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ABSTRACT:

Metamaterials  are  architectures  that  interact  with  light  in  novel  ways  by

virtue of symmetry manipulation, and have opened a window into studying

unprecedented  light-matter  interactions.  However,  they  are  commonly

fabricated via lithographic  methods,  are usually  static  structures, and are

limited in  how they can react  to external  stimuli.  Here we show that  by

combining lithographic techniques with DNA-based self-assembly methods,

we  can  construct  responsive  plasmonic  metamaterials  that  exhibit  the

plasmonic  analog  of  an  effect  known  as  electromagnetically  induced

transparency (EIT), which can dramatically change their spectra upon motion

of  their  constituent  parts.  Correlative  scanning  electron  microscopy

measurements,  scattering  dark  field  microscopy,  and  computational

simulations are performed on single assemblies to determine the relationship

between their  structures  and  spectral  responses  to  a  variety  of  external

stimuli. The strength of the EIT-like effect in these assemblies can be tuned

by  precisely  controlling  the  positioning  of  the  plasmonic  nanoparticles  in

these  structures.  For  example,  changing  the  ionic  environment  or

dehydrating the sample will change the conformation of the DNA linkers and

therefore  the  distance  between  the  nanoparticles.  Dark  field  spectra  of

individual assemblies show peak shifts of up to many tens of nanometers
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upon DNA perturbations. This dynamic metamaterial represents a stepping

stone  towards  state-of-the-art  plasmonic  sensing  platforms  and  next-

generation dynamic metamaterials.

KEYWORDS: metamaterials, DNA, self-assembly, nanoparticles, plasmonics,

electromagnetically induced transparency

Optical  metamaterials  consist  of  sub-wavelength  dielectric  or  plasmonic

structures that manipulate light in profound and often surprising and even

unnatural  ways,  allowing for  novel  phenomena such as negative index of

refraction  and invisibility  cloaks.1–10 In  many cases,  these properties  arise

only when the individual building blocks (the meta-atoms) consist of a low-

symmetry arrangement of inorganic components. By correctly designing the

arrangement of these components, one can program the manner in which

they interact with light. To achieve the requisite broken symmetries to create

a metamaterial, lithographic methods are frequently employed, as they allow

for nearly arbitrary pattern formation in two and to some degree in three

dimensions.  However,  the  resulting  structures  are  usually  static  and  can

rarely  change  in  response  to  external  stimuli.  Constructing  a  dynamic

metamaterial  that  responds  to  local  environmental  changes  would  be

advantageous  for  many  reasons,  e.g.  by  allowing  a  metamolecule  to

autonomously  shift  the  frequency  of  its  resonant  mode  for  optical  mode

selection and as a sensing modality.11–17 
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Self-assembly  offers  an attractive  route  to  achieving materials  that  can

change  their  structure  and  subsequent  properties  since  the  forces  that

govern their formation are generally weak, (on the order of a few kT), and

can  respond  to  external  stimuli  in  a  rich  multitude  of  ways  and  with

enormous selectivity.18–22 Unfortunately, these interactions, without designed

symmetry manipulations, do not possess metamaterial-like properties. Here

we show, through a combination of lithographic templating and DNA-directed

self-assembly,  the  formation  of  a  plasmonic  metamaterial  capable  of

responding to its environment by changing its structural configuration. As a

model three-dimensional system, we have synthesized a structure consisting

of  three  gold  rods  that,  when  properly  arranged,  exhibits  a  plasmonic

analogue of an optical phenomenon known as electromagnetically-induced

transparency (EIT).23–25 By introducing stimuli that perturb the conformation

of  the  DNA  linkers,  individual  elements  of  each  assembly  alter  their

configurations,  changing  the  resonant  modes  of  the  constructed

metamaterials. Our observation has been confirmed by correlating dark field

microscopy, scanning electron microscopy and finite difference time domain

simulations (FDTD) at the single meta-atom level.  We anticipate that this

work will open the door to creating dynamic and complex metamaterials that

could  switch  their  optical  behavior  in  response  to  a  variety  of  chemical

stimuli. 

Previous  efforts  to  create  dynamic  metamaterials  have  focused  on

electrical, optical, or mechanical approaches to modulation of the relevant
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optical modes of the system. For example, dielectric shifts via nearby phase-

change materials, mechanical deformation of an underlying substrate, and

charge-carrier  injection  via  ultrafast  optical  pulses  have all  been used as

stimuli  to  influence  metamaterial  properties.26–29 However,  the  use  of

chemical  stimuli  to  drive  similar  structural  and  optical  changes  are

considerably less common but important. For instance,  a chemical stimulus

would  allow  for  the  metamaterial  to  be  manipulated  in  a  substrate

independent  manner,  and  depending  on  how  the  chemical  interaction

modulates  the  mode  coupling  strength,  the  metamaterial  could  be

manipulated to different degrees in order to tune magnitude of the response.

