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Abstract 

Self-assembled photonic systems with well-organized spatial arrangement and engineered optical properties can 
be used as efficient energy materials and as effective biomedical agents. The lessons learned from natural light-
harvesting antennas have inspired the design and synthesis of a series of biomimetic photonic complexes, including 
those containing strongly coupled dye aggregates with dense molecular packing and unique spectroscopic features. 
These photoactive components provide excellent features that could be coupled to multiple applications including 
light-harvesting, energy transfer, biosensing, bioimaging, and cancer therapy. Meanwhile, nanoscale DNA assemblies 
have been employed as programmable and addressable templates to guide the formation of DNA-directed multi-
pigment complexes, which can be used to enhance the complexity and precision of artificial photonic systems and 
show the potential for energy and biomedical applications. This review focuses on the interface of DNA nanotechnol-
ogy and biomimetic photonic systems. We summarized the recent progress in the design, synthesis, and applications 
of bioinspired photonic systems, highlighted the advantages of the utilization of DNA nanostructures, and discussed 
the challenges and opportunities they provide.
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Light is a critical energy source and a powerful tool 
for the manipulation of matter. The interaction of light 
and matter can be engineered via tuning the struc-
tures and properties of optical materials for desired 
functions and applications in multiple fields includ-
ing energy, environment, biomedicine. In this review, 
we focused on the interface of biomimetic photonic 
systems, particularly self-assembled multi-chromo-
phore complexes, and structural DNA nanotechnol-
ogy. We summarized the development of multi-pig-
ment complexes and their applications in energy and 
biomedicine for light-harvesting, sensing, imaging, 
and therapy. Approaches for the employment of DNA 
nanostructures to direct the assembly of photonic sys-
tems and their potential as a novel class of energy and 
biomedical materials are also discussed, along with 
an emphasis on the challenges and opportunities this 
class of materials provides.

Nature‑inspired functional multichromophore 
complex
Rational design and synthesis of photoactive systems 
that exhibit desired optical properties and robust 
capabilities for photon capture and energy conversion 
are in great demand for their potential applications in 
energy and biomedicine, and nature has provided a 
blueprint for addressing these challenges. Specifically, 
photosynthetic organisms use an exquisite molecu-
lar arrangement of photosynthetic pigments in light-
harvesting antenna systems for photon capture and 
energy transfer. Studies of the molecular structure and 
mechanism for these complexes reveal general prin-
ciples that can be applied to guide the design of bio-
mimetic photonic systems for energy and biomedical 
applications.

Natural light‑harvesting system
Photosynthesis is one of the most important biological 
activities on our planet. Photosynthetic species capture 
photons from sunlight and store the solar energy with 
chemical potential. The process is initiated by efficient 
light-harvesting and the absorbed excitation energy 
is further transferred to the reaction center where 
the energy of the photon is converted to the chemi-
cal energy which catalyzes a series of dark reactions. 
The photon capture and energy transfer takes place in 
light-harvesting antenna systems that present a high 
degree of structural diversity due to the adaptive evo-
lution of photosynthetic organisms in a vast array of 
diverse environments [1]. Light-harvesting complexes 
are sophisticated pigment-protein complexes that are 
organized by protein scaffolds arranged with precise 
position and orientation. Chromophores can be divided 
into three groups: chlorophylls, carotenoids, and phy-
cobilins, all of which show specific spectral features and 
high extinction coefficients due to their different conju-
gated pi-electronic structures [2]. The protein scaffolds 
control the spatial arrangement as well as environment 
and dynamics of various pigments to eliminate the pos-
sibility for self-quenching, and create a downhill energy 
landscape for guiding absorbed energy to the reaction 
center with high efficiency [3].

In certain photosynthetic light-harvesting systems, 
the delocalized excitation state is observed [1, 4, 5]. 
This occurs when the chromophores are densely packed 
causing strong intermolecular electronic interactions 
that result in a shared excitation state among multiple 
molecules called molecular excitons. The light-har-
vesting complex 2 (LH2) from purple non-sulfur bac-
teria Rps. acidophila is one example [6, 7], whereby 
LH2 exhibits two ring-like structures B800 and B850 
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assembled by bacteriochlorophyll-a (BChl-a) mole-
cules (Fig.  1a, b). In the B800 ring, BChl-a molecules 
are aligned with a center-to-center distance of ~ 21  Å, 
and the weak inter-chromophore coupling results in a 
localized excitation state. Contrary to its counterpart, 
the B850 ring is formed by a set of 18 densely spaced 
BChl-a molecules with a center-to-center distance 
of ~ 9  Å, causing a strongly coupled intermolecular 
interaction which induces a delocalized exciton within 
the ring structure resulting in a shift in absorption from 
800  nm for BChl-a molecule to 850  nm. The LH2 and 
light-harvesting complex 1 (LH1) further assembles 
into a large-scale interconnected network, in which the 
captured excitation energy can move freely among the 
entire network for efficient light collection and trans-
port (Fig. 1c) [8, 9]. Another example is the chlorosome, 
which is a peripheral light-harvesting antenna complex 
from green sulfur bacteria which contains ~ 200,000 
bacteriochlorophylls (BChl) that are self-aggregated to 
multiple rod-like structures and enclosed by the lipid 
monolayer as “sacks” [10–12]. (Fig.  1d). These aggre-
gated BChl complexes are closely packed and exhibit 
strongly coupled excitonic features [13], (Fig. 1e) and a 
delocalized excitation state capable of tuning the spec-
tral features to facilitate efficient energy transfer [3, 4].

Molecular exciton and dye aggregates
The molecular exciton is characterized by its delocal-
ized excitation state that results from strong interac-
tions of the chromophores. In this case, the excitation 
state is coherently shared by more than one molecule 
rather than isolated on individual molecules. In addi-
tion to the natural light-harvesting systems, the delo-
calized exciton is also observed in self-assembled 
synthetic dye aggregate systems. Dye aggregates with 
highly ordered and closely packed molecular arrange-
ments can be classified into two forms: J-aggregates (J 
denotes Jelley, who initially characterized the aggre-
gate) and H-aggregates (H denotes hypsochromic) 
based upon their unique spectroscopic characteris-
tics [14, 15]. (Fig.  2a) J-aggregates typically include 
features such as largely shifted absorption and emis-
sion spectra to a longer wavelength (red-shifted) 
compared with the monomeric chromophore, a nar-
row absorption band (J-band), an enhanced emission 
band with a small Stokes shift, and a shorter fluores-
cence lifetime called ‘superradiance’, compared with 
the monomer. By contrast, H-aggregates exhibit a 
hypsochromically shifted absorption band (shifted 
to a shorter wavelength) and a reduced fluorescence 
emission intensity.

Fig. 1  Examples of natural light-harvesting systems. a Structure of the photosynthetic unit of purple non-sulfur bacteria. b Model of the 
light-harvesting complex 2 (LH2). c Energy transfer in the network formed by the light-harvesting complex1 (LH1) and LH2 structures. d Model of 
the photosynthetic unit of green sulfur bacteria. e Model of the chromosome and the molecular arrangement of self-aggregated chromophores. 
Reprinted with permission from: a Ref. [9], copyright (2007) National Academy of Sciences, U.S.A; b Ref. [1], copyright (2017) American Chemical 
Society; c Ref. [5], copyright (2012) Royal Society of Chemistry; d Ref. [12], copyright(2014) American Chemical Society; e Ref. [13], copyright (2014) 
Elsevier
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The difference in optical properties of J- and H-aggre-
gates is attributed to their unique molecular arrange-
ments. In J-aggregates, the constituent chromophores 
are aligned in a ‘head-to-tail’ arrangement, whereas 
in H-aggregates, the pigment molecules are assem-
bled ‘side-by-side’ with sandwich-like geometry [15]. 
A molecular exciton model has been applied in both 
scenarios [16, 17]. A dimeric molecular assembly (AB) 
is one example, where the delocalized excitation state 
can be described as a linear combination of the excited 
A (A*B) and the excited B (AB*) to give two excited 
energy levels that are separated by the interaction 
energy between the two component molecules (ΔE) 
(Fig. 2b). When the two molecules are arranged ‘head-
to-tail’, only the transition to the lower energy level is 
allowed, consistent with the bathochromic spectral fea-
tures of J-aggregates. Alternatively, the ‘side-by-side’ 
molecular arrangement results in a favorable transition 
to the higher excited level, which is consistent with the 
hypsochromic absorption spectra of H-aggregates.

Artificial dye materials to harness and collect photons
Natural light-harvesting systems can be used to inspire 
the rational design of artificial light-harvesting com-
plexes for efficient photon collection and exciton trans-
port because of their ability to organize multi-pigment 
systems at high density using protein scaffolds to gen-
erate a specific energy landscape for efficient excitation 
energy transport along a defined pathway [1, 2]. Similarly, 
artificial excitonic architectures can be constructed by 
employing natural or synthetic scaffolds to organize dye 
molecules for the formation of multi-chromophore com-
plexes with coupled intermolecular interactions. A vari-
ety of scaffolds have been reported including viral capsid 
proteins [18], covalent dendrimers [19], supramolecular 
micelles  [20] and nanotubes [21], metal–organic frame-
works [20–22], self-assembled peptide [23, 24] and pro-
tein [25] structures, DNA nanostructures[26], and others. 
Wang et al. employed a host–guest complex that loaded 
two fluorescent dyes, Eosin Y and Nile Red, to achieve 
a two-step sequential energy transfer (Fig.  3a) [27]. The 
captured photonic energy was shown to efficiently trans-
fer to  the energy acceptor to drive photocatalytic reac-
tions. MacPhee et  al. introduced nanofibers assembled 
from short peptides to guide the spatial arrangement of 
two individual fluorescent moieties as an artificial light 
harvesting antenna complex (Fig.  3b)  [23] which facili-
tated efficient light harvesting and energy transfer thus 
enabling broad applications for white-light luminance 
[24] and photocatalysis [27].

An additional property of the artificial excitonic com-
plex hinges upon the strongly coupled dye aggregate 
system [4]. A variety of self-assembled dye aggregates 
have been explored, such as light-harvesting nanotubes 
formed by amphophilic cyanine dyes [28], supramo-
lecular assemblies from zinc-chlorins [29], tubular por-
phyrin dye aggregates [30], self-assembled nanofibers 
[31], supramolecular polymers [32], among many oth-
ers, each of which demonstrated the long-range exciton 
motion capabilities for efficient energy transfer. In one 
study, Vanden Bout et al. synthesized and characterized 
double-walled tubular J-aggregates assembled by amphi-
philic cyanine dyes (Fig.  3c) [28]. These dye aggregate 
nanotubes exhibit uniform structures with micron-scale 
exciton motion capabilities at room temperature [33]. 
Hildner et  al. showed that self-assembled nanofibers by 
triarylamine derivatives, form closely stacked H-aggre-
gates that can efficiently transport singlet excitons over 
more than 4 µm (Fig. 3d) [31]. In addition, self-assembled 
fibers from conjugated polymers [34] have also been 
demonstrated to conduct > 200 nm exciton transport, and 

Fig. 2  Spectral features and molecular arrangements of J- and 
H-aggregates. a Model of spectra and molecular arrangements for 
J- and H-aggregates. b Excited state energy diagrams of molecular 
dimers with two different arrangements (left: H-dimer, right: J-dimer). 
Reprinted with permission from: a Ref. [15], copyright (2014) IOP 
Publishing; b Ref. [1], copyright (2017) American Chemical Society
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such strongly coupled excitonic systems have been fur-
ther integrated with energy donors or acceptors [35–38] 
and used for solar cells [39].

Utilization of dye aggregates for biomedical 
applications
The unique optical properties of densely packed multi-
chromophore complexes are of great interest in biomedi-
cal applications, especially with dye aggregates where 
the absorption and fluorescence emission spectra are 
in the near-infrared (NIR) range from 750 to 1700  nm. 
NIR light is advantageous because it can penetrate tis-
sues 1–20 mm [40], and these photoactive materials have 
been frequently used in fundamental studies and clinical 
applications [41–43]. The NIR dye aggregates assembled 
from diverse organic pigments, including cyanine dyes, 
porphyrin derivatives, boron dipyrromethene (BODIPY), 
squaraine dyes, etc. have been employed as powerful 
agents for effective optical biosensing, in  vivo imaging, 
and cancer therapy [44].

Biosensing
A common approach to designing an optical biosensor 
is the development of an efficient fluorescence probe 
that can selectively bind to  target species [45]. The dra-
matic changes in spectral characteristics of the organic 

pigments from the monomeric to the aggregated form 
provide the basis for effective biosensing where the dye 
specifically interacts with the target molecules and con-
vert from a fluorescence-quenched state to a fluores-
cence-active state to achieve fluorescence enhancement. 
These dye-aggregate probes have been investigated to 
selectively detect small molecules [46, 47], proteins [48], 
DNA [49], and glycosaminoglycans [50]. One example 
demonstrated that an amphiphilic dicyanovinyl squar-
aine SQgl [49] could serve as a highly selective probe to 
detect G-quadruplexes (G4) in the parallel configuration 
(Fig. 4a). In this work, it was shown that the SQgl could 
specifically bind with parallel G4s to form a sandwich-like 
1:2 complex, which resulted in a 20,000-fold fluorescence 
enhancement due to the switching from a non-emissive 
aggregated form, to a highly emissive dye-DNA complex.

Temperature change can also cause the switch-
ing of molecular arrangement of dye molecules which 
consequently alter the spectral properties. In 2014, a 
nanoswitch based on a thermo-responsive lipid vesi-
cle embedded with BChl dyes was introduced as a 
probe for in  vivo non-invasive temperature monitor-
ing [51]. The temperature-induced reversible switching 
of the fluidity of lipid bilayers led to the correspond-
ing changes in spatial arrangements of the embedded 
BChl dye (Fig. 4b) where the BChl molecules presented 

Fig. 3  Bio-inspired artificial light-harvesting systems. The artificial light-harvesting systems are either organized by a guest–host assemblies [27] 
and b self-assembled peptide structures [23], or formed by c self-assembled dye aggregates nanotubes[28] and d nanofibers[31]. Reprinted with 
permission from: a Ref. [27], copyright (2020) Wiley; b Ref. [23], copyright (2009) American Chemical Society; c Ref. [28], copyright (2009) Springer 
Nature; d Ref. [31], copyright (2015) Springer Nature
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a J-type stacking and red-shifted absorbance at low 
temperatures. Once the temperature exceeds a certain 
threshold that can be tuned by modification of the lipid 
species, the increased mobility of BChl in the mem-
brane lead to the disruption of dye aggregates showing 
a significantly decreased absorbance and photoacoustic 
signal.

