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Recently,  DNA  has emerged  as  a designer  material  for the  controlled  assembly  of  nanoparticles.  The
unique  programmability  of  Watson-crick  base  pairing  offers  limitless  control  over assembly  via  spe-
cific  interactions.  At  the  same  time,  reliance  on  non-specific  interactions,  such  as layer-by-layer  (LbL)
assembly  offers  a simple  assembly  method,  albeit  with  limited  control.  Here,  by  assembling  DNA-capped
gold  nanoparticles  in  a LbL  fashion  we  combine  these  two approaches  and  present  a simple  and  robust
method  to construct  large-scale  three-dimensional  nanoparticle  assemblies  with readily  tunable  plas-
monics.  Through  variation  of the DNA  ligand  and  the  nanoparticle  core  size  the  morphology  of the
three-dimensional  nanoparticle  assemblies  was  carefully  adjustabed.  These  morphological  changes,  con-
firmed  using  grazing  incidence  x-ray  scattering,  enabled  the  tuning  of  the plasmonic  behavior  of  the

three-dimensional  nanoparticle  assemblies.  The  morphology  could  also  be  modified  in real-time  through
water  vapor  induced  swelling  enabling  dynamic  tuning  of  the  optical  properties.  The  introduction  of  the
DNA  ligand  to the  LbL  assembly  method  presented  here  imparted  tunability  to  the  process  previously
inaccessible  with  other  nanoparticle  ligands  and  presents  a platform  with  which  to  create  optically  active
materials  of  various  compositions.

©  2019  Elsevier  Ltd. All  rights  reserved.
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f the central goals of nanotechnology is to develop meth-
trol the arrangement of nanoscale building blocks in two

 dimensions, thus allowing researchers to control collec-
erties of nanoparticle. In plasmonics, of particular interest
lized surface plasmon resonance (LSPR), whose frequency

 modulated by coupling to neighboring nanoparticles.
ling results in plasmon frequency shifts dictated by the
ent of neighboring nanoparticles [1,2]. By controlling this
ent, the plasmonics of nanoparticle assemblies can be

 tuned to make designer metamaterials with unconven-
tical properties [3–5].

ethod to control the assembly of nanoparticles has
mploy an electrostatic fabrication technique in a pro-
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er-by-layer (LbL) assembly, whereby layers of oppositely
anoparticle and polyelectrolytes are alternately stacked
three-dimensional (3D) assemblies. Such electrostatic
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es were first shown for polyelectrolytes [6] and studies on
icle-polyelectrolyte complexes soon followed [7–28]. This
e has enabled the construction of large-scale plasmonic
es of various nanoparticle compositions such as gold and
t precise control over the resultant morphology has been
y the type of nanoparticle ligands employed and the nature
lyelectrolyte layers [8,10,13,15].
ntrollability problem can be addressed through the use of

 nanoparticle ligand. DNA as a nanoscale organizer offers
antages over conventional, non-DNA nanoparticle ligands
kylthiols and citrate. In this DNA-based approach, by con-
hort single-stranded DNA to the surface of nanoparticles,
ammability of the DNA afforded by Watson-Crick base-
n be imparted to the nanoparticles. The precise length and

 control inherent to DNA have resulted a stunning variety
attice morphologies in one [29], two- [30–33], and three-
nal [3,34–43] morphologies, including some whose lattice
s are not even found in nature [44,45]. While the unlim-
on nanoparticle assemblies with tunable plasmonics via
0823

binatory nature of DNA base-pairing sequences affords
arrangement possibilities, reliance on base-pairing-

 assembly is a double-edged sword: complex sequence
eps must be undertaken and the assembly must proceed
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Fig. 1. Schematic representation of the 3Dnanoparticle assembly (A). FIB milled
cross  section with Pt overlayer (B) to avoid beam effects and without the Pt layer
(C) enabling
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nct a
28] ligands previously used, whose tunability is greatly limited
 simultaneous scanning electron microscopy imaging of a cross section
 layer of nanoparticles. Scale bar is 1 �m.

 narrow range of solution conditions (e.g., precise ionic
 pH, etc). Additionally, DNA hybridization-based assembly

 scalability of the nanoparticle constructs. Here, using a
bination of non-base pairing DNA (single stranded DNA,

nd a LbL process, we construct large (centermeter) scale,
le plasmonic LbL nanoparticle assemblies.
resent strategy was inspired by our previous reports
se of non-base pairing, ssDNA to construct nanopar-
mblies. We  have recently shown that single-stranded,
-pairing polythymine (PolyT) can be used to assemble
nsional (2D) nanoparticle superlattices at the air-water

