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B
iological systems are capable of syn-
thesizing a remarkably diverse range
of inorganic materials. These systems

are resourceful and assemble a vast assort-

ment of materials using precursors that are

readily available and abundant in the bio-

sphere. In addition, these materials must be

synthesized under a relatively narrow set

of reaction conditions, typically in aqueous

solutions, near ambient temperatures and

pressures, and at neutral pH. Biological sys-

tems have adapted within these constraints

by applying a large and dynamic combina-

torial approach to materials synthesis, re-

sulting in protein enzymes that catalyze in-

organic reactions and mediate the

formation of growing crystals. As a conse-

quence, evolution and natural selection

have resulted in organisms capable of syn-

thesizing materials with controlled compo-

sitions, microcrystalline shapes, and long-

range organization.1–3 In addition to

affording an organism structural integrity

and protection against predation, many

materials found in nature have more sophis-

ticated physical properties, such as
magnetism4,5 and light focusing.6

Biomaterials have inspired a growing re-
search effort in which biomolecules are
used to synthesize and assemble materials
in the laboratory.1,2,7–21 In an attempt to
mimic natural evolutionary processes, in
vitro selection methods (Figure 1) employ-
ing large random-sequence RNA, DNA, pep-
tide, and even whole-cell libraries are now
being used to discover biomolecules that
bind to or mediate the formation of
materials.15,22,23 In addition to potentially
affording more environmentally friendly
routes to inorganic materials, the some-
times highly selective recognition capabili-
ties of biomolecules selected in vitro can fa-
cilitate the assembly of nanoscale materials
into more complex functional assemblies
and devices.24–26

This exciting work has prompted us to
consider many fundamental questions con-
cerning in vitro selection as applied to mate-
rials synthesis and crystal growth: How
might the presence of a biomolecule affect
crystal growth? What terminology is appro-
priate in describing this behavior? How
should “catalysis” be distinguished from
“mediation”? And finally, how do selection
methods for protein binding sequences
compare/contrast with those designed to
isolate sequences capable of forming
materials?

In addressing these questions, it is infor-
mative to consider in vitro selection (e.g.,
phage display for peptides and systematic
enrichment of ligands by exponential en-
richment (SELEX) for RNA) first in the
broader context and then specifically as it
applies to materials synthesis. Historically, in
vitro selection methods have been pre-
dominantly applied to the search for bio-
molecules with high protein binding
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ABSTRACT Biopolymers in the biosphere are well known to mediate the formation of a wide array of

inorganic materials, such as bone, shells, lenses, and magnetic particles to name a few. Recently, in vitro

experiments with biopolymers such as peptides, RNA, and DNA have shown that templating by these

macromolecules can yield a variety of materials under mild reaction conditions. The primary sequence of the

biopolymer can be viewed as a proteomic or genomic signature for the templating of an inorganic material from

defined metal precursors and reaction conditions. Together with the rapid advances in inorganic particle synthesis

by other combinatorial methods, these bioinspired in vitro materials experiments may provide additional insights

into possible inorganic materials yet to be discovered and subsequently synthesized by conventional methods.

Some of the concepts important to understanding the crystallization phenomena occurring during biopolymer

mediation are discussed. A simple kinetic model is provided in the context of known biopolymer-mediated

inorganic crystallizations.
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affinities27–33 or catalytic activities
toward organic reactions.34–46 When
applied to materials chemistry, in
vitro selection can produce appar-
ently similar results. Biomolecules
with high binding affinities and
specificities for certain inorganic
crystal faces23,47,48 or for catalytic ac-
tivities toward the synthesis of mate-
rials have been isolated.49,50 In mate-
rials in vitro selections, however, a
third outcome may be anticipated.
Biomolecules may be isolated that al-
ter the formation of a spontane-
ously growing crystal such that the
size, size distribution, shape selectiv-
ity, growth rate, and polymorph se-
lectivity of the resulting crystals are
affected. A biomolecule with such
ability is commonly referred to as a
“template” or “mediator”. This is how
we phenomenologically define crys-
tal growth mediation.

The process of mediation—within
the context of biomolecule-
mediated growth of metal crystals from solutions con-
taining a generic metal complex precursor [M(L)x]—is
perhaps best illustrated by the set of reactions shown
in Figure 2. These reactions represent a minimalist view
of the fundamental stages in crystal growth. In order
for a crystal to grow, monomer units must be gener-
ated and combined to form a stable crystal (critical)
nucleus. These are shown as [M(L)x–y], where y repre-
sents the number of ligands lost in generating the crys-
tallizing monomer unit. The case in which y � x repre-
sents just one possibility in which a free metal atom is
generated and becomes the monomer. Crystal nuclei
can then grow via monomer addition or nuclei aggre-
gation. In many cases, the nucleation event controls the
final particle size, size distribution, and polymorph. For
example, in LaMer’s sulfur sol formation mechanism
from the 1950s,51 the average size and size dispersity
of the resulting crystals are influenced by the rate at
which crystal nuclei are generated. A rapid “burst” of
nuclei separated in time by monomer addition pro-
duces the most narrow size distributions. Alternative ki-
netic schemes have been described in the literature in
which slow nucleation followed by rapid growth can
also result in relatively monodisperse crystals. In Finke’s
synthesis of Ir clusters,52,53 the generation of critical nu-
clei is slow, and growth is autocatalytic and rapid.