Further, the highly emissive dye aggregate system 
can be used as a probe to monitor enzyme activity. For 
example, a BODIPY chromophore has been reported 
to selectively detect eosinophil peroxidase (EPO) that 
generates HOBr from the myeloperoxidase (MPO) 
related to HOCl generation [52]. The chromophore 
shows 1200-fold higher kinetic selectivity with HOBr 
than that of HOCl, and the dibrominated product can 

self-assemble into J-aggregates exhibiting strong fluo-
resce emission (Fig.  4c). The fast response (time < 2  s) 
and highly sensitive EPO probes have been used for live 
cell imaging and blood sample testing.

Bioimaging
Fluorescence imaging and photoacoustic (PA) imaging 
are effective tools for fundamental and clinical biomedi-
cal applications because they provide real-time wide-field 
images with high spatial resolution down  to ~ 100  μm 
using low-toxic organic chromophores [42]. High qual-
ity in  vivo bioimaging requires imaging agents that 
show strong signals, good photostability, and deep tis-
sue penetration in pursuit of high signal-to-background 

Fig. 4  Dye aggregates for biosensing. a SQgl dye as a light-up probe to selectively detect parallel G4; b A temperature-responsive nanoswitch 
based on the lipid vesicle embedded with BChl dyes as a probe for in vivo temperature sensing; c BODIPY chromophores can be used to specifically 
detect the activity of eosinophil peroxidase (EPO). Reprinted with permission from: a Ref. [49], copyright (2017) Wiley; b Ref. [51], copyright (2014) 
American Chemical Society; c Ref. [52], copyright (2018) American Chemical Society



Page 7 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 	

ratio (SBR) and spatial resolution [53]. Leveraging the 
excellent optical properties of strongly coupled multi-
chromophore complexes, especially J-type dye aggre-
gates in the NIR range which serve as attractive agents 
for both fluorescence and PA imaging. The fluorescence 
imaging relays on the dye aggregates present strong fluo-
rescence emission, while the PA imaging agents serve as 
non-emissive multi-pigment complexes that convert the 
absorbed photon energy into heat via vibration relaxa-
tion, which result in the formation of sound waves as PA 
signals that are detectable for ultrasound transduction 
[54]. In general, J-aggregates show strong, red-shifted 
absorption, making them ideal materials to design novel 
imaging agents that are active in the NIR range for deep 
tissue penetration. The significantly enhanced fluores-
cence emission spectroscopic features from J-aggregates 
improve the SBR for fluorescence imaging and are poten-
tially beneficial for multiplexing thus providing the abil-
ity to avoid spectral overlaps. In contrast, the increased 
absorption extinction coefficient of J-aggregates com-
pared to the monomeric species and the quenched 
emission in certain cases, make some J-aggregates good 
candidates for effective PA imaging.

A series of J-aggregates that absorb and emit NIR 
light, including cyanine dyes [55], porphyrin derivatives 
[56], BODIPY [57], and squaraine dyes [58], have been 
reported as powerful tools to achieve effective in  vivo 
fluorescence imaging and accomplish complex practi-
cal tasks, such as imaging‐guided osteosynthesis [59] 
and tracing dynamic collateral circulation processes 
[60]. Recently, a novel cyanine dye FD-1080 [61] was 
reported by Zhang et al. that forms J-aggregates via co-
assembly with 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) showing both absorption and emission 
wavelengths over 1300  nm (Fig.  5a). The great spatial 
resolution and high SBR of the J-aggregate imaging in 
the second NIR window (1000–1700  nm) enable in  situ 
dynamic monitoring for the blood width of the carotid 
artery expanding from 370 to 680 μm after treatment of 
the hypertensive rate with hypotensor.

The challenges in the application of dye aggregates 
for bioimaging are their structural and spectral stability 
and long-term blood circulation. For example, indocya-
nine green (ICG), an FDA-approved clinical NIR imag-
ing agent, has been reported to bind with serum proteins 

resulting in the switching between aggregated and mono-
meric forms which consequently change the spectral fea-
tures [62]. To improve the stability and circulation of dye 
aggregates in vivo, synthetic scaffolds, such as polymers, 
inorganic nanoparticles, and lipid vesicles, have been 
used to co-assemble [63] or encapsulate [64] the densely 
packed dye aggregates. Sletten et  al. have reported the 
use of hollow mesoporous silica nanoparticles to trap 
the J-aggregates formed by the NIR chromophore IR-140 
[65], where the dye aggregates were encapsulated by 
nanoparticles which showed enhanced stability and have 
been used to achieve efficient in vivo imaging (Fig. 5b).

Effective PA imaging predominantly depends on the 
dye aggregates showing quenched fluorescence emis-
sion. PA imaging agents are prepared via templating or 
encapsulating those densely stacked dye aggregates using 
the self-assembled lipid [66], lipoprotein [67], and poly-
mer [68] nanocarriers, which can facilitate the lifetime 
of blood circulation and accumulation of the dye at the 
tumor site. Inspired by natural light-harvesting systems, 
Zheng et  al. developed a series of porphyrin dye aggre-
gates assisted by lipid assemblies for photoacoustic appli-
cations [69]. Self-assembled lipid structures in multiple 
sizes ranging from 100 nm [51, 56] to 10 µm [70] direct 
the formation of dye aggregates with ordered spatial 
arrangements assembled from diverse porphyrin deriva-
tives [71]. Those dye aggregates embedded in the lipid 
structures exhibited a bathochromic shift of absorption, 
indicating a J-type “head-to-tail” molecular arrangement, 
resulting in fluorescence quenching, and strong PA signal 
enhancement. One example introduced the BChl mol-
ecules into the microbubbles (pMBs, a contrast agent for 
ultrasound imaging) with gas encapsulated (Fig.  5c) for 
multimodal imaging (ultrasound, fluorescence, and PA) 
[70]. The treatment of ultrasound can induce the conver-
sion of pMBs to nanoparticles (pNPs) at the tumor site 
while PA properties are retained for a prolonged reten-
tion time. This in  situ conversion quickly delivers the 
pNPs into target sites in minutes which indicates poten-
tial applications in drug delivery. In addition, a variety of 
biocompatible PA agents based on BODIPY [72], ICG 
[73], squaraine dyes [66], etc. have also been reported for 
PA imaging in tumor model mice. The nanocarriers can 
be further conjugated with antibodies for specific tumor 
targeting, which boosts the efficacy and quantification of 

Fig. 5  Dye aggregates for effective bioimaging. a Self-assembled J-aggregates from cyanine dye FD-1080 for effective bioimaging; b the 
IR-140 J-aggregates encapsulated by porous silica nanoparticles showing enhanced in vivo stability; c porphyrin-derivates have been embedded 
into the lipid assemblies to form dye aggregates serving as PA agents. The ultrasound-induced transformation from microbubbles to nanoparticles 
shows prolonged PA signals; d aza-BODIPY-lipid conjugates can assemble to BODIPYsome for dual-modal fluorescence and PA imaging. Reprinted 
with permission from: a Ref. [61], copyright (2019) American Chemical Society; b Ref. [65], copyright (2019) American Chemical Society; c Ref. [70], 
copyright (2015) Springer Nature; d Ref. [72], copyright (2019) Wiley

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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PA imaging, making it a promising candidate for future 
clinical applications [74].

Furthermore, some J-aggregate-based imaging agents 
have been shown as dual-modular probes for both 
fluorescence and PA imaging [66, 75, 76]. Zheng et  al. 
showed that the aza-BODIPY-lipid conjugate co-assem-
bled with phospholipids to form the vesicle BODIPY-
some [72] which presented the red-shifted absorption 
peak and > 96% fluorescence quenching (Fig.  5d). The 
BODIPYsome presents good serum stability and strong 
PA signals in the NIR range, allowing it to be success-
fully used as a PA agent for in  vivo tumor imaging. 
Notably, after 6 and 24  h post-injection, a strong fluo-
rescence signal in the tumor site was observed, because 
BODIPYsomes accumulating in the tumor tissue were 
disrupted to recover the fluorescence emission, making 
the assembled BODIPY-based nanostructures attractive 
dual-modular imaging agents.

Cancer therapy
Phototherapy, including photothermal therapy (PTT) and 
photodynamic therapy (PDT), has been demonstrated as 
an effective treatment of cancer through the conversion 
of photon energy to produce hyperthermia to generate 
cytotoxic species to effectively eliminate tumor cells [77]. 
Non-emissive dye aggregates, especially J-type aggre-
gates, can serve as good therapeutic materials for cancer 
phototherapy due to their excellent spectral properties 
including narrow and significantly red-shifted absorption 
spectra in the NIR window, and increased absorption 
extinction coefficient compared to the monomeric form.

The high photothermal conversion efficiency and 
photo-stability due to enhanced non-radiative decay 
pathways make dye aggregates ideal candidates for effec-
tive photothermal therapies [78]. The J- or H-aggregates 
assembled from ICG [79], hyperbranched porphyrin 
[80], BODIPY [81, 82], squaraine dye [58], tetrameth-
ylbenzidine [83], etc. have been demonstrated as good 
PTT agents with efficient photothermal conversion, low 
toxicity, and efficient antitumor performance. Moreo-
ver, the rational design in the morphology of assembled 
dye aggregates was carried out to further improve the 
circulation, accumulation, and penetration of the pho-
tothermal agents in  vivo. Wang et  al. introduced mor-
phologically transformable nanoaggregates assembled 
by aza-BODIPY dyes to achieve long blood circulation 
time  and deep tumor penetration [84] (Fig.  6a). The 
amphiphilic dye monomers first assemble into nanofibers 
(1-NFs) which then can transform to spherical nanoparti-
cles (1-NPs) triggered by NIR light irradiation. The 1-NFs 
showed a 7.6-fold longer circulation time in the blood 
compared to that of 1-NPs. The fiber-to-particle trans-
formation can be performed in  vivo after accumulation 

at the tumor site. The 1-NPs showed high photothermal 
conversion efficiency, good thermal stability, deep tissue 
penetration, and effective tumor inhibition.

Some dye aggregates [85, 86] have been demonstrated 
to show effective photodynamic therapy under NIR irra-
diation, which relays across the intersystem to form a 
triplet state for the generation of reactive oxygen species 
(ROS) that leads to cytotoxic effects on tumor cells [87]. 
In some cases, the photodynamic J-aggregate agents also 
show a good photothermal conversion for both enhanced 
PDT and PTT [88–90] where their properties can also be 
tuned by the irradiation wavelength [91]. For example, a 
BODIPY-based dye aggregate vesicle [92] presents either 
strong PDT performance upon excitation at 680  nm or 
effective PTT under 785  nm irradiation, allowing for a 
wavelength-dependent cancer phototherapy (Fig. 6b).

The self-assembled dye aggregate systems, alone [80, 
90, 93] or combined with other imaging agents [94–96], 
have been employed for imaging-guided phototherapy. 
Liu et  al. has developed a dye aggregate complex with 
iron oxide nanoparticles [95] that are contrasting agents 
for magnetic resonance (MR) imaging. The complex 
showed effective photothermal therapy, and the MR 
imaging revealed substantial tumor accumulation. Fur-
thermore, the dye-aggregate-based phototherapy could 
be combined with a chemodrug [97, 98] for synergis-
tic cancer therapy. Yin et al. reported a multi-functional 
nanodrug assembled from pentamethine indocyanine 
(ICy5) dye [98] (Fig.  6c). The densely packed ICy5 dye 
aggregates exhibit appropriate photodynamic properties 
for effective PDT. Further, the singlet oxygen generated 
by PDT results in the reduction of the size of nanodrug, 
which triggers the release of encapsulated chemodrugs 
for the chemo-PDT combined therapy. Additionally, 
stimuli-responsive dye aggregated systems have also been 
explored in pursuit of smart and precise cancer therapy 
[99, 100]. In 2016, Zheng et al. introduced photothermal 
enhancing auto-regulated liposomes (PEARLs) to achieve 
deep and homogeneous photothermal therapies [101]. 
The absorption properties of J-type porphyrin aggre-
gates embedded in liposomes can be reversibly tuned 
by temperature change during PTT. The PTT-induced 
hyperthermia in the shallow layer of tissue leads to bet-
ter transmission of irradiatied light, and consequently 
increased light penetration for heating of deep tissue.

DNA nanotechnology
DNA is a well known biomolecule encoding the genetic 
information that guides the biological activities of life. In 
the past four decades, DNA has emerged as a program-
mable material devoid of biological function, to construct 
nanostructures with a ‘bottom-up’ approach [102–104] 
which utilizes intrinsic molecular information of building 



Page 10 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 

blocks to direct their autonomous assembly for higher-
order architectures.