. Due to the negatively charged DNA backbone, the salt
tion in the nanoparticle solution determines the distance
particles;and this distance can be modified over a large
,33,46]. Our findings not only extended 2D nanoparticle
ation to conditions relevant to real world applications, but
lted in a semi-empirical and model to predict the behav-

 DNA organizer. Using these same assembly principles
odel at the air-water interface, we extended these phe-

o the liquid-solid interface to construct tunable plasmonic
P monolayers. Here, we added additional nanoparticle
rs in a simple layer-by-layer (LbL) process in order to

 3D nanoparticle assemblies with tunable plasmonics

s and methods

 of DNA-capped gold nanoparticles (DNA-AuNPs)

anoparticles of various diameters (15, 20, and 30 nm were
d from Ted Pella, inc. Oligonucleotides were purchased
′ thiol modification from Integrated DNA Technologies.
ons were prepared in 18.2 M� water. Oligonucleotides
-protected using tris(2-carboethoxyethyl)-phosphine

oride (TCEP- Sigma-Aldrich) in a 1:5 (DNA:TCEP) solution
n. The thiol-terminal oligonucleotides were then added in
:1200, 1:2100, 1:4725, AuNP:DNA ratio for the 15, 20, and
NPs, respectively) to a solution of AuNPs and then shaken
t at 500 rom. NaCl was then slowly added in 50 mM
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e  stability against the high MgCl2 concentrations used in
ration of the nanoparticle assemblies{mirkin}.

on of LbL nanoparticle assemblies

-dimensional nanoparticle assemblies were prepared on
ropyl triethoxysilane (APTES, Sigma-Aldrich) functional-

 substrates. Silanization was  performed by incubating the
leaned glass microscope slide substrate in a 2 % APTES
n 95 % ethanol overnight. The substrates were then rinsed
l and isopropanol followed by baking at 95 ◦C for 1 h before
nsing cycle. The freshly silanized glass substrates were
d to attach an initial layer of DNA-AuNPs by incubating
us solution of DNA-AuNPs (∼10 nM DNA-AuNPs, 250 mM
ngth MgCl2) overnight. After thorough rinsing in water
ed the unattached DNA-AuNPs a 1 mg/mL  poly-l¬-lysine
mide (PLL, 300 kD, Sigma-Aldrich) solution was  incubated
A-AuNP monolayer for 30 min. The process was repeated
he desired number of DNA-AuNP layers.
scale plasmonic assemblies were prepared on a APTES
lized microscope slide. A silicone stencil was pressed onto

 and solutions of DNA-capped gold nanoparticle and PLL
rnated until the desired layer number was achieved.

ce and reflectance measurements

l spectra were obtained with a Filmetrics F40 instrument.
ce spectra were taken with the instrument’s built-in light
hile absorbance spectra were taken using an external

ight source that could be coupled to GISAXS chamber.

cidence small-angle X-ray scattering (GISAXS)
nts

S experiments were performed on the dried multilayer
icle samples at the D1 experimental station at the Cor-

 Energy Synchrotron Source (CHESS). D1 uses a multilayer
omator to deliver an incident x-ray beam with a flux of
otons s-1 mm-1  with a 1.5 % bandwidth and 1.16 Å wave-

 Pilatus 200 K detector, with a pixel size of 172 × 172 �m
mple-to-detector distance of 1835 mm was used. The inci-
y beam angle was  0.25◦. Solvent vapor annealing using
por was  performed in a specialized chamber described
e (source).

nd discussion

onic  LbL assemblies were constructed by
ctionalizing a cleaned glass substrate with (3-
opyltriethoxysilane (APTES). The APTES imparted a
harge to the glass surface to facilitate the adsorption of

tively charged DNA-AuNPs. AuNP monolayers were then
 by incubating a DNA-AuNP droplet in 250 mM ionic
(IS) MgCl2 to ensure densely packed assemblies. After
nbound DNA-AuNPs with water, poly-L-lysine hydro-
(PLL) (300 kDa) was attached on top of the DNA-AuNP

er. The newly laid, positively charged PLL layer enabled an
l DNA-AuNP monolayer to be deposited and the process
ated until the desired number of layers was achieved

 In our case we used a biocompatible and a readily tunable
oparticle ligand. The use of the DNA ligand afforded a
dvantage over smaller organic [8–12] and hydrophilic
on nanoparticle assemblies with tunable plasmonics via
00823

size. The length of the DNA ligand, on the other hand,
varied from ∼6−15 nm,  by simply changing the number
e bases.

https://doi.org/10.1016/j.nantod.2019.100823
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Fig. 2. Opti ima of the assemblies could be tuned by varying the number of nanoparticle
layers as w  be selectively tuned through changing the core size (B) and the DNA ligand
length (C) a
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cal characterization of the LbL nanoparticle superstructures. The absorbance max
ell as the nanoparticle core size (A). The plasmonics of these assemblies could also
s seen by the position of the LSPR peaks.

