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a b s t r a c t

The development of biologically templated artificial light harvesting antennae and energy transfer devices
is a highly active research area with exceptional challenges. Natural energy harvesting complexes have
exquisite spectrally- and spatially-tuned systems with high redundancy to maximize their ability to
gather, channel, and distribute electromagnetic radiation. Attempting to mimic these highly efficient sys-
tems requires at the very least (sub)nanoscale precision in the positioning of light sensitive molecules, the
latter of which must also possess carefully selected photophysical properties; in essence, these two funda-
mental properties must be exploited in a synergistic manner. First, the scaffold must be highly organized,
ideally with multiple symmetrical components that are spatially arranged with nanoscale accuracy. Sec-
ond, the structure must be amenable to chemical modification in order to be (bio)functionalized with the
desired light sensitive moieties which have expanded greatly to now include organic dyes, metal chelates,
fluorescent proteins, dye-doped and noble metal nanoparticles, photoactive polymers, along with semi-
conductor quantum dots amongst others. Several families of biological scaffolding molecules offer strong
potential to meet these stringent requirements. Recent advances in bionanotechnology have provided the
ability to assemble diverse naturally derived scaffolds along with manipulating their properties and this
is allowing us to understand the capabilities and limitations of such artificial light-harvesting antennae
and devices. The range of scaffold or template materials that have been used varies from highly symmet-
rical virus capsids to self-assembled biomaterials including nucleic acids and small peptides as well as a
range of hybrid inorganic–biological systems. This review surveys the burgeoning field of artificial light-
harvesting and energy transfer complexes that utilize biological scaffolds from the perspective of what
each has to offer for optimized energy transfer. We highlight each biological scaffold with prominent
examples from the literature and discuss some of the benefits and liabilities of each approach. Cumula-
tively, the available data suggest that DNA is the most versatile biological material currently available,
though it has challenges including precise dye placement and subsequent dye performance. We conclude
by providing a perspective on how this field will progress in both the short and long term, with a focus
on the transition to applications and devices.
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1. Introduction

One rapidly growing area in bionanotechnology is focused on
creating de novo light harvesting and energy transfer devices. The
overarching theme here is to be able to carefully position mul-
tiple, and in many cases different, fluorophores on some type of
well-defined bioscaffolding in an architecture that allows them to
interact energetically with high transfer efficiency. Both the scaf-
fold and energy transfer can then be characterized, optimized if
needed and exploited to form the basis for different types of arti-
ficial light harvesting along with powering biosensing, catalytic,
charge conversion, photosynthetic, theranostic, optical coding, and
logic devices, to name but a few potential applications [1–7]. The
use of defined structures to orient chromophores for optimized
energy transfer is not new and indeed a rich library of utilizing
dendrimers for such applications can be found [8,9]. In compar-
ison to the synthetically intense approach of using dendrimers
or analogous polymeric materials for attaching dyes into discrete
controlled architectures, the use of biomolecular substrates offers
several potential benefits that make them attractive for such appli-
cations. For example, biomolecular scaffolds such as viruses are
highly symmetrical while DNA can be self-assembled into almost
any arbitrary 3-dimensional structure. Moreover, in many cases,
these scaffolds can be recombinantly or site-specifically modified
with dyes to yield a particularly desired arrangement.

Cumulatively, the convergence of several factors has provided
the necessary toolset for research toward these goals. First, the
biotechnology revolution has provided facile access to designer
proteins, peptides, DNA and the like. Second, wide access to the
still growing suite of fluorophores including fluorescent proteins,
large families of organic dyes (e.g., rhodamines, Alexa Fluors and
cyanines), semiconductor quantum dots (QDs), metal chelates,

dye-doped and noble metal nanoparticles and fluorescent poly-
mers. Third, the availability of many of these fluorophores in
reactive or easily conjugatable form. Lastly, a growing number of
site specific or chemoselective labeling chemistries for attaching
such fluorophores to biomolecules in an intimately controlled, site-
specific manner [10–14].

This review focuses specifically on nanoscale light harvesting
and energy transfer devices built on biomolecular scaffolds and,
thus, consists of two critical components. First, the scaffold within
the nanoscale complex consists of biologically derived components.
While the vast majority of structures and devices covered in this
review utilize deoxyribonucleic acid (DNA), several other struc-
tures have been explored including cyclic peptides, virus capsids,
and sugar complexes. In addition, a number of hybrid structures
have been demonstrated, where inorganic components (most often
QDs) are coupled to an organic component via biological scaffold-
ing which can range from DNA to short peptide sequences. The
second defining component is that the final assembled complex
should demonstrate energy transfer either through multiple steps,
i.e., two or more, arising from at least three chromophores and/or
which are patterned in an arrangement where several copies of
two or more chromophores are engaged in energy transfer, see
schematic in Fig. 1. The latter point is an important consideration
given what is known about biological light harvesting systems. The
most effective means of increasing energy transfer is to incorpo-
rate redundancy by increasing the probability of energy transfer
through multiple pathways, each leading to a common terminal
acceptor chromophore or chromophore complex [15].

Fig. 1. Schematic summarizing various biological scaffolds and their role covered in
this article. First, the scaffold or scaffolding material consists of biologically derived
components. In addition, hybrid structures are included where inorganic compo-
nents are coupled to an organic component via biological scaffolding which can
range from DNA to short peptide sequences. For consideration here, the final assem-
bled complex should demonstrate energy transfer either through multiple steps or
is patterned in an arrangement where several copies of two or more chromophores
are engaged in energy transfer.
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