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Ordering of Quantum Dots 

Using Genetically Engineered 
Viruses 

Seung-Wuk Lee, Chuanbin Mao, Christine E. Flynn, Angela M. Belcher*t 

A liquid crystal system was used for the fabrication of a highly ordered com- 
posite material from genetically engineered M13 bacteriophage and zinc sulfide 
(ZnS) nanocrystals. The bacteriophage, which formed the basis of the self- 
ordering system, were selected to have a specific recognition moiety for ZnS 
crystal surfaces. The bacteriophage were coupled with ZnS solution precursors 
and spontaneously evolved a self-supporting hybrid film material that was 
ordered at the nanoscale and at the micrometer scale into -72-micrometer 
domains, which were continuous over a centimeter length scale. In addition, 
suspensions were prepared in which the lyotropic liquid crystalline phase be- 
havior of the hybrid material was controlled by solvent concentration and by 
the use of a magnetic field. 
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Building ordered and defect-free two- and 
three-dimensional structures on the nanometer 
scale is essential for the construction of next- 
generation optical, electronic, and magnetic 
materials and devices (1-4). Traditional assem- 
bly approaches have been based on hydrogen 
bonding, coulombic interactions, and van der 
Waals forces (1, 4). Although a bacterial syn- 
thetic method was reported to make monodis- 
perse modified polypeptides (5), it has been 
difficult to tune the layer spacing and structure 
of conventional synthetic polymers because of 
their polydisperse chain lengths (6). Efforts 
have been directed toward the use of soft ma- 
terials to organize inorganic materials at the 
nanoscale. Protein cages have been used as 
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templates to synthesize nanoscale materials in 
capsids (7). DNA recognition linkers have been 
successfully used to construct specific gold 
nanocrystal structures (8, 9). ZnS and CdS were 
nucleated in a lyotropic liquid crystalline medi- 
um to make nanowires and nanocrystal super- 
lattice structures by a surfactant assembly path- 
way (10). However, these methods have limi- 
tations with respect to length scale and type of 
inorganic material. 

Monodisperse biomaterials that have an 
anisotropic shape are promising as components 
of well-ordered structures. Liquid crystalline 
structures of wild-type viruses (Fd, M13, and 
TMV) were tunable by controlling the solution 
concentrations, the solution ionic strength, and 
the external magnetic fields applied to the so- 
lutions (11-14). We recently showed that engi- 
neered viruses can recognize specific semicon- 
ductor surfaces through the method of selection 
by combinatorial phage display (15). These 
specific recognition properties of the virus can 
be used to organize inorganic nanocrystals, 
forming ordered arrays over the length scale 
defined by liquid crystal formation. We have 
evolved phage and ZnS precursor solutions to 
self-assemble highly oriented, self-supporting 
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films. In this system, we can easily modulate 
both the length ofbacteriophage and the type of 
inorganic materials through genetic modifica- 
tion and selection. Here we report our first 
effort to direct multi-length scale ordering of 
quantum dot (QD) hybrid self-supporting 
biocomposite structures using genetically engi- 
neered M13 bacteriophage, viruses with mono- 
disperse size and shape. The resulting QD 
hybrid film material was ordered at the 
nanoscale and at the micrometer scale into 72- 
pLm domains. These domains repeated continu- 
ously over a centimeter length scale. Moreover, 
viral suspensions containing ZnS QDs were 
prepared in which the liquid crystalline phase 
behaviors of the hybrid material were con- 
trolled by solvent concentration and by the use 
of an applied magnetic field. 

The most dominant selected peptide binding 
motif with specific recognition of ZnS crystal 
surfaces was isolated through screening of 
phage display libraries (Fig. 1) (16, 17). The 
screening method selected for binding affinity 
of a population of random peptides displayed as 
part of the pill minor coat protein of M13. 
Selected peptides were expressed at one end of 
the M13 virus. The virus had a filamentous 
shape (-880 nm in length and 6.6 nm in diam- 
eter), with the peptide insert measuring 10 nm 
in length (11). The dominant binding motif that 
emerged after five rounds of selection was 
termed A7, with an amino acid insert sequence 
(Cys-Asn-Asn-Pro-Met-His-Gln-Asn-Cys) in 
which the two cysteine groups formed a disul- 
fide bond, restricting the peptide structure to a 
constrained loop (16). The peptide expressed on 
the virus was tested and confirmed to have 
binding specificity to ZnS crystal surfaces (16, 
18). The bacteriophage containing this A7 pep- 
tide-termed A7 phage-was cloned and am- 
plified to liquid crystalline concentrations, with 
DNA verification after each amplification step. 

