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Recent advances in molecular evolution technology enabled
us to identify peptides and antibodies with affinity for inorganic
materials. In the field of nanotechnology, the use of the func-
tional peptides and antibodies should aid the construction of
interface molecules designed to spontaneously link different
nanomaterials; however, few material-binding antibodies,
which have much higher affinity than short peptides, have been
identified. Here, we generated high affinity antibodies from
material-binding peptides by integrating peptide-grafting and
phage-display techniques. Amaterial-binding peptide sequence
was first grafted into an appropriate loop of the complementar-
ity determining region (CDR) of a camel-type single variable
antibody fragment to create a low affinity material-binding
antibody. Application of a combinatorial library approach to
another CDR loop in the low affinity antibody then clearly and
steadily promoted affinity for a specific material surface. Ther-
modynamic analysis demonstrated that the enthalpy synergistic
effect from grafted and selectedCDR loops drastically increased
the affinity for material surface, indicating the potential of anti-
body scaffold for creating high affinity small interface units.We
show the availability of the construction of antibodies by inte-
grating graft and evolution technology for various inorganic
materials and the potential of high affinity material-binding
antibodies in biointerface applications.

Peptides and proteins recognize the interfacial surfaces of
their correspondingmolecules with high affinity and selectivity
because of the multiple-point interactions of hydrogen bonds
and salt bridges and the surficial complementarities at the inter-

faces. Surface recognition by proteins has also been observed in
biopolymers in biological systems (1, 2). Furthermore, the use of
recent combinatorial library approaches has enabled the identifi-
cation of short peptides with affinity for nonbiological inorganic
materials (3–5). Peptides that bindmaterials such asmetals,metal
oxides, and semiconductors have been identified, and they are
expected to be useful in bottom-up fabrication procedures in the
field of bio-nanotechnology, such as patterning and assembly of
proteins and nanomaterials (6–8), biofunctionalization of nano-
particles (9, 10), and synthesis of crystalline nanometer-sized
metal particles (11, 12).
Besides short peptides, antibodies are becoming attractive as

novel material-binding molecules because they have higher
affinities and specificities than peptides. Antibodies are recog-
nitionmoleculeswith high binding affinity and specificity in the
immune system, and they have been used widely in the fields of
medical and analytical chemistry (13). By the use of general
methodologies with in vivo immune system and in vitro com-
binatorial selection technologies, antibodies to the surfaces of
organic crystals of 1,4-dinitrobenzene (14) and tripeptide (15),
magnetite (16), gallium arsenide (17), gold (18), and polyhy-
droxybutyrate (19) have been identified in immunized mice or
in libraries of naturally occurring human antibodies. These
results demonstrate the potential of antibodies for recognizing
the solid surfaces of bulk materials. However, far fewer materi-
al-binding antibodies have been obtained than peptides,
because the immunogenic potential of solid materials is not
high and the vertebrate immune system is not strongly sensi-
tized by such materials. Even if in vitro selection methods are
used, the limited library diversity and the strong nonspecific
interactions of coat proteins on phages with solid bulk surfaces
make selecting positive antibodies difficult.
Here, we generated high affinity antibodies against zinc oxide

(ZnO), aluminum oxide (Al2O3), and cobalt oxide (CoO)mate-
rial surfaces by the integration of peptide-grafting and evolu-
tional technologies (Fig. 1). We first grafted a peptide sequence
with affinity for the surface of an inorganicmaterial into aCDR3

loop of the single variable domain of the heavy chain of a heavy
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chain camel antibody (VHH) to give a VHH fragment with the
same affinity as the grafted peptide and without structural
instability. Next, a nonrelated CDR loop in the peptide-grafted
VHH was randomized by using an ���� motif sequence (see
under “Results”) to screen for high affinity antibodies. Applica-
tion of the single-domain VHH fragment as a framework pre-
vented destabilization in the grafting of the alien peptide in the
first step, and construction of a VHH library from the peptide-
grafted VHH fragment by using the ���� motif sequence
enabled us to bypass limitations on library diversity. We also
demonstrate the enthalpy synergistic effect from grafted and
selected CDR loops on the binding mechanism of antibodies
ontomaterial surfaces and the potential of antibody scaffold for
creating high affinity small interface units.

EXPERIMENTAL PROCEDURES

Construction of Expression Vectors for VHH Fragment with
Material-binding Peptide in CDRs—The DNA sequences cod-
ing the VHH fragments of camel anti-BcII �-lactamase anti-
body cAbBCII10 (20) were synthesized from five oligonucleo-
tides and external primers (supplemental Table S1) bymeans of
overlap extension PCR with LA-Taq DNA polymerase (21).
The gene fragments produced were inserted into the NcoI-
SacII site of pRA-FLAG vectors containing a FLAG peptide
sequence, as constructed previously (22), to produce plasmids
for the cAbBCII10 VHH fragment with a FLAG sequence at the
C terminus (pRA-wtVHH-FLAG).
The DNA sequences coding the VHH fragment where the

