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ABSTRACT: Housing bio-nano guest devices based on DNA
nanostructures within porous, conducting, inorganic host materials
promise valuable applications in solar energy conversion, chemical
catalysis, and analyte sensing. Herein, we report a single-template
synthetic development of hierarchically porous, transparent conductive
metal oxide coatings whose pores are freely accessible by large
biomacromolecules. Their hierarchal pore structure is bimodal with a
larger number of closely packed open macropores (~200 nm) at the
higher rank and with the remaining space being filled with a gel network
of antimony-doped tin oxide (ATO) nanoparticles that is highly porous
with a broad size range of textual pores mainly from 20—100 nm at the

lower rank. The employed carbon black template not only creates the
large open macropores but also retains the highly structured gel network
as holey pore walls. Single molecule fluorescence microscopic studies
with fluorophore-labeled DNA nanotweezers reveal a detailed view of multimodal diffusion dynamics of the biomacromolecules
inside the hierarchically porous structure. Two diffusion constants were parsed from trajectory analyses that were attributed to
free diffusion (diffusion constant D = 2.2 ym’/s) and to diffusion within an average confinement length of 210 nm (D = 0.12
um?’/s), consistent with the average macropore size of the coating. Despite its holey nature, the ATO gel network acts as an
efficient barrier to the diffusion of the DNA nanostructures, which is strongly indicative of physical interactions between the

molecules and the pore nanostructure.

B INTRODUCTION

Porous transparent conducting oxide (TCO) materials have
recently emerged as high surface area electrodes that can host
and provide an electronic conduit to biomacromolecules for
harnessing their photoelectrochemical properties outside a
cellular environment.'™® Extensive studies have been reported
that utilized mesoporous materials (pore with = 2—50 nm) for
small proteins in photosynthetic solar energy conversion’~'" or
in biosensors.'>'? However, mesoporous materials are less than
ideal for large biomacromolecules since their relatively small
pore sizes are expected to impede diffusion of the particles, thus
significantly reducing the ability to load them into the material.
Indeed, it has been shown that biomacromolecules diffuse
much more slowly as their size becomes comparable to that of
the pore width."*'> By contrast, materials with macropores
(pore width >50 nm) of three-dimensional connectivity enable
more effective diffusion for large molecules, > *17%* but the
available surface area is much smaller than offered by
mesoporous materials.
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Hierarchically porous materials exhibiting both macropores
and mesopores have become popular recently based on their
promise to overcome the disadvantages inherent to unimodal
either mesoporous or macroporous materials, by offering
macropores that facilitate long-range diffusion of large guest
particles, while also containing mesopores connected to the
macropores that expand the surface area available for
adsorption of biomacromolecules.”’ Various studies have
reported the synthesis of hierarchically porous oxide materials
mainly of silica, titania,”"** and zirconia”"*>** and, to a lesser
extent, of other metal oxides.”**™*” Our own recent studies
have shown that functional cytochrome C (cyt C)—photo-
reaction center protein complexes from purple bacteria can be
efficiently deposited on the pore surface of hierarchically
porous ATO to yield a high photocurrent upon light exposure,
although detailed information on the synthetic procedures and
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Figure 1. Characterizing the hierarchically meso-macroporous ATO coatings produced here. (a) Schematic diagram of the synthetic procedure for
the fabrication of hierarchically porous ATO coatings. (b) Profilometry measurements on the hierarchically porous ATO coatings, taken by optical
(top) and stylus profilometers (bottom). (c) PXRD pattern of hierarchically porous ATO; the red lines show the simulated peaks of the previously
synthesized ATO with 6.2 atom % antimony doping (PDF # 01-075-2894). (d) Nitrogen sorption isotherms and (inset) BJH pore size distribution

for the hierarchically porous ATO.

structural characteristics of the ATO coatings were not

reported.”

Despite the increasing application of TCO materials as an
effective host for biomacromolecules, however, it has not been
understood how their hierarchical pore structure physically
interacts with biomacromolecules as a characteristic critical for
designing “smart” hybrid materials. As shown in previous

1528739 single particle tracking

studies of mesoporous materials,
(SPT) can provide a detailed view of the diffusion dynamics of
guest molecules inside the porous host and thus yields
unprecedented insights into the interactions of host and
guest. Furthermore, an advantage of SPT is that the fluorescent
particles directly map the landscape of the inner pore system of
the host.'” Herein we report the synthesis and detailed
characterization of highly uniform, hierarchically porous ATO
coatings via a newly developed carbon black template method.
Using SPT of fluorophore-labeled DNA nanotweezers probes,
we observe bimodal diffusion of guest biomacromolecules in
the material. One diffusion regime corresponds to free diffusion
in the large macropores while the other can be understood by
significantly confined diffusion within the smaller macropores,
limited by physical interaction with the gel-like mesoporous

walls.
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B EXPERIMENTAL SECTION