DNA is a programmable polymer containing precise 
molecular recognition due to highly specific Watson–
Crick base-paring. Naturally occurring DNA is com-
posed of two single-stranded DNA  (ssDNA) strands, 
and each ssDNA oligonucleotide is formed by cova-
lently linked nucleotides as repeating units containing 
a phosphate group, a deoxyribose, and a nucleobase. 
DNA is comprised of four nucleobases: adenine (A), 
thymine (T), cytosine (C), and guanine (G). The specific 

and predictable Watson–Crick pairing between nucle-
obases, where A pairs with T and C pairs with G, 
ensures the precise binding between ssDNA strands 
and can be introduced to program the interaction 
between each strand for both its well-defined primary 
and secondary structure. B-form DNA exhibits a right-
handed double helix structure with a diameter of 2 nm, 
a helical pitch of 3.4  nm, and 10.5 base pairs per turn 
which offer opportunities for the precise design and 
organization of DNA-based nanostructures. In addi-
tion, the well-established solid-phase synthesis of DNA 

Fig. 6  Dye aggregates for cancer phototherapy. a aza-BODIPY nanoaggregates show the transformable morphology from fibers (1-NFs) for long 
blood circulation times to particles (1-NPs) for deep tumor penetration; b BODIPY dye aggregates nanoparticles show a wavelength-dependent 
phototherapy, i.e., effective PDT using 660 nm excitation and effective PTT using 785 nm excitation. c Self-assembled Icy5 dye conjugates for 
combined PDT and chemotherapy. Reprinted with permission from: a Ref. [84], copyright (2020) American Chemical Society; b Ref. [92], copyright 
(2017) Wiley; c Ref. [98], copyright (2018) Wiley
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with various chemical modification, enables the large-
scale and low-cost usage of synthetic DNA. This can 
also be coupled with a variety of enzymatic manipula-
tions that can be used to tune and modify DNA oligos. 
The development of DNA nanotechnology  allows for 
the design and construction of DNA tile-based and ori-
gami assemblies.

DNA tile assembly
In 1982, Nadrian Seeman, the pioneer and founder of 
structural DNA nanotechnology, proposed the utilization 
of branched DNA motifs to construct three-dimensional 
(3D) lattices via hybridization of sticky ends (ssDNA 
overhangs) to orient proteins for crystallization [105]. 
(Fig. 7a) Biologically occurring branched DNA structures 
like the Holliday junction (HJ), show intrinsic limitations 
due to their geometric flexibility and sequential sym-
metry. To overcome those limitations, Seeman reported 
the immobile four-armed HJ with unique asymmetric 
sequences for each arm [106]. Double-crossover (DX) 
structures were further developed where two DNA heli-
ces are joined by two crossovers and showed improved 
rigidity of adjacent duplexes that are tethered by HJ 
crossover points [107]. These DNA “tiles” can be used 
as the building units to construct higher-order architec-
tures. In 1998, the first two-dimensional (2D) periodic 
DNA crystal was reported by the usage of DX tiles [108].

This construct was further expanded to a triple-cross-
over [109], four-helix [110], eight-helix, and twelve-helix 
tile [111], and three-helix [112] and six-helix bundles 
[113]. Additionally, a variety of DNA tiles with various 
morphologies, including the 4 × 4 [114], three-point-star 
[115], and six-point-star [116], were developed utilizing 
a central strand to connect multiple arms. Those basic 
units were capable of forming DNA nanotubes and a 2D 
lattice with periodic patterns [117] (Fig.  7b). Archime-
dean tiling [118] and DNA 2D quasi-crystal [119] were 
also achieved by employing multiple types of tiles with 
rational junction designs and matching rules. A variety 
of 3D polyhedra, such as cubes [120], tetrahedra [121], 
dodecahedrons, buckyballs [122], amongst a host of 
others, were also constructed based on multi-arm junc-
tions and DX components (Fig. 7c). The 3D DNA crystals 
proposed in 1982 have been reported using a rationally 
designed tensegrity triangle [123], various 4 × N motifs 
[124–126], a six-fold symmetric motif [127], and a layer-
crossed motif [128] (Fig.  7d). ssDNAs have also been 
used as self-assembly units, such as single-stranded tiles 
(SSTs), to generate arbitrary 2D [129] and 3D shapes 
[130].

DNA origami assembly
The DNA origami design strategy was introduced by Paul 
Rothemund in 2006 [131]. A long viral ssDNA “scaffold” 

Fig. 7  DNA nanostructures based on tile assembly. a Seeman’s proposal about utilization of branched DNA motifs to create 3D scaffold for protein 
crystallization [105]. b Examples of 2D arrays assembled by DX tile (left) [108], three-point-star tile (middle) [115], and three-helix bundle (right) [112]. 
c Examples of DNA assembled cube (left) [120], tetrahedron (middle) [121], and dodecahedron (right) [122]. d 3D DNA crystals formed by tensegrity 
triangle (top) [123], and six-symmetry motif (bottom) [127]. Reprinted with permission from: a Ref. [142], copyright (2017) American Chemical 
Society; b Ref. [103], copyright (2017) Springer Nature; c Ref. [104], copyright (2014) American Chemical Society; d top: Ref. [123], copyright (2009) 
Springer Nature; bottom: Ref. [127], copyright (2018) Wiley
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strand with a length of several thousands of nucleotides 
was folded to arbitrary 2D nanostructures with the DX-
based structural design which was assisted by hundreds 
of short ssDNAs “staple” oligonucleotides. It has been 
shown that planar 2D DNA origami can be further folded 
to 3D objects via “cutting” the 2D sheet as several con-
nected sub-units, such as squares and triangles, as faces 
of cubes [132] and tetrahedra [133], and subsequently 
jointed these motifs with designed shapes to specified 
3D architectures. To overcome the flexibility of single-
layered origami, the strategy utilized to design a com-
pact 3D DNA origami structure allows for the stacking of 
single-layer designs to create multiple layers with honey-
comb [134] and square lattices [135]. Furthermore, more 
complex structural features, including twist [136] and 
curvature [137], have been implemented into 3D DNA 
origami designs (Fig. 8).

DNA origami has also developed methods where the 
component DNA helices can be aligned beyond the 
DX context. The wireframe DNA origami was reported 
to construct complex 2D structures and arbitrary 3D 
meshes using DX tiles [138] or double stranded DNA 
(dsDNA) [139] at each edge. ssDNA origami was also 
created by self-folding of a ssDNA strand that contained 

a partial complement to the desired shape via parallel 
crossover cohesion [140]. Owing to the high degree of 
programmability and intrinsic spatial addressability of 
DNA origami, 2D and 3D objects at the nanoscale have 
been utilized as versatile templates to engineer functional 
components for broad applications that include funda-
mental biophysical studies to complex nanodevices and 
nanorobots [141, 142]. Self-assembled DNA origami can 
further be scaled up to generate higher-order structures 
via base-pairing or shape complementarity to achieve 
sophisticated patterns [143], gigadalton-scale objects 
[144], and macroscopic 3D crystals [145].

Dynamic DNA technology
Another dynamic aspect of DNA nanotechnology is the 
ability to generate nanodevices with non-equilibrium 
dynamics based upon the programmability of DNA mol-
ecules [146, 147]. A variety of DNA nanodevices, such as 
tweezers [148], actuators [149], walkers [150], and cir-
cuits, have been developed to bring out switching, recon-
figuration, motion, computation, and more (Fig. 9).

Mechanisms to power dynamic DNA nanostructures 
can be categorized as non-DNA and DNA-based types. 

Fig. 8.  2D and 3D DNA origami. a 2D smiley face [131], b 3D cube, [132], c 3D multi-layer structure with honeycomb lattice [134], d 3D DNA gear 
[136], e 3D DNA vase [137], f 3D DNA mesh [139], g 2D wireframe DNA origami [138], h single-stranded DNA origami [140], scaled-up DNA origami 
with i complicated patterns[143] and j gigadoltan scale [144]. Reprinted with permission from: a Ref. [131], copyright (2006) Springer Nature; b Ref. 
[132] copyright (2009) Springer Nature; c Ref. [134], copyright (2009) Springer Nature; d Ref. [136], copyright (2009) AAAS; e Ref. [137], copyright 
(2011) AAAS; f Ref. [139], copyright (2015) Springer Nature; g Ref. [138], copyright (2015) Springer Nature; h Ref. [140] copyright (2017) AAAS; i Ref. 
[143], copyright (2017) Springer Nature; j Ref. [144] copyright (2017) Springer Nature
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In the non-DNA triggered system, the conformation of 
DNA structure or interaction of the DNA helix can be 
tuned by the external stimulus including pH [151], light 
[152], ionic strength [153], small molecules, tempera-
ture [154], enzyme, electronic field [155] among oth-
ers, which  can be used to drive dynamic DNA devices. 
DNA-based dynamic systems primarily relies on strand 
displacement. Strand displacement is used to displace the 
pre-hybridized strands from a multi-stranded complex 
by employing a partially or fully complementary strand. 
The reaction has been used to construct reconfigurable 
DNA structures [156], stepped walkers [157], logic cir-
cuits [158], among many others. The complexity of DNA 
nanodevices can be further expanded for cargo sorting 
[159], targeted drug delivery [160], and reconfigurable 
nanophotonic systems [161].

Photonic systems directed by structural DNA 
templates
The artificial photonic systems for efficient light-harvest-
ing and energy transfer require the precise control of the 
position, orientation, dynamics, and environment of pho-
tonic components, including chromophores and nano-
particles. Although numerous examples of biomimetic 
photonic systems have been developed, it is still challeng-
ing to rationally design and construct photonic architec-
tures that can have well-controlled sizes and geometries 
as well as the spatial arrangement of photoactive compo-
nents. Structural DNA nanotechnology provides a feasi-
ble approach to address these long-standing challenges 
that utilize DNA assemblies as templates to arrange pho-
toactive species in a programmable manner.

Fig. 9  Dynamic DNA devices. a DNA nanomotor fueled by proton [151]. b Reconfigurable 3D DNA structures [154]. c DNA tweeter fueled by DNA 
strand displacement reaction [148]. d A unidirectional DNA walker [150]. Reprinted with permission from: a Ref. [151], copyright (2003) Wiley; b Ref. 
[154] copyright (2015) AAAS; c Ref. [148], copyright (2009) Springer Nature; d Ref. [146], copyright (2007) Springer Nature
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Programmable DNA templates show various sizes 
ranging from a few nanometers to micron-scale and 
extendable dimensions from 1 to 3D. The intrinsic 
addressability of self-assembled DNA nanostructures 
offer nanometer precision to organize photonic com-
ponents covalently or non-covalently with designed 
distance, orientation, and stoichiometry. Those advan-
tages empower DNA-directed photonic systems to serve 
as versatile templates for both fundamental studies to 
reveal poorly understood phenomena, such as exciton 
motion [162], multi-chromophore energy transfer [163], 
etc. and functional applications in excitonic switches 
[164, 165] and information encryption [166]. In addi-
tion, the dynamic DNA structures can also be integrated 
into DNA templates to design and construct responsive 
and reconfigurable photonic complexes for biomedical 
applications.

DNA nanostructure based photonic systems fall into 
two broad categories: (1) to organize chromophores and 
quantum dots on the DNA-based platforms to medi-
ate the cascaded excitation transport based on Förster 
Resonance Energy Transfer (FRET) mechanism; and (2) 
the employment of DNA nanostructures as templates 
for assembly of strongly coupled dye complexes with a 
densely packed molecular arrangement, or for routing of 
the conjugated polymer to direct excitation energy trans-
fer beyond the FRET regime of a few nanometers.

Organization of weakly coupled chromophores
The integration of chromophores to DNA structures 
dominantly relies on the covalent modification of specific 
dye molecules to DNA strands at 5’- or 3’-ends, or inter-
nally, via phosphoramidite chemistry or post-synthesis 

conjugation [167, 168]. The dye-DNA conjugates were 
incorporated into the self-assembled DNA platforms, 
including dsDNA [168–171], DNA tiles [26, 172], DNA 
bricks [163], and DNA origami [173–175], for the precise 
spatial arrangement and stoichiometric control of multi-
ple chromophores with rationally designed spectral fea-
tures. For example, DNA origami can be used to arrange 
the spatial patterns of fluorophores for a cascaded FRET 
signal along controlled pathways (Fig. 10a). Those DNA-
based weakly coupled multi-chromophore systems con-
ducting the cascaded energy transfer were introduced for 
molecular photonics and artificial light-harvesting. For 
instance, a DNA-directed light-harvesting antenna has 
been synthesized by using the self-assembled seven-helix 
DNA bundle to organize pyrene molecules, Cy3 dyes, and 
Alexa Fluor 647 molecules to form circle arrays as pri-
mary donors, second donors, and acceptors, respectively. 
These artificial antenna complexes enable an efficient, 
stepwise funneling of the excitation energy (Fig. 10b). To 
facilitate the long-range energy transfer across a spatial 
distance of > 10 nm, a cluster of identical dyes for homog-
enous FRET  (homo-FRET) was developed to minimize 
the energy loss and the distance for the cascaded excita-
tion transport up to 30 nm have been reported [176–178] 
(Fig. 10c).

Another approach for the construction of the DNA-dye 
system is the implementation of a dye that can be inter-
calated into the DNA helix [179–181]. Specifically the 
YO-PRO-1 dye can be intercalated to dsDNA that deliv-
ers energy from donor to acceptor with improved light-
harvesting performance [182] (Fig.  10d). Quantum dots 
(QDs) have also been incorporated into DNA nanostruc-
tures as light-harvesting components due to their excep-
tional optical properties, such as narrow emission band, 
high quantum yield, and stability against photobleach-
ing. A DNA photonic wire can be conjugated onto the 
surface of QDs, which serve as an energy donor to col-
lect photons and transfer the excitation to downstream 
small molecular fluorophores [183, 184]. Moreover, the 
chromophore-DNA complex can combine with other 
functional components, that include photosynthetic 
reaction center proteins for energy conversion and artifi-
cial photosynthesis [185].

