chem. Soc., 2001, 123, 8226-8230.

2 S. Takae, Y. Akiyama, Y. Yamasaki and Y. Nagasaki, and K.

Kataoka, Bioconjugate Chem., 2007, 18, 1241-1245.

I. H. El-Sayed, X. Huang and M. A. El-Sayed, Cancer Lett., 2006,

239, 129-135.

4 X. Huang, P. K. Jain, I. H. El-Sayed and M. A. El-Sayed, Lasers

Med. Sci., 2007, 23, 217-228.

(a) Y. Nagasaki, Chem. Lett., 2008, 37, 564-569, (6), 564-569; (b)

T. Sato and R. Ruch, Stabilization of Colloidal Dispersions by

Polymer Adsorption, Surfactant Science Series, No. 9; Marcel

Dekker, New York, 1980.

6 W. P. Wuelfing, S. M. Gross, D. T. Miles and R. W. Murray,

J. Am. Chem. Soc., 1998, 120, 12696-12697.

(a) Y. Nagasaki, T. Kutsuna, M. Ijjima, M. Kato and K. Kataoka,

Bioconjugate Chem., 1995, 6, 231-233; (b) Y. Nagasaki, M. lijima,

M. Kato and K. Kataoka, Bioconjugate Chem., 1995, 6, 702—704;

(¢) C. Scholz, M. Iijima, Y. Nagasaki and K. Kataoka, Macro-

molecules, 1995, 28, 7295-7297; (d) K. Kataoka, A. Harada, D.

Wakebayashi and Y. Nagasaki, Macromolecules, 1999, 32,

6892-6894; (¢) Y. Akiyama, H. Otsuka, Y. Nagasaki, M. Kato

and K. Kataoka, Bioconjugate Chem., 2000, 11, 947-950; (f) Y.

Akiyama, A. Harada, Y. Nagasaki and K. Kataoka, Macromole-

cules, 2000, 33, 5841-584; (g) Y. Akiyama, Y. Nagasaki and K.

Kataoka, Bioconjugate Chem., 2004, 15, 424-427; (h) T. Ishii, Y.

Masayoshi, H. Takumi and Y. Nagasaki, Polym. J., 2005, 37,

221-228; (i) K. Yoshimoto, T. Hirase, S. Nemoto, T. Hatta and Y.

Nagasaki, Langmuir, 2008, 24, 9623-9629.

8 This low conversion efficiency of the acetal group is due to the reaction
mechanism between the aldehyde group and the amino group, where

the generation of the Schiff base (-CH=N) group is an equilibrium
reaction, and it is difficult to accomplish the quantitative generation of
the -CH,~NH- bond by reduction using NaBH;CN, unless a large
excess amount of amino-compound is needed.

9 S. Cammas, Y. Nagasaki and K. Kataoka, Bioconjugate Chem.,
1995, 6, 226-230.

10 Colloidal Gold: Principles, Methods, and Applications, ed. M. A.

Hayot, Academic Press, San Diego, CA, 1991.

(a) F. E. Bailey, Jr and J. V. Koleske, Alkylene Oxide and Their

Polymers, Marcel Dekker, New York, 1991, vol. 35; (b) Poly-

(ethylene glycol) Chemistry, Biotechnical and Biomedical Applica-

tions, ed. J. M. Harris, Plenum Press, New York, 1993.

12 J. M. Harris and S. Zalipsky, Poly(ethylene glycol): Chemistry and

Biological Applications, American Chemical Society, Washington
DC, 1997.

w2

W

~

1

—_—

This journal is © The Royal Society of Chemistry 2008

Chem. Commun., 2008, 5369-5371 | 5371




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