Fabrication of Meso-Macroporous ATO Coatings. Details of
the fabrication are described in the Supporting Information, with
reference to the previous literature.®

Single Particle Tracking (SPT). For single molecule fluorescence
imaging to perform SPT, previously reported DNA nanotweezers with
Cy3 and Cy$ modifications®' was utilized as a fluorescent reporter to
probe the hierarchically porous ATO coating by single fluorescent
particle tracking. The DNA nanotweezers (Figure S4; assembly
reported in Supporting Information) were diluted to 200 pM into a
final buffer of 1 X PBS supplemented with 10% (w/v) PEG 8000 and
1 mM MgCl, as the infiltration solution. A 40 yL infiltration solution
was placed on top of an ATO coating and soaked at room temperature
for 1 h to maximize adsorption. After deposition, the remaining
solution was removed by airflow, and the ATO coating was washed
twice with 40 yL imaging solution, composed of infiltration buffer
supplemented with oxygen scavenger system, consisting of either 2.5
mM 3,4-dihydroxybenzoate, 25 nM protocatechuate dioxygenase, and
1 mM Trolox for imaging the nanotweezers probes or 0.63 mM 3,4-
dihydroxybenzoate, 6.3 nM protocatechuate dioxygenase, and 0.25
mM Trolox for photobleaching experiments. Finally, a 20 xL imaging
solution was deposited onto the ATO coating, and an mPEG-5000
(Laysan Bio, Inc.) coated glass slide was placed on top of the ATO
coating and image solution. Before imaging, the sample was sealed
with wax to prevent oxygen leaking into the imaging solution.

Three types of measurements were carried out. First, for
observation of immobile DNA nanotweezers inside the ATO coating,
a 40 pL infiltration solution containing 200 pM DNA nanotweezers
was deposited on the coating for 1 h, followed by washing with
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imaging solution twice before finally imaging in 20 uL imaging
solution. Movies of 70—80 frames were collected along the z-axis
throughout the coating at a rate of 500 ms/frame and a z-step size of
0.2 ym/frame. DNA nanotweezers were deposited and imaged along
the z-axis at different Mg“ concentrations of 1, 10, or 100 mM to
study the effect of Mg** on immobilization. Second, for studying
mobile DNA nanotweezers inside the ATO coating by single
fluorescent particle tracking, a prebleaching process® was first carried
out under 640 nm illumination to maximally photobleach the
immobile probes, followed by taking movies of 1000 frames with a
rate of 20 ms/frame. Third, for studying the aggregation status of
probes inside the ATO coating, a photobleaching experiment was
performed with the oxygen scavenger system concentration reduced to
25% during sample preparation (for faster bleaching). Movies of 300
frames were recorded at a rate of 150 ms/frame at a fixed image plane
until all DNA nanotweezers were bleached.

SPT Data Analysis. For the analysis of all SPT data, custom
MATLAB codes were combined with several established codes. For
analyzing adsorbed DNA nanotweezers, the fluorescence signals of
individual probes from different focal planes were first fitted and
located by Image] with the QuickPALM plugin. The identified probes
were further analyzed by a custom MATLAB code to calculate their z-
position and 3D distribution. For the SPT of mobile fluorescent
probes within the ATO coating, a previously reported MATLAB
code® was applied to, first, locate probes by 2D Gaussian function
fitting and to, second, track the trajectories of probes by fitting the
same probe as identified by its spatial proximity over consecutive
images until it diffused out of the focal plane. To ensure the accuracy
of this analysis, tracks with at least five movement steps were analyzed,
and only the first half of all data points were used for a diffusion
coefficient calculation. A two-term cumulative probability distribution
(CPD) function using a 2D motion model was applied to fit the
trajectories of individual DNA nanotweezers and bin them into two
subgroups based on differential diffusion speeds. A 2D diffusion is
described as

Bp(U, 7) = 1 — &/ (1)
where P,,(U,7) is the probability of observing a squared displacement
*(z) value no larger than some value U during time 7.>> Motion
modes with different diffusion coefficients were defined by expanding
eq 1 to include multiple fractions. We found the data from diffusing
DNA nanotweezers to be best described by a two-term expansion with
each a fast and a slow mobile mode, given as