Assembly of strongly coupled excitonic complexes
The self-assembled dye aggregate complex presents 
strongly coupled excitonic features and is capable of 
mediating micron-scale exciton propagation. However, 
those densely packed dye complexes lack precise geom-
etry control and site-specific functionalization. To over-
come those limitations, DNA structures were utilized as 
templates to arrange dye molecules into strongly coupled 
dye aggregates. A variety of dye molecules have been 

Fig. 10  DNA templates for precise control of weakly coupled 
chromophores. a Using DNA origami to precisely organize multiple 
dyes [173]. b An artificial light-harvesting antenna organized by 
DNA seven-helix-bundle [26]. c A cluster of Cy3.5 dyes to conduct 
homo-FRET for long-range energy transfer [178]. d A photonic wire 
based on DNA duplex [182]. Reprinted with permission from: a 
Ref. [173], copyright (2011) American Chemical Society; b Ref. [26], 
copyright (2011) American Chemical Society; c Ref. [178], copyright 
(2016) Wiley; d Ref. [182], copyright (2008) American Chemical Society
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reported to form J- or H-aggregates via non-covalent 
binding onto the minor groove of dsDNA in close prox-
imity that have been validated by their spectral features 
[186]. Recently, the pseudoisocyanine (PIC) dye has been 
demonstrated to selectively form J-like dye aggregates on 
poly(A)/ploy(T) dsDNA as ‘J-bits’ [187, 188], which can 
be engineered by DX tiles to mediate donor to accep-
tor energy transfer [189] (Fig.  11a). In addition, a ben-
zothiazole cyanine dye, K21, has been demonstrated to 
form J-like aggregates templated on a DNA duplex which 
exhibit strongly coupled excitonic features and sequence 
independence [190]. The DNA-templated K21 aggregates 
have been used as “excitonic wires” to mediate efficient 
directional excitation energy transport over a distance 
up to 30  nm (Fig.  11b). Those DNA-directed excitonic 
systems pave the way for the design and synthesis of 
higher-order excitonic architectures with high geometric 
complexity and programmability.

DNA structures can also be used to organize the cova-
lently conjugate dye molecules to form strongly coupled 
dye complexes with precise position and orientation con-
trol. The Cy3 and Cy5 dyes were reported to form dye 
complexes with strong electronic coupling, such as J-like 
dimer, H-like dimer, and H-like tetramer [191–197]. 
These systems were investigated to reveal the spectral 
properties, coherence, and dynamics of excitons, and 
offer new insight towards the design and application of 
DNA-templated strongly coupled dye complexes.

Conjugated polymers are also able to mediate long-
range exciton transport because of their intrinsic elec-
tronic structure [198]. The combination of conjugated 
polymers onto addressable DNA nanostructures can con-
trol and tune the alignment of polymers for directional 
exciton transport. Gothelf et  al. reported the ability to 
route phenylene vinylene [199] and fluorene[200] based 

polymer-DNA conjugates along defined tracks on the 
surface of rectangular DNA origami (Fig. 11c). The align-
ment of polymers can be switched between two different 
tracks using toehold-mediated strand displacement [201] 
to achieve a tunable excitation energy transport along a 
defined pathway. Subsequently, the conjugated polymers 
have been used as single-molecular photonic wires to 
conduct donor-to-acceptor energy transfer over 24  nm 
[202].

Applications in phototheranostics
DNA nanostructures empower the biomimetic pho-
toactive systems with precise and tunable spatial 
arrangement, which offers more possibilities for the 
development of powerful tools for postdiagnosis and 
phototherapy. One important attribute is the imple-
mentation of the DNA-directed multi-chromophore 
complexes for fluorescence-based biosensing. The sim-
plest DNA-based fluorescent biosensor is a molecular 
beacon (MB) [203]. The configuration of MB switches 
from a hairpin form to a duplex form after binding with 
target molecules results in the spatial separation of fluo-
rophores and quenchers, and restore the fluorescence 
signal as a light-up biosensor [204]. This principle has 
also been applied to design biosensors by employing 
stimuli-responsive motifs into DNA photonic systems 
based on complex DNA nanostructures [205–207] for 
the detection of diverse targets including miRNA [208], 
ATP [209], pH [210], ion [211], and more. Andersen 
et  al. has reported a DNA origami beacon [212] in 
which multi-fluorophore arrays consisting of up to 60 
donor and acceptor molecules were attached. The fluo-
rophore arrays increased the signal-to-noise ratio, and 
enable single device biosensing to detect target DNA 

Fig. 11  Strongly coupled excitonic systems organized by DNA templates. a DNA-templated PIC dye aggregates were used to mediate energy 
transfer on DX tile. b DNA duplex has been used as a template to organize cyanine dye K21 to form dye aggregates, serving as a bridge to conduct 
efficient donor-to-acceptor energy transfer over up to 30 nm. c Using DNA origami to route the conjugated polymer. Reprinted with permission 
from: a Ref. [189], copyright (2018) Springer Nature; b Ref. [190], copyright (2019) American Chemical Society; c Ref. [199], copyright (2015) Springer 
Nature
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sequences down to 100 pM in < 45 min (Fig.  12a). The 
complex DNA structures provide more flexibility to 
integrate multiple dynamic DNA motifs responsive 
to different environmental cues for constructing logic 
sensors. As an example, Fan et al. integrated a series of 
reconfigurable DNA structures, including a pH-respon-
sive i-motif, anti-ATP aptamer, mercury-specific oligo-
nucleotide, and hairpin structures, extending to DNA 
tetrahedra for the construction of AND, OR, XOR, and 

INH logic gates [213] (Fig.  12b). The logic sensor has 
been used for intracellular detection of ATP in living 
cells via fluorescence imaging. Compared to the sim-
plest molecular beacon system, such photonic systems 
directed by complex DNA structures offer modular and 
robust templates that can be easily integrated into vari-
ous responsive domains for multiplexed detection with 
high sensitivity and molecular computation to meet 
complex tasks.

Fig. 12  DNA-directed photonic systems for biosensing and cancer therapy. a A DNA origami beacon containing donor and acceptor fluorophore 
arrays; b Reconfigurable DNA tetrahedra for the construction of multiple logic gates for intracellular sensing; c Changing the energy transfer 
pathways on DNA dendrimers for applications in biosensing; d DNA origami hybrid with gold nanorods for enhanced in vivo PA imaging and 
photothermal cancer therapy; e DNA orgami/gold nanorods loading with DOX for synergistic PTT and chemotherapy. Reprinted with permission 
from: a Ref. [212], copyright (2018) American Chemical Society; b Ref. [213], copyright (2012) Wiley; c Ref. [216], copyright (2017) American Chemical 
Society; d Ref. [225], copyright (2016) Wiley; e Ref. [227], copyright (2012) Royal Society of Chemistry
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Another strategy for using DNA-dye complexes as 
biosensors is to program energy transfer pathways in 
the cascaded FRET systems. These DNA-directed mul-
tichromophore complexes not only serve as long-range 
energy transfer complexes, but  can also be engineered 
as reconfigurable excitonic logic gates [165, 214, 215] 
for applications in biosensing for DNA [216], pH [217], 
thrombin [218]. Medintz et al. reported a dynamic pho-
tonic network directed by the DNA dendrimer scaffold 
in which Cy3 is an initial donor to transfer the captured 
energy to a final acceptor Cy5.5 through the Cy3.5 and 
Cy5 as intermediate dyes [216]. The displacement or 
replacement of the strand labeled with Cy3.5 or Cy5 was 
shown to potentially interrupt the FRET paths and cause 
decreased energy transfer efficiency and acceptor emis-
sion (Fig. 12c).

DNA nanostructures have also been demonstrated as 
excellent biocompatible nanocarriers showing program-
mable geometries and functions for effective cancer 
therapy [219–221]. In the field of phototherapy, photo-
thermal and photodynamic components can be anchored 
onto DNA templates for precise and effective PTT and 
PDT, respectively [222]. In one study, the gold nanorod 
(AuNR) [223], a frequently used photothermal agent, was 
attached to DNA origami nanostructures for promising 
photothermal treatment of breast cancer in mice [224] 
and enhanced photoacoustic imaging [225] (Fig. 12d). In 
addition, DNA nanostructures can load photosensitizers, 
such as carbazole derivative BMEPC [226], for both effec-
tive imaging and PDT for MCF-7 cells. The DNA-based 
PTT systems also can be combined with a chemotherapy 
drug, DOX, for synergistic therapy for multidrug-resist-
ant tumors [227] (Fig. 12e).

Summaries and perspectives
Bioinspired multi-chromophore complexes, especially 
the densely packed dye aggregates, show a well-con-
trolled molecular arrangement and unique spectral char-
acteristics. Employing DNA assemblies as structural 
templates provide high-level spatial precision and geo-
metric complexity. These photonic systems have been 
used for efficient light-harvesting and excitation energy 
transport. Further, these self-assembled complexes based 
on organic chromophores, in many cases assisted by 
synthetic scaffolds, show excellent applications in bio-
sensing, in vivo fluorescence/PA bioimaging, and cancer 
phototherapy.

Despite the considerable progress in the combina-
tion of DNA nanotechnology and biomimetic photonic 
systems for energy and biomedicine, the barriers in the 
development of structures and associated properties 
and functions of these DNA-directed multi-chromo-
phore systems still need more effort to overcome. First, 

a crucial question, how precisely the position and orien-
tation control can be achieved at the atomic level using 
DNA nanostructures as templates. Recent studies [228, 
229] have shown that dye attachment chemistry, anchor-
ing sites, and local microenvironment can impact the 
spectral properties and orientation of fluorophores. 
Hence, the well-chosen sites to anchor chromophores 
are critical for the design of complex photonic systems 
with efficient energy transfer performance. Second, cur-
rent DNA-templated strongly coupled photonic systems 
are predominantly based on simple DNA assemblies, 
such as the fundamental helix and a higher-order DX 
tile. It would be an extreme accomplishment to introduce 
complex DNA templates with programmable geometry 
and extended dimension, including DNA origami, DNA 
array, and DNA crystal, to form higher-order photonic 
architectures for long-range energy transfer and large-
scale light-harvesting. While many dye molecules have 
been reported to form strongly coupled assemblies either 
with or without the direction of DNA, their molecular 
arrangements and interactions have not been determined 
and their capabilities for mediating excitation energy 
transport have not been investigated in detail. More 
experimental approaches, including, but not limited to, 
time-resolved spectroscopy, near-field optical micros-
copy, X-ray crystallography, etc., and theoretical mod-
eling are in demand for understanding their structures, 
and the correlation between their chemical behavior and 
spectral properties, which are vital for the improvement 
of artificial photonic systems. Third, the stability of DNA-
templated excitonic complexes, especially in long-term 
and/or in the complicated context, is also a major con-
cern. A potential approach to improving the stability is to 
coat the non-covalent assemblies with protective materi-
als, such as silica [230] or polymer composition, and the 
self-assembled dye aggregate nanotubes composited by 
polymeric scaffolds have been reported to show resil-
iency even under extreme high-temperature conditions 
[41]. Finally, there is a great challenge to design stimuli-
responsive dye aggregates as dynamic imaging or therapy 
agents that their optical features can be manipulated by 
environmental cues for precise and smart treatments. 
DNA nanotechnology can provide ‘smart’ templates 
which can respond to environmental signals and actu-
ate their spectral properties. Additionally, DNA can also 
serve as an excellent targeting moiety, such as a host of 
aptamers with ability to specifically recognize biological 
markers [231], and the exceptional therapeutics agents 
and/or carriers for gene therapy [232]. These properties 
can improve the performance of these imaging/therapeu-
tic agents that serve as precise medicines with enhanced 
specificity and synergistic effects. Leveraging the advan-
tages of multichromophore photonic complexes and 
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DNA nanotechnology, we envision a bright future for 
biomimetic photonic materials and their broad applica-
tions in the field of energy and biomedicine.

Abbreviations
LH1: Light-harvesting complex 1; LH2: Light-harvesting complex 2; BChl: 
Bacteriochlorophyll; NIR: Near infrared; BODIPY: Boron dipyrromethene; G4: 
G-quadruplexes; EPO: Eosinophil peroxidase; MPO: Myeloperoxidase; PA: Pho-
toacoustic; SBR: Signal-to-background ratio; PTT: Photothermal therapy; PDT: 
Photodynamic therapy; ROS: Reactive oxygen species; ssDNA: Single-stranded 
DNA; dsDNA: Double-stranded DNA; FRET: Förster Resonance Energy Transfer; 
QD: Quantum dot; MB: Molecular beacon; AuNR: Gold nanorod.

Acknowledgements
We thank Chad Simmons for proofreading the text.

Author contributions
HY conceived the project. XZ, SL, and HY wrote the manuscript. All authors 
read and approved the final manuscript.

Funding
This work was supported by the U.S. Department of Energy, Office of Science, 
Office of Basic Energy Sciences, under Award No. DE-SC0016353.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Center for Molecular Design and Biomimetics at the Biodesign Institute, Ari-
zona State University, Tempe, AZ 85287, USA. 2 School of Molecular Sciences, 
Arizona State University, Tempe, AZ 85287, USA. 

Received: 25 January 2022   Accepted: 5 May 2022

References
	 1.	 Mirkovic T, Ostroumov E, Anna JM, van Grondelle R, Scholes GD. Light 

absorption and energy transfer in the antenna complexes of photosyn-
thetic organisms. Chem Rev. 2017;117:249–93.

	 2.	 Croce R, Van Amerongen H. Natural strategies for photosynthetic light 
harvesting. Nat Chem Biol. 2014;10:492–501.

	 3.	 Scholes GD, Fleming GR, Olaya-Castro A, van Grondelle R. Lessons from 
nature about solar light harvesting. Nat Chem. 2011;3:763–74.

	 4.	 Scholes GD, Fleming GR, Chen LX, Aspuru-Guzik A, Buchleitner A, Coker 
DF, Engel GS, van Grondelle R, Ishizaki A, Jonas DM, et al. Using coher-
ence to enhance function in chemical and biophysical systems. Nature. 
2017;543:647–56.

	 5.	 Yang J, Yoon MC, Yoo H, Kim P, Kim D. Excitation energy transfer in 
multiporphyrin arrays with cyclic architectures: towards artificial light-
harvesting antenna complexes. Chem Soc Rev. 2012;41:4808–26.

	 6.	 Cogdell RJ, Gall A, Kohler J. The architecture and function of the light-
harvesting apparatus of purple bacteria: from single molecules to 
in vivo membranes. Q Rev Biophys. 2006;39:227–324.

	 7.	 Hu X, Ritz T, Damjanovic A, Autenrieth F, Schulten K. Photosynthetic 
apparatus of purple bacteria. Q Rev Biophys. 2002;35:1–62.

