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T
ransparent conducting oxides (TCOs)1,2

withmesoporosity or nanoporosity pro-
vide great promise for a variety of pur-

poses due to the highly conductive nature of
the material, with potential applications such
as optoelectronic chemical sensing or enhan-
cing photon harvesting efficiency in solar fuel
cells.3,4 Porous conductors that contain large
cavity networks inside the material signifi-
cantly increase the surface area accessible to
guestmolecules, for example, electron transfer
mediators, to allow efficient contact with the
internal surface of the electrode and to permit
mass fluid flow throughout the material.3,4

One of the most widely used transparent
conducting oxides (TCOs) is indium tin
oxide (ITO).1,2 A drawback of this material
is its high cost due to low earth abundance of
indium, and thus an alternative is desirable.5

Recently, the development of antimony-
doped tin oxide (ATO) as a conductive
electrode surface has emerged as an advan-
tageous alternative to ITO5 because it is less
expensive and significantly more thermally
stable, and it has the potential ability to
achieve optimal conductivity as a mesopor-
ous electrode.6 Synthesis of ATO films has
been reported for electro-optical applica-
tions, and yet challenges still remain in pore
size control and pore accessibility.6

Among other synthetic methods for me-
soporous metal oxides, the hard template
method (or nanocasting) has been success-
ful in providingmesoporous networks with-
in various metal oxides that often require
high-temperature calcination.7�9 Specifi-
cally, porous carbon templates like carbon
aerogels can provide mesoporous materials
with three-dimensionally interconnected
networks.8 However, the method can be
cumbersomebecause the carbon templates
must be pre-prepared and also the impreg-
nation of the templates needs to be carried

out often multiple times to ensure good
oxide framework connectivity. To avoid these
problems, a new one-pot synthetic method
based on sequential formation of interpene-
trating metal oxide/polymer composite gels
has been developed and successfully applied
to produce mesoporous ATO material with
controllable pore sizes (unpublished data).
Herein, we utilize DNA nanostructures of well-
defined dimensions to test the effectiveness of
the three-dimensionally interconnectedmeso-
pores in the ATO materials to size selectively
adsorb guest materials (Figure 1).
DNA has been widely used as a structural

material to construct supramolecular nano-
structures.10,11 Its outstanding properties
include its simple connectivity, predictable
structure, and inter- and intramolecular in-
teractions. Its rigidity can be easily modu-
lated by including regions of single-
stranded DNA and crossovers to allow it to
form branched structures.12 In recent years,
more researchers have used these princi-
ples to design higher order self-assembled
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ABSTRACT A conductive nanoporous antimony-doped tin oxide (ATO) powder has been

prepared using the sol�gel method that contains three-dimensionally interconnected pores within

the metal oxide and highly tunable pore sizes on the nanoscale. It is demonstrated that these porous

materials possess the capability of hosting a tetrahedral-shaped DNA nanostructure of defined

dimensions with high affinity. The tunability of pore size enables the porous substrate to selectively

absorb the DNA nanostructures into the metal oxide cavities or exclude them from entering the

surface layer. Both confocal fluorescence microscopy and solution FRET experiments revealed that

the DNA nanostructures maintained their integrity upon the size-selective incorporation into the

cavities of the porous materials. As DNA nanostructures can serve as a stable three-dimensional

nanoscaffold for the coordination of electron transfer mediators, this work opens up new possibilities

of incorporating functionalized DNA architectures as guest molecules to nanoporous conductive

metal oxides for applications such as photovoltaics, sensors, and solar fuel cells.
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molecular cages that form rigid “hierarchical” struc-
tures, including cubes, prisms, tetrahedra, and other
complicated polyhedra.13�18

One of the outstanding advantages for DNA nano-
structures is their ability to function as scaffolds for the
discrete position and orientation of a host of biological
or inorganic materials with nanometer precision. DNA
is highly programmable, and the nucleotides can under-
go many different specific chemical modifications to be
further functionalized to template the distance specific
interaction of a large number of guest molecules such
as peptides,19 proteins,20�24 and nanoparticles.25�29

One example of protein encapsulation within a DNA
cage was the covalent conjugation of cytochrome c on
one component DNA strand, so that the protein can be
incorporated into the center cavity of a tetrahedral DNA
nanostructure.30 Green fluorescence protein (GFP) has
also been site-specifically linked to DNA using “click”
chemistry with four GFP molecules bound per tetra-
hedron structure.31

