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In biological systems, organic molecules exert a remarkable level
of control over the nucleation and mineral phase of inorganic
materials such as calcium carbonate and silica, and over the
assembly of crystallites and other nanoscale building blocks
into complex structures required for biological function1±4. This
ability to direct the assembly of nanoscale components into
controlled and sophisticated structures has motivated intense
efforts to develop assembly methods that mimic or exploit the
recognition capabilities and interactions found in biological
systems5±10. Of particular value would be methods that could be
applied to materials with interesting electronic or optical proper-
ties, but natural evolution has not selected for interactions
between biomolecules and such materials. However, peptides
with limited selectivity for binding to metal surfaces and metal
oxide surfaces have been successfully selected10,11. Here we extend
this approach and show that combinatorial phage-display
libraries can be used to evolve peptides that bind to a range of
semiconductor surfaces with high speci®city, depending on the
crystallographic orientation and composition of the structurally
similar materials we have used. As electronic devices contain
structurally related materials in close proximity, such peptides
may ®nd use for the controlled placement and assembly of a
variety of practically important materials, thus broadening the
scope for `bottom-up' fabrication approaches.

Phage-display libraries, based on a combinatorial library of
random peptidesÐeach containing 12 amino acidsÐfused to the
pIII coat protein of M13 coliphage12, provided us with ,109

different peptides that were reacted with crystalline semiconductor
structures. Five copies of the pIII coat protein are located on one end

of the phage particle, accounting for 10±16 nm of the particle. The
phage-display approach provided a physical linkage between the
peptide±substrate interaction and the DNA that encodes
that interaction. The experiments described here utilized ®ve
different single-crystal semiconductors: GaAs(100), GaAs(111)A,
GaAs(111)B, InP(100) and Si(100). These substrates allowed for
systematic evaluation of the peptide±substrate interactions. Protein
sequences that successfully bound to the speci®c crystal were eluted
from the surface, ampli®ed by 106, and re-reacted against the
substrate under more stringent conditions. This procedure was
repeated ®ve times to select the phage with the most speci®c
binding. After the third, fourth and ®fth rounds of phage selection,
crystal-speci®c phage were isolated and their DNA sequenced. We
identi®ed peptide binding that is selective for the crystal composi-
tion (for example, binding to GaAs but not to Si) and crystalline face
(for example, binding to (100) GaAs, but not to (111)B GaAs).

Twenty clones selected from GaAs(100) were analysed to deter-
mine epitope binding domains to the GaAs surface. The partial
peptide sequences of the modi®ed pIII protein are shown in Fig. 1,
revealing similar amino-acid sequences among peptides exposed to
GaAs. With increasing number of exposures to a GaAs surface, the
number of uncharged polar and Lewis-base functional groups
increased. Phage clones from third, fourth and ®fth round sequenc-
ing contained on average 30%, 40% and 44% polar functional
groups, respectively, while the fraction of Lewis-base functional
groups increased at the same time from 41% to 48% to 55%. The
observed increase in Lewis bases, which should constitute only 34%
of the functional groups in random 12-mer peptides from our
library, suggests that interactions between Lewis bases on the
peptides and Lewis-acid sites on the GaAs surface may mediate
the selective binding exhibited by these clones.

The expected structure of the modi®ed 12-mers selected from the
library would be an extended conformation, which seems likely for

G13-5 V T S P D S T T G A M A

G12-5 A A S P T Q S M S Q A P

G12-3 A Q N P S D N N T H T H

G1-4 A S S S R S H F G Q T D

G12-4 W A H A P Q L A S S S T

G14-3 A R Y D L S I P S S E S

G7-4 T P P R P I Q Y N H T S

G15-5 S S L Q L P E N S F P H

G14-4 G T L A N Q Q I F L S S

G11-3 H G N P L P M T P F P G

G1-3 R L E L A I P L Q G S G

Figure 1 Selected amino-acid sequences of randomized peptide inserts. Here we show

partial amino-acid sequences from clones that bound to GaAs(100). These sequences

have amino acids with functional groups that can donate electrons to the GaAs surface