A  particularly  appealing  method  to  create  dynamic  nanostructures  that

respond to chemical stimuli  is to use organic linkers such as DNA to self-

assemble  the  individual  plasmonic  nanoparticles  components.20,30–34 Being

molecular in nature,  these linkers can be designed to respond to specific

binding events or general environmental changes. Previously, the Alivisatos

group has developed so-called ‘plasmon rulers’ that modulate the distance

between  two  DNA-linked  gold  nanoparticles  via  small  molecule

interactions.35–38 In addition, the Mirkin group has shown the crystallization of

DNA-functionalized  nanoparticles  into  superlattices  that  can  dynamically

rearrange based on the presence of  different oligonucleotide stimuli.18,19,39

However, in both cases the assemblies are highly-symmetric and lack the

structural  complexity  necessary  to  support  metamaterial  behavior.  DNA

origami techniques offer a potential route to address this shortcoming, as
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they  allow  for  the  folding  of  long  DNA  strands  into  low-symmetry  3D

templates, on which nanoparticles can be selectively placed and dynamically

switched  via  exogenous  chemical  stimuli.  For  instance,  the  Liedl  and  Liu

groups  have  both  used  separate  DNA origami-based  strategies  to  create

chiral  assemblies,  some  of  which  can  switch  handedness  when  the

appropriate  oligonucleotide  effector  strand  is  introduced.17,40,41 However,

these  structures  are  assembled  in  a  solution  environment  and  thus  are

capable of supporting only orientationally-averaged metamaterial properties.

Because many metamaterials are fabricated on a substrate and have optical

modes  that  require  the  excitation  to  be  linearly  polarized,  methods  to

generate surface-based, self-assembled metamaterials are necessary. In this

work,  we  show  that  by  combining  DNA-directed  self-assembly  with

lithographically-defined  templates,  we  can  synthesize  dynamic,  low

symmetry, plasmonic metamaterials that dramatically change their spectra

upon introduction of a chemical stimulus.

Our  model  system is  a  metamaterial  that  exhibits  EIT-like  behaviour.23–

25,42,43 Briefly, EIT is a quantum interference effect seen in atomic systems,

and leads to a sharp splitting  in  the spectral  signature of  the atom that

renders  a  transparent  window,  but  an  analogous  (non-quantum)  splitting

effect can be seen in plasmonic systems, and is referred to as EIT-like in this

work.44,45 The structure consists of two parallel rods, that together support a

dark quadrupolar plasmon mode, and a single orthogonal rod placed above

them that supports a simple dipolar mode (Fig. 1).  If the orthogonal rod is
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centered in the middle of the parallel rods (a high symmetry arrangement),

then  its  dipolar  resonance  will  not  couple  into  the  dark  quadrupolar

resonance of the parallel rods. This results in a scattering spectrum with a

single peak. On the other hand, if the orthogonal rod is offset and resides

over the tips of the parallel rods (a low symmetry arrangement), its dipolar

resonance will  couple  to  the  quadrupolar  mode of  the parallel  rods.  This

results  in  a  splitting  of  the  peak  into  two  separate  modes,  creating  a

transparency window in the optical spectrum. Assemblies exhibiting this EIT-

like effect have been shown to be highly responsive to perturbations in their

structure; even a few nanometer displacement in the relative positions of the

rods can cause spectral shifts on the order of tens of nanometers.43,46–48 It has

been theorized  that  if  these structures  were  able  to  respond to  external

stimuli, the easily detected change in their spectra could be correlated to a

configurational  change,  and  thus  could  have  a  strong  impact  as  sensors

across various fields.43 This intrinsic sensitivity to structural changes makes

the EIT-like design an ideal platform for investigating dynamic configuration

in metamaterials defined by molecular self-assembled interactions.
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Figure  1.  Dipole  based  explanation  of  the  plasmonic  analog  to

electromagnetically induced transparency (EIT).  FDTD simulations were run

of  the  low  and  high  symmetry  assemblies,  with  incident  light  linearly

polarized along the longitudinal axis of the orthogonal rod. The parallel rods

are simulated to be 115 x 35 x 30 nm with a 30 nm gap between them, and

the orthogonal rod is 96 x 30 nm, with a 15 nm gap above the parallel rods.