CDR loops were replaced with ZnO-, Al2O3-, or CoO-binding
peptides (11, 23, 24) were generated bymeans of overlap exten-
sion PCR fromplasmid pRA-wtVHH-FLAG, using the oligonu-
cleotides and external primers shown in supplemental Table
S2. The amplified sequences for the VHH fragments were
inserted into the NcoI-SacII sites of the pRA-FLAG vectors
to produce the pRA-VHH-FLAGplasmids. For the VHHwith a
material-binding peptide at the N terminus, the DNA
sequences were amplified from the pRA-wtVHH-FLAG plas-
mid by using the primers in supplemental Table S2 and then
inserted into theNcoI-SacII fragment of the pRA-FLAGvector.
Construction of VHH Phage Library and Selection of VHH

with High Affinity for Material Surfaces—DNA sequences
encoding the VHHZnOBP1, VHHAlOBP1, and VHHCoOBP1 frag-
ments with randomized sequences in the CDR 3 loopwere gen-

erated and amplified from the pRA-
VHH-FLAG plasmids with each
peptide-grafted VHH by using the
primers in supplemental Table S3
and overlap extension PCR. The
amplified sequences for VHH were
inserted into the NcoI-SacII frag-
ment of the phagemid vector of
pTZ-PsFv2, which was constructed
for phage display of the HyHEL-10
variable fragment (25), to display
the VHH fragments on the fila-
mentous bacteriophage M13. For
the selection of VHH with high
affinity for inorganic materials,

�109 phagesweremixedwith 0.2mgofmaterial particles about
100 nm in diameter (ZnO, Hosokawa Micron Inc., Hirakata,
Japan), 200 nm in diameter (Al2O3, Taimei Chemicals Co., Ltd.,
Nagano, Japan), and 40 nm in diameter (CoO, C.I. Kasei Co.,
Ltd., Tokyo, Japan) in a 10mM phosphate solution, pH 7.5, with
200mMNaCl and 0.05%Tween 20 at room temperature for 1 h.
The particleswere thenwashedwith 10mMphosphate buffer to
remove unbound phages. The residual phages bound to the
particles were separated with 200 or 500 mM phosphate solu-
tion (200 mM for ZnO and 500 mM for CoO and Al2O3), and
then the eluted phages were amplified in Escherichia coli JM
109 as described previously (25). This panning procedure was
performed a total of four times, with increases in the phosphate
concentration of the washing solution to 30–50 mM to select
the phages displaying antibodies with high affinity for target
material surface. After four rounds of selection, the amino acid
sequences of the VHH displayed on the isolated phage were
analyzed in 200 randomly isolated phage clones. Selected VHH
genes were inserted into the NcoI-SacII fragment in the pRA-
FLAG vector to express the encoding VHH fragments in E. coli.
Using one of the selected VHH genes (4F2 clone), we further

prepared the DNA sequences of the selected VHH fragment
with CDR 1 loop exchanged for that of cAbBCII10 to evaluate
the role of theCDR3 sequence in selectedVHH.The sequences
coding the VHH fragment with CDR 1 of cAbBCII10 and CDR
3 of 4F2 VHH were generated by means of overlap extension
PCR from plasmid pRA-FLAG vector with the 4F2 VHH gene,
using the two oligonucleotides and external primers shown in
supplemental Table S4, and the amplified sequences for the
VHH fragments were inserted into the NcoI-SacII sites of the
pRA-FLAG vectors to produce the pRA-VHHsZnOBP3-FLAG
plasmids.
Expression and Purification of VHH Fragments—Trans-

formed E. coli BL21 (DE3) cells harboring the expression plas-
mid encoding VHH fragments were incubated in lysogeny
broth medium at 28 °C, and expression of antibody frag-
ments under the control of the T7 promoter was induced by
adding 1 mM isopropyl �-D-thiogalactopyranoside. VHH
fragments were extracted from the periplasm of the har-
vested cells by osmotic shock and purified by anion/cation
exchange and gel filtration chromatographies after ammo-
nium sulfate treatment.

FIGURE 1. Construction of antibody by integrating grafting and evolutionary technologies.
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Analysis of Binding Affinities of Antibody Fragments toMate-
rial Surfaces—Material particles (0.2 mg) with a Brunauer-Em-
mett-Teller (BET) specific surface area (surface area estimated
by nitrogen gas adsorption (26)) of 9.7 m2/g (ZnO), 12.4 m2/g
(Al2O3), 30.9 m2/g (CoO), 33.9 m2/g (Fe2O3, C. I. Kasei Co.,
Ltd., Tokyo, Japan), 39.1 m2/g (TiO2,C. I. Kasei Co., Ltd.,
Tokyo, Japan), or 39.8 m2/g (NiO, C.I. Kasei Co., Ltd.) were
separately added to 300 �l of 10 mM phosphate solution (pH
7.5; 200 mM NaCl, 0.05% Tween 20) containing VHH, and the
mixture was incubated for 30 min at several temperatures.
After centrifugation at 20,000 � g for 10 min, the precipitated
particles were added to 300 �l of 6 M guanidine hydrochloride
(GdnHCl) solution (10mMphosphate, 200mMNaCl, pH 7.5) to
elute the adsorbed proteins from the particles. The superna-
tants were analyzed by SDS-PAGE, and the proteins eluted
were quantified with a MicroBCA protein assay reagent kit
(Pierce).
Competitive Inhibition Assay for the Binding of VHH onto

ZnO with ZnO-binding Peptides—ZnO particles (0.2 mg) were
added to 300�l of a 10mM phosphate solution containing 3�M