(shaded areas). Serine (S) and threonine (T) both have hydroxyl side chains that differ by

one carbon. Asparagine (N) and glutamine (Q) both have amine-bearing side chains that

differ by one carbon. Non-polar amino acids are indicated by grey lettering. The clones

were named as follows: G1-3 was the ®rst clone selected from GaAs (100) during the third

round of selection.
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small peptides, making the peptide much longer than the unit cell
(5.65 AÊ ) of GaAs. Therefore, only small binding domains would be
necessary for the peptide to recognize a GaAs crystal. These short
peptide domains, highlighted in Fig. 1, contain serine- and threo-
nine-rich regions in addition to the presence of amine Lewis bases,
such as asparagine and glutamine. To help elucidate the exact
binding sequence, we have begun screening our surfaces with
shorter libraries, including 7-mer and disulphide constrained 7-
mer libraries. By reducing the size and ¯exibility of the binding
domain, fewer peptide±surface interactions are allowed, thereby
increasing the strength of interactions between generations of
selection.

Phage, tagged with streptavidin-labelled 20-nm colloidal gold
particles bound to the phage through a biotinylated antibody to the
M13 coat protein, were used for quantitative assessment of speci®c
binding. X-ray photoelectron spectroscopy (XPS) elemental com-
position determination was performed, monitoring the phage±
substrate interaction through the intensity of the gold 4f-electron

signal (Fig. 2a±c). Without the presence of the G1-3 phage, the
antibody and the gold streptavidin did not bind to the GaAs(100)
substrate. The gold binding was, therefore, speci®c to the phage and
an indicator of the phage binding to the substrate.

Using XPS we showed that the G1-3 clone isolated from
GaAs(100) bound speci®cally to GaAs(100) but not to Si(100)
(see Fig. 2a). In complementary fashion the S1 clone, screened
against the (100) Si surface, showed poor binding to the (100) GaAs
surface. Some GaAs clones also bound the surface of InP (100),
another zinc-blende structure. The basis of the selective binding,
whether it is chemical, structural or electronic, is still under
investigation. In addition, the presence of native oxide on the
substrate surface could alter the selectivity of peptide binding.

The preferential binding of the G1-3 clone to GaAs(100), over the
(111)A (gallium terminated) or (111)B (arsenic terminated) face of
GaAs was shown (Fig. 2b, c). The G1-3 clone surface concentration
was greater on the (100) surface, which was used for its selection,
than on the gallium-rich (111)A or arsenic-rich (111)B surfaces.
These different surfaces are known to exhibit different chemical
reactivities, and it is not surprising that there is selectivity demon-
strated in the phage binding to the various crystal faces. Although
the bulk termination of both 111 surfaces give the same geometric
structure, the differences between having Ga or As atoms outermost
in the surface bilayer become more apparent when comparing
surface reconstructions. The composition of the oxides of the
various GaAs surfaces is also expected to be different, and this in
turn may affect the nature of the peptide binding.

In Fig. 2c, we plot the intensity of Ga 2p electrons against the
binding energy from substrates that were exposed to the G1-3 phage
clone. As expected from the results in Fig. 2b, the Ga 2p intensities
observed on the GaAs (100), (111)A and (111)B surfaces are
inversely proportional to the gold concentrations. This decrease
in Ga 2p intensity on surfaces with higher gold concentrations was
due to the increase in surface coverage by the phage. XPS is a surface
technique with a sampling depth of approximately 30 AÊ ; therefore,
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Figure 2 Detection of gold-labelled phage on GaAs using X-ray photoelectron

spectroscopy. a, Plot of Au 4f binding energy versus intensity for the G1-3 clone on

GaAs(100) (curve 1) and Si(100) (curve 2) surfaces. b, As a but for the following surfaces:

GaAs(100) (curve 1), GaAs(111)A (curve 2), and GaAs(111)B (curve 3). c, Plot of Ga 2p

binding energy versus intensity for the G1-3 clone on the following surfaces: GaAs(111)B

(curve 1), GaAs(111)A (curve 2), and GaAs(100) (curve 3).