Once a crystal nucleus has formed, the resulting
crystal shape is determined by a growth phase that
could be either thermodynamically or kinetically con-
trolled. In a thermodynamic growth regime, monomers
will add to the highest energy facets of the growing
crystal until they merge into the more stable crystal-

line facets. For example, PbS nucleates into a tetradeca-
hedral shape terminated by {100} and {111} facets. In
the rock salt structure, the {111} facets are higher in en-
ergy; ions therefore add preferentially to these facets,
resulting in the formation of cube-shaped PbS crystals
bounded by {100} facets.

In a kinetically controlled growth regime, the rela-
tive rates of monomer addition to different facets dic-
tates the resulting shape. These rates can be altered by
changes in precursor concentration; for example, in
the synthesis of Pt particles from the precursor com-
plex [Pt(acac)2] (acac is acetylacetonate), where low
[Pt(acac)2] concentrations produced sharply faceted
and polydisperse Pt cubes while high concentrations
yielded monodisperse yet poorly faceted structures.54

The presence of a biomolecule (or any molecule in-
troduced intentionally or accidentally) can also change
the course of crystal nucleation or growth. A biomole-
cule can speed or slow the rate at which a monomer is
generated, changing its concentration and, in turn, its
solubility equilibria or crystal nucleation and growth
rates. A biomolecule that coordinates strongly to a
metal center could, of course, prevent crystallization al-
together. Alternatively, a biomolecule can bind selec-
tively to certain facets, speeding or slowing monomer
addition to that facet relative to others (changing the
relative magnitudes of k4–k7 in Figure 2), which results
in non-thermodynamic and often highly anisotropic
crystal shapes.

If the rate of monomer production (Figure 2, k1) is in-
creased by a biomolecule, one could reasonably posit
that “catalysis” has occurred. The recognition of [Pd(L)x]

Figure 1. Generic in vitro selection schemes for exploring possible biomolecule–inorganic
materials interactions. (Left) Selections designed to isolate sequences capable of assembling
monomeric metallic precursors into nanocrystals with desired properties. (Right) Selections de-
signed to isolate sequences that bind to nanocrystals synthesized using other, often high-
temperature, synthetic methods. Once isolated, these sequences can subsequently be tested
for their ability to direct the synthesis of the identical nanocrystal at lower temperatures.
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by an RNA or peptide sequence, such that the displace-
ment of L from Pd atoms is accelerated, would be one
example. It is certainly reasonable and common in the
crystal growth literature to conclude that if any of the
rate constants shown in Figure 2 changes in the pres-
ence of a molecule, then “mediation” of crystal growth
by that molecule has occurred. That is, if the crystal for-
mation rate, polymorph, size, size dispersity, or shape
distribution changes, then mediation has occurred.

Most inorganic crystallizations mediated by biomol-
ecules have been performed using cationic metal com-
plexes. An alternative possibility exists for forming me-

tallic crystals when using
zerovalent organometallic
metal precursors (Figure 2).
Loss of L, either mediated or oc-
curring spontaneously under
the reaction conditions, could
yield a coordinatively unsatur-
ated species [M(Lx–y)], where x
� y. These coordinatively unsat-
urated metals could then either
combine to form metal–metal
bonds in solution or within the
biomolecule structure. Of
course, functional groups within
the biomolecule could serve as
metal ligands and dictate the
mechanistic path to be fol-
lowed. Loss of any amount of L
would be expected to give M–M
bonds, and complex structures
could be formed with and with-
out inclusion of remnants of L
in the crystal structure formed.
Some of the Pd and Pt “giant
clusters” reported by Oleshko
would appear to fall into this
category.55 It seems reasonable
to propose that biomolecule-
mediated crystallization will
sometimes include both inor-
ganic and organic components,
depending on the organometal-

lic precursor, biomolecule structure, and re-
action conditions.