VHH (pH 7.5; 200mMNaCl, 0.05% Tween 20), and themixture
was incubated for 30 min at 4 °C. After centrifugation at
20,000 � g for 10 min, the precipitated ZnO particles were
washed with 10 mM phosphate solution to remove nonspecifi-
cally adsorbed VHH. After removing the washing solution, the
particles were suspended in 300 �l of 10 mM phosphate solu-
tions containing the ZnO-binding peptides at 3 �M, and the
suspension was centrifuged at 20,000 � g for 10min. This inhi-
bition procedure was repeated until the concentration of pep-
tides was increased to 3 mM, and all the supernatants were ana-
lyzed by SDS-PAGE. Residual VHH on ZnO particle even after
the inhibition procedure with 3 mM peptides were eluted with
6 MGdnHCl solution, and the supernatant was also analyzed by
SDS-PAGE.
Construction of Bispecific VHH Dimers with Affinity for ZnO

Surface and GFP—The sequence of anti-GFP VHH (cAbGFP4)
(27) was generated from five oligonucleotides and two external
primers (supplemental Table S5) bymeans of overlap extension
PCR with LA-Taq DNA polymerase, and the gene fragments
were inserted into theNcoI-SacII site of the pRA-FLAGvectors
to product the plasmids (pRA-cAbGFP4-FLAG). To generate
bispecific antibody with affinity for ZnO and GFP, the gene
sequence of cAbGFP4 was fused at the C terminus of 4F2 VHH
via a llama IgG2 upper hinge-linker (EPKIPQPQPKPQP-
QPQPQPQPKPQPKPEP) (28). The gene sequence was gener-
ated and amplified from the plasmids of pRA-4F2VHH-FLAG
and pRA-cAbGFP4-FLAG by using the primers in supplemen-
tal Table S5, and the amplified gene fragments were inserted
into the NcoI-SacII fragment of the pRA-FLAG vector (4F2
VHH-llama IgG2 upper hinge linker-cAbGFP4). The bispecific
VHH dimers were expressed in E. coli and prepared as for the
other VHH fragments.
Reflectometric Interference Spectroscopy—A biosensor array

system with reflectometric interference spectroscopy (Fluid-
ware Technology Inc., Kawaguchi, Japan) was used to measure
the binding of VHH fragments to ZnO films and the bispecific-
ity of VHH dimers. VHHmonomer or bispecific VHH dimer (1
�M) in 10 mM phosphate buffer (pH 7.5; 200 mM NaCl) was

directly flowed for 240 s onto a ZnO film deposited on a silicon
plate at the flow rate of 10�l/min, and the change inwavelength
with minimum reflection intensity was measured. For bispe-
cific VHH dimers, 1 �MGFPwas further injected after washing
with 10 mM phosphate buffer for 240 s.

RESULTS

Design for Grafting ZnO-binding Peptide Sequences into CDR
Loops of VHH Fragments—As a scaffold for the VHH fragment,
we used the camel anti-BcII �-lactamase antibody cAbBCII10,
which has an appropriate framework for CDR replacements
(20). Table 1 shows the CDR amino acid sequences of VHH
with ZnO-binding peptide (ZnOBP; EAHVMHKVAPRP) (11)
in CDR 1 (VHHZnOBP1), CDR 2 (VHHZnOBP2), and CDR 3
(VHHZnOBP3). For grafting of ZnOBP into each CDR, we drew
upon the crystal structure of the chimera of cAbBCII10 where
the CDRs were replaced with those of cAbLys3 (20). In the
crystal structure, the N-terminal side of CDR 2 and the C-ter-
minal sides of CDRs 1 and 3 form� structures with the adjacent
framework sequences; this has been observed in most reported
VHH structures (29, 30). We preserved the edge sequences of
the CDRs when the CDR loops were replaced with the ZnOBP
sequence.
The crystal structure of ungrafted cAbBCII10 VHH was

reported recently (31). It resembles that of the chimeric
cAbBCII10; consequently, we confirmed that our grafting design
suited the crystal structure of ungrafted cAbBCII10 VHH.
Structure and Binding Ability of VHH Fragments with ZnO-

binding Peptide Sequence Grafted in Their CDR Loops—All the
ZnOBP-grafted VHH fragments were expressed as soluble
forms in E. coli, although the VHHZnOBP2 fragments were
expressed mainly as insoluble aggregates (data not shown).
Analysis of VHHZnOBP1 and VHHZnOBP3 by size-exclusion
chromatography and examination of circular dichroism spectra
demonstrated a monomeric form with the typical immuno-
globulin structure of camel antibody (Fig. 2). However,
VHHZnOBP2 formed oligomers with a random structure. Graft-
ing of the peptide sequences into CDR 1 or CDR 3 resulted in
little structural change in the framework, but grafting into CDR
2 led to deformation of the camel-type immunoglobulin struc-
ture. Reports of the conformational structures of VHH indicate