The construct we have chosen in this report is a self-
assembled DNA tetrahedron designed by Turberfield
and co-workers32 consisting of four component oligo-
nucleotides containing complementary regions on each

of the other strands (Figure 1A). Each edge contains 20
basepairs that are∼6.8 nm long. Neighboring edges are
connected together at each vertex by single-stranded
regions, called “hinge” bases.
Herein we demonstrated the size-specific incorpora-

tion of intact 3D DNA nanocages into the pores of a
conductive nanoporous metal oxide. This allows us to
establish the groundwork for new opportunities for
loading functionalized DNA nanostructures into conduc-
tive nanoporous metal oxides as the host material, main-
taining a relatively well-defined local environment for
the guest molecules hosted inside the DNA nanocage.
This development holds promise for future applica-
tions, such as enhancement of catalysis for DNA-
conjugated proteins, delivery of light harvesting dyes
and nanoparticles, etc., inside the confined conductive
porous materials while keeping their structural integ-
rity for their proper function. This capability could then
provide advances for fields such as energy storage,
chemical sensing, and photoelectronics.

RESULTS AND DISCUSSION

Conductive porous antimony-doped tin oxide (ATO)
materials were prepared using a sol�gel method (un-
published data). The average pore size was measured
using N2 adsorption based on the Barrett�Joyner�
Halenda (BJH) model, and it was revealed that the
average pore size can be controlled by varying the
relative concentrations of starting precursor materials
(see details in the Methods section). Two different ATO
porous materials were obtained, and the ATO with an
average pore size of ∼14 nm was defined as “broad”
and that with an average pore size of ∼7 nm as
“narrow” (Table S1 in Supporting Information lists the
pore size characterization). Porous alumina was also
prepared in parallel as described previously,33 and the
average pore diameter was measured to be ∼25 nm
(Table S1). The DNA tetrahedron was incubated in the
presence of both the narrow and broad ATO, and the
inclusion or exclusion of the DNA structure was investi-
gated. Figure 1B,C illustrates suchprocesses. The images
from scanning electron microscopy (SEM) show rela-
tively smooth surfaces of the materials in microscale
(Figure 2A�C). The materials were further character-
ized by employing scanning transmission electron
microscopy (STEM). In the STEM images (Figure 2D�F
and Figure S2 in Supporting Information), the porous
nature of the materials is clearly visible and the width of
the cavities could be measured in high resolution
(Figure 2G�I). Although alumina could not be used
as a conductive platform for the proposed work, it
provided an excellent template upon which we could
characterize the affinity of the pores for the tetrahedral
DNA nanocage using optical methods.
To demonstrate preferential binding of the DNA tetra-

hedron to the porous materials, we used fluorescence

Figure 1. Experimental schemeof the tetrahedral DNAnano-
cage structure incubated in the presence of “narrow” and
“broad” nanoporous antimony-doped tin oxide (ATO). (A) In-
dicated is a wire representation of the DNA tetrahedron (left)
containing 20 base pairs on each of the helical edges, corre-
sponding to approximately 6.8 nm per side. The DNA repre-
sentedwith the rod-like structure (right) is indicated to repre-
sent the tetrahedron in the cartoons below. (B) Shown is a
cartoon of the “narrow” porous ATO which contains pores
with an average size of ∼7 nm (left) which are then incu-
bated in thepresenceof theDNAnanocage (right). The image
demonstrates that the tetrahedron is completely excluded
from the narrow pores. (C) Cartoon representation of the
“broad”porousATOcontainingaveragepore sizesof∼14nm
(left) incubated in the presence of the DNA structure. The
image (right) demonstrates complete uptake of the tetra-
hedron into the nanopores.
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confocal microscopy to visualize a Cy3-labeled DNA
nanocage upon incubation with the three porous ma-
terials. Bulk ATO is an opaque material that does not
allow efficient penetration of light through it. However,
alumina is translucent (Figure 3A and Figure S3), which
allows three-dimensional imaging by confocal micro-
scopy. As observed in Figure 3B, the clear solution
background and the intense fluorescence signal from
the alumina sample demonstrated the preference ab-
sorption of Cy3-labeled DNA tetrahedron onto the sur-
face (or into the interior) of the alumina. Due to the low
background fluorescent signal in the surrounding so-
lution, we conclude that there is nearly complete
uptake of the DNA tetrahedron by the alumina materi-
al. In order to distinguish whether the DNA structures
were uniformly adsorbed throughout the internal
pores of the alumina, or they were only adsorbed on
the outer surface of the material, a Z-sectioning of the
confocal microscope image was performed. Because
alumina is colorless and more transparent, light was
allowed to penetrate the entire sample, enabling us to
systematically section from the “top” to the “bottom” of
the material (Figure S4). A representative Z-slice from
approximately the center of the sample is shown in
Figure 3C�E, demonstrating distribution of the fluores-
cent signal from inside the porous matrix. Upon three-
dimensional reconstruction of the Z-stacked images, we
conclude that DNA nanocages were distributed
throughout the entire porous material but not simply
interacting with the outer surface (Figure 3F�H).
As previously mentioned, the average pore size is