Catalytic activity is, however, not a pre-
requisite for a biomolecule to influence crys-
tal growth. A wonderful illustration of the ef-
fect that a biomolecule can have on
nanocrystal size was recently provided by
Kelley.22 The Kelley group was able to as-
sess the role of RNA secondary structure on
the growth of CdS nanocrystals. They
showed that a folded wild-type tRNA
(wtRNA) and an unfolded mutant tRNA
(mtRNA) of identical length were both able

to mediate the formation of CdS during its spontane-

ous precipitation from solution, but they saw differ-

ences in the average nanocrystal size and size distribu-

tion. A unimodal distribution of 6 nm diameter particles

was found for particles grown with wtRNA, while

mtRNA yielded a bimodal distribution of 7 and 11.5

nm diameter particles. CdS will precipitate even in the

absence of RNA, and so it is unclear, in the absence of ki-

netic measurements, if either sequence “catalyzed” the

transformation Cd2� � S2�
¡ CdS(s). It is also not the

case that this is the only way to synthesize CdS nano-

particles, as many other routes exist to this same prod-

uct. Yet both the wtRNA and mtRNA were able to con-

trol the size of the resulting CdS crystals, and both can

legitimately be said to mediate CdS crystal growth.

Moreover, it follows that the wtRNA has some as-yet un-

known but unique property that enables it to mediate

CdS growth differently than the mutant. Thus, while

perhaps subtle, this is a clear example of how folded

RNA structure can affect the trajectory of the crystalliza-

tion events depicted in Figure 2.

Interestingly, it appears that specific RNA folding is

not a requirement for particle growth to be mediated.

Recently, Kumar and Jakhmola reported the RNA-

mediated synthesis of PbS quantum dots.56 In these ex-

periments, specific RNA sequences were not employed,

but a mixture of yeast RNA was sufficient to provide

PbS synthesis. They found that this mixture of RNA se-

quences could be used to control the size, stability, and

even the electronic properties of PbS quantum dots. It

is also important to note that, in contrast to work on

DNA-mediated synthesis of CdS quantum dots, DNA

was found to not be effective at mediating PbS

synthesis.

Experiments with RNA have also shown how the

presence of biomolecules can alter the distribution of

crystal morphologies. RNA sequences have been se-

lected from a random RNA sequence library that medi-

ate the growth of crystals from the precursor complex

[Pd2(DBA)3] (DBA is dibenzylidene acetone).57 In explor-

ing the behaviors of individual sequences isolated from

the selection, it was found that the presence of certain

RNA sequences resulted in the formation of crystals

VOCABULARY: SELEX – systematic

enrichment of ligands by exponential

enrichment, the experimental process by which

large libraries (ca. 1014) of unique single-

stranded RNA or DNA sequences are subjected

to iterative cycles of screening, selection, and

amplification; the process results in the

isolation of sequences in the library that

perform a desired task, for example, high-

affinity binders to a certain protein • phage

display – an in vitro selection method

employing a random-sequence peptide library,

which is “displayed” on the surface of a

bacterial virus (phagemid); in this method,

phage selected from the library because of

their ability to perform a certain task (e.g.,

binding to a material) are amplified by

allowing the phage to infect a bacteria •

template or mediate – the interaction of any

chemical species with a growing crystal such

that the crystal formation rate(s), polymorph,

size, size dispersity, or shape distribution is

altered • polymorph – two or more solids with

the same chemical composition but different

crystal structures • morphology – the three-

dimensional shape of a crystal; two or more

solids of the same chemical composition may

have identical crystal structures (i.e., identical

polymorphs) but different morphologies

(cubes vs hexagons)

Figure 2. Illustration of the fundamental steps required to generate metal crystals from
the generic complex [M(L)x]. k1 and k2 result in the generation of critical nuclei, k3 repre-
sents competing routes to different polymorphs, and k4–k7 represent face-dependent
rates of monomer addition or crystal aggregation that would yield different crystal
shapes. A change in any one of these k’s in the presence of a biomolecule would likely
result in a change in crystal size, size dispersity, or shape.
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with hexagonal morphology while another sequence

yielded cubes.58 The possibility exists that these se-

quences either facilitate formation of crystal nuclei that

lead to hexagons or cubes or bind to nuclei that formed

spontaneously and control the resulting growth, or

both. For example, the RNA sequence for hexagons

could accelerate k1 in Figure 2 to generate nuclei that

lead exclusively to hexagons, or it could accelerate k5

relative to k4, k6, and k7 (or alternatively decelerate k4,

k6, and k7 relative to k5) to provide hexagons to the ex-

clusion of other morphologies.