TABLE 1
Amino acid sequences of CDR loops of ZnOBP-grafted VHH
fragments
ZnO-binding peptide is underlined. Numbering of the amino acids of cAbBCII10
VHH follows the Kabat numbering system (20). Amino acids of ZnOBP-grafted
VHH are numbered as 1–1 to 1–18 (CDR 1 in VHHZnOBP1), 2–1 to 2–20 (CDR 2 in
VHHZnOBP2), and 3–1 to 3–16 (CDR 3 in VHHZnOBP3).
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that most VHH fragments have a �-structure in the center
region of CDR 2 (20, 29–31). This �-structure in CDR 2 might
be important for scaffold stability. We therefore analyzed the
binding affinity of VHHZnOBP1 and VHHZnOBP3 for the ZnO
surface.
To measure the ability of ZnOBP-grafted VHH fragments to

bind to theZnOsurface,wemeasured the adsorption isotherms
of VHHZnOBP1 and VHHZnOBP3 for ZnO particles (Fig. 3). In a

phosphate solution, few cAbBCII10
VHH or VHHZnOBP3 fragments
were adsorbed onto ZnO particles,
but, critically, VHHZnOBP1 frag-
ments were bound to ZnO particles
with a dissociation equilibrium con-
stant KD comparable with that of
VHH fragments with ZnOBP as a
tag at the N terminus (VHHZnOBP1,
176 nM; VHHZnOBPtag, 303 nM; see
Table 2): ZnOBP was as functional
in CDR 1 as at the N terminus.
In addition, we grafted the

ZnOBP sequence into CDR 3 of
VHHZnOBP1 (VHHZnOBP1,3) in an
effort to improve the binding affin-
ity for the ZnO surface; however,
the KD value of VHHZnOBP1,3 was
the same as that of VHHZnOBP1 (Fig.
3 and Table 2). ZnOBP in the CDR 3
loop did not function effectively
even in the presence of VHHZnOBP1.
Generation of High Affinity Anti-

body Fragments from Peptide-
grafted VHH—To improve the
binding affinity of ZnOBP-grafted
VHH fragments, we employed a
phage-display system whereby
VHHZnOBP1 with the CDR 3 loop
randomized was displayed on the
filamentous bacteriophage M13.

Evaluation of statistics on the frequency of amino acids in
reported material-binding peptides selected from a phage dis-
play peptide library (5) revealed the preferential selection of
Arg,His, and Lys residues among polar amino acids, andThai et
al. (32) have implied the presence of the Arg-Xaa-Xaa-Arg
sequence in metal oxide binding. Here, we made a CDR 3
library with an ����-repeating sequence by utilizing degener-
ate codes; the � residues were randomized to Arg, Gly, Leu, or
Val, and the � residues were randomized to Arg or His. Lys
residues could not be included in the library because of the lack
of flexibility of the codons encoding Lys.
Phages displaying VHHZnOBP1 with CDR 3 randomized were

mixed with ZnO particles, and unbound phages were removed
by the addition of 10–50 mM phosphate solution containing
0.05% Tween 20. The residual phages bound to ZnO were sep-
arated from the ZnO particles by the addition of a 200 mM

phosphate solution, because highly concentrated phosphate
solution can inhibit protein adsorption. We examined the fre-
quency of amino acid residues at each position in CDR 3 among
the 200 clones randomly picked from the VHHZnOBP1 library,
before selection and after four rounds of selection (Fig. 4). His
residues were dominantly selected at the � positions, and Leu
andGly residues were concentrated at the � positions (Fig. 4C).
To estimate the binding affinities of selected clones, we chose
four clones (3D2, 3E2, 4D4, and 4F2) andmeasured the adsorp-
tion isotherms of each VHH (Fig. 5). All the selected VHH frag-
ments of each clone showed higher affinity for ZnO than did

FIGURE 2. A, size-exclusion chromatography for cAbBCII10 VHH, VHHZnOBP1, VHHZnOBP2, and VHHZnOBP3. Each
250-�l sample was applied to a Superdex 75 10/300 GL column, and the absorbance of the eluant was moni-
tored at a wavelength of 280 nm. B, circular dichroism spectra for the ZnOBP-grafted VHH fragments of
cAbBCII10 VHH, VHHZnOBP1, VHHZnOBP2, and VHHZnOBP3.

FIGURE 3. Adsorption isotherms for cAbBCII10 VHH (open circles),
VHHZnOBP1 (closed circles), VHHZnOBP3 (closed squares), VHHZnOBP1,3
(open triangles), and VHHZnOBPtag (closed triangles) against 0.2 mg of
ZnO particles in 10 mM phosphate solution (pH 7.5; 200 mM NaCl,
0.05% Tween 20).
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VHHZnOBP1; 4F2 VHH had a KD value of 9 nM, about 20 times
the affinity of VHHZnOBP1 (Table 3). The binding affinity of
VHH ZnOBP1 was thus improved by optimization of the CDR 3
sequence by molecular evolutionary methods.
Binding Properties of 4F2 VHH—To evaluate the role of

selected CDR 3 sequence in 4F2 VHH (sZnOBP, HLGHGL-

HRVH) for the binding onto the ZnO surface, we prepared the
VHH fragment with CDR 1 of cAbBCII10 and CDR 3
of sZnOBP (VHHsZnOBP3), and the binding affinity of
VHHsZnOBP3 for ZnO was measured (supplemental Fig. S1A).
The adsorption isotherm of VHHsZnOBP3 was adequately fitted
by Langmuir adsorption isotherm equation, yielding a dissoci-
ation equilibrium constantKD of 168 nMwhich is similar to that
of VHHZnOBP1 (supplemental Fig. S1B). Therefore, simultane-
ous binding of ZnOBP (EAHVMHKVAPRP) in CDR 1 and
sZnOBP (HLGHGLHRVH) in CDR 3 is attributed to the high
affinity of 4F2 VHH for the ZnO surface.
We further performed the competitive assay for the binding