Bo(U, 7) = a(1 — e V) 4 (1 = a)(1 — V)
()

Here, « represents the fraction of the faster diffusion mode (term 1)
whereas 1 — «a represents the fraction of the slower diffusion mode
(term 2) due to confinement by and interactions with the enclosing
matrix. Chosen to represent tracks that contain one, three, and five
steps, the respective 7 values of 0.020, 0.060, and 0.100 s were used in
fitting the tracking data with eq 2. Based on the fitting result, mean-
squared displacement (MSD) versus 7 was plotted (Figure S8). The
two diffusion coefficients and the corresponding fractions of time were
then calculated from the plot. The pore size of the confining matrix
was estimated from a diffusion model for restricted particle motion
within a square:

2

MSD(’F) — L?(l _ e—12D0‘r/L2)

©)

where D is the initial diffusion constant and L is the length of the
square.*>*? Finally, for the photobleaching data analysis a custom
LabView program was used to extract time traces of DNA
nanotweezers from the recorded movies, which were further analyzed
in the program QuB>* to identify the number of photobleaching steps.
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B RESULTS AND DISCUSSION

Fabrication and Characterization of Meso-Macro-
porous ATO and Coatings Thereof. The overall synthetic
strategy for producing hierarchically porous ATO coatings is
depicted in Figure la. Briefly, a highly viscous mixture of an
ATO precursor solution (red colored part in Figure la) and
carbon black template particles (black particles) was doctor-
bladed onto a glass substrate and then dried and calcined to
yield the final product. The viscous mixture was prepared by
high-shear mixing of a preprepared ATO precursor solution
and a dispersion of carbon black particles. High-shear mixing
was necessary because of the high viscosity of the dispersion.
The initial dispersion contained 5 wt % carbon black, a
sufficient amount to reach the percolation threshold as the
solvent evaporates so that the carbon aggregates are in contact
with each other throughout the entire volume of the final
mixture.”>*® We found that the carbon black was so
hydrophobic that it would not disperse in water without
copresence of PEG. 10 wt % PEG could provide a
homogeneous stable dispersion of the carbon black, although
we did not investigate in detail the effect of the PEG amount on
the stability.

Subsequently, keeping the ATO precursor/carbon black
mixture at room temperature for an hour led to ATO gel
formation in the doctor-bladed coating.’” After drying and
calcination, the product was obtained as a semitransparent
white coating well adhering to the FTO glass. The thickness
and roughness of the final coatings were characterized by both
optical and stylus profilometry methods (Figure 1b). Optical
profilometry (top) allowed measurements of the height
variations of the surface of the ATO coating. The largest
peak-to-valley difference was less than 200 nm, attributed to the
macropores exposed at the surface (see below). Optical
profilometry was not successful, however, in determining the
overall thickness of the coating due to the highly reflective glass
substrate. Instead, stylus profilometry (Figure 1b, bottom)
revealed that the coatings have a thickness of roughly 4 pm,
except for ~200 pm wide regions at the edges where the
coating is 8—10 pm thick. Thicker ATO coating at the edges is
due to surface tension of the solvents in the reaction mixture,
tending to form a meniscus against the tape. Alternatively, an
edge-on SEM image of the coating (Figure S1) shows that the
thickness is 4.6 pum. The discrepancy in the thickness from the
stylus profilometry and SEM may be due to the fact that the
stylus damages the ATO coating surface during measurement,
as evidenced from SEM images of the measured coatings (not
shown).

The PXRD pattern of the ATO coatings (Figure 1c) shows
that the crystal structure is rutile type with lattice constants a =
4.730 A and ¢ = 3.212 A. The estimated crystallite size of the
ATO is 3.5 nm from the Scherrer equation. It is noted that
other known sol—gel techniques have produced larger particles,
while epoxide-based sol—gel methods’®*” or those using large
amounts of multiblock copolymer surfactants*’ can produce
nanoparticles small enough to generate similarly broad Bragg
peaks. Figure 1d shows the results of nitrogen sorption studies,
including the sorption isotherms and the resulting BJH pore
size distribution. The BET surface area is measured to be 92
m?*/g and the accumulated pore volume 0.43 cm?/g for the
pore widths from 2 to 110 nm. The surface area and measured
pore volume are larger for our ATO coating material than those
for previously reported porous ATO prepared under similar
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Figure 2. SEM micrographs of the template system; SEM and TEM micrographs of the coating (a—c, scale bars = 20 ym, 2 ym, and 500 nm,
respectively). Carbon black/PEG template (d—f, scale bars = 20 ym, 2 ym, and 200 nm, respectively) and hierarchically porous ATO coating; (h)
and (i) are TEM micrographs, and (j) is an HR-TEM micrograph of the hierarchically porous ATO; scale bars = 100, 50, and S nm, respectively.

synthetic conditions but without carbon black template.””*!