	 8.	 Hunter CN, Tucker JD, Niederman RA. The assembly and organisation 
of photosynthetic membranes in Rhodobacter sphaeroides. Photochem 
Photobiol Sci. 2005;4:1023–7.

	 9.	 Sener MK, Olsen JD, Hunter CN, Schulten K. Atomic-level structural and 
functional model of a bacterial photosynthetic membrane vesicle. Proc 
Natl Acad Sci USA. 2007;104:15723–8.

	 10.	 Oostergetel GT, van Amerongen H, Boekema EJ. The chlorosome: a 
prototype for efficient light harvesting in photosynthesis. Photosynth 
Res. 2010;104:245–55.

	 11.	 Orf GS, Blankenship RE. Chlorosome antenna complexes from green 
photosynthetic bacteria. Photosynth Res. 2013;116:315–31.

	 12.	 Valleau S, Saikin SK, Ansari-Oghol-Beig D, Rostami M, Mossallaei H, 
Aspuru-Guzik A. Electromagnetic study of the chlorosome antenna 
complex of Chlorobium tepidum. ACS Nano. 2014;8:3884–94.

	 13.	 Matsubara S, Tamiaki H. Supramolecular chlorophyll aggregates 
inspired from specific light-harvesting antenna “chlorosome”: static 
nanostructure, dynamic construction process, and versatile application. 
J Photochem Photobiol C Photochem Rev. 2020;45:100385.

	 14.	 Wurthner F, Kaiser TE, Saha-Moller CR. J-aggregates: from serendipitous 
discovery to supramolecular engineering of functional dye materials. 
Angew Chem Int Ed. 2011;50:3376–410.

	 15.	 Bricks JL, Slominskii YL, Panas ID, Demchenko AP. Fluorescent J-aggre-
gates of cyanine dyes: basic research and applications review. Methods 
Appl Fluoresc. 2017;6: 012001.

	 16.	 Kasha M, Rawls HR, Ashraf El-Bayoumi M. The exciton model in molecu-
lar spectroscopy. Pure Appl Chem. 1965;11:371–92.

	 17.	 Kasha M. Energy transfer mechanisms and the molecular exciton model 
for molecular aggregates. Radiat Res. 1963;20:55–70.

	 18.	 Park H, Heldman N, Rebentrost P, Abbondanza L, Iagatti A, Alessi A, 
Patrizi B, Salvalaggio M, Bussotti L, Mohseni M, et al. Enhanced energy 
transport in genetically engineered excitonic networks. Nat Mater. 
2016;15:211–6.

	 19.	 Yim D, Sung J, Kim S, Oh J, Yoon H, Sung YM, Kim D, Jang WD. 
Guest-induced modulation of the energy transfer process in 
porphyrin-based artificial light harvesting dendrimers. J Am Chem Soc. 
2017;139:993–1002.

	 20.	 Son HJ, Jin S, Patwardhan S, Wezenberg SJ, Jeong NC, So M, Wilmer CE, 
Sarjeant AA, Schatz GC, Snurr RQ, et al. Light-harvesting and ultrafast 
energy migration in porphyrin-based metal-organic frameworks. J Am 
Chem Soc. 2013;135:862–9.

	 21.	 Cao L, Lin Z, Shi W, Wang Z, Zhang C, Hu X, Wang C, Lin W. Exciton 
migration and amplified quenching on two-dimensional metal-organic 
layers. J Am Chem Soc. 2017;139:7020–9.

	 22.	 Gu C, Zhang H, Yu J, Shen Q, Luo G, Chen X, Xue P, Wang Z, Hu J. 
Assembled exciton dynamics in porphyrin metal-organic framework 
nanofilms. Nano Lett. 2021;21:1102–7.

	 23.	 Channon KJ, Devlin GL, MacPhee CE. Efficient energy transfer within 
self-assembling peptide fibers: a route to light-harvesting nanomateri-
als. J Am Chem Soc. 2009;131:12520–1.

	 24.	 Song Q, Goia S, Yang J, Hall SCL, Staniforth M, Stavros VG, Perrier S. 
Efficient artificial light-harvesting system based on supramolecular 
peptide nanotubes in water. J Am Chem Soc. 2021;143:382–9.

	 25.	 Liu Y, Jin J, Deng H, Li K, Zheng Y, Yu C, Zhou Y. Protein-framed multi-
porphyrin micelles for a hybrid natural-artificial light-harvesting 
nanosystem. Angew Chem Int Ed. 2016;55:7952–7.

	 26.	 Dutta PK, Varghese R, Nangreave J, Lin S, Yan H, Liu Y. DNA-directed 
artificial light-harvesting antenna. J Am Chem Soc. 2011;133:11985–93.

	 27.	 Hao M, Sun G, Zuo M, Xu Z, Chen Y, Hu XY, Wang L. A Supramolecular 
artificial light-harvesting system with two-step sequential energy 
transfer for photochemical catalysis. Angew Chem. 2020;132:10181–6.

	 28.	 Eisele DM, Knoester J, Kirstein S, Rabe JP, Vanden Bout DA. Uniform 
exciton fluorescence from individual molecular nanotubes immobilized 
on solid substrates. Nat Nanotechnol. 2009;4:658–63.

	 29.	 Sengupta S, Wurthner F. Chlorophyll J-aggregates: from bioinspired dye 
stacks to nanotubes, liquid crystals, and biosupramolecular electronics. 
Acc Chem Res. 2013;46:2498–512.

	 30.	 Wan Y, Stradomska A, Knoester J, Huang L. Direct imaging of exciton 
transport in tubular porphyrin aggregates by ultrafast microscopy. J Am 
Chem Soc. 2017;139:7287–93.

	 31.	 Haedler AT, Kreger K, Issac A, Wittmann B, Kivala M, Hammer N, Kohler 
J, Schmidt HW, Hildner R. Long-range energy transport in single supra-
molecular nanofibres at room temperature. Nature. 2015;523:196–9.



Page 19 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 	

	 32.	 Winiger CB, Li S, Kumar GR, Langenegger SM, Haner R. Long-distance 
electronic energy transfer in light-harvesting supramolecular polymers. 
Angew Chem Int Ed Engl. 2014;53:13609–13.

	 33.	 Caram JR, Doria S, Eisele M, Freyria FS, Sinclair TS, Rebentrost P, Lloyd S, 
Bawendi MG. Room-temperature micron-scale exciton migration in a 
stabilized emissive molecular aggregate. Nano Lett. 2016;16:6808–15.

	 34.	 Jin XH, Price MB, Finnegan JR, Boott CE, Richter JM, Rao A, Menke SM, 
Friend RH, Whittell GR, Manners I. Long-range exciton transport in 
conjugated polymer nanofibers prepared by seeded growth. Science. 
2018;360:897–900.

	 35.	 Wang C, Weiss EA. Accelerating FRET between near-infrared emitting 
quantum dots using a molecular J-aggregate as an exciton bridge. 
Nano Lett. 2017;17:5666–71.

	 36.	 Freyria FS, Cordero JM, Caram JR, Doria S, Dodin A, Chen Y, Willard AP, 
Bawendi MG. Near-infrared quantum dot emission enhanced by stabi-
lized self-assembled J-aggregate antennas. Nano Lett. 2017;17:7665–74.

	 37.	 Kownacki M, Langenegger SM, Liu S-X, Häner R. Integrating DNA 
photonic wires into light-harvesting supramolecular polymers. Angew 
Chem. 2019;131:761–5.

	 38.	 Shaikh H, Jin XH, Harniman RL, Richardson RM, Whittell GR, Man-
ners I. Solid-state donor-acceptor coaxial heterojunction nanow-
ires via living crystallization-driven self-assembly. J Am Chem Soc. 
2020;142:13469–80.

	 39.	 Ng K, Webster M, Carbery WP, Visaveliya N, Gaikwad P, Jang SJ, Kretzsch-
mar I, Eisele DM. Frenkel excitons in heat-stressed supramolecular 
nanocomposites enabled by tunable cage-like scaffolding. Nat Chem. 
2020;12:1157–64.

	 40.	 Li J, Pu K. Development of organic semiconducting materials for deep-
tissue optical imaging, phototherapy and photoactivation. Chem Soc 
Rev. 2019;48:38–71.

	 41.	 Song Q, Jiao Y, Wang Z, Zhang X. Tuning the energy gap by supra-
molecular approaches: towards near-infrared organic assemblies and 
materials. Small. 2016;12:24–31.

	 42.	 Hong G, Antaris AL, Dai H. Near-infrared fluorophores for biomedical 
imaging. Nat Biomed Eng. 2017;1:1–22.

	 43.	 Vankayala R, Hwang KC. Near-infrared-light-activatable nanomaterial-
mediated phototheranostic nanomedicines: an emerging paradigm for 
cancer treatment. Adv Mater. 2018;30: e1706320.

	 44.	 Xu S, Liu H-W, Huan S-Y, Yuan L, Zhang X-B. Recent progress in utilizing 
near-infrared J-aggregates for imaging and cancer therapy. Mater 
Chem Front. 2021;5:1076–89.

	 45.	 Strianese M, Staiano M, Ruggiero G, Labella T, Pellecchia C, D’Auria S. 
Fluorescence-based biosensors. Methods Mol Biol. 2012;875:193–216.

	 46.	 Jones RM, Lu L, Helgeson R, Bergstedt TS, McBranch DW, Whitten DG. 
Building highly sensitive dye assemblies for biosensing from molecular 
building blocks. Proc Natl Acad Sci U S A. 2001;98:14769–72.

	 47.	 Reddy NR, Rhodes S, Fang J. Colorimetric detection of dopamine with 
J-aggregate nanotube-integrated hydrogel thin films. ACS Omega. 
2020;5:18198–204.

	 48.	 Hou TC, Wu YY, Chiang PY, Tan KT. Near-infrared fluorescence activation 
probes based on disassembly-induced emission cyanine dye. Chem Sci. 
2015;6:4643–9.

	 49.	 Grande V, Doria F, Freccero M, Würthner F. An aggregating amphiphilic 
squaraine: a light-up probe that discriminates parallel G-quadruplexes. 
Angew Chem. 2017;129:7628–32.

	 50.	 Kim D, Lee U, Bouffard J, Kim Y. Glycosaminoglycan-Induced emissive 
J-aggregate formation in a meso-Ester BODIPY dye. Adv Opt Mater. 
2020;8:1902161.

	 51.	 Ng KK, Shakiba M, Huynh E, Weersink RA, Roxin A, Wilson BC, Zheng 
G. Stimuli-responsive photoacoustic nanoswitch for in vivo sensing 
applications. ACS Nano. 2014;8:8363–73.

	 52.	 Kim TI, Hwang B, Lee B, Bae J, Kim Y. Selective monitoring and imaging 
of eosinophil peroxidase activity with a J-aggregating probe. J Am 
Chem Soc. 2018;140:11771–6.

	 53.	 Cheng HB, Li Y, Tang BZ, Yoon J. Assembly strategies of organic-based 
imaging agents for fluorescence and photoacoustic bioimaging appli-
cations. Chem Soc Rev. 2020;49:21–31.

	 54.	 Ng KK, Zheng G. molecular interactions in organic nanoparticles for 
phototheranostic applications. Chem Rev. 2015;115:11012–42.

	 55.	 Sun C, Zhao M, Zhu X, Pei P, Zhang F. One-pot preparation of highly 
dispersed second near-infrared J-aggregate nanoparticles based on 

FD-1080 cyanine dye for bioimaging and biosensing. CCS Chem. 
2021;4:3060–70.

	 56.	 Shakiba M, Ng KK, Huynh E, Chan H, Charron DM, Chen J, Muhanna 
N, Foster FS, Wilson BC, Zheng G. Stable J-aggregation enabled dual 
photoacoustic and fluorescence nanoparticles for intraoperative cancer 
imaging. Nanoscale. 2016;8:12618–25.

	 57.	 Li K, Duan X, Jiang Z, Ding D, Chen Y, Zhang GQ, Liu Z. J-aggregates of 
meso-[2.2]paracyclophanyl-BODIPY dye for NIR-II imaging. Nat Com-
mun. 2021;12:2376.

	 58.	 Sun P, Wu Q, Sun X, Miao H, Deng W, Zhang W, Fan Q, Huang W. 
J-Aggregate squaraine nanoparticles with bright NIR-II fluorescence 
for imaging guided photothermal therapy. Chem Commun (Camb). 
2018;54:13395–8.

	 59.	 Sun C, Sun X, Pei P, He H, Ming J, Liu X, Liu M, Zhang Y, Xia Y, Zhao D, 
et al. NIR-II J-aggregates labelled mesoporous implant for imaging-
guided osteosynthesis with minimal invasion. Adv Funct Mater. 
2021;31:2100656.

	 60.	 Zhang Q, Yu P, Fan Y, Sun C, He H, Liu X, Lu L, Zhao M, Zhang H, Zhang 
F. Bright and atable NIR-II J-aggregated AIE dibodipy-based fluorescent 
probe for dynamic in vivo bioimaging. Angew Chem. 2020;133:4013–9.

	 61.	 Sun C, Li B, Zhao M, Wang S, Lei Z, Lu L, Zhang H, Feng L, Dou C, Yin D, 
et al. J-aggregates of cyanine dye for NIR-II in vivo dynamic vascular 
imaging beyond 1500 nm. J Am Chem Soc. 2019;141:19221–5.

	 62.	 Bongsu J, Vullev VI, Anvari B. Revisiting indocyanine green: effects of 
serum and physiological temperature on absorption and fluorescence 
characteristics. IEEE J Sel Top Quantum Electron. 2014;20:149–57.

	 63.	 Yang C, Wang X, Wang M, Xu K, Xu C. Robust colloidal nanoparticles 
of pyrrolopyrrole cyanine J-aggregates with bright near-infrared 
fluorescence in aqueous media: from spectral tailoring to bioimaging 
applications. Chem Eur J. 2017;23:4310–9.