of VHH for ZnO surface by using the peptides of ZnOBP and
sZnOBP (Fig. 6). In the competitive assay, VHH fragmentswere
gradually dissociated fromZnOparticles by increasing the con-
centration of the peptides in wash solution, and the dissociated
VHH fragments were then analyzed by SDS-PAGE. In the mix-
ture of ZnO particles and VHHZnOBPtag, the VHH fragments
were dissociated from ZnO particles by the addition of ZnOBP
and sZnOBP (Fig. 6A). Similar dissociation behavior of VHH
was also observed for VHHZnOBP1 and VHHsZnOBP3 (Fig. 6, B
and C). These results imply that 4F2 VHH binds onto the ZnO
surface with CDR 1 and 3 loops and, furthermore, that ZnOBP
and sZnOBP bind onto identical local surface structure of ZnO.
In the case of 4F2 VHH, few VHH fragments were dissociated
from ZnO particles by adding the peptides of ZnOBP and

FIGURE 4. Frequencies of amino acids in randomized CDR 3 sequences of
VHHZnOBP1 before selection against ZnO (A) and after the fourth selection
procedure with ZnO particles (B) are shown. The ratios of selected amino
acids that are obtained by dividing the values in B by those in A are shown in
C. Color bars are amino acids as follows: His (blue), Arg (green), Leu (white), Gly
(red), and Val (yellow).

FIGURE 5. Adsorption isotherms for cAbBCII10 VHH (open circles),
VHHZnOBP1 (closed circles), 3D2 VHH (open triangles), 3E2 VHH (closed tri-
angles), 4D4 VHH (open squares), and 4F2 VHH (closed squares) against
0.2 mg of ZnO particles in 10 mM phosphate solution (pH 7.5; 200 mM

NaCl, 0.05% Tween 20).

TABLE 2
Dissociation equilibrium constant (KD) and maximum adsorption
amount (W) of ZnOBP-grafted VHH fragments against ZnO

KD W Coefficient of determinationa

nM nmol/m2

cAbBCII10 VHH NDb ND ND
VHHZnOBP1 176 152 0.999
VHHZnOBP3 ND ND ND
VHHZnOBP1,3 165 181 0.996
VHHZnOBPtag 303 142 0.995

a Coefficient of determination is the square of correlation coefficients calculated
from the fitting of Langmuir’s adsorption isotherm by least square method. The
value represents the degree of fitting coincidence.

b NDmeans not detected.

TABLE 3
Selected VHH fragments after four rounds of selection against ZnO
Sequences selected by phage display methods are underlined. Amino acids of
selected VHH are numbered as 3–1 to 3–16.

aKD is the equilibrium constant.
b W is the maximum adsorption amount.
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sZnOBP at less than 3 mM that was 1000-fold of VHH concen-
tration (Fig. 6D), which supports the results from adsorption
isotherm measurement that 4F2 VHH have higher affinity for
ZnO than VHHZnOBP1 and VHHsZnOBP3. It should be noted
that the addition of 3 mM resulted in the dissociation of 4F2
VHH. These might indicate that the peptide of sZnOBP has
higher affinity for ZnO than ZnOBP.
Thermodynamic Analysis of the Interaction between VHH

and ZnO—To study the thermodynamics for the interaction of
ZnO-bindingVHHwithZnO surface, wemeasured the adsorp-
tion isotherm of VHH fragments for ZnO at various tempera-
tures. The dissociation equilibrium constants KD estimated
from the adsorption isotherm at various temperatures were
plotted to the van’t Hoff representation (ln KD � �H/RT �
�S/R) (Fig. 7). The series of KD values showed a good correla-
tion to the van’t Hoff equation for all the VHH fragments, and
enthalpies and entropies were obtained from the fitting (Table
4). It should be noted that all the ZnO-binding VHH fragments
of VHHZnOBP1, VHHsZnOBP3, and 4F2 VHH had large negative
enthalpy changes for the binding to ZnO. This result suggests
that the interactions of all the VHH fragments with ZnO sur-
face is derived by enthalpy factor, i.e. electrostatic interaction.
Furthermore, the fact that the evolution from VHHZnOBP1 to

4F2 VHH increased the negative enthalpy change implies that
the improvement of binding affinity is due to the increase of
electrostatic interaction between VHH and ZnO surface.
Specificity of Anti-ZnO VHH Fragments for Other Ceramic

Materials—To analyze the affinity of ZnO-binding VHH frag-
ments for other materials, we mixed VHH fragments with par-
ticles of each material. After centrifugation, the supernatant
was removed, and the VHH fragments adsorbed onto particles
were separated by using a 6 M GdnHCl elute solution. Fig. 8
shows the SDS-PAGE results for the supernatant and elute
solution. Few peptide-ungrafted VHH fragments were
adsorbed onto any ceramic particles except NiO, whereas
VHHZnOBP1 bound to only ZnO andNiO particles. The finding
that the amount of VHHZnOBP1 adsorbed onto NiO was com-
parable with that of peptide-ungrafted VHH indicates that the
framework structure of VHH was apt to be adsorbed onto the
NiO particles. Therefore, VHHZnOBP1 selectively bound to
ZnO via the CDR 1 loop. In the case of 4F2 VHH, few VHH
fragments were bound to CoO or Al2O3 particles, but some
were adsorbed onto Fe2O3 andTiO2. However, theKD values of
4F2 VHH for Fe2O3 and TiO2 were 745 and 286 nM, respec-
tively, indicating much lower binding affinity than for ZnO
(Table 3). Therefore, the high binding ability of 4F2 VHH to
ceramic materials is ZnO-specific.