The surface area corresponds to a spherical particle size of 9.3
nm, assuming the density of ATO is 7.02 g/cm>.*' This particle
size is considerably larger than the one of 3.5 nm estimated
from the Scherrer equation, which suggests that the particles
are sintered well,”” which is critical for conductive and
mechanically robust coatings.

In Figure 1d, both the adsorption and desorption isotherms
exhibit a type III** shape with a lack of saturation, indicating the
presence of macropores. The coexistence of mesopores is
evident from the hysteresis loop in the isotherms, and the HS-
type loop indicates that mesopores are relatively large and well-
connected.”” The BJH pore size distribution from the
desorption isotherm is shown in the inset of Figure 1d where
a broad distribution of the pore sizes is observed spanning both
mesopores and macropores mainly from 20 to 100 nm with a
broad maximum peak around 50 nm. Macropores are also
observed in the range over >150 nm, but the BJH analysis does
not provide a meaningful information in that region. While
mercury intrusion porosimetry was more suitable for such large
pores, the technique was not employed in our studies because
the highly porous gel structure of the ATO material was too
fragile to withstand the high operating pressure (>40 atm)
required for this pore size range.

Interpreting How the Template System Translates to
Pore Structure and Studying the Meso-Macropore
Characteristics of ATO with SEM and TEM. Figure 2
shows SEM images of a carbon black template coating prepared
without the ATO precursors (a—c) and an ATO coating
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product (d—f). The carbon black template coating shows a
uniform coverage of the glass substrate (a, b) with some small
cracks caused by drying and shrinkage. A closer look shows
carbon black aggregates of 100—500 nm in size that are loosely
packed (Figure 2c). Meanwhile, the ATO coating in Figure 2d
shows shrinkage of the coating probably during drying and
subsequent formation of ~10 um wide cracks. Although the
extent of shrinkage is difficult to quantify, a linear shrinkage of
~20% is consistent with the studies from other methods such
as polymer bead templating.”'” Despite the shrinkage, the
coating maintains its good contact with the underlying glass
substrate. The surface of the ATO coating (Figure 2e) features
macropores with pore widths ranging from 100 to 400 nm at
the surface. The macropores are closely packed but separated
by walls having a thickness of 30—50 nm. When compared to
Figure 2b, it is clear that the macroporosity observed in Figure
2e is a result of the sacrificial carbon black template because the
macropore size and distribution roughly matches those of the
template. Considering that the pore structure in the ATO
coating is a negative replica of the carbon black template, it is
reasonable to assume that these macropores are well connected
with each other, providing highly open windows for molecules
to diffuse through. In addition, the macropore walls are highly
textured, which indicates that the walls themselves are further
nanostructured (Figure 2f).

For examination of the nanostructures of the ATO products,
representative TEM and HR-TEM images of the hierarchically
porous ATO structure are shown in Figure 2g—i. Figure 2g
shows a structure with large pores (>100 nm) surrounded by
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nanoparticles that are strongly aggregated and fused together (h
and i). In Figure 2g, the 3D nature of the pore structure is still
not clear because of the limitation of TEM images as a 2D
projection of a 3D structure, but the large pores appear to be
well connected. The HR-TEM image in Figure 2i shows that
the nanoparticles are strongly fused and that their size is around
4 nm, in agreement with the Scherrer analysis results.
Observation of lattice fringes confirms the high crystallinity of
the nanoparticles.

It emerges from these analyses that the ATO coatings have a
bimodal hierarchical pore structure, with a larger number of
closely packed open macropores (~200 nm) at the higher rank
and the remaining space filled with a gel network of ATO
nanoparticles that is highly porous with a broad size range of
textual pores mainly from 20 to 100 nm at the lower rank. The
effect of the carbon black template on formation of the ATO
nanoparticle networks can be examined by comparing the
microscopic structures of the ATO product with those of the
carbon black template itself (Figure S2) and with those of the
ATO/carbon black composite (Figure S3). The latter was
prepared by following the same synthetic condition but by
calcining in an inert N, gas flow instead to leave the carbon
black intact in the structure. The carbon black template consists
of open-structure aggregates (100—300 nm) that are assembled
from primary carbon particles (20—50 nm). TEM images of the
ATO/carbon black composite (Figure S3) show that the
carbon black particles are decorated with much smaller ATO
nanoparticles (4—10 nm). However, the ATO nanoparticles
cover the carbon black particles only sparsely so that the
resulting ATO networks are expected to be very open and
porous once the carbon black particles are burned off.
Therefore, the role of the carbon back template is the creation
not only of the large open macropores but also of the highly
structured gel network of holey pore walls.

