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ABSTRACT: DNA-scaffolded molecular photonic wires (MPWs) displaying