With this description of crystal growth mediation in

mind, we now examine the materials in vitro selection

experiment itself. The most critical element of any in

vitro selection is the selection pressure. This is designed

by the experimenter with the intent of driving a

random-sequence library toward a desired goal. For ex-

ample, if RNA aptamers with a high binding affinity for

a certain protein are sought, then solution conditions

can be adjusted to favor the isolation of even extremely

rare tight binders.59 Likewise, if sequences that bind to

a known material are sought, one may synthesize the

material using an existing method and then perform

cycles of amplification where the selection pressure is

binding the material in a manner analogous to RNA–

protein aptamer in vitro selection. In contrast to selec-

tions for protein binders, however, individual se-

quences that emerge from such an experiment can

then be tested for their ability to catalyze or mediate

the formation of crystals as defined above (Figure 1,

right). Consider the pioneering work of Belcher and co-

workers as an example. They employed phage display

to isolate peptides with high binding affinities to pre-

formed solid FePt nanoparticles.60 Upon chemical re-

duction of FeCl2 and H2PtCl6 in the presence of these

peptides— expressed as fusion proteins on the tip of a

virus—FePt nanoparticles formed on the virus. Notably,

the FePt nanoparticles used in the selection were syn-

thesized and annealed at high temperatures to produce

the preferred ferromagnetic crystalline phase. When Fe

and Pt ions were reduced in the presence of the FePt-

binding peptides, however, the preferred phase was

synthesized directly, obviating the need for high-

temperature annealing.

In addition to providing environmentally benign

routes to materials, biomolecules have been used to as-

semble nanoparticles on surfaces or into thin films. Pep-

tides displayed on phage appear to be excellent scaf-

folds in this regard. One-dimensional chains of gold

nanoparticles have been assembled along the virus

long axis.24 Individual gold nanoparticle-coated viruses

were then connected in predetermined ways by modi-

fying the viral ends with a second peptide that recog-

nized streptavidin-coated gold or CdSe nanoparticles. A

similar strategy was used to synthesize hybrid

Co3O4/Au nanoparticle-coated phage, which were then

assembled into thin films and tested as flexible anodes
in Li ion batteries.26

Biomolecule mediators of crystal growth can also
be patterned on surfaces to enable spatially resolved
materials synthesis. An example is illustrated by Figure
3, which shows a scanning electron microscope image
of crystals grown on a gold slide. The sample was pre-
pared by microcontact printing previously reported
RNA Pd01758 onto the slide in the form of a stripe pat-
tern and then immersing the entire slide into a solution
of [Pd2(DBA)3]. Note that crystals grew in the form of
the printed stripe pattern, which suggests that RNA
Pd017 mediated their growth. Note further that the
spontaneous growth rate between the lines is very near
zero and that hexagons were the predominant mor-
phology observed.

CONCLUSIONS AND FUTURE PROSPECTS
The elegant examples described above illustrate

how biomolecules, peptides, and nucleic acids, can be

Figure 3. Scanning electron microscope images of line patterns of
hexagonal nanoparticles grown from a gold surface. The entire gold
surface was first modified with a maleimide-terminated oligoethyl-
eneglycol thiolate monolayer.61 The RNA sequence code known to
mediate the formation of hexagonal nanoparticles from the precur-
sor complex [Pd2(DBA)3] was then deposited in the form of a line
pattern using microcontact printing. The RNA was modified with a
5=-guanosine monophosphorothioate for coupling to the maleimide
monolayer.
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utilized to synthesize nanoparticles of specific composi-
tion, shape, and size. In all of these examples, known
materials were formed by the biomolecule in the pres-
ence of specific metal precursors and crystallization me-
dium. The ability to replicate either peptides via phage
display, or nucleic acids by in vitro selection methods,
makes these biopolymer platforms especially attractive
for the discovery of new nanomaterials with desired
physical, chemical, or optical properties. Since the de-
sired nanoparticle can be recreated by using specific se-
quences, or a mixture of sequences, these biopolymers
can be thought of as “structurally” encoding for the
composition and crystalline form of the nanoparticle
of interest. This equivalent to a genetic or proteomic ar-
chive is a powerful concept for inorganic structures
and, in fact, has shaped the biosphere. We have a long
way to go in emulation of this bioinorganic phenom-
enon, but excellent progress is being made by many re-
search groups around the world.

In the future, will in vitro selection methods for pep-
tides and nucleic acids be able to find not only known
but also new materials? Can these methods of selecting
biomolecules that mediate nanoparticle growth be ad-
vanced such that enhanced magnetic materials, optical
materials such as quantum dot semiconductors, and
new inorganic catalysts are discovered? The key to suc-
cess will be the efficient exploration of inorganic com-
position, shape, size, and even concomitant crystalline
phase-space. Advances in nano-array technologies for
the selection of desired nanoparticles and microscopy
for their identification are likely to play an essential
role.62 In addition, the techniques of molecular biology
and new enhancements in biophysical characterization,
including single-molecule spectroscopy, will allow us
to approach nanoparticle formation from an alterna-
tive perspective. The merger of both physical and bio-
chemical methods may provide a powerful synergy that
takes us to a higher level of understanding of inor-
ganic chemistry and nanomaterials.
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