SPT Studies. For SPT, fluorophore-labeled DNA nano-
tweezers were used as a well-characterized probe.*"** The
DNA nanotweezers are composed of two arms with a spacing
duplex (Figure S4b). Each arm is ~14 nm in length, and the
distance of the ends of the two arms in the “open”
conformation is ~16 nm,”" resulting in a relatively large
molecular size to probe the efficiency of entrance and diffusion
through our ATO coatings. The DNA nanotweezers were
modified with one Cy3 dye at the end of one arm and one CyS5
at the other. Because of the background in the Cy3 channel, the
lower background Cy5 channel was generally chosen for SPT in
the ATO film. The DNA probe solution was initially loaded
into the ATO coating over 1 h for adsorption, followed by the
sample preparation in Figure S4.

The prepared ATO coating sample was imaged first along
the z-axis in the CyS channel to record the loading of immobile
probes inside the coating (Movie S1, S00 ms exposure per
frame). Figure 3a shows raw images of adsorbed DNA
nanotweezers probes in three focal planes inside the ATO
coating, with the corresponding spatial distribution summarized
in Figure 3b. The fluorescent probes are observed over a range
of ~7 pm in the z-direction, which is reasonably consistent with
the thickness determined by both profilometry and edge-on
SEM, given the localization error quantified by a control
measurement of DNA nanotweezers deposited directly onto
the coverslip, which shows a probe distribution over ~1 ym
(Movie S2 and Figure SS). The distribution of DNA probes
throughout the coating, with a higher density near the surface
from where the deposition occurred (Figure 3b), indicates that
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Figure 3. Distribution of adsorbed fluorescence nanotweezers along
the z-axis inside the ATO coating, and photobleaching study. (a) Raw
images of DNA nanotweezers at different focal planes; yellow arrows
indicate where a crack enters and leaves the frame (scale bars = § ym).
(b) Probe counting results are shown in 3D where green dots
represent counts. (c) Histogram summarizing the counts at various z-
axis heights. (d) Number of steps for photobleaching, and (e)
representative traces of one-step (top) and two-step photobleaching
(bottom).

the ATO coating is highly porous and accessible. We also found
evidence for small cracks in the material, as outlined by a lack of
adsorbed probes in the region whose two ends are indicated by
yellow arrows (Figure 3a, z = 5 ym).

Studying Electrostatic Interactions between DNA and
ATO Pore Walls. The effect of Mg*" ions in the buffer solution
on the suitability of the porous ATO as an effective host for
DNA was studied by examining the DNA distributions in
imaging solutions with two Mg“ concentrations, 10 and 100
mM (Figure S6). From the distribution histograms (Figure 3¢
and Figure SSb,d), we found that the total amount of DNA
remaining in the coatings after washing increased gradually as
the Mg“ concentration increases. In a separate experiment, the
zeta potential of aqueous dispersions of scraped ATO coatings
was shown to rapidly increase from —20 to 5 mV between 0
and 7.5 mM Mg** and then to level off (Figure S7), indicating
that the ATO surface becomes positively charged upon
adsorption of Mg** cations at Mg** concentrations above ~3
mM and thus can electrostatically attract negatively charged
DNA. Interestingly, we observed that even at 1 mM Mgz’r
(Figure 3b), a significant amount of DNA remains within the
coating. The apparent presence of DNA at the low Mg*"
concentration may be due to the pore structure’s impeding
diffusion, although it is not possible to discount transient
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Figure 4. Diffusion behaviors of single DNA nanotweezers inside the ATO coating. (a) Raw image of diffusion paths from an entire field of view
(leftmost, scale bar = 10 ym). (b) Exemplary single particle trajectories (scale bars = S00 nm). (c) Distribution of angles between successive
diffusion steps. (d) Plot of MSD versus time lag, 7; the trajectories can be generally divided into two subgroups based on their slope: mobile (red)
and confined (blue). (e) Distribution of apparent diffusion coefficients derived from the MSD plots.

binding of DNA in some areas of the ATO surface. A larger
amount of DNA can stay in the coating at higher Mg**
concentrations, supporting the presumption of Coulombic
attraction between the negatively charged DNA and the Mg*'-
saturated, positively charged ATO surface. The increase in
DNA nanotweezers adsorbed with increasing Mg®* concen-
tration was modest, which is in agreement with the gradual
increase of the zeta potential in that high Mg** concentration
region.