Figure 3 AFM and TEM analysis of peptide±semiconductor recognition. a,b, AFM images

of G1-3 phage bound to an InP(100) substrate. a, Individual phage and their attached Au

nanoparticles. Scale bar, 250 nm. b, Image showing the uniformity of phage coverage on

the InP surface. Scale bar, 2.5 mm. c, TEM image of G1-3 phage recognition of GaAs.

Individual phage particles are indicated with arrows. Scale bar, 500 nm.
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as the thickness of the organic layer increases, the signal from the
inorganic substrate decreases. This observation was used to con®rm
that the intensity of gold was indeed due to the presence of phage on
the surface of GaAs.

Binding studies were performed that correlate with the XPS data,
where equal numbers of speci®c phage clones were exposed to
various semiconductor substrates with equal surface areas. Wild-
type clones (no random peptide insert) did not bind to GaAs (no
plaques were detected). For the G1-3 clone, the eluted phage
population was 12 times greater from GaAs(100) than from the
GaAs(111)A surface.

Using atomic force microscopy (AFM), we imaged the G1-3,
G12-3 and G7-4 clones bound to GaAs(100) and InP(100). The InP
crystal has a zinc-blende structure, isostructural with GaAs,
although the In±P bond has greater ionic character than the Ga±
As bond13. The 10-nm width and 900-nm length of the observed
phage in AFM matches the dimensions of the M13 phage observed
by transmission electron microscopy (TEM), and the gold spheres
bound to M13 antibodies were observed bound to the phage

(Fig. 3a). As shown in Fig. 3b, the InP surface has a high concentra-
tion of phage. These images suggest that there are many factors
involved in substrate recognition, including atom size, charge,
polarity and crystal structure.

The G1-3 clone (negatively stained) is shown bound to a GaAs
crystalline wafer (dark in colour) in the TEM image in Fig. 3c. The
arrows indicate individual phage particles, bound through the pIII
minor coat protein located at one end of the phage clone. This
image con®rms that binding was directed by the modi®ed pIII
protein of G1-3, not through non-speci®c interactions with the
major coat protein. This illustrates the feasibility of using speci®c
peptide±semiconductor interactions in assembling nanostructures
and heterostructures (Fig. 4e).

We used ¯uorescence microscopy to demonstrate the preferential
attachment of phage to a zinc-blende surface in close proximity to a
surface of differing chemical and structural composition. A nested
square pattern was etched into a GaAs wafer; this pattern contained
1-mm lines of GaAs, and 4-mm SiO2 spacings in between each line,
(Fig. 4a, b). The G12-3 clones were interacted with the GaAs/SiO2

patterned substrate, washed to reduce non-speci®c binding, and
tagged with an immuno-¯uorescent probe, tetramethyl rhodamine
(TMR). The tagged phage are seen as the three red lines and the
centre dot, in Fig. 4b, corresponding to G12-3 binding only to GaAs.
The SiO2 regions of the pattern remain unbound by phage and are
dark in colour. This result was not observed on a control that was
not exposed to phage, but which was exposed to the primary
antibody and TMR (Fig. 4a).

We observed that the GaAs clone G12-3 was substrate-speci®c for
GaAs over AlGaAs (Fig. 4c). AlAs and GaAs have essentially
identical lattice constants at room temperature, 5.66 AÊ and 5.65 AÊ ,
respectively, and thus ternary alloys of AlxGa1-xAs can be epitaxially
grown on GaAs substrates. GaAs and AlGaAs have zinc-blende
crystal structures, but the G12-3 clone exhibited selectivity in
binding only to GaAs. A multilayer substrate was used, consisting
of alternating layers of GaAs and of Al0.98Ga0.02As. The substrate
material was cleaved and subsequently reacted with the G12-3 clone.
The G12-3 clones were labelled with 20-nm gold nanoparticles.
Examination by scanning electron microscopy (SEM) shows the
alternating layers of GaAs and Al0.98Ga0.02As within the heterostruc-
ture (Fig. 4c). X-ray elemental analysis of gallium and aluminium
was used to map the gold particles exclusively to the GaAs layers of
the heterostructure, demonstrating the high degree of binding
speci®city for chemical composition. In Fig. 4d, we provide a
model for the discrimination of phage for semiconductor hetero-
structures, as seen in the ¯uorescence and SEM images (Figs 4a±c).