∼7 nm for the narrow ATO and ∼14 nm for the broad

ATO. Each edge of the six-sided DNA tetrahedron
corresponding to a length of ∼6.8 nm (Figure 1A�C).
The hydrodynamic diameter of the DNA nanocagewas
determined to be∼9�10 nm by dynamic light scatter-
ing. Therefore, the narrow ATO was not expected to
uptake the DNA nanostructures into its pores, but the
broad ATO should have pore sizes large enough for
efficient uptake. Fluorescence confocal microscope
images for the narrow porous ATO samples that were
incubated with the Cy3-labeled nanocage indeed
showed strong fluorescence background outside of
thematerial with no observable uptake of the structure
into the pores of the ATO (Figure 4A and Figure S5A),
though we cannot rule out the possibility that some
DNA nanostructures were adsorbed onto the outer
surface. In contrast, the broad ATO particles were able
to exclusively absorb all of the dye-labeled nanocages
into their pores (Figure 4B and Figure S5B,C), which left
a very low fluorescence intensity in the solution back-
ground but an intense emission on top of the solid
materials, whichwas similar to the result observedwith
the alumina sample. These observations indicated that
the binding of the structure into the pores is size-
specifically excluded from the narrowATO but becomes
very efficient for the broad ATO. Although light in the
confocal microscope cannot penetrate the opaque ATO
material so that we cannot get the 3D slicing of the
sample to give an interior view of the pores, it can be
speculated that the pores within the ATO are much like
a network of pores that percolates throughout the
material, similar to that observed within the alumina
material with larger average pore sizes (Figure 3C�H).

Figure 2. SEM and STEM images of the nanoporous samples. (A,D,G) Alumina; (B,E,H) narrow ATO; (C,F,I) broad ATO. Scale
bars for each image are indicated.
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To address the concerns over whether the tetrahe-
dral DNA nanostructure remains stable upon its bind-
ing within the porous pockets, we labeled the 50 end of
another strand of the tetrahedron with a Cy5 dye to
form a fluorescence resonance energy transfer (FRET)
pair within the tetrahedron, and the donor Cy3 and
acceptor Cy5 are at a rough distance of ∼3.4 nm. Since
the Cy3/Cy5 pair has a Förster radius Ro = 54 Å,34

efficient FRET is expected if the DNA nanostructure
remains intact. The structure containing the FRET pair
was annealed, purified, and then incubated in the pre-
sence of the porous materials for 24 h, and again the
fluorescence confocal microscopewas used to observe
the fluorescence energy transfer between the FRET
pair. Figure 5A and Figure S6A,B demonstrate that,
when the dual-label DNA nanostructure was incubated
with the porous alumina sample, upon excitation of Cy3
(at 543 nm), it yielded a signal at both the Cy3 emission
wavelength (green channel) and the Cy5 emission
wavelength (red channel) throughout the material. The
fluorescence images superimposed very well (colored

yellow). When the DNA nanostructure was incubated
with the narrowATO, the structure was indeed excluded
from the pores and the FRET pair remained intact in
solution (Figure 5B). Only the surface of the material
showed both green and red emissions possibly due to
drying of the sample during the imaging, so that the
DNA nanostructures were found surrounding the nar-
row ATO instead of entering the pores (Figure 5B and
Figure S7A,B). When the DNA nanostructures were
incubated with the broad ATO, complete uptake was
observed and similar corresponding green and red
fluorescence emissions were observed inside the ma-
terial (Figure 5C and Figure S8A,B). Since the super-
imposed images showed constant yellow color, we
believe the DNA tetrahedron structure remained intact
when it was absorbed inside the pores of the material.
Lambda scans of the resulting fluorescence images
within the material showed similar intensity ratios for
the Cy3/Cy5 emissions as that for the solution sample,
which confirmed the observed confocal FRET signal
(data not shown).