anoparticles are well-known for their strong plasmonic
 [47,48]. Several plasmonic assemblies were constructed
method by varying the DNA ligand length and the
icle core size. Three DNA ligand lengths [polythymine
eotides of 10 (T10), 30 (T30), and 60 (T60) bases] and three
icle core sizes (15, 20, and 30 nm)  were used; each sys-
ayed unique properties. To study the morphology of the

 multilayers, scanning electron microscopy (SEM) was
en after focused ion beam (FIB) milling. The FIB milling
rmed after depositing a Pt layer, in order to avoid edge

o as to obtain a clean cross-section (Fig. 1B). Here the
icle stacking is clearly seen, although no long-range order
nt while local order is visible. FIB milling was  also per-
ithout the Pt layer, enabling SEM imaging of the top layer

articles (Fig. 1C), albeit with visible ion beam effects. In
local hexagonal packing is seen, though again, without

 of long-range order.
que advantage of the LbL approach to building plas-
noparticle multilayers is that it allows precise control

 amount of nanomaterial deposited. In our system,
led the tunability of the optical properties of the 3D
icle assemblies. Specifically, we tuned the reflectivity, the
ce magnitude, and the localized surface plasmon reso-
ak wavelength by varying the number of nanoparticle
posited. Sample absorbance traces are shown for the first
s of 15 nm core nanoparticle with a T60 ssDNA ligand in
. A key feature of the LbL method is that roughly the same
f nanoparticles was contained within each layer, as illus-

 the linear increase in the absorbance maximum (Fig. 2A,
 was the case for all the nanoparticle core sizes tested (15,

 nm), which highlighted the robustness and reproducibil-
method. While the absorbance increased linearly, the LSPR

 typically reached a maximum wavelength after the addi-
o to three nanoparticle layers (Fig. 2B, C). Upon addition
t layers, the LSPR underwent the characteristic red-shift

observed in nanoparticle assemblies due to coupled LSPRs
ever, on addition of the next layer, a distinctive blue-shift

 before stabilizing to a final LSPR wavelength following
ion of subsequent nanoparticle layers. Fig. 2 highlights the

 of the nanoparticle size on both the absorbance (Fig. 2A),
ed due to the increased scattering cross section, and the
cs (Fig. 2B), as can be calculated from the universal plas-
r proposed by Jain and El-Sayed [49]. In addition to the

 tune the absorbance, the LbL assembly provided a plat-
ugh which to control the reflectance of the assembled

icle films. The reflectance reached a maximum value with
ion of a fourth nanoparticle layer, after which it began to
(Figure S4). The use of the ssDNA capping ligand afforded
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onal tunable parameter, i.e., the DNA length. Three dis-
A lengths of 10, 30, and 60 thymine bases (T10, T30, and

ectively) were used with 15 nm nanoparticle core sizes.
 the data in Fig. 2, the optical properties of absorbance

ticle laye
indicated
broad fir
regarding
struction of large-scale plasmonic nanoparticle assemblies demonstrat-
ability of the absorbance (top) and reflectance (bottom).

 (Figure S3) and LSPR wavelength (Fig. 2B) of the assem-
e tuned by varying the ssDNA length. As well as allowing

 through the use of the variable ligand, DNA, the com-
with LBL assembly imparts optical tunability inaccessible
olayer systems which is advantageous in opetoelectronic
here wavelength specificity is needed.
L process provides at least three tunable parameters to

 nanoparticle superstructures: 1) nanoparticle core size,
 ligand length, and 3) nanoparticle layer number. Com-
th the aforementioned optical characterizations, this LbL
ffers the potential to create materials with a wide range of
operties. To illustrate the tunable plasmonics of the sys-
reated a stencil to highlight the variations by adjusting the
icle core size and layer number. Each letter in the stenciled
ontained an LbL assembly with a unique composition, of
, 20, or 30 nm nanoparticle core size and up to 4 nanoparti-

 (each with T60 DNA ligands), thereby exhibiting distinct
operties (Fig. 3). Note that the resulting photograph was
a transilluminator with the light source switched on (top)
ttom) so as to demonstrate the changes in absorbance and
ty of the system. Our data not only depicted the diversity of
rties available with this simple system but the large scale

these assemblies were produced. Each letter was approxi-
 mm in width, and the total pattern covers approximately