	 64.	 Miranda D, Huang H, Kang H, Zhan Y, Wang D, Zhou Y, Geng J, Kilian HI, 
Stiles W, Razi A, et al. Highly-soluble cyanine J-aggregates entrapped 
by liposomes for in vivo optical imaging around 930 nm. Theranostics. 
2019;9:381–90.

	 65.	 Chen W, Cheng CA, Cosco ED, Ramakrishnan S, Lingg JGP, Bruns OT, 
Zink JI, Sletten EM. Shortwave infrared imaging with J-aggregates 
stabilized in hollow mesoporous silica nanoparticles. J Am Chem Soc. 
2019;141:12475–80.

	 66.	 Zhang D, Zhao YX, Qiao ZY, Mayerhoffer U, Spenst P, Li XJ, Wurthner F, 
Wang H. Nano-confined squaraine dye assemblies: new photoacoustic 
and near-infrared fluorescence dual-modular imaging probes in vivo. 
Bioconjug Chem. 2014;25:2021–9.

	 67.	 Harmatys KM, Chen J, Charron DM, MacLaughlin CM, Zheng G. Multi-
pronged biomimetic approach to create optically tunable nanoparti-
cles. Angew Chem. 2018;130:8257–61.

	 68.	 Changalvaie B, Han S, Moaseri E, Scaletti F, Truong L, Caplan R, Cao A, 
Bouchard R, Truskett TM, Sokolov KV, Johnston KP. Indocyanine Green J 
aggregates in polymersomes for near-infrared photoacoustic imaging. 
ACS Appl Mater Interfaces. 2019;11:46437–50.

	 69.	 Harmatys KM, Overchuk M, Zheng G. Rational design of photosynthe-
sis-inspired nanomedicines. Acc Chem Res. 2019;52:1265–74.

	 70.	 Huynh E, Leung BY, Helfield BL, Shakiba M, Gandier JA, Jin CS, Master ER, 
Wilson BC, Goertz DE, Zheng G. In situ conversion of porphyrin micro-
bubbles to nanoparticles for multimodality imaging. Nat Nanotechnol. 
2015;10:325–32.

	 71.	 Ng KK, Takada M, Harmatys K, Chen J, Zheng G. Chlorosome-inspired 
synthesis of templated metallochlorin-lipid nanoassemblies for bio-
medical applications. ACS Nano. 2016;10:4092–101.

	 72.	 Cheng MHY, Harmatys KM, Charron DM, Chen J, Zheng G. Stable 
J-Aggregation of an aza-BODIPY-lipid in a liposome for optical cancer 
imaging. Angew Chem. 2019;131:13528–33.

	 73.	 Shao C, Xiao F, Guo H, Yu J, Jin D, Wu C, Xi L, Tian L. Utilizing polymer 
micelle to control dye J-aggregation and enhance its theranostic capa-
bility. iScience. 2019;22:229–39.

	 74.	 Wood CA, Han S, Kim CS, Wen Y, Sampaio DRT, Harris JT, Homan KA, 
Swain JL, Emelianov SY, Sood AK, et al. Clinically translatable quantita-
tive molecular photoacoustic imaging with liposome-encapsulated ICG 
J-aggregates. Nat Commun. 2021;12:5410.

	 75.	 Lin Q, Deng D, Song X, Dai B, Yang X, Luo Q, Zhang Z. Self-assembled 
“Off/On” nanopomegranate for in vivo photoacoustic and fluorescence 



Page 20 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 

imaging: strategic arrangement of kupffer cells in mouse hepatic 
lobules. ACS Nano. 2019;13:1526–37.

	 76.	 Liu R, Tang J, Xu Y, Zhou Y, Dai Z. Nano-sized Indocyanine Green 
J-aggregate as a one-component theranostic agent. Nanotheranostics. 
2017;1:430–9.

	 77.	 Li X, Lovell JF, Yoon J, Chen X. Clinical development and potential of 
photothermal and photodynamic therapies for cancer. Nat Rev Clin 
Oncol. 2020;17:657–74.

	 78.	 Jung HS, Verwilst P, Sharma A, Shin J, Sessler JL, Kim JS. Organic 
molecule-based photothermal agents: an expanding photothermal 
therapy universe. Chem Soc Rev. 2018;47:2280–97.

	 79.	 Cheung CCL, Ma G, Karatasos K, Seitsonen J, Ruokolainen J, Koffi CR, 
Hassan H, Al-Jamal WT. Liposome-templated indocyanine green J- 
aggregates for in vivo near-infrared imaging and stable photothermal 
heating. Nanotheranostics. 2020;4:91–106.

	 80.	 Liu Y, Wang H, Li S, Chen C, Xu L, Huang P, Liu F, Su Y, Qi M, Yu C, Zhou Y. 
In situ supramolecular polymerization-enhanced self-assembly of poly-
mer vesicles for highly efficient photothermal therapy. Nat Commun. 
2020;11:1724.

	 81.	 Su M, Han Q, Yan X, Liu Y, Luo P, Zhai W, Zhang Q, Li L, Li C. A supramo-
lecular strategy to engineering a non-photobleaching and near-infra-
red absorbing nano-J-aggregate for efficient photothermal therapy. 
ACS Nano. 2021;15:5032–42.

	 82.	 Guo X, Li M, Wu H, Sheng W, Feng Y, Yu C, Jiao L, Hao E. Near-IR absorb-
ing J-aggregates of a phenanthrene-fused BODIPY as a highly efficient 
photothermal nanoagent. Chem Commun. 2020;56:14709–12.

	 83.	 Xu J, Yin Z, Zhang L, Dong Q, Cai X, Li S, Chen Q, Keoingthong P, Li Z, 
Chen L, et al: Hydrogen-bonding-induced H-aggregation of charge-
transfer complexes for ultra-efficient second near-infrared region 
photothermal conversion. CCS Chem. 2021:2288–2298.

	 84.	 Chen Y, Zhang XH, Cheng DB, Zhang Y, Liu Y, Ji L, Guo R, Chen H, Ren XK, 
Chen Z, et al. Near-infrared laser-triggered in situ dimorphic transforma-
tion of BF2-azadipyrromethene nanoaggregates for enhanced solid 
tumor penetration. ACS Nano. 2020;14:3640–50.

	 85.	 Cui L, Lin Q, Jin CS, Jiang W, Huang H, Ding L, Muhanna N, Irish JC, Wang 
F, Chen J, Zheng G. A PEGylation-free biomimetic porphyrin nanoplat-
form for personalized cancer theranostics. ACS Nano. 2015;9:4484–95.

	 86.	 Overchuk M, Zheng M, Rajora MA, Charron DM, Chen J, Zheng G. Tailor-
ing porphyrin conjugation for nanoassembly-driven phototheranostic 
properties. ACS Nano. 2019;13:4560–71.

	 87.	 Dolmans DE, Fukumura D, Jain RK. Photodynamic therapy for cancer. 
Nat Rev Cancer. 2003;3:380–7.

	 88.	 Zhang L, Wu Y, Yin X, Zhu Z, Rojalin T, Xiao W, Zhang D, Huang Y, Li L, 
Baehr CM, et al. Tumor receptor-mediated in vivo modulation of the 
morphology, phototherapeutic properties, and pharmacokinetics of 
smart nanomaterials. ACS Nano. 2021;15:468–79.

	 89.	 Tan J, Meeprasert J, Ding Y, Namuangruk S, Ding X, Wang C, Guo J. 
Cyclomatrix polyphosphazene porous networks with j-aggregated 
multiphthalocyanine arrays for dual-modality near-infrared photosensi-
tizers. ACS Appl Mater Interfaces. 2018;10:40132–40.

	 90.	 Yang X, Yu Q, Yang N, Xue L, Shao J, Li B, Shao J, Dong X. Thieno[3,2-b]
thiophene-DPP based near-infrared nanotheranostic agent for dual 
imaging-guided photothermal/photodynamic synergistic therapy. J 
Mater Chem B. 2019;7:2454–62.

	 91.	 Yan Z, Wang M, Shi M, He Y, Zhang Y, Qiu S, Yang H, Chen H, He H, 
Guo Z. Amphiphilic BODIPY dye aggregates in polymeric micelles for 
wavelength-dependent photo-induced cancer therapy. J Mater Chem 
B. 2020;8:6886–97.

	 92.	 He H, Ji S, He Y, Zhu A, Zou Y, Deng Y, Ke H, Yang H, Zhao Y, Guo Z, Chen 
H. Photoconversion-tunable fluorophore vesicles for wavelength-
dependent photoinduced cancer therapy. Adv Mater. 2017;29:1606690.

	 93.	 Cai Y, Liang P, Tang Q, Yang X, Si W, Huang W, Zhang Q, Dong X. Diketo-
pyrrolopyrrole-triphenylamine organic nanoparticles as multifunctional 
reagents for photoacoustic imaging-guided photodynamic/photother-
mal synergistic tumor therapy. ACS Nano. 2017;11:1054–63.

	 94.	 Shan G, Weissleder R, Hilderbrand SA. Upconverting organic dye doped 
core-shell nano-composites for dual-modality NIR imaging and photo-
thermal therapy. Theranostics. 2013;3:267–74.

	 95.	 Song X, Gong H, Liu T, Cheng L, Wang C, Sun X, Liang C, Liu Z. 
J-aggregates of organic dye molecules complexed with iron oxide 

nanoparticles for imaging-guided photothermal therapy under 915-nm 
light. Small. 2014;10:4362–70.

	 96.	 Yan X, Su M, Liu Y, Zhang Y, Zhang H, Li C. Molecularly engineered 
hierarchical nanodisc from antiparallel J-stacked BODIPY conjugates: 
application to theranostics with mutually beneficial properties. Adv 
Funct Mater. 2020;31:2008406.

	 97.	 Song X, Zhang R, Liang C, Chen Q, Gong H, Liu Z. Nano-assemblies of 
J-aggregates based on a NIR dye as a multifunctional drug carrier for 
combination cancer therapy. Biomaterials. 2015;57:84–92.

	 98.	 Ji C, Gao Q, Dong X, Yin W, Gu Z, Gan Z, Zhao Y, Yin M. A size-reducible 
nanodrug with an aggregation-enhanced photodynamic effect for 
deep chemo-photodynamic therapy. Angew Chem. 2018;130:11554–8.

	 99.	 Su M, Li S, Zhang H, Zhang J, Chen H, Li C. Nano-assemblies from 
J-aggregated dyes: a stimuli-responsive tool applicable to living sys-
tems. J Am Chem Soc. 2019;141:402–13.

	100.	 Liu Y, Xu C, Teng L, Liu HW, Ren TB, Xu S, Lou X, Guo H, Yuan L, Zhang 
XB. pH stimulus-disaggregated BODIPY: an activated photodynamic/
photothermal sensitizer applicable to tumor ablation. Chem Commun. 
2020;56:1956–9.

	101.	 Ng KK, Weersink RA, Lim L, Wilson BC, Zheng G. Controlling spatial heat 
and light distribution by using photothermal enhancing auto-regu-
lated liposomes (PEARLs). Angew Chem Int Ed Engl. 2016;55:10003–7.

	102.	 Pinheiro AV, Han D, Shih WM, Yan H. Challenges and opportunities for 
structural DNA nanotechnology. Nat Nanotechnol. 2011;6:763–72.

	103.	 Seeman NC, Sleiman HF. DNA nanotechnology. Nat Rev Mater. 
2017;3:1–23.

	104.	 Zhang F, Nangreave J, Liu Y, Yan H. Structural DNA nanotechnol-
ogy: state of the art and future perspective. J Am Chem Soc. 
2014;136:11198–211.

	105.	 Seeman NC. Nucleic acid junctions and lattices. J Theor Biol. 
1982;99:237–47.

	106.	 Seeman NC, Kallenbach NR. Design of immobile nucleic acid junctions. 
Biophys J. 1983;44:201–9.

	107.	 Fu TJ, Seeman NC. DNA double-crossover molecules. Biochemistry. 
1993;32:3211–20.

	108.	 Winfree E, Liu F, Wenzler LA, Seeman NC. Design and self-assembly of 
two-dimensional DNA crystals. Nature. 1998;394:539–44.

	109.	 LaBean TH, Yan H, Kopatsch J, Liu F, Winfree E, Reif JH, Seeman NC. Con-
struction, analysis, ligation, and self-assembly of DNA triple crossover 
complexes. J Am Chem Soc. 2000;122:1848–60.

	110.	 Reishus D, Shaw B, Brun Y, Chelyapov N, Adleman L. Self-assembly of 
DNA double-double crossover complexes into high-density, doubly 
connected, planar structures. J Am Chem Soc. 2005;127:17590–1.

	111.	 Ke Y, Liu Y, Zhang J, Yan H. A study of DNA tube formation mecha-
nisms using 4-, 8-, and 12-helix DNA nanostructures. J Am Chem Soc. 
2006;128:4414–21.

	112.	 Park SH, Barish R, Li H, Reif JH, Finkelstein G, Yan H, LaBean TH. Three-
helix bundle DNA tiles self-assemble into 2D lattice or 1D templates for 
silver nanowires. Nano Lett. 2005;5:693–6.

	113.	 Mathieu F, Liao S, Kopatsch J, Wang T, Mao C, Seeman NC. Six-helix 
bundles designed from DNA. Nano Lett. 2005;5:661–5.

	114.	 Yan H, Park SH, Finkelstein G, Reif JH, LaBean TH. DNA-templated self-
assembly of protein arrays and highly conductive nanowires. Science. 
2003;301:1882–4.

	115.	 He Y, Chen Y, Liu H, Ribbe AE, Mao C. Self-assembly of hexagonal DNA 
two-dimensional (2D) arrays. J Am Chem Soc. 2005;127:12202–3.

	116.	 He Y, Tian Y, Ribbe AE, Mao C. Highly connected two-dimensional 
crystals of DNA six-point-stars. J Am Chem Soc. 2006;128:15978–9.

	117.	 Lin C, Liu Y, Rinker S, Yan H. DNA tile based self-assembly: building 
complex nanoarchitectures. ChemPhysChem. 2006;7:1641–7.

	118.	 Zhang F, Liu Y, Yan H. Complex Archimedean tiling self-assembled from 
DNA nanostructures. J Am Chem Soc. 2013;135:7458–61.