The A7 phage was precipitated and then 
resuspended in ZnS precursor solutions to form 
an A7 phage-ZnS nanocrystal (A7-ZnS) liquid 
crystalline suspension (19). The liquid crystal- 
line behavior of the suspensions was dominated 
by the long-rod phage shape, despite the at- 
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tached ZnS nanocrystals. Polarized optical mi- 
croscopy (POM) of highly concentrated A7- 
ZnS suspensions (127 mg/ml) showed the 
smectic phase (Fig. 2A). Differential interfer- 
ence contrast (DIC) imaging revealed l-pm 
constructive and destructive interference pat- 
terns of the smectic layers (Fig. 2B). A series of 

successively more dilute A7-ZnS suspensions 
(76 to 28 mg/ml) exhibited fingerprint textures 
that were characteristic of the cholesteric phase 
(Fig. 2C), and their cholesteric pitches expo- 
nentially decayed with respect to the increase of 
A7-ZnS concentration. When the cholesteric 
suspension was placed in a magnetic field of 

7.0 T for 1 hour, the cholesteric pitches were 
unwound and exhibited nematic phase. The 
phases changed under the magnetic field as a 
result of the diamagnetic properties of the 2700 
copies of the major coat protein, pVIII, of the 
M13 bacteriophage (12). Because the pIII ex- 
presses five copies within the protein coat (less 

Phage library 
with 109 random 

peptide inserts 

111iqui 1c1ytalaligmen 
Liquid crystal aignen 

Bioselectivity 

Nanocrystal Bacterial amplification 
binding 

Fig. 1 (left). Schematic diagram of the process used to generate nano- 
crystal alignment by the phage display method. Fig. 2 (right). Char- 
acterization of the liquid crystalline suspensions of A7 phage-ZnS nano- 
crystals (A7-ZnS) and cast film. (A) POM image of a smectic suspension 
of A7-ZnS at a concentration of 127 mg/ml. (B) A DIC filter brought out 
dark and bright periodic stripes (-1 pxm) that show construc- 

tive and destructive interference patterns generated from parallel 
aligned smectic layers in the A7-ZnS suspension. (C) The character- 
istic fingerprint texture of the cholesteric phase of an A7-ZnS sus- 
pension (76 mg/ml). (D) AFM micrograph of a cast film from an 
A7-ZnS suspension (-30 mg/ml) showing close-packed structures of 
the A7 phage particles. 

Fig. 3. Characterization of the dilute A D 
A7-ZnS suspension using TEM. (A) 
Schematic diagram of the individual 
A7 phage and ZnS nanocrystals. The pr:unit 
pill peptide unit and the ZnS nano- 
crystal bound to A7 phage are not ZS: 
drawn to scale. (B) TEM image of an 
individual A7 phage (880 nm in 880 mn 
length) and ZnS nanocrystals, 

stained with 2% uranyl acetate. (C) 
High-resolution TEM image of 
0.01% A7-ZnS suspension, showing 
lattice fringe images of five wurtzite 
ZnS nanocrystals. The d spacing of 6.6n 
the nanocrystals was 0.22 nm, cor- 
responding to (102) plane. (D) A 
schematic diagram of the micelle- 
like structures, in which ZnS nano- 
crystal aggregates are surrounded 
by A7 phage. (E) Low-resolution 
TEM image of 0.1% dilute A7-ZnS 
smectic suspension, showing micelle- 
Like aggregates of ZnS nanocrystals 
surrounded by A7 phage after stain- 
ing. (F) The same sample from (E) 
before staining shows that 100 to 150 - nanocrystals formed aggregates. The 
inset shows a selected area electron 
diffraction pattern of the nanocrystal 
aggregates, confirming crystalline wurtzite ZnS structures. (G) High-resolution TEM image of 0.1% A7-ZnS suspension showing lattice fringe images of 
wurtzite ZnS nanocrystals. The d spacing of the nanocrystals was 0.22 nm, corresponding to (102) plane. 
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than 1%), it is implied that the ZnS nanocrystals 
attached at the A7 interface are following an 
alignment pattern dictated by the overall M13 
bacteriophage alignment. The nematic phase 
was observed at 22 mg/ml. 