FIGURE 6. SDS-PAGE (18% acrylamide) results of competitive inhibition
assay for the binding of VHHZnOBPtag (A), VHHZnOBP1 (B), VHHsZnOBP3 (C),
and 4F2 VHH for ZnO particles with the peptides of ZnOBP and sZnOBP
(D). Lanes 1– 8 correspond to added VHH solution, unadsorbed fraction, wash
fraction, fractions eluted with 3, 30, and 300 �M, and 3 mM peptide solutions,
and fraction eluted with 6 M GdnHCl, respectively.

FIGURE 7. van’t Hoff plot for the binding of VHHZnOBPtag (open circles),
VHHZnOBP1 (closed circles), VHHsZnOBP3 (open squares), and 4F2 VHH
(closed squares) to ZnO. Straight lines were obtained by fitting the four
points to the linearized van’t Hoff equation as follows: ln KD � �H/RT � �S/R,
where �H is van’t Hoff enthalpy; �S is van’t Hoff entropy, and R is universal gas
constant.

FIGURE 8. SDS-PAGE (18% acrylamide) analysis for the selectivity of VHH
against ceramics. After the mixed solutions of each VHH (peptide-ungrafted
VHH, VHHZnOBP1, or 4F2 VHH) and material particles (ZnO, Al2O3, CoO, Fe2O3,
TiO2, or NiO) had been centrifuged, the supernatant was removed, and the
VHH adsorbed on the particles was eluted in 6 M GdnHCl solution. Lane 1,
added VHH solution in particle suspension; lane 2, supernatant after centrifu-
gation; lane 3, eluted fraction.

TABLE 4
Thermodynamic parameters of Gibbs free energy (�G), enthalpy
(�H), and entropy (�S) of the binding of 4F2 VHH, VHHZnOBP1,
VHHsZnOBP3, VHHZnOBPtag for ZnO surface
The values were calculated from the KD values by van’t Hoff equation.

Fragment �H T�S ��G

kJ/mol kJ/mol kJ/mol
VHHZnOBPtag �32.6 �3.6 36.2
VHHZnOBP1 �37.1 2.3 34.8
VHHsZnOBP3 �37.3 �0.5 37.8
4F2 VHH �45.7 �1.8 43.9
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Availability of the Construction Method of Material-binding
Antibodies for Other Inorganic Materials—We attempted to
generate anti-Al2O3 VHH fragments from a reported Al2O3-
binding peptide (KRHKQKTSRMGK) (23) and anti-CoOVHH
fragments froma reportedCoO-binding peptide (LGKDRPHF-
HRS) (24). Grafting of the peptide into the CDR 1 loop func-
tionalized the VHH fragments. Although the peptide grafting
into CDR 3 showed no functionalization, the evolutionary
approach in CDR 3 critically increased the affinity for the cor-
responding material surface (Table 5). VHH fragments with
high affinity for gold have also been generated; hence, the con-
struction of antibody by integrating grafting and evolution
technology, we call CAnIGET, canwidely generate high affinity
antibodies against inorganic material surfaces.
We examined the specificities of anti-Al2O3 4G1 and anti-

CoO 4E3 VHH fragments for various materials (Fig. 9). Unlike
the case with VHHZnOBP1, VHHAlOBP1 with Al2O3-binding
peptide and VHHCoOBP1 with CoO-binding peptide in CDR 1
did not show clear specificity for each ceramic material,
because of the broad material specificity of the peptides used.
The finding that both the 4G1 and 4E3 VHH fragments had
ambiguousmaterial specificities implies that thematerial spec-
ificity of high affinity antibodies generated by construction of
antibody by integrating grafting and evolution technology is
strongly dependent on the characteristics of the grafted
peptide.
Application of 4F2 VHH to Bio-interface Molecule—To uti-

lize 4F2VHH for spontaneous selective protein immobilization
on a ZnO plate in a flow system, we developed a solution con-

taining anti-ZnO VHH fragments on a ZnO film deposited on
a silicon plate and detected immobilization of the protein by
reflectometric interference spectroscopy (Fig. 10A). Under flow
conditions, the time-dependent change in wavelength with
minimum intensity in the reflected spectrum showed little
adsorption of peptide-ungrafted VHH fragments on the ZnO
film, whereas definite spontaneous immobilization of
VHHZnOBP1, VHHZnOBPtag, and 4F2 VHH was observed, with
the amounts of adsorbed protein comparable with those esti-
mated under batch conditions (Tables 2 and 3). It should be
noted that the dissociation of 4F2 VHH was too slow to be
observed in the dissociation process.
Fig. 10B shows stepwise protein immobilization on ZnO film

via bispecific VHH dimer. Bispecific VHH dimers were con-
structed by fusing anti-GFP VHH to the C terminus of 4F2
VHH via a hinge linker. The VHH dimers bound the surface of
ZnO filmwith the same binding strength as 4F2VHH, and then
GFP loaded after injection of the VHHdimers was immobilized
on the ZnO film. When we estimated the binding activity of
each VHH domain in the bispecific dimer from the amounts of
immobilized protein in Fig. 10B, the 4F2 VHH and anti-GFP
VHHdomains in the dimer retained 100 and 81% of their activ-
ity on the ZnO film; seven GFP proteins were immobilized on a
100-nm2 area. The conservation of the activity of both VHH
domains and the high rates of occupancy of the ZnO film by
GFP indicate that the bispecific VHH dimer format with the
high affinity material-binding antibody fragment was effective
as a bio-interface molecule for direct and easy immobilization
of proteins.