, thus highlighting the scalability of our LbL process. More-
se bulk-scale 3D nanoparticle superstructures remained
a variety of solutions (acetone, ethanol, and up to 500 mM
ngth MgCl2, data not shown), potentially facilitating their
toelectronic devices needing to operate in harsh environ-

nable plasmonics indicated that the morphology of the
article superstructures varied considerably upon chang-

anoparticle core size and the DNA ligand length. In order
this variation, we  employed grazing incidence small angle
ttering (GISAXS) to study films consisting of 10 nanopar-
on nanoparticle assemblies with tunable plasmonics via
0823

rs. The integrated spectra (Fig. 4), like the SEM images,
 no long-range order, as shown by the presence of a single
st-order Bragg peak. However, important information

 the average morphology of the various 3D nanoparticle

https://doi.org/10.1016/j.nantod.2019.100823
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Fig. 4. Small angle x-ray scattering morphological characterization of the 3D
nanoparticle assemblies for samples prepared with 15 nm AuNPs and several lig-
and lengths (A) and with T60 DNA ligands and several AuNP core sizes (B). The peak
shift to higher q values indicated the shrinking of the d- spacings by shortening the
ligand length, or through use of larger nanoparticle cores, as also confirmed in the
insets indic
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Fig. 5. Solvent vapor annealing of a 5-layer 3D nanoparticle assembly. The sample
was  swelled by introduction of water vapor into the sample chamber, which was
used to tune the morphology and optical properties of the sample. GISAXS spectra
show  the change in nanoparticle spacings, as indicated by the shift of the firs-order
peaks  to lower q-values with increasing water vapor amounts (A). The inset displays
the calculated nanoparticle spacings obtained for the varying amounts of water
vapor. The 
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ctures can be gleaned. Notably, the d-spacing, where
q is the position of first-order Bragg peak), within the 3D
icle assemblies was enlarged by increasing the 1) number
e bases on the DNA ligand, and 2) nanoparticle core size.
s composed of 3D assemblies with 15 nm gold nanoparti-

was seen by the shift of the first-order Bragg peak to lower
upon the use of longer DNA ligands, indicating a larger

 (Fig. 4A). Similarly, in samples employing T60 ligands
ious nanoparticle core sizes, the peak positions of the
r peak indicated a larger d-spacing for larger nanoparti-
4B). From the measured d-spacings, an approximate DNA
gth was  estimated by subtracting the contribution of the
icle cores (insets Fig. 4C). It should be noted that without
ographic arrangement (i.e. long-range order), the exact
eighbor spacing of the nanoparticles, and therefore the
h length, could not be calculated. However, the approx-
employed herein provided an important insight into the

 the DNA ligand shell. For example, we found that larger
icle cores resulted in shorter DNA brush lengths (inset
han smaller nanoparticle cores, indicating the stronger
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icle attraction between particles of larger size [50]
mber of variable parameters characterized above estab-
latform through which to tune the morphology of the 3D
icle assemblies. Additional tunability could be imparted in

level of c
smaller li
via GISAX
blies wit
shift in the nanoparticle spacings was accompanied by a shift in the
 of the nanoparticles (B). GISAXS spectra were normalized to the same
to facilitate comparison of the peak positions.

 to create a dynamic system through swelling of the sam-
mid environments. This was achieved through the use of a
d solvent vapor annealing (SVA) chamber which allowed

onitoring of the optical and GISAXS spectra while simul-
 enabling the precise control of solvent vapors over the
I). A sample composed of 5 layers of 15 nm gold nanopar-
h T60 ligands was  swelled by changing the composition
er the sample from dry gas (dry N2) to 100 % wet gas
led through water). The change from dry to wet gas was
nied by a marked shift of the first-order peak to lower q
dicating an increase of the nanoparticle d spacing (Fig. 5A),
s of the DNA brush length (Fig. 5A, inset). Because of the
of the nanoparticle assemblies, the wavelength of the LSPR
-shifted by approximately 9 nm (Fig. 5B). Interestingly, the
s and the LSPR positions in dry gas were slightly smaller

se previously measured in ambient conditions, presum-
to the drying effect of the N2 gas and the residual ambient
.

ons

rict layer-by-layer process described here, with alternat-
s of DNA-capped gold nanoparticles and PLL polyelec-
rovided a platform through which to produce large-scale
particle superstructures with readily tunable plasmon-

orphology of the nanoparticle assemblies, and therefore
onic behavior, was  precisely controlled through varia-

e DNA ligand length and the nanoparticle core size; this
on nanoparticle assemblies with tunable plasmonics via
00823

ontrol has been very difficult to obtain with the use of
gands. The resultant morphological alterations, confirmed
S studies, enabled the construction of bulk-scale assem-

h widely variable plasmonic properties. Finally, through

https://doi.org/10.1016/j.nantod.2019.100823
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