We have shown the power of using phage-display libraries to
identify, develop and amplify binding between organic peptide
sequences and inorganic semiconductor substrates. Experimental
work remains to be performed, including computer simulations to
understand better the nature of the peptide±substrate binding
demonstrated by these experiments. We have extended this peptide
recognition and speci®city of inorganic crystals to other substrates,
including GaN, ZnS, CdS, Fe3O4 and CaCO3; these results will be
reported elsewhere. We are currently designing bivalent synthetic
peptides with two-component recognition (Fig. 4e); such peptides
have the potential to direct nanoparticles to speci®c locations on a
semiconductor structure. These organic±inorganic pairs should
provide powerful building blocks for the fabrication of a new
generation of complex, sophisticated electronic structures. M

Methods
Peptide selection

The library was exposed to the semiconductor crystals in Tris-buffered saline (TBS)
containing 0.1% TWEEN-20, to reduce phage±phage interactions on the surface. After
rocking for 1 h at room temperature, the surfaces were washed with 10 exposures to Tris-
buffered saline, pH 7.5, and increasing TWEEN-20 concentrations from 0.1% to 0.5%
(v/v). The phage were eluted from the surface by the addition of glycine±HCl (pH 2.2) for

Figure 4 Phage recognition of semiconductor heterostructures. a±c, Fluorescence

images related to GaAs recognition by phage. a, Control experiment: no phage is present,

but primary antibody and streptavidin-tetramethyl rhodamine (TMR) are present. b, The

GaAs clone G12-3 was interacted with a substrate patterned with 1-mm GaAs lines and

4-mm SiO2 spaces. The phage were then ¯uorescently labelled with TMR. The G12-3

clone speci®cally recognized the GaAs and not the SiO2 surface; scale bar, 4 mm. A

diagram of this recognition process is shown in d, in which phage speci®cally attach to

one semiconductor rather than another, in a heterostructure. c, An SEM image of a

heterostructure containing alternating layers of GaAs and Al0.98Ga0.02As, used to

demonstrate that this recognition is element-speci®c. The cleaved surface was interacted

with G12-3 phage, and the phage was then tagged with 20-nm gold particles. These

nanoparticles (shown arrowed in c) are located on GaAs and not AlGaAs layers. Scale bar,

500 nm. e, Diagram illustrating the use of this speci®city to design nanoparticle

heterostructures using proteins with multiple recognition sites.
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10 min, transferred to a fresh tube and then neutralized with Tris±HCl (pH 9.1). The
eluted phage were titred and binding ef®ciency was compared.

The phage eluted after third-round substrate exposure were mixed with their
Escherichia coli ER2537 host and plated on LB XGal/IPTG plates. Since the library phage
were derived from the vector M13mp19, which carries the lacZa gene, phage plaques were
blue in colour when plated on media containing Xgal (5-bromo-4-chloro-3-indoyl-b-D-
galactoside) and IPTG (isopropyl-b-D-thiogalactoside). Blue/white screening was used to
select phage plaques with the random peptide insert. Plaques were picked and DNA
sequenced from these plates.

Substrate preparation

Substrate orientations were con®rmed by X-ray diffraction, and native oxides were
removed by appropriate chemical speci®c etching. The following etches were tested on
GaAs and InP surfaces: NH4OH: H2O 1:10, HCl:H2O 1:10, H3PO4: H2O2: H2O 3:1:50 at
1 min and 10 min etch times. The best element ratio and least oxide formation (using XPS)
for GaAs and InP etched surfaces was achieved using HCl: H2O for 1 min followed by a
deionized water rinse for 1 min. However, since an ammonium hydroxide etch was used
for GaAs in the initial screening of the library, this etch was used for all other GaAs
substrate experiments. Si(100) wafers were etched in a solution of HF:H2O 1:40 for one
minute, followed by a deionized water rinse. All surfaces were taken directly from the rinse
solution and immediately introduced to the phage library. Surfaces of control substrates,
not exposed to phage, were characterized and mapped for effectiveness of the etching
process and morphology of surfaces by AFM and XPS.