	119.	 Liu L, Li Z, Li Y, Mao C. Rational design and self-assembly of two-
dimensional, dodecagonal DNA quasicrystals. J Am Chem Soc. 
2019;141:4248–51.

	120.	 Chen J, Seeman NC. Synthesis from DNA of a molecule with the con-
nectivity of a cube. Nature. 1991;350:631–3.

	121.	 Goodman RP, Berry RM, Turberfield AJ. The single-step synthesis of 
a DNA tetrahedron. Chem Commun. 2004. https://​doi.​org/​10.​1039/​
b4022​93a.

https://doi.org/10.1039/b402293a
https://doi.org/10.1039/b402293a


Page 21 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 	

	122.	 He Y, Ye T, Su M, Zhang C, Ribbe AE, Jiang W, Mao C. Hierarchical self-
assembly of DNA into symmetric supramolecular polyhedra. Nature. 
2008;452:198–201.

	123.	 Zheng J, Birktoft JJ, Chen Y, Wang T, Sha R, Constantinou PE, Ginell SL, 
Mao C, Seeman NC. From molecular to macroscopic via the rational 
design of a self-assembled 3D DNA crystal. Nature. 2009;461:74–7.

	124.	 Simmons CR, Zhang F, Birktoft JJ, Qi X, Han D, Liu Y, Sha R, Abdallah HO, 
Hernandez C, Ohayon YP. Construction and structure determination of 
a three-dimensional DNA crystal. J Am Chem Soc. 2016;138:10047–54.

	125.	 Simmons CR, Zhang F, MacCulloch T, Fahmi N, Stephanopoulos N, Liu 
Y, Seeman NC, Yan H. Tuning the cavity size and chirality of self-assem-
bling 3D DNA crystals. J Am Chem Soc. 2017;139:11254–60.

	126.	 Simmons CR, MacCulloch T, Zhang F, Liu Y, Stephanopoulos N, Yan H. A 
self-assembled rhombohedral DNA crystal scaffold with tunable cavity 
sizes and high-resolution structural detail. Angew Chem Int Ed Engl. 
2020;59:18619–26.

	127.	 Zhang F, Simmons CR, Gates J, Liu Y, Yan H. Self-assembly of a 3D DNA 
crystal structure with rationally designed six-fold symmetry. Angew 
Chem. 2018;130:12684–7.

	128.	 Hong F, Jiang S, Lan X, Narayanan RP, Šulc P, Zhang F, Liu Y, Yan H. 
Layered-crossover tiles with precisely tunable angles for 2D and 3D 
DNA crystal engineering. J Am Chem Soc. 2018;140:14670–6.

	129.	 Wei B, Dai M, Yin P. Complex shapes self-assembled from single-
stranded DNA tiles. Nature. 2012;485:623–6.

	130.	 Ke Y, Ong LL, Shih WM, Yin P. Three-dimensional structures self-assem-
bled from DNA bricks. Science. 2012;338:1177–83.

	131.	 Rothemund PW. Folding DNA to create nanoscale shapes and patterns. 
Nature. 2006;440:297–302.

	132.	 Andersen ES, Dong M, Nielsen MM, Jahn K, Subramani R, Mamdouh W, 
Golas MM, Sander B, Stark H, Oliveira CL. Self-assembly of a nanoscale 
DNA box with a controllable lid. Nature. 2009;459:73–6.

	133.	 Ke Y, Sharma J, Liu M, Jahn K, Liu Y, Yan H. Scaffolded DNA origami of a 
DNA tetrahedron molecular container. Nano Lett. 2009;9:2445–7.

	134.	 Douglas SM, Dietz H, Liedl T, Högberg B, Graf F, Shih WM. Self-
assembly of DNA into nanoscale three-dimensional shapes. Nature. 
2009;459:414–8.

	135.	 Ke Y, Douglas SM, Liu M, Sharma J, Cheng A, Leung A, Liu Y, Shih WM, 
Yan H. Multilayer DNA origami packed on a square lattice. J Am Chem 
Soc. 2009;131:15903–8.

	136.	 Dietz H, Douglas SM, Shih WM. Folding DNA into twisted and curved 
nanoscale shapes. Science. 2009;325:725–30.

	137.	 Han D, Pal S, Nangreave J, Deng Z, Liu Y, Yan H. DNA origami with com-
plex curvatures in three-dimensional space. Science. 2011;332:342–6.

	138.	 Zhang F, Jiang S, Wu S, Li Y, Mao C, Liu Y, Yan H. Complex wireframe 
DNA origami nanostructures with multi-arm junction vertices. Nat 
Nanotechnol. 2015;10:779.

	139.	 Benson E, Mohammed A, Gardell J, Masich S, Czeizler E, Orponen P, 
Högberg B. DNA rendering of polyhedral meshes at the nanoscale. 
Nature. 2015;523:441–4.

	140.	 Han D, Qi X, Myhrvold C, Wang B, Dai M, Jiang S, Bates M, Liu Y, 
An B, Zhang F. Single-stranded DNA and RNA origami. Science. 
2017;358:eaao2648.

	141.	 Dey S, Fan C, Gothelf KV, Li J, Lin C, Liu L, Liu N, Nijenhuis MAD, Saccà B, 
Simmel FC, et al. DNA origami. Nat Rev Methods Primers. 2021;1:1–24.

	142.	 Hong F, Zhang F, Liu Y, Yan H. DNA origami: scaffolds for creating higher 
order structures. Chem Rev. 2017;117:12584–640.

	143.	 Tikhomirov G, Petersen P, Qian L. Fractal assembly of micrometre-scale 
DNA origami arrays with arbitrary patterns. Nature. 2017;552:67–71.

	144.	 Wagenbauer KF, Sigl C, Dietz H. Gigadalton-scale shape-programmable 
DNA assemblies. Nature. 2017;552:78–83.

	145.	 Tian Y, Lhermitte JR, Bai L, Vo T, Xin HL, Li H, Li R, Fukuto M, Yager 
KG, Kahn JS. Ordered three-dimensional nanomaterials using 
DNA-prescribed and valence-controlled material voxels. Nat Mater. 
2020;19:789–96.

	146.	 Bath J, Turberfield AJ. DNA nanomachines. Nat Nanotechnol. 
2007;2:275–84.

	147.	 Zhang DY, Seelig G. Dynamic DNA nanotechnology using strand-
displacement reactions. Nat Chem. 2011;3:103–13.

	148.	 Yurke B, Turberfield AJ, Mills AP, Simmel FC, Neumann JL. A DNA-fuelled 
molecular machine made of DNA. Nature. 2000;406:605–8.

	149.	 Feng L, Park SH, Reif JH, Yan H. A two-state DNA lattice switched by 
DNA nanoactuator. Angew Chem. 2003;115:4478–82.

	150.	 Lund K, Manzo AJ, Dabby N, Michelotti N, Johnson-Buck A, Nangreave 
J, Taylor S, Pei R, Stojanovic MN, Walter NG. Molecular robots guided by 
prescriptive landscapes. Nature. 2010;465:206–10.

	151.	 Liu D, Balasubramanian S. A proton-fuelled DNA nanomachine. Angew 
Chem Int Ed. 2003;42:5734–6.

	152.	 Kamiya Y, Asanuma H. Light-driven DNA nanomachine with a photore-
sponsive molecular engine. Acc Chem Res. 2014;47:1663–72.

	153.	 Mao C, Sun W, Shen Z, Seeman NC. A nanomechanical device based on 
the B-Z transition of DNA. Nature. 1999;397:144–6.

	154.	 Gerling T, Wagenbauer KF, Neuner AM, Dietz H. Dynamic DNA devices 
and assemblies formed by shape-complementary, non–base pairing 
3D components. Science. 2015;347:1446–52.

	155.	 Kopperger E, List J, Madhira S, Rothfischer F, Lamb DC, Simmel FC. A 
self-assembled nanoscale robotic arm controlled by electric fields. Sci-
ence. 2018;359:296–301.

	156.	 Goodman RP, Heilemann M, Doose S, Erben CM, Kapanidis AN, Turb-
erfield AJ. Reconfigurable, braced, three-dimensional DNA nanostruc-
tures. Nat Nanotechnol. 2008;3:93–6.

	157.	 Yin P, Yan H, Daniell XG, Turberfield AJ, Reif JH. A unidirectional DNA 
walker that moves autonomously along a track. Angew Chem. 
2004;116:5014–9.

	158.	 Qian L, Winfree E. Scaling up digital circuit computation with DNA 
strand displacement cascades. Science. 2011;332:1196–201.

	159.	 Thubagere AJ, Li W, Johnson RF, Chen Z, Doroudi S, Lee YL, Izatt G, 
Wittman S, Srinivas N, Woods D. A cargo-sorting DNA robot. Science. 
2017;357:1112.

	160.	 Li S, Jiang Q, Liu S, Zhang Y, Tian Y, Song C, Wang J, Zou Y, Anderson 
GJ, Han J-Y. A DNA nanorobot functions as a cancer therapeutic in 
response to a molecular trigger in vivo. Nat Biotechnol. 2018;36:258.

	161.	 Kuzyk A, Schreiber R, Zhang H, Govorov AO, Liedl T, Liu N. Reconfigur-
able 3D plasmonic metamolecules. Nat Mater. 2014;13:862–6.

	162.	 Hedley GJ, Schröder T, Steiner F, Eder T, Hofmann FJ, Bange S, Laux D, 
Höger S, Tinnefeld P, Lupton JM, Vogelsang J. Picosecond time-resolved 
photon antibunching measures nanoscale exciton motion and the true 
number of chromophores. Nat Commun. 2021;12:1327.

	163.	 Mathur D, Samanta A, Ancona MG, Diaz SA, Kim Y, Melinger JS, Gold-
man ER, Sadowski JP, Ong LL, Yin P, Medintz IL. Understanding forster 
resonance energy transfer in the sheet regime with DNA brick-based 
dye networks. ACS Nano. 2021;15:16452–68.

	164.	 Graugnard E, Kellis DL, Bui H, Barnes S, Kuang W, Lee J, Hughes WL, 
Knowlton WB, Yurke B. DNA-controlled excitonic switches. Nano Lett. 
2012;12:2117–22.

	165.	 Cannon BL, Kellis DL, Davis PH, Lee J, Kuang W, Hughes WL, Graugnard 
E, Yurke B, Knowlton WB. Excitonic AND logic gates on DNA brick nano-
breadboards. ACS Photonics. 2015;2:398–404.

	166.	 Yang FF, Li CH, Lv WY, Zhen SJ, Huang CZ. Deoxyribonucleic acid 
photonic wires with three primary color emissions for information 
encryption. Adv Funct Mater. 2021;31:2100322.

	167.	 Madsen M, Gothelf KV. Chemistries for DNA nanotechnology. Chem 
Rev. 2019;119:6384–458.

	168.	 Teo YN, Kool ET. DNA-multichromophore systems. Chem Rev. 
2012;112:4221–45.

	169.	 Heilemann M, Tinnefeld P, Sanchez Mosteiro G, Garcia Parajo M, Van 
Hulst NF, Sauer M. Multistep energy transfer in single molecular pho-
tonic wires. J Am Chem Soc. 2004;126:6514–5.

	170.	 Ensslen P, Wagenknecht H-A. One-dimensional multichromophor arrays 
based on DNA: from self-assembly to light-harvesting. Acc Chem Res. 
2015;48:2724–33.

	171.	 Malinovskii VL, Wenger D, Häner R. Nucleic acid-guided assembly of 
aromatic chromophores. Chem Soc Rev. 2010;39:410–22.

	172.	 Buckhout-White S, Spillmann CM, Algar WR, Khachatrian A, Melinger JS, 
Goldman ER, Ancona MG, Medintz IL. Assembling programmable FRET-
based photonic networks using designer DNA scaffolds. Nat Commun. 
2014;5:5615.

	173.	 Stein IH, Steinhauer C, Tinnefeld P. Single-molecule four-color FRET 
visualizes energy-transfer paths on DNA origami. J Am Chem Soc. 
2011;133:4193–5.



Page 22 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 

	174.	 Hemmig EA, Creatore C, Wünsch B, Hecker L, Mair P, Parker MA, Emmott 
S, Tinnefeld P, Keyser UF, Chin AW. Programming light-harvesting 
efficiency using DNA origami. Nano Lett. 2016;16:2369–74.

	175.	 Olejko L, Bald I. FRET efficiency and antenna effect in multi-color DNA 
origami-based light harvesting systems. RSC Adv. 2017;7:23924–34.

	176.	 Nicoli F, Barth A, Bae W, Neukirchinger F, Crevenna AH, Lamb DC, Liedl T. 
Directional photonic wire mediated by homo-forster resonance energy 
transfer on a DNA origami platform. ACS Nano. 2017;11:11264–72.

	177.	 Klein WP, Díaz SA, Buckhout-White S, Melinger JS, Cunningham PD, 
Goldman ER, Ancona MG, Kuang W, Medintz IL. Utilizing HomoFRET to 
extend DNA-scaffolded photonic networks and increase light-harvest-
ing capability. Adv Opt Mater. 2018;6:1700679.

	178.	 Díaz SA, Buckhout-White S, Ancona MG, Spillmann CM, Goldman ER, 
Melinger JS, Medintz IL. Extending DNA-based molecular photonic 
wires with homogeneous förster resonance energy transfer. Adv Opt 
Mater. 2016;4:399–412.

	179.	 Woller JG, Hannestad JK, Albinsson B. Self-assembled nanoscale 
DNA-porphyrin complex for artificial light harvesting. J Am Chem Soc. 
2013;135:2759–68.

	180.	 Ozhalici-Unal H, Armitage BA. Fluorescent DNA nanotags based on a 
self-assembled DNA tetrahedron. ACS Nano. 2009;3:425–33.

	181.	 Benvin AL, Creeger Y, Fisher GW, Ballou B, Waggoner AS, Armitage BA. 
Fluorescent DNA nanotags: supramolecular fluorescent labels based on 
intercalating dye arrays assembled on nanostructured DNA templates. J 
Am Chem Soc. 2007;129:2025–34.