A symmetrical assembly (top, red box) in which an orthogonal rod assembles

across  the  center  of  the  parallel  rods  will  have  a  single  peak  (1)  in  the

scattering spectrum (red trace) because the orthogonal rod is in the node of

the quadrupolar  resonance and will  not  couple  with it.  An unsymmetrical

assembly (middle and bottom, blue box) exhibits an EIT-like response (blue
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trace) because the dipole mode from the orthogonal rod can couple with the

quadrupolar  mode from the parallel  rods,  giving rise to two new coupled

collective modes (peaks 2 and 3). Note that the transparency window is in a

similar position to the peak of the symmetric structure. 

To fabricate this structure in a manner that allows it to respond to chemical

stimuli,  we  have  implemented  a  combination  of  lithography  and  self-

assembly  to  create  a  hybrid  inorganic-organic  architecture.  The  simple

design of  the EIT-like  structure consisting of  only  three distinct  rods also

lends itself to this approach. First, the parallel rods defining the quadrupolar

mode are fabricated on a conductive, transparent substrate using traditional

lithography  techniques.  After  spin  coating  poly(methyl  methacrylate)

(PMMA), a second layer exposure is then used to define a rod-shaped trench

orthogonal  to  and  above  the  parallel  rods.  This  allows  for  DNA

functionalization  of  the  exposed  area  of  the  parallel  rods  which  can

subsequently be used to capture colloidally-synthesized rods functionalized

with complementary DNA strands (Fig. 2). Therefore, by introducing chemical

stimuli that alter the conformation of the DNA, the spacing (and therefore

the degree of  plasmonic coupling and the EIT-like response) between the

parallel rods and the orthogonal rod can be post-synthetically tuned.
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Figure 2.  Schematic illustration of the lithography and assembly process of

hybrid  inorganic-organic  structures.  Parallel  rods  are  first  written  on  the

indium-tin-oxide coated glass surface using e-beam lithography followed by

gold evaporation. (i) A second layer exposure is done to open a trench over a

specific position of the parallel rods, and a brief O2 plasma etch is used to

remove residual PMMA in the trench. (ii) Thiolated DNA (blue) is then added

to the exposed portion of the parallel rods. (iii) Finally, the orthogonal rod

functionalized with complementary DNA (red) is incubated on the glass slide,

falls into the PMMA trench, and hybridizes on the parallel rods.

To validate this strategy for synthesizing hybrid metamaterials defined by

lithography and self-assembly, we first generated static EIT-like structures

with  controlled  asymmetry.  Representative  scanning  electron  microcopy

(SEM) images illustrate that the lithographed trench can serve to direct the

DNA functionalized orthogonal rods at desired positions along the length of

the parallel rods (Fig. 3). Note that electron microscopy images are collected

under  vacuum,  resulting  in  dehydration  of  the  DNA  and  collapse  of  the
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structure  (see  below).49,50 Nonetheless,  placement  of  the  orthogonal  rod

appears  to  be  sufficiently  precise  so  as  to  tailor  the  asymmetry  of  the

structure. Detailed assembly results are enumerated in the SI, and show the

desired structures correctly self-assembly about fifteen percent of the time,

and that the placement of the orthogonal rod along the parallel rods can be

controlled  with  a  standard  deviation  of  ± 33  nm.  To  confirm that  these

materials indeed exhibit the desired EIT-like effect, single-particle dark field

scattering microscopy was used to measure the optical spectra of individual

assemblies, with the incident light polarized along the longitudinal axis of the

orthogonal rod. Note that these spectra are acquired in a hydrated state and

therefore  preserve  the  DNA  conformation  and  the  resulting  interparticle

spacing  defined by  the  number  of  bases  in  the  strands.  Consistent  with

theory and previous studies,24 the degree of symmetry breaking determines

the presence or absence of an EIT-like effect; symmetric structures show a

single peak, whereas broken symmetry assemblies show two peaks with a

transparency window.  The spectra of  individual  assemblies  are correlated

with an SEM image after acquisition of the optical data (Fig. 4); rods may

appear angled in these images due to dehydration but are not necessarily

oriented  this  way  during  the  measurement  while  in  solution.  We  find

excellent  agreement  between  the  dark  field  spectra  data  and  Finite

Difference Time Domain (FDTD) simulations of the assembly using structural

parameters  based  on  the  SEM  measurements,  as  is  standard  for  these

experiments.51,52 
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Figure 3. Symmetry control of inorganic-organic hybrid EIT-like structures.