Figure 3. Confocal images of Cy3-labeled DNA tetrahedra within the pores of alumina. (A) Transmitted image; (B) Cy3
fluorescence image; (C) transmitted light image of a representative Z-section cutting through the middle of the larger
particles; (D) Cy3 fluorescence image of the same Z-section; (E) superimposition of images shown in (C) and (D); (F) 3D recon-
struction of the Z-sectioned transmitted light images; (G) 3D reconstruction of Z-stacked Cy3 fluorescence images; (H) super-
imposition of images shown in (F) and (G).
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We also analyzed uptake of the DNA tetrahedron
into the porous materials by monitoring the remaining
fluorescent signal in the supernatant solution after cen-
trifugation to remove the porous material after 24 h of
incubation. We anticipated that after removal of the
porous material, if the uptake was efficient as in the
alumina and the broad ATO, there would be a greatly
reduced fluorescent signal in the remaining solution
compared to the solution before incubation. Each of
the incubations were performed using the same ex-
perimental conditions for the confocal experiments,
with the equivalent concentration of theDNA structure
(1 μM in 110 μL) and approximately∼50 μg of the solid
porous material. The amount of the porous material
used was calculated to have a total surface area to be
able to absorb all of the DNA nanostructures added to
the solution at near saturation level. Figure 6 compares
the control (red) sample containing DNA tetrahedron
in the absence of porous material to the supernatant
samples after incubationwithdifferent porousmaterials.
The fluorescence profile of the solution after incubation
with the narrow ATO yielded a FRET signal that was

very similar to the control sample, indicating <12% loss
of theDNAnanostructure after the incubation, possibly
due to some adsorption of the DNA nanocage to the
outer surface of the narrow porematerial, consistent to
that shown in Figure 5B. By contrast, the sample after
incubationwith alumina andbroad ATOdisplayed 92%
and 85% reduction of the fluorescent signal, respec-
tively, which clearly revealed that the DNA nanocages
hadbeen absorbedefficiently by theseporousmaterials.
Our ultimate goal is to form maximal surface con-

tacts of the conductive porous material with an elec-
trode to minimize loss of electronic signal and, at the
same time, tominimize loss of the light that illuminates
the guest molecules inside the porous material; this
can be achieved by making a thin layer of conductive
porous material supported on a transparent electrode.
Toward this goal, we had synthesized transparent ATO
with porous matrices of tunable sizes on glass cover
slides to optimize conditions for hosting the guest DNA
nanocage. The confocal microscope images shown in
Figure 7 clearly demonstrated the homogeneous sur-
face of the conductive porous ATO on the glass cover

Figure 4. Confocal imaging of nanoporous broad and narrow ATO incubated with Cy3-labeled DNA tetrahedra. (A) Narrow
ATO. Left and right, transmitted light image and Cy3 fluorescence image. (B) Broad ATO. Left and right, transmitted light im-
age andCy3 fluorescence image. Note the contrast difference of the fluorescence intensities on the background and on top of
the material for the two samples.
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slides, which showed efficient uptake of the FRET-
labeled DNA nanostructure. Work is currently underway

to optimize these conditions and use different transpar-
ent conductive materials as substrates (and electrodes)

Figure 5. Confocal imaging of the three nanoporousmaterials incubatedwith the Cy3/Cy5dual-labeledDNA tetrahedron. (A)
Alumina. (B) Narrow ATO. (C) Broad ATO. Four images in each row, from left to right, are the transmitted light image, Cy3
emission image, Cy5 emission image (both under Cy3 excitation), and superimposition of the three left images.

Figure 6. Cy3/Cy5 emission spectra of supernatant solutions after incubation of the dual-labeled DNA tetrahedra with the
nanoporousmaterials. Red trace is the control solution containing only the Cy3/Cy5 dual-labeled DNAnanostructurewithout
incubation with any material. Green, blue, and yellow traces are the spectra of supernatant solution after incubation with
narrow ATO, broad ATO, and alumina, respectively. Black trace is the background (buffer solution). Fluorescence emission
scan was performed from 525 to 700 nm with excitation wavelength at 460 nm.

A
RTIC

LE



SIMMONS ET AL. VOL. 5 ’ NO. 7 ’ 6060–6068 ’ 2011

www.acsnano.org

6066

to support these porous materials, which will be re-
ported elsewhere.