Studying Intermolecular Interactions within ATO
Pores. Next, a photobleaching experiment was carried out to
examine whether adsorbed DNA probes would inadvertently
agglomerate inside the coating (Figure 3d and Movie S3),
hence hampering proper diffusion kinetics studies. Such
agglomeration can also deleteriously affect the functionality of
biomacromolecules.*>* By analyzing the number of photo-
bleaching steps as described (Figure 3e),”” we found that the
majority of DNA nanotweezers remain as single units without
significant agglomeration. We conclude that our hierarchically
porous ATO coatings provide an environment compatible with
hosting individual DNA nanostructures.

Photobleaching was also necessary since the high background
from adsorbed probes otherwise did not allow successful
tracking of diffusing probes. After photobleaching, fresh probe
molecules enter the bleached area, as detected under the
microscope. Because of preadsorbed, now photobleached, DNA
nanotweezers on the ATO surface in this area, the new
molecules are expected to find fewer interaction spaces with the
surface. Consistent with this notion, the new DNA nano-
tweezers showed fast and hence untraceable diffusion (Movie
S3 and Movie S4). For successful SPT of the diffusing probes,
their motion had to be slowed down sufliciently for detection,
which we accomplished by introducing 10% (w/v) PEG into
the buffer. Movies with 1000 frames at 20 ms/frame were
recorded for subsequent SPT analysis (Movie SS).

Statistical Analysis of Single-Particle Trajectory Data.
A representative field of view with observed tracks is shown in
Figure 4a. The DNA probes appear to diffuse randomly, but a
closer inspection reveals different types of individual diffusion
trajectories (Figure 4b). Most of the trajectories behave like the

6415

Brownian diffusion expected in an open space (e.g, the far left
and right ones in Figure 4b), while some traces indicate the
tracked probes as temporarily confined (e.g, the second one
from the left in Figure 4b). The confinement is not permanent
(finite confinement) and some trajectories show free diffusion
of the probe after a brief confinement (e.g, the second one
from the right in Figure 4b).

To extract kinetic information, further track analyses were
carried out using custom MATLAB codes.”” In a given focal
plane, 2D random walks were observed from an analysis of the
distribution of angles between successive diffusion steps, as
evident from the equal distribution of angles in each direction
(Figure 4c). This result is expected since the observed 2D
trajectories are projections of the 3D random motions of the
probes inside the ATO coating. Moreover, most of the
observed tracks had fewer than 10 steps, owing to the fast
3D diffusion in and out of the imaging plane, further supporting
fast 3D random motion behavior.

The diffusion coeflicients (D) of individual particles were
calculated from the Einstein—Smoluchowski equation: MSD(7)
= 2nD1, where n is the dimensionality of motion, by plotting
their mean-square displacement (MSD) versus the time lag (7),
with n = 2 in this case (Figure 4d). The DNA probes can be
generally divided into two major groups based on the slopes of
their linear fits, with red color used for average slopes >0.1
um?/s (fast diffusion, Figure 4d) and blue color for average
slopes <0.1 um?*/s (slow diffusion). The distribution of
calculated diffusion coefficients is shown in Figure 4e, with a
major peak around ~2 um?/s.

To further distinguish the motional modes of the DNA
probes in the ATO coating, a CPD analysis was carried out by
analyzing all probe trajectories together. A 2D random motion
model was chosen for the CPD plot fitting with three 7 value
components: 7 = 0.020, 0.060, and 0.100 s. The best fit was
obtained with two diffusion coefficients (Figure S8), indicating
that DNA nanotweezers spend ~85% of their time in a fast
motion mode (red data points in Figure S8b) and ~15% of
their time in a slow motion mode (green data points in Figure
S8b). A model with only one diffusion coefficient resulted in a
poor fit (Figure S9a), while three diffusion coefficients did not
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improve the fitting in a meaningful way (Figure S9b). Of the
two diffusion constants, the fast motion mode exhibited a linear
relationship between MSD and 7, where D = 2.2 /tmz/ s was
calculated from the slope using the Einstein—Smoluchowski
equation, accounting for all freely diffusing probes that were
trackable. This value is a lower estimate of the free diffusion
constant since the fastest moving probes likely blur given our
limiting acquisition speed of 20 ms/frame.