(a) Schematic showing the parallel rods covered in PMMA (grey) except for

the trench opened by e-beam lithography over a specific location along the

length of the parallel rods. (b) SEM images of assembled structures showing

that the two layer exposure can direct assembly of the dipole rod along the

length  of  the  parallel  rods.  The  PMMA  is  removed  for  SEM  acquisition

because it is insulating. 

12



Figure 4. Correlative  dark field scattering microscopy and EM images of

hybrid  organic-inorganic  EIT-like  structures.  The  symmetric  structure  (red

trace  and  red  boxed  SEM image)  has  a  single  peak.  The  low  symmetry

structure (blue trace and blue boxed SEM image) exhibits the expected peak

splitting indicative of the EIT-like effect. Dashed lines are FDTD simulations

of  the  respective  assemblies  in  hydrated  states  and  show  qualitative

agreement with experiment (the traces are offset for clarity). The dimensions

of  the  assemblies  used  in  the  simulations  are  extracted  from  the  SEM

images.

To test if the presence of organic molecular components linking together

the metamaterial could be used to post-synthetically modulate the structure,

a  flow  cell  set-up  was  used  monitor  the  consequences  of  changing  the

chemical  environment  of  the  assemblies.  Because  a  dense  layer  of

hybridized DNA strands defines the spacing between the parallel rod and the

orthogonal  rods,  chemical  stimuli  that  alter  the  binding  strength  and

conformation of the DNA can be used to modulate the structure. We first

focused on changing the ionic strength of the solution to influence the ability

or  inability  of  the  DNA to  remain  hybridized.  Because  DNA hybridization

requires the presence of salt to screen the polyanionic phosphate backbone,

lowering  of  the  ionic  strength  via  dilution  with  pure  water  will  result  in

strand-strand  repulsion  and  dehybridization.53 To  test  this,  assembled

structures  were  hydrated  in  a  high-salt  buffer  solution  (~  0.5  M  ionic

strength)  and  monitored  via  dark  field  scattering  microscopy  while  pure
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water with 0.01% sodium dodecyl sulfate (SDS) was flowed into the system.

Initial structures showed the expected EIT-like behavior, but dilution of the

ionic strength by several orders of magnitude resulted in a loss of the peak

splitting (Fig. 5a and 5b). The dehybridization of the numerous DNA strands

results in unbinding and removal of  the colloidally-synthesized orthogonal

rod and loss of the necessary plasmon coupling. The remaining single peak

(red) is due to a coupled dipolar resonance from the parallel rods, as the

quadrupole  mode should  be  dark  without  the  dipole  rod.  This  shows the

ability  for  a  hybrid  inorganic-organic  metamaterial  to  switch  between

optically transparent and optically scattering states as a result of a change in

the ionic strength of the environment based on plasmonic decoupling of the

constituent parts.

We note that the presence is the red peak in figure 5b is not predicted by

the simulations—with the incident light polarized orthogonal to the parallel

rods, there should be no resonance from the orthogonal rod in the 650 to

1000 nm region, and when the orthogonal rod is removed, we would expect

to observe no spectral signal. However, a signal is always observed. There

are several possibilities for this. First, the in a transmission mode dark field

set-up,  the  light  is  polarized  orthogonal  to  the  parallel  rods  (along  the

longitudinal axis of the orthogonal rod) before the light enters the dark field

condenser.  Due to the arrangement of  the mirrors in the condenser,  it  is

impossible to perfectly preserve the polarization, and dipolar mode of the

parallel rods can be excited. Therefore, polarization is not perfect for high k
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components of the incident light, which is an intrinsic property of dark field

scattering spectroscopy. The second possible reason is that the lithographed

parallel  rods  are  not  identical.  In  fact,  SEM  imaging  shows  a  couple

nanometer difference in length and width for most pairs of parallel rods (data

not  shown),  so  the  quadrupolar  mode  will  not  be  entirely  dark.  Further

explanations  are  explored  in  the  supporting  information.  Taken  together,

these  reasons  likely  explain  the  presence  of  the  resonant  mode  of  the

parallel  rods even though it  would not be present under ideal conditions.

Furthermore, when the spectral signal of the parallel rods is subtracted from

that of the fully assembled structure, a very strong EIT-like effect is observed

(black  trace).  This  subtracted spectra  most  likely  shows the  true  EIT-like

signal  of  the correctly  assembled structure,  but  it  is  convoluted from the

dipolar resonance of the parallel rods (Fig. 5b).