DISCUSSION

Single Domain Camel VHH Fragment as a Framework for
Grafting Material-binding Peptide—The structural resem-
blance of human andmouse Fv frameworks enables the transfer
of binding function to humanized antibodies (33); these
replacement techniques are currently applied to the design of
new functional antibody fragments by the grafting of alien

FIGURE 9. SDS-PAGE (18% acrylamide) analysis of the selectivity of
VHHAlOBP1, anti-Al2O3 4G1 VHH, VHHCoOBP1, and anti-CoO 4E3 VHH
against ZnO, Al2O3, CoO, Fe2O3, TiO2, and NiO. After the solutions of VHH
and material particles were centrifuged, the supernatant was removed, and
the VHH adsorbed onto the particles was eluted with 6 M GdnHCl solution.
Lane 1, VHH solution added to particle suspension; lane 2, supernatant after
centrifugation; lane 3, eluted fraction.

TABLE 5
Selected VHH fragments after four rounds of selection against Al2O3
and CoO
Sequences selected by phage display methods are underlined. Numbering of the
amino acids of VHHAlOBP1 and VHHCoOBP1 follows the Kabat numbering system
(20). Amino acids of selected VHH are numbered as 3–1 to 3–16.

aKD is equilibrium constant.
b W is maximum adsorption amount.
c The amounts of 4H12 VHH fragments prepared by E. coli expression were too
small to measure adsorption isotherms.

High Affinity Anti-inorganic Material Antibody Generation

7790 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 10 • MARCH 5, 2010



motif peptide sequences (34–36). Previously, we functionalized
an Fv fragment frommouse anti-lysozyme antibodyHyHEL-10
by graftingmaterial-binding peptides into the heavy chainCDR
2 region (22); however, the replacement caused dissociation of
the Fv fragment. The framework used did not have enough
structural versatility for the grafting of material-binding pep-
tide sequences.
Here, we used the variable fragment from a camel antibody,

cAbBCII10 VHH, as a new framework for the grafting of mate-
rial-binding peptide. The cAbBCII10 VHH fragment is a single
domain with a framework tolerant to various CDR loop struc-
tures (20). cAbBCII10 VHH was also an appropriate stable
framework for the replacement of CDRs 1 and 3 with material-
binding peptides, although grafting into the CDR 3 loop did not
functionalize VHH.Our previous study of the Fv fragment sug-
gested the importance of the exposure of graftedmaterial-bind-
ing peptide bymeans of a scaffold (22); however, the CDR 1 and
3 loops are sufficiently exposed in the reported crystal structure
of cAbBCII10 VHH (31). The general VHH fragment recog-
nizes an antigen by using the CDR 1 and 3 loops (37); in partic-
ular, CDR 3 has a greater variety of length and conformation
than other CDRs, and the variety generates a single-domain
VHH equal in binding affinity to heterodimer Fv. The length
and conformational variety of CDR 3 are accompanied by the
interaction of CDR 3 with frameworks and CDR 1, which con-

trols the orientation of CDR 3 to give high binding affinity (38).
In this study, our grafting design for CDR 3 might have yielded
an improper conformation of ZnOBP, i.e. grafting into CDR 3
might have required more careful design. Our results demon-
strate that CDR 3 should be functionalized bymolecular evolu-
tion rather than by peptide grafting.
Affinity Maturation of ZBP-grafted VHH by Molecular Evo-

lution in CDR 3—There have been a few studies of the selection
of antibodies with affinity formaterial surfaces by using general
methodologies with in vivo immune systems (15) or in vitro
library methods (16–19). However, because of the low immu-
nogenic potential of solid materials, far fewer antibodies with
affinities for material surfaces have been selected than those
with affinities for soluble molecules. Even with the use of in
vitro selectionmethods, the limited library diversity and strong
nonspecific interactions of coat proteins on phages with solid
bulk surfaces make it difficult to select positive antibodies. We
demonstrated here the possibility of steadily generating high
affinity antibodies by coupling the grafting of peptides from a
reported material-binding peptide repertoire and molecular
evolution of the peptide-grafted variable fragment. The con-
struction of a library from a low affinity antibody for which the
binding site could be predicted allowed us to narrow down the
segments that needed to be randomized, thus enabling us to
bypass the limitations of library diversity.
Randomization of the CDR 3 loop in the format of the ����

repeating sequence can also decrease the necessary magnitude
of library diversity. The ���� format was designed in consid-
eration of the Arg-Xaa-Xaa-Arg format (32), the importance of
His residues for inorganic material binding (39), and the fre-
quent appearance of Arg, His, and Lys residues in material-
binding peptides. Use of the ���� format with Arg/Gly/Leu/
Val at the � positions andHis/Arg at the � positions resulted in
the preferential selection ofGly/Leu (�) andHis (�) in the selec-
tion of VHH against ZnO. Notably, few Arg residues were
selected at both the � and � positions. These results suggest
that in CDR 3 in the VHH scaffold, Arg has less functional
ability than His to bind to the ZnO surface.
Synergistic Effect ofCDRLoops onBinding on theZnOSurface—