The slow motion mode is inconsistent with free diffusion,
since the corresponding MSD versus 7 graph shows nonlinear
behavior (the inset in Figure $8b).**** This nonlinear behavior
can be modeled either as a strong confinement mode with a
(highly) impermeable boundary or as an obstacle-impeded
diffusion mode.** In the latter case, free diffusion of a molecule
is impeded by the presence of immobile obstacles to diffusion.
Percolation theory indicates that long-range diffusion will cease
altogether if the obstacles are immobile and cover more than a
threshold fraction of the diffusion medium. While the rigid
networks of ATO nanoparticles may act as immobile obstacles
that percolate the body of the diffusion medium, the obstacle-
impeded diffusion model does not explain the observed finite
confinement of the probe molecules. By fitting our data with
the confinement model as a first approximation eq 3, both the
initial diffusion constant D, and the average side length L of
confinement can be calculated, which yielded 0.12 ym?/s and
~210 nm, respectively. This side length is consistent with the
range of macropore sizes observed by SEM (Figure 2ef),
validating the confinement model for the observed slow
diffusion mode. That is the mesoporous ATO walls provide
an effective barrier to the DNA nanotweezers molecules whose
diffusion is severely hindered in the macropores surrounded by
the gel network walls, which have a diameter in the range of
200 nm. By contrast, the dominant fast diffusion mode implies
that most of the macropores are open and connected with each
other so that the biomacromolecules can diffuse in the free
spaces between the mesoporous walls.

Bl CONCLUSION

In summary, we have successfully fabricated hierarchically
porous transparent conductive ATO coatings whose pores are
freely accessible by biomacromolecules. Their hierarchal pore
structure is bimodal with a larger number of closely packed
open macropores (~200 nm) at the higher rank and with the
remaining space occupied by a gel network of ATO
nanoparticles that is highly porous with a broad size range of
textual pores mainly from 20 to 100 nm at the lower rank. The
role of carbon black template is critical not only in creation of
the large open macropores but also in formation of the highly
structured gel network as holey pore walls. SPT studies with
fluorophore-labeled DNA nanotweezers unveil a detailed view
of the multimodal diffusion dynamics of biomacromolecules
inside this hierarchically porous architecture. We find two
diffusion regimes: one corresponding to free diffusion in the
large macropores (diffusion constant D = 2.2 ym?/s) and the
other reflecting partially confined diffusion within the macro-
pores (~200 nm) that are inhibited by the physical interaction
with the gel network walls (D = 0.12 um®/s). Overall, the
hierarchically porous ATO coating is a promising substrate to
incorporate large guest molecules such as DNA nanostructures
while supporting their molecular integrity, monodispersity, and

free diffusion.
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Figure S1. Edge-on SEM image of meso-macroporous ATO coating, where the thickness is
measured to be 4.6 um (scale bar = 2 pm).
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Figure S2. TEM micrographs of the carbon black template. The scale bars are 200 nm (a) and
10 nm (b).
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Figure S3. TEM micrographs of the pyrolyzed reaction mixture. The scale bars are 200 nm (a)
and 10 nm (b).
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Single molecule microscopy data
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Figure S4. Characterization of our meso-macroporous ATO coatings with fluorescently labeled
DNA nanotweezer probes by single particle tracking. (a) Experimental design for sample
preparation and imaging. The structural details of the DNA nanotweezer are shown in (b) with
the Cy3 and Cy5 fluorophore labeling sites indicated.

S5



Z=0.5um Z=15pum Z=2.5pum

C

307

Total: 90 particles
201
101
0_ | . a a

2 4 6 8
Z (pm)

Figure S5. Distribution of DNA nanotweezers along the z-axis when directly deposited onto the
glass surface. (a) Raw images of DNA tweezers at different focal planes. The 3D and z-axis
distributions are summarized in (b) and (c). Scale bar = 5 um.
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Figure S6. Distribution of DNA nanotweezers along the z-axis inside our meso-macroporous ATO
coating at varying Mg?* concentrations. The 3D distribution is summarized in (a) and (b) for 10
mM MgCly, and in (c) and (d) for 100 mM MgClo.
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Figure S7. Zeta potential of our meso-macroporous ATO coating measured at varying Mg?*
concentrations.
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Figure S8. (a) Fitting curves of squared step sizes (r?) of DNA probes with the 2-term 2D CPD
function at three different z values (fitting as described in Materials and Methods). Three colored
lines (corresponding to three different ) are the calculated statistic analyses from the trajectory
data and the black lines are the fittings which overall overlap with the color lines. (b) MSD versus
7 for the fast (red) and slow (green) subpopulations of DNA probes obtained from the 2-term CPD