Multilayer substrates of GaAs and of Al0.98Ga0.02As were grown by molecular beam
epitaxy onto (100) GaAs. The epitaxially grown layers were Si-doped (n-type) at a level of
5 ´ 1017 cm-3.

Antibody and gold labelling

For the XPS, SEM and AFM experiments, substrates were exposed to phage for 1 h in Tris-
buffered saline then introduced to an anti-fd bacteriophageÐbiotin conjugate, an
antibody to the pIII protein of fd phage, (1:500 in phosphate buffer, Sigma) for 30 min and
then rinsed in phosphate buffer. A streptavidin/20-nm colloidal gold label (1:200 in
phosphate buffered saline (PBS), Sigma) was attached to the biotin conjugated phage
through a biotin±streptavidin interaction; the surfaces were exposed to the label for
30 min and then rinsed several times with PBS.

XPS

The following controls were done for the XPS experiments to ensure that the gold signal
seen in XPS was from gold bound to the phage and not non-speci®c antibody interaction
with the GaAs surface. The prepared (100) GaAs surface was exposed to (1) antibody and
the streptavidin±gold label, but without phage, (2) G1-3 phage and streptavidin±gold
label, but without the antibody, and (3) streptavidin±gold label, without either G1-3
phage or antibody.

The XPS instrument used was a Physical Electronics Phi ESCA 5700 with an aluminium
anode producing monochromatic 1,487-eV X-rays. All samples were introduced to the
chamber immediately after gold-tagging the phage (as described above) to limit oxidation
of the GaAs surfaces, and then pumped overnight at high vacuum to reduce sample
outgassing in the XPS chamber.

AFM

The AFM used was a Digital Instruments Bioscope mounted on a Zeiss Axiovert 100s-2tv,
operating in tip scanning mode with a G scanner. The images were taken in air using
tapping mode. The AFM probes were etched silicon with 125-mm cantilevers and spring
constants of 20±100 N m-1 driven near their resonant frequency of 200±400 kHz. Scan
rates were of the order of 1±5 mm s-1. Images were levelled using a ®rst-order plane ®t to
remove sample tilt.

TEM

TEM images were taken using a Philips EM208 at 60 kV. The G1-3 phage (diluted 1:100 in
TBS) were incubated with GaAs pieces (500 mm) for 30 min, centrifuged to separate
particles from unbound phage, rinsed with TBS, and resuspended in TBS. Samples were
stained with 2% uranyl acetate.

SEM

The G12-3 phage (diluted 1:100 in TBS) were incubated with a freshly cleaved hetero-
structure surface for 30 min and rinsed with TBS. The G12-3 phage were tagged with
20-nm colloidal gold. SEM and elemental mapping images were collected using the Norian
detection system mounted on a Hitachi 4700 ®eld emission scanning electron microscope
at 5 kV.
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The extension of growing season at high northern latitudes seems
increasingly clear from satellite observations of vegetation extent
and duration1,2. This extension is also thought to explain the
observed increase in amplitude of seasonal variations in atmos-
pheric CO2 concentration. Increased plant respiration and photo-
synthesis both correlate well with increases in temperature this
century and are therefore the most probable link between the
vegetation and CO2 observations3. From these observations1,2, it
has been suggested that increases in temperature have stimulated
carbon uptake in high latitudes1,2 and for the boreal forest system
as a whole4. Here we present multi-proxy tree-ring data (ring
width, maximum late-wood density and carbon-isotope composi-
tion) from 20 productive stands of white spruce in the interior of
Alaska. The tree-ring records show a strong and consistent
relationship over the past 90 years and indicate that, in contrast
with earlier predictions, radial growth has decreased with increas-
ing temperature. Our data show that temperature-induced
drought stress has disproportionately affected the most rapidly
growing white spruce, suggesting that, under recent climate
warming, drought may have been an important factor limiting
carbon uptake in a large portion of the North American boreal
forest. If this limitation in growth due to drought stress is
sustained, the future capacity of northern latitudes to sequester
carbon may be less than currently expected.
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