A close-packed arrangement of A7 phage 
particles was observed from a viral-cast film on 
an indium tin oxide (ITO)-covered glass sub- 
strate from A7-ZnS suspensions (-30 mg/ml) 
using atomic force microscopy (AFM) (Fig. 
2D). The average center-to-center distance of 
A7 phage measured -12 nm. The A7 phage 
particles stood at an angle on the ITO film 
surface. All of the phage within -200-nm do- 
mains had the same orientational and positional 
long-range ordered structure, strongly indicat- 
ing a smectic B structure, in which molecules 
are arranged in layers with the molecular center 
positioned in a hexagonal close-packed array 
(20). 

Both the crystal structures of ZnS nano- 

crystals and the individual, shapes of A7-ZnS 
were determined using transmission electron 
microscopy (TEM) for a series of decreasingly 
dilute smectic suspensions (21). In the 0.01% 
diluted sample (Fig. 3, B and C), small-size 
aggregates composed of multiple ZnS nano- 
crystals were observed within a boundary 10 to 
20 nm in diameter. The number of particles 
observed within the defined boundary suggest- 
ed that each of the A7 phage recognized mul- 
tiple nanocrystals and confined ZnS placement 
within the pllII subunit boundary. At higher 
concentrations, different types of aggregation 
were observed. In the 0.1% diluted sample, 
-50-nm aggregates consisting of 100 to 150 
nanocrystals were frequently observed (Fig. 
3F). Most of the particles had a well-defined 
shape and were highly crystalline structures 
with a particle size of 2.66 ? 0.22 nm. High- 
resolution TEM lattice fringe imaging revealed 
wurtzite ZnS nanocrystals with a d spacing of 

Fig. 4. Characterization of A7-ZnS film. (A) Photograph of A7-ZnS viral film. (B) POM (20x) birefringent 
dark and bright band patterns (periodic length 72.8 ,Im) were observed. These band patterns are 
optically active, and their patterns reverse depending on the angles between polarizer and analyzer. (C) 
Photoluminescent image, with an excitation wavelength of 350 nm and with filtering below 400 nm, 
shows -1-jim stripe patterns (50X). (D) SEM images of highly packed three-dimensional bulk film 
structure. (E) Schematic structural diagram of the A7-ZnS composite film. (F) AFM image of the free 
surface. The phage forms parallel aligned herringbone patterns that have almost right angles between 
the adjacent director (arrows). (G) SEM image showing the close-packed lamellar structure of phage and 
nanocrystal layers (red arrows) in the inner areas of the film. (H) Low-resolution TEM image of cross 
section of A7-ZnS film, with 20 nm X 2 jim ZnS nanocrystal stripe pattern aligned between one phage 
length in the x-z direction of film; the inset shows an electron diffraction pattern of ZnS wurtzite 
structure. (I) Low-resolution TEM image of film viewed in they-z direction, showing ZnS nanocrystals. 

0.22 nm, corresponding to the (102) plane of 
wurtzite ZnS (Fig. 3, C and G). Selected area 
electron diffraction patterns confirmed the 
nanocrystal structure in lattice fringe images 
(Fig. 3F, inset). After staining the 0.1% diluted 
sample, A7 phage micelle-like structures ap- 
peared to surround the 50-nm ZnS nanocrystal 
aggregates (Fig. 3E) (18). This micelle-like ar- 
rangement (Fig. 3D) is most likely driven by a 
hybrid structure (Fig. 3A) of the A7-ZnS com- 
plex, with inorganic nanocrystals attached to 
organic phage. We think that the individual 
phage binding the nanocrystals form these 
structures at the concentrations used for TEM 
preparation. In concentrations higher than 
0.1%, the phage and particles intertwined and 
formed thick aggregates on the TEM grid car- 
bon film surface. 

Highly ordered A7-ZnS self-supporting 
viral films (Fig. 4A) were prepared from an 
isotropic phase of bacteriophage and ZnS 
precursor solutions (22). The viral nanocrys- 
tal hybrid film was transparent and easily 
manipulated with forceps. Isotropic liquid 
crystalline phase concentration (-5 mg/ml) 
was chosen for better ZnS nanocrystal mobil- 
ity in A7 phage concentrated suspension me- 
dia, coupling, and self-assembly. The films 
were typically --15 ,pm thick and several 
centimeters in extent. The surface viral mor- 
phology was smectic 0; the interior morphol- 
ogies were smectic A and C. The ordered 
morphologies of the viral film were charac- 
terized by POM, scanning electron microsco- 
py (SEM), TEM, and AFM. 