fitting. An inset of the zoomed result of the slow subpopulation is also provided.
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Figure S9. 2D CPD function fitting of squared step sizes of DNA probes fitted with 1-term (a)
and 3-term (b) functions. Three colored lines in each plot are the statistic analysis from the
trajectory data and the black lines are the fitting result. Obviously, the 1-term fitting is not
sufficient and with large errors, as shown in (a). Comparing to 1-term fitting, the 2-term (Figure
S8) and 3-term fittings are significantly improved with much smaller errors. For the 3-term fitting,
two of the three subpopulations are almost identical, indicating that they should be in the same
group and that there are overall two major subpopulations for the DNA probes.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Fabrication of hierarchically porous coatings

The synthesis of hierarchically porous ATO was carried out by a previously reported sol-
gel route for producing meso-macroporous coatings. Preparation of coatings of the hierarchically
porous ATO were prepared in the same fashion as the reference from the main text, but on cover
glass (VWR, No. 1.5, 22 x 22 mm) instead. Two sets of control experiments were carried out in
parallel. To study the morphology of the carbon black and PEG template, the synthesis was carried
out without the metal salts, and a coating was prepared in the same fashion. For morphological
understanding of the templating effect of carbon black, the coating was pyrolyzed under an Ar
atmosphere in the same heating procedure.

Characterizations of structure, morphology and surface properties

Powder X-ray diffraction (PXRD) was performed on a Siemens D5000 diffractometer
using Cu Ko radiation. Five coatings were scraped from the cover glass substrates, and were
crushed well with a small amount of silicon powder as internal standard (a = 5.4301 A); the
resulting mixture was dispersed in ethanol and spread on a quartz plate. Data were acquired by
scanning the 20 angle from 5 to 90° with a step size of ~ 0.016° and a scan time of two hours. The
(111) Si reflection at 26 = 28.443° was used as a reference during unit cell analysis, which was
carried out using PANalytical X Pert Pro Software. Stylus profilometry was carried out using a
Dektak XT with a 12.5 um diameter tip and two mg of force. The profile was obtained with a line
scan across the ATO coating, beginning and ending on the cover class substrate. Optical
profilometry was conducted with a ZeScope, using an objective lens. The ZeMap software was
used to analyze a linear portion of the 3D map.

Nitrogen sorption isotherms were obtained from the bulk powder using a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer at 77 K. The powder was degassed under vacuum
at 250 °C for 8 hours before data collection. The Brunauer—-Emmett-Teller (BET) model was
applied to the adsorption branch in the partial pressure range of 0.05 — 0.2. Pore size distribution
was analyzed using the Barrett—Joyner—Halenda model applied to the desorption branch, with the
Halsey thickness curve for non-uniform surfaces and the Faas-correction for multilayer
desorption.! Total pore volume was estimated from the quantity of gas adsorbed at p/po ~ 0.99.
The zeta potential of samples dispersed in buffer solutions through 20 min of sonication was
measured with a Malvern Zetasizer Nano. Subsequently, these dispersions were auto-titrated
against a 0.50 M solution of MgCl. using the MPT-2 accessory, in increments of 1 mM, and the
zeta potential was measured in triplicate between each addition. Data were collected using the
Malvern software.

Scanning electron microscopy (SEM) studies were conducted on ATO coatings on cover
glass substrates and contacted by carbon tape, with an FEI XL-30 Environmental SEM using 20
keV electrons. Transmission electron microscopy (TEM) was performed on the scraped ATO
coating that was crushed lightly and dusted onto the TEM grid. For high-resolution TEM (HR-
TEM) studies, the scraped ATO coating was sonicated in ethanol for 20 min, and the TEM grid
was immediately immersed in the dispersion and air-dried. Images of carbon black were obtained
by gently dusting the carbon black reagent onto a TEM grid. Micrographs were obtained on a
JEOL 2010F at an accelerating voltage of 200 kV.
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Details of SPT Studies

The design and preparation of the DNA nanotweezers (Figure S4b) at a concentration of 5
nM followed previously described protocols (see text for references). SPT was performed on an
Olympus 1X-81 objective-type total internal reflection fluorescence (TIRF) microscope using a
1.40NA oil-immersion objective in HILO imaging mode for low-background data acquisition at
varying sample depths.? Fluorescence was detected on a 512 pixel x 512 pixel EMCCD (Evolve
512, Photometrics) camera under 640 nm illumination (using a Coherent CUBE 640-100 laser)
and employing a 660 nm edge BrightLine® single-edge dichroic beamsplitter.
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