Although  changing  ionic  strength  switches  the  behavior  of  the  EIT-like

structure,  this  perturbation  is  irreversible  since  the  colloidal  rod  diffuses

away and is unlikely to return to the same binding site even if appropriate

salt  conditions  are  reinstituted.  If  instead,  the  distance  between  the

components  is  modulated  via  a  different  chemical  stimulus  to  bring  the

orthogonal  rod  closer  to  the  parallel  rods  by  perturbing  the  DNA

conformation,  an enhancement in  the EIT-like effect can be observed.  To

probe this possibility, we investigated changes to the solvation environment

and  their  influence  on  the  hybrid  metamaterial.  EIT-like  structures  were

prepared  as  described  previously  in  a  hydrated  buffer  solution.  Although
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double-stranded  DNA  is  a  relatively  rigid  molecule  in  this  state,  upon

dehydration  and  removal  of  the  solvent,  a  collapsed  and  condensed

conformation is adopted instead.49,54 Subjecting the system to vacuum and

removing  the  water  therefore  results  in  a  change  in  the  spacing  of  the

constituent rods (Fig. 5c and 5d). In the case of our DNA strand design, the

vertical  gap  between  the  orthogonal  and  parallel  rods  is  expected  to

decrease  from  15  nm  for  the  hydrated  case  to  about  5  nm  for  the

dehydrated case.50,55 The resulting increase in plasmon coupling causes more

pronounced splitting of  the modes and a greater dip of  the transparency

window, as predicted by theory (using an effective index of 1.33, or that of

water).  The  enhanced coupling  and  splitting  in  the  spectra  is  a  physical

manifestation  of  the  fact  that  the  closer  together  the  plasmonic

nanoparticles are, the more the evanescent electromagnetic fields overlap

and  interact,  and  is  reflected  in  the  spectral  signature  of  the  assembly.

These data show how small changes in the conformation of molecules can be

read-out as large changes in the optical spectra of a dynamic metamaterial.
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Figure 5. Dynamics of the hybrid inorganic-organic structure that exhibits

an  EIT-like  effect.  (a)  Salt  based  disassembly  and  destruction  of  EIT-like

property due to changing ionic strength. The assembled structure in the blue

box  represents  the  structure  in  0.5M NaCl.  The structure  in  the  red  box

represents the disassembly in 0.01% SDS solution. (b)The blue trace is the

measured dark field EIT-like  feature of  an assembly  taken in  0.5  M NaCl

buffer.  After  flowing  water,  a  single  peak  of  the  same structure  (red)  is

observed in dark field imaging. This  peak corresponds to the longitudinal

resonance of the remaining parallel rods. The black trace is the difference of

the  two  peaks,  and  represents  the  true  EIT-like  effect  of  the  assembled

structure  had the dipolar  resonance of  the parallel  rods  been completely

suppressed.  (c)  Response  to  hydrated  environment  of  the  EIT-like

assemblies.  Side-on  view  of  the  hydrated  state  where  the  DNA  is  in  its
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extended conformation (blue box). The DNA collapses upon removal of the

solvent  and  dehydration  (red  box).  (d)  Dark  field  spectra  of  the  EIT-like

assembly in its hydrated state (solid blue) and dry state (solid red). When the

assembly is dehydrated, the rods come closer together, which will increase

the magnitude of the EIT-like effect, broadening the transparency window.

FDTD simulation of the hydrated state (dashed blue) and dry state (dashed

red). Scattering intensity is normalized to make the shift in peak positions

clear. The theory and experimental data are offset for clarity.

This work has demonstrated that it is possible to generate structures that

combine  the  advantages  of  lithography  to  create  low-symmetry

metamaterials  with those of  self-assembly to create dynamic and flexible

soft  matter  components.  The  organic  elements  provide  a  chemically-

responsive  handle  which  can  be  rationally  modulated  by  changes  to  the

global environment. It should be noted that in this work the DNA was treated

primarily as a traditional  polymer; single assemblies were manipulated by

bulk  methods  such  as  changing  ionic  strength  or  solvation  environment.

Future work will focus on using the sequence-specific binding properties of

DNA to dynamically manipulate assembled metamaterials, for instance by

using  strand  displacement  reactions.  Such  a  design  would  impart  an

information processing element to the metamaterial switching and may allow

this architecture to behave as a three-dimensional plasmon ruler that reports

on complex biomolecule binding events via changes in the EIT-like spectrum.

Ultimately, chemically-dynamic metamaterials could be applicable to a host
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of fields that require structural reconfiguration to advance goals in optics,

biological sensing, and materials science.
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