Optical characterization revealed that the 
films were composed of -72-,um periodic do- 
mains that had smectic layer structures within 
the domain boundaries (Fig. 4B). With the use 
of high-resolution SEM, we could see the spac- 
ing of periodic layers of both the phage and ZnS 
nanocrystals (23). The films showed smectic- 
like lamellar morphologies between the ZnS 
nanocrystals and A7 phage layers (Fig. 4G). 
The periodic length (895 nm) corresponded to 
that of the bacteriophage (880 nm) and nano- 
crystal aggregates (-20 nm). The average size 
of the nanocrystal aggregates in the film was 
-20 nm, as observed in the TEM of individual 
virus particles with nanocrystals. Microtomed 
50-nm cross sections of a viral film showed 
nanocrystals 2 to 3 nm in diameter that were 
aligned -20 nm in width and extended to more 
than 2 ,xm in length (24). The 2 ,pm by 20 nm 
bands formed in parallel and were separated by 
-700 nm. This spacing, shorter than the ex- 
pected distance (M13 phage length = 880 nm), 
corresponds to the length scale imposed by the 
phage, which formed the tilted smectic align- 
ment of the phage with respect to layer normal. 

AFM observation of free surface orientation 
of the A7-ZnS film (Fig. 4F) showed that the 
phage formed parallel aligned smectic O her- 
ringbone patterns. Phage particles had long- 
range orientational ordering that was persistent 
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over many micrometers. Inorganic ZnS nano- 
crystals were confined at junction areas where 
two adjacent lamellar layers met. Fluorescent 
imaging of the film (Fig. 4C) exhibited a pat- 
tern of~ 1 Ixm fluorescent lines, corresponding 
to the ZnS nanocrystals arranged in the film. In 
a control viral film, without ZnS crystals, no 
fluorescence was observed (18). Because freely 
suspended liquid crystalline films form highly 
ordered structures on the free surface as a result 
of surface forces (25), smectic O herringbone 
patterns on the film surface might have higher 
order than the smectic A or smectic C within 
inner areas in this film. The observed smectic O 
morphology of the A7-ZnS film is similar to the 
high-ratio rod-coil (frod-coil > 0.96) block co- 
polymers, which favor the bilayered and inter- 
digitated morphologies (6). This similarity to 
A7-ZnS structure (fphage-nanocrystals = -0.98) 
strongly suggests that the A7-ZnS might have 
interdigitated morphology, where the director 
(bacteriophage axis) flips by 180? between ad- 
jacent A7-ZnS particles in the film. Consider- 
ing the packing free energy, the interdigitated 
structure might be the most stable structure for 
the particles having a larger head (20-nm nano- 
crystal aggregates) and extremely long rod tail 
particles (Fig. 3, A and B). A schematic dia- 
gram of the A7-ZnS film is shown in Fig. 4E. 

The mechanism for the formation of self- 
assembled smectic-like lamellar structure of the 
A7-ZnS film is still being investigated. The 
morphologies we observe in the film are similar 
to the results of earlier experiments and theoret- 
ical work on rigid and flexible block copolymers 
(6, 26). The A7 phage recognize and physically 
bind ZnS nanocrystals, preventing macro phase 
separation into separate organic and inorganic 
blocks. As the solvent is gradually removed, the 
virus particles develop orientational order within 
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self-ordering system of engineered viruses, may 
provide new pathways to organize electronic, 
optical, and magnetic materials. 
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Interpretation of Recent 

Southern Hemisphere 
Climate Change 

David W. J. Thompsonl* and Susan Solomon2 

Climate variability in the high-latitude Southern Hemisphere (SH) is dominated 
by the SH annular mode, a large-scale pattern of variability characterized by 
fluctuations in the strength of the circumpolar vortex. We present evidence that 
recent trends in the SH tropospheric circulation can be interpreted as a bias 
toward the high-index polarity of this pattern, with stronger westerly flow 
encircling the polar cap. It is argued that the largest and most significant 
tropospheric trends can be traced to recent trends in the lower stratospheric 
polar vortex, which are due largely to photochemical ozone losses. During the 
summer-fall season, the trend toward stronger circumpolar flow has contrib- 
uted substantially to the observed warming over the Antarctic Peninsula and 
Patagonia and to the cooling over eastern Antarctica and the Antarctic plateau. 
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The atmosphere of the SH high latitudes has 
undergone pronounced changes over the past 
few decades. Total column ozone losses have 
exceeded 50% during October throughout the 
1990s (1-3), and the Antarctic ozone "hole" 
reached record physical size during the spring 
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of 2000 (4). The lower polar stratosphere has 
cooled by --10 K during October-November 
since 1985 (5, 6), and the seasonal breakdown 
of the polar vortex has been remarkably de- 
layed: from early November during the 1970s 
to late December during the 1990s, in both the 
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