CONCLUSIONS AND PERSPECTIVES

Both fluorescence microscope imaging and solution
spectroscopy results have demonstrated that the DNA
nanostructure can be absorbed within pores of sizes
larger than its own lateral size and remain stable. How-
ever, the DNA nanostructures are completely excluded
from materials with smaller average pore sizes. The
size-specific and nondestructive uptake of a function-
alized (loaded) DNA nanocage into a porous conduc-
tive material is advantageous for electrochemical ap-
plications because it overcomes many of the typical
hurdles that are encounteredwhenmacromolecules are
directly attached to electrodes, including lack of solubi-
lity and denaturation. Although the FRET experiment

suggests that the structure remains as an intact com-
plex within the metal oxide material, we cannot rule
out the possibility that the bound tetrahedral structure
may be somehow distorted upon interaction with the
porous surface. It has been shown that DNA nano-
structures, when deposited onto silica surfaces,35 still
maintain structural integrity. We expect the porous
materials described here will not cause severe damage
to the 3D DNA cage structure, while this needs to be
further investigated in future studies. Achievement of
electrodes that possess optical transparency and elec-
trical conductivity with large internal surface area with-
in the matrix make the nanoporous material well-
suited for hosting various functional molecules for
the development of light emitting diodes, photoelec-
trochemical devices, chemical sensors, and water split-
ting solar fuel cells.

METHODS
Porous Material Fabrication. The preparation of the porous

alumina followed a previously published method.33 The detailed
synthesis of the bulk nanoporous ATOmaterialswill be published
separately with physical property characterizations (unpublished
data). In a typical synthesis, the materials were prepared by
dissolution of stoichiometric amounts of SbCl3 (Alfa Aesar, Ward
Hill, MA) and SnCl4 3 5H2O (Sigma-Aldrich, St. Louis, MO) in a∼1:1
mixture of absolute ethanol (Decon, King of Prussia, PA) and
deionized water, followed by addition of designated amounts of
resorcinol (Sigma-Aldrich) and 37% formaldehyde solution
(Sigma-Aldrich) (resorcinol/formaldehyde = 0.5). The molar con-
centration of the Sn precursor was fixed at 0.4 M (6 atom % Sb).
The concentrations of resorcinol were 0.23 M for the narrow ATO
and 0.45 M for the broad ATOmaterial, as they provided average
pore sizes of ∼7 and ∼14 nm, respectively. The resorcinol/
formaldehyde concentration ratio was fixed at 1:2.

The precursor solution mixture was then placed in an ice
bath for 10 min with magnetic stirring. Then, propylene oxide
(PO, AlfaAesar)was added slowly to theprecursor solution chilled
in an ice bath, while stirring, to give a 0.8 M PO concentration.
After the solution was removed from the ice bath, a translucent
light yellow gel formed in about a minute. The gel was aged at
room temperature for 24 h, yielding an opaque red/orange gel
surrounded with a residual transparent yellow liquid. Then, the
resulting material was placed in an oven (Yamato DKN 400) at
70 �C for 5 days, which resulted in a hardened, opaque reddish
brown monolith surrounded by a residual clear, light yellow
liquid. The monolith was broken into approximately 1 cm3

pieces, dried in air at room temperature for 24 h, and calcined
in an ashing furnace (Thermolyne 48000) for 10 h at 500 �C.

Finally a low-density, dark blue particle with measurable con-
ductance was produced.

For the coating of ATO on glass coverslips, the entire
procedure was essentially the same, except that polyethylene
glycol (PEG, MW 17 500) was added into the metal precursor
solution before the resorcinol and formaldehyde were added.
The amount of PEG was 13% of the total weight of the final
precursor solution. The viscous solution was then spread onto a
glass coverslip using the doctor-blade method. The films were
then placed in closed containers at room temperature for 24 h,
followed by heating in an oven at 70 �C for 3 days. The
films were then heated in a box furnace at 500 �C for 10 h to
yield a homogeneous translucent layer of ATO with a relatively
uniform thickness of ∼400 nm supported on the glass slips.
Multiple replicates of the samples were prepared for different
analyses.

SEM and STEM Imaging. Approximately 10 μg of bulk alumina
holder.and broad and narrow ATO samples was washed by
nanopure water. The samples were transferred to an SEM stub
containing conductive tape and aluminum foil, allowed to dry,
and then the surfacewas sputter coatedwithgold colloid. Images
were collected on a FEI/Philips XL30 field emission gun envir-
onmental scanning electron microscope at an acceleration
voltage of 20 kV, a spot size of 5, and at a working distance of
11 mm. Size analysis for each image was performed using the
XL30 software (scale bars are indicated on each image). High-
resolution high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) was performed on a JEOL
JEM 2010F electron microscope operating at 200 kV using
ultrathin carbon-coated 400 mesh copper grids as the sample
substrates.