In this study, we focused the binding properties of the highest
affinity 4F2 VHH fragment. The comparison with VHHZnOBP1
and VHHsZnOBP3 indicates that the high binding affinity of 4F2
VHH resulted from synergistic effect from grafted CDR 1 and
selected CDR 3 loops in the VHH framework (Fig. 6). The com-
petitive binding assay by using the peptides of ZnOBP and
sZnOBP implied that CDR 1 and CDR 3 recognized identical
local surface structure of ZnO.
To increase the affinity of the peptides with micromolar KD

values, repetition and clustering of material-binding peptides
are among the possible approaches to increasing the binding
affinity of peptides that have micromolar KD values (3). One
polypeptide with three repeats of a gold-binding peptide had a
KD value of 89 nM (40), and clustering of 24 titania-binding
peptides on a ferritin protein increased the binding affinity,
giving a KD value of 11 nM (41). Our high affinity antibody
fragments showed strong bindingwith only two loop structures
(CDRs 1 and 3). Therefore, use of the antibody format has the

FIGURE 10. Spontaneous stepwise-stacking of proteins on ZnO via 4F2
VHH. A, reflectometric interference sensorgrams for interaction of 4F2
VHH (red, solid line), VHHZnOBP1 (blue, solid line), VHHZnOBPtag (blue, dotted
line), and cAbBCII10 VHH (black, solid line) with ZnO film. Each VHH solu-
tion (1 �M) was injected for 240 s. B, reflectometric interference sensor-
gram (red, solid line) of the interaction of bispecific VHH dimers with ZnO
film and GFP. VHH dimer solution (1 �M) was injected for 240 s, after which
time GFP proteins were injected. Arrow indicates the timing of GFP injec-
tion. Black line corresponds to the sensorgram measured when only GFP
proteins were injected for 240 s.
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potential for efficient generation of high affinity interface mol-
ecules from material-binding peptides.
Thermodynamic Analysis for the Binding of Anti-ZnO VHH

to ZnO Surface—The thermodynamic parameters estimated
from van’t Hoff plots demonstrated dominant change of
enthalpy in the absorption process of all the ZnO-bindingVHH
fragments (VHHZnOBPtag, VHHZnOBP1, VHHsZnOBP3, and 4F2
VHH) on the ZnO surface. This result is comparable with the
binding properties of anti-gold antibody Fv fragment, A14P-b2
Fv (18). This implies that coulombic interaction dominates the
binding process of anti-ZnO VHH fragments on ZnO. Consid-
ering that ZnO surface and the framework of VHH are posi-
tively charged at the pH value of 7.5, the grafted and selected
CDR loops electrostatically interact with the ZnO surface. In
general, one ofmajor factors for protein adsorption onmaterial
surface is entropy changes that result from dehydration of the
absorbent surface and from the conformational change of
adsorbed proteins (42, 43). Therefore, our thermodynamic
result implies that the conformation of anti-ZnO VHH frag-
ments is little changed by interaction with the ZnO surface and
that few water molecules on ZnO surface are dispersed by the
binding of VHH. When the CD spectra were measured on 4F2
VHH fragments with ZnO nanoparticles, we observed the CD
spectra derived from the immunoglobulin structure of camel
antibody (data not shown).Hence, 4F2VHHwas not denatured
on the ZnO surface.
Application of High Affinity Antibody Fragment for

Nanobiotechnology—Antibody fragments are among the small-
est units with naturally occurring binding domains, and an
advantage of using them as high affinity interface molecules is
the fact that various fusion technologies can be used. Artificial
antibody formats constructed for therapeutic and imaging uses
have been used to generatemultivalent andmultispecificmate-
rial-binding antibodies to functionalize nanoparticles and to
spontaneously and selectively accumulate proteins and nano-
particles on patterned spots on substrate (18, 44). Here, we
show the potential of high affinity material-binding antibodies
for selective immobilization of proteins on biosensor plates.
The fusion of material-binding peptides and antibody frag-
ments enables direct and oriented protein immobilization
without the need for complicated processes (9, 45), and unmod-
ified inorganic surfaces can directly receive electrons from
immobilized redox proteins withoutmediators (46). Improving
the binding strength of material-binding biomolecules will lead
to more quantitative and reliable detection.
In conclusion, we generated antibody fragments with high

affinity for inorganic material surfaces from low affinity mate-
rial-binding peptides by the integration of peptide-grafting and
phage-display techniques. The scaffold of the single-domain
VHH fragment was so stable that VHH was directly function-
alized by grafting of the material-binding peptide into CDR 1
without structural destabilization. Application of the ����
motif library to the CDR 3 of peptide-grafted VHH enabled us
to bypass limitations on library diversity; consequently, this
constructionmethod allow us to generate high affinity antibod-
ies against material surfaces from previously identified materi-
al-binding peptides. Quantitative thermodynamic analysis
described the enthalpy synergistic effect from grafted and

selected CDR loops in VHH, which shows the potential of anti-
body scaffold for creating high affinity small interface unitswith
efficient binding mechanism. Use of the high affinity antibody
fragments resulted in stable selective protein immobilization
onmaterial surfaces in flow systems.We expect to be able to use
such material-binding antibodies as biointerface units for
nanoscale quantitative biosensing and protein accumulation.
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