	182.	 Hannestad JK, Sandin P, Albinsson B. Self-assembled DNA photonic wire 
for long-range energy transfer. J Am Chem Soc. 2008;130:15889–95.

	183.	 Boeneman K, Prasuhn DE, Blanco-Canosa JB, Dawson PE, Melinger JS, 
Ancona M, Stewart MH, Susumu K, Huston A, Medintz IL. Self-assem-
bled quantum dot-sensitized multivalent DNA photonic wires. J Am 
Chem Soc. 2010;132:18177–90.

	184.	 Spillmann CM, Ancona MG, Buckhout-White S, Algar WR, Stewart MH, 
Susumu K, Huston AL, Goldman ER, Medintz IL. Achieving effective 
terminal exciton delivery in quantum dot antenna-sensitized multistep 
DNA photonic wires. ACS Nano. 2013;7:7101–18.

	185.	 Dutta PK, Levenberg S, Loskutov A, Jun D, Saer R, Beatty JT, Lin S, Liu Y, 
Woodbury NW, Yan H. A DNA-directed light-harvesting/reaction center 
system. J Am Chem Soc. 2014;136:16618–25.

	186.	 Hannah KC, Armitage BA. DNA-templated assembly of helical cyanine 
dye aggregates: a supramolecular chain polymerization. Acc Chem Res. 
2004;37:845–53.

	187.	 Banal JL, Kondo T, Veneziano R, Bathe M, Schlau-Cohen GS. Photophys-
ics of J-aggregate-mediated energy transfer on DNA. J Phys Chem Lett. 
2017;8:5827–33.

	188.	 Mandal S, Zhou X, Lin S, Yan H, Woodbury N. Directed energy 
transfer through DNA-templated J-aggregates. Bioconjug Chem. 
2019;30:1870–9.

	189.	 Boulais E, Sawaya NPD, Veneziano R, Andreoni A, Banal JL, Kondo T, 
Mandal S, Lin S, Schlau-Cohen GS, Woodbury NW, et al. Programmed 
coherent coupling in a synthetic DNA-based excitonic circuit. Nat 
Mater. 2018;17:159–66.

	190.	 Zhou X, Mandal S, Jiang S, Lin S, Yang J, Liu Y, Whitten DG, Woodbury 
NW, Yan H. Efficient long-range, directional energy transfer through 
DNA-templated dye aggregates. J Am Chem Soc. 2019;141:8473–81.

	191.	 Sohail SH, Otto JP, Cunningham PD, Kim YC, Wood RE, Allodi MA, 
Higgins JS, Melinger JS, Engel GS. DNA scaffold supports long-lived 
vibronic coherence in an indodicarbocyanine (Cy5) dimer. Chem Sci. 
2020;11:8546–57.

	192.	 Cunningham PD, Diaz SA, Yurke B, Medintz IL, Melinger JS. Delocalized 
two-exciton states in DNA scaffolded cyanine dimers. J Phys Chem B. 
2020;124:8042–9.

	193.	 Mazuski RJ, Diaz SA, Wood RE, Lloyd LT, Klein WP, Mathur D, Melinger JS, 
Engel GS, Medintz IL. Ultrafast excitation transfer in Cy5 DNA photonic 
wires displays dye conjugation and excitation energy dependency. J 
Phys Chem Lett. 2020;11:4163–72.

	194.	 Cunningham PD, Kim YC, Diaz SA, Buckhout-White S, Mathur D, Medintz 
IL, Melinger JS. Optical properties of vibronically coupled Cy3 dmers on 
DNA scaffolds. J Phys Chem B. 2018;122:5020–9.

	195.	 Huff JS, Davis PH, Christy A, Kellis DL, Kandadai N, Toa ZS, Scholes GD, 
Yurke B, Knowlton WB, Pensack RD. DNA-templated aggregates of 

strongly coupled cyanine dyes: nonradiative decay governs exciton 
lifetimes. J Phys Chem Lett. 2019;10:2386–92.

	196.	 Cannon BL, Kellis DL, Patten LK, Davis PH, Lee J, Graugnard E, Yurke B, 
Knowlton WB. Coherent exciton delocalization in a two-state DNA-
templated dye aggregate system. J Phys Chem A. 2017;121:6905–16.

	197.	 Hart SM, Chen WJ, Banal JL, Bricker WP, Dodin A, Markova L, Vyborna Y, 
Willard AP, Häner R, Bathe M. Engineering couplings for exciton trans-
port using synthetic DNA scaffolds. Chem. 2021;7:752–73.

	198.	 Kundu S, Patra A. Nanoscale strategies for light harvesting. Chem Rev. 
2017;117:712–57.

	199.	 Knudsen JB, Liu L, Kodal ALB, Madsen M, Li Q, Song J, Woehrstein JB, 
Wickham SF, Strauss MT, Schueder F. Routing of individual polymers in 
designed patterns. Nat Nanotechnol. 2015;10:892–8.

	200.	 Madsen M, Christensen RS, Krissanaprasit A, Bakke MR, Riber CF, Nielsen 
KS, Zelikin AN, Gothelf KV. Preparation, single-molecule manipulation, 
and energy transfer investigation of a polyfluorene-graft-DNA polymer. 
Chem A Eur J. 2017;23:10511–5.

	201.	 Krissanaprasit A, Madsen M, Knudsen JB, Gudnason D, Surareungchai 
W, Birkedal V, Gothelf KV. Programmed switching of single polymer 
conformation on DNA origami. ACS Nano. 2016;10:2243–50.

	202.	 Madsen M, Bakke MR, Gudnason DA, Sandahl AF, Hansen RA, Knudsen 
JB, Kodal ALB, Birkedal V, Gothelf KV. A single molecule polyphenylene-
vinylene photonic wire. ACS Nano. 2021;15:9404–11.

	203.	 Tyagi S, Kramer FR. Molecular beacons: probes that fluoresce upon 
hybridization. Nat Biotechnol. 1996;14:303–8.

	204.	 Wang K, Tang Z, Yang CJ, Kim Y, Fang X, Li W, Wu Y, Medley CD, Cao Z, 
Li J, et al. Molecular engineering of DNA: molecular beacons. Angew 
Chem Int Ed Engl. 2009;48:856–70.

	205.	 Xiao M, Lai W, Man T, Chang B, Li L, Chandrasekaran AR, Pei H. Rationally 
engineered nucleic acid architectures for biosensing applications. 
Chem Rev. 2019;119:11631–717.

	206.	 Wang S, Zhou Z, Ma N, Yang S, Li K, Teng C, Ke Y, Tian Y. DNA origami-
enabled biosensors. Sensors. 2020;20:6899.

	207.	 Huang R, He N, Li Z. Recent progresses in DNA nanostructure-based 
biosensors for detection of tumor markers. Biosens Bioelectron. 
2018;109:27–34.

	208.	 He L, Lu DQ, Liang H, Xie S, Luo C, Hu M, Xu L, Zhang X, Tan W. Fluores-
cence resonance energy transfer-based DNA tetrahedron nanotweezer 
for highly reliable detection of tumor-related mRNA in living cells. ACS 
Nano. 2017;11:4060–6.

	209.	 Xie N, Huang J, Yang X, Yang Y, Quan K, Ou M, Fang H, Wang K. Compe-
tition-mediated FRET-switching DNA tetrahedron molecular beacon for 
intracellular molecular detection. ACS Sensors. 2016;1:1445–52.

	210.	 Modi S, Swetha MG, Goswami D, Gupta GD, Mayor S, Krishnan Y. A DNA 
nanomachine that maps spatial and temporal pH changes inside living 
cells. Nat Nanotechnol. 2009;4:325–30.

	211.	 Marras AE, Shi Z, Lindell MG 3rd, Patton RA, Huang CM, Zhou L, Su HJ, 
Arya G, Castro CE. Cation-Activated Avidity for Rapid Reconfiguration of 
DNA Nanodevices. ACS Nano. 2018;12:9484–94.

	212.	 Selnihhin D, Sparvath SM, Preus S, Birkedal V, Andersen ES. Multifluo-
rophore DNA Origami Beacon as a Biosensing Platform. ACS Nano. 
2018;12:5699–708.

	213.	 Pei H, Liang L, Yao G, Li J, Huang Q, Fan C. Reconfigurable three-dimen-
sional DNA nanostructures for the construction of intracellular logic 
sensors. Angew Chem Int Ed Engl. 2012;51:9020–4.

	214.	 Massey M, Medintz IL, Ancona MG, Algar WR. Time-gated FRET and 
DNA-based photonic molecular logic gates: AND, OR, NAND, and NOR. 
ACS Sens. 2017;2:1205–14.

	215.	 Buckhout-White S, Claussen JC, Melinger JS, Dunningham Z, Ancona 
MG, Goldman ER, Medintz IL. A triangular three-dye DNA switch capa-
ble of reconfigurable molecular logic. RSC Adv. 2014;4:48860–71.

	216.	 Brown CW 3rd, Buckhout-White S, Diaz SA, Melinger JS, Ancona MG, 
Goldman ER, Medintz IL. Evaluating dye-Labeled DNA dendrim-
ers for potential applications in molecular biosensing. ACS Sens. 
2017;2:401–10.

	217.	 Choi Y, Kotthoff L, Olejko L, Resch-Genger U, Bald I. DNA origami-based 
forster resonance energy-transfer nanoarrays and their application as 
ratiometric sensors. ACS Appl Mater Interfaces. 2018;10:23295–302.



Page 23 of 23Zhou et al. Journal of Nanobiotechnology          (2022) 20:257 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	218.	 Cao LP, Wang Y, Bai Y, Jiang YJ, Li CM, Zuo H, Li YF, Zhen SJ, Huang CZ. 
DNA photonic nanowires for homogeneous entropy-driven biomo-
lecular assay of thrombin. ACS Appl Nano Mater. 2021;4:2849–54.

	219.	 Jiang S, Ge Z, Mou S, Yan H, Fan C. Designer DNA nanostructures for 
therapeutics. Chem. 2021;7:1156–79.

	220.	 Jiang Q, Zhao S, Liu J, Song L, Wang ZG, Ding B. Rationally designed 
DNA-based nanocarriers. Adv Drug Deliv Rev. 2019;147:2–21.

	221.	 Jiang Q, Liu S, Liu J, Wang ZG, Ding B. Rationally designed DNA-origami 
nanomaterials for drug delivery in vivo. Adv Mater. 2019;31: e1804785.

	222.	 Shen L, Wang P, Ke Y. DNA nanotechnology-based biosensors and 
therapeutics. Adv Healthc Mater. 2021;10: e2002205.

	223.	 Dickerson EB, Dreaden EC, Huang X, El-Sayed IH, Chu H, Pushpanketh 
S, McDonald JF, El-Sayed MA. Gold nanorod assisted near-infrared 
plasmonic photothermal therapy (PPTT) of squamous cell carcinoma in 
mice. Cancer Lett. 2008;269:57–66.

	224.	 Jiang Q, Shi Y, Zhang Q, Li N, Zhan P, Song L, Dai L, Tian J, Du Y, Cheng 
Z, Ding B. A self-assembled DNA origami-gold nanorod complex for 
cancer theranostics. Small. 2015;11:5134–41.

	225.	 Du Y, Jiang Q, Beziere N, Song L, Zhang Q, Peng D, Chi C, Yang X, Guo H, 
Diot G, et al. DNA-nanostructure-gold-nanorod hybrids for enhanced 
in vivo optoacoustic imaging and photothermal therapy. Adv Mater. 
2016;28:10000–7.

	226.	 Zhuang X, Ma X, Xue X, Jiang Q, Song L, Dai L, Zhang C, Jin S, Yang K, 
Ding B, et al. A photosensitizer-loaded DNA origami nanosystem for 
photodynamic therapy. ACS Nano. 2016;10:3486–95.

	227.	 Song L, Jiang Q, Liu J, Li N, Liu Q, Dai L, Gao Y, Liu W, Liu D, Ding B. DNA 
origami/gold nanorod hybrid nanostructures for the circumvention of 
drug resistance. Nanoscale. 2017;9:7750–4.

	228.	 Mathur D, Kim YC, Díaz SA, Cunningham PD, Rolczynski BS, Ancona 
MG, Medintz IL, Melinger JS. Can a DNA origami structure constrain the 
position and orientation of an attached dye molecule? J Phys Chem C. 
2021;125:1509–1522.

	229.	 Hübner K, Joshi H, Aksimentiev A, Stefani FD, Tinnefeld P, Acuna GP. 
Determining the in-plane orientation and binding mode of single fluo-
rescent dyes in DNA origami structures. ACS Nano. 2021;15:5109–5117.

	230.	 Liu X, Zhang F, Jing X, Pan M, Liu P, Li W, Zhu B, Li J, Chen H, Wang L, 
Lin J. Complex silica composite nanomaterials templated with DNA 
origami. Nature. 2018;559:593–8.

	231.	 Huang Z, Qiu L, Zhang T, Tan W. Integrating DNA nanotechnology 
with aptamers for biological and biomedical applications. Matter. 
2021;4:461–89.

	232.	 Wu X, Wu T, Liu J, Ding B. Gene therapy based on nucleic acid nano-
structure. Adv Healthc Mater. 2020;9: e2001046.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Interfacing DNA nanotechnology and biomimetic photonic complexes: advances and prospects in energy and biomedicine
	Abstract 
	Nature-inspired functional multichromophore complex
	Natural light-harvesting system
	Molecular exciton and dye aggregates
	Artificial dye materials to harness and collect photons

	Utilization of dye aggregates for biomedical applications
	Biosensing
	Bioimaging
	Cancer therapy

	DNA nanotechnology
	DNA tile assembly
	DNA origami assembly
	Dynamic DNA technology

	Photonic systems directed by structural DNA templates
	Organization of weakly coupled chromophores
	Assembly of strongly coupled excitonic complexes
	Applications in phototheranostics

	Summaries and perspectives
	Acknowledgements
	References