Figure 7. Confocal images for the Cy3/Cy5 dual-labeled DNA tetrahedra incubated with broad ATO coated on glass cover
slides. From left to right are the transmitted light image, Cy3 emission image; Cy5 emission image; and superimposition of the
three images.
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DNA Sequence Design and Purification. The DNA sequences used
in the assembly of the tetrahedron are equivalent to those first
used by Turberfield and colleagues.32 All DNA strands were
ordered from Integrated DNA Technologies (IDT, Coralville, IA),
including modified strands 1 and 4 (Supporting Information)
that were labeled with Cy3 or Cy5 on the 50 ends, respectively.
Both dye-labeled strands were HPLC purified by IDT, and the
other unmodified DNA strands were purified by electrophoresis
using 8% denaturing PAGE gels. Corresponding bands were
visualizedwithethidiumbromide, excised fromthegel, incubated
at room temperature in standard elution buffer (500 mM ammo-
nium acetate, 10 mM magnesium acetate, and 1 mM EDTA)
overnight, and the ethidium stain was removed from the ex-
tracted DNA using n-butanol, and the purified DNA was subse-
quently ethanol precipitated and resuspended in water. The
concentrations were quantified via measuring absorbance at
260 nm and then adjusted to 100 μM.

DNA Tetrahedron Annealing and Purification. Stoichiometric ratios
of all four strandsweremixed to a final concentration of 200 nM.
The total volume of the annealing reaction for a typical pre-
paration was 10 mL in 1� TAE Mg2þ buffer (40 mM Tris base,
20 mM acetic acid, 2 mM EDTA 3Na2 3 12H2O, 12.5 mM Mg
(CH3COO)2 3 4H2O). The sample was heated to 95 �C and imme-
diately cooled on ice to 4 �C. The annealing reaction was then
concentrated to ∼500 μL in a 15 mL Amicon concentrator
(Billerica, MA) and applied at 1 mL/min to a HiLoad 16/60 Super-
dex S200 Prep grade size exclusion column (GE Healthcare,
Piscataway, NJ), with 1� TAE Mg2þ buffer as the mobile phase.
The resulting monomeric tetrahedron peak fractions were then
collected, pooled, and concentrated to a final concentration of
∼5 μM as determined by A260.

Sample Preparation and Confocal Imaging. Ten microliters of a
1 μM solution of dye-labeled tetrahedron was incubated at
room temperature in the presence of 50 μg of porous alumina
or broad or narrowATOovernight on a sealed cap over 500 μL of
1� TAE Mg2þ buffer. Here the hanging drop vapor diffusion
method was used to prevent the samples from drying (Qiagen,
Valencia, CA). The samples for imaging were removed as a
5 μL suspension with a pipet from the incubation drop and
deposited on a 22 � 60 mm micro cover glass. All fluorescent
imageswere collected through a Plan-Neoflur 40�/1.3 oil DIC at
a working distance of 0.17 using a Zeiss LSM 510 laser scanning
microscope (Carl Zeiss, Gottingen, Germany) connected to a
LSM510 laser module with the following lasers: HeNe543 (Cy3-
green channel), HeNe633 (transmitted light image for the Cy3
only fluorescence images), and the diode 405-50 was used for
the transmitted light images for the Cy3/Cy5 FRET confocal
imaging experiments. The Cy5 (red channel) was recorded with
the module set to 657-711. Fluorescence was recorded as
square 8-bit images (512 � 512 pixels). Pixel time for imaging
was generally 1.6 μs, with a scan speed of ∼8 s per image
section, using line mode. Z-sections were recorded, and then
Z-stacked images were reconstructed and projected using the
Zeiss LSM software.

Solution FRET Measurements. A quantity of 110 μL of 1 μM
Cy3/Cy5-labeled tetrahedron solution was incubated with
∼50 μg of each of the porous materials at room tempera-
ture overnight by gently shaking on a vortexer tube
holder. The samples were centrifuged at 10 000 rpm for
5 min, then the supernatant was removed and the fluores-
cence emission spectra from 525 to 700 nm were measured
at room temperature in a quartz cell with 1 cm path length
on a NanoLog spectrometer (HORIBA Jobin Yvon, equipped
with a thermoelectric cooled PMT) using 560 nm excitation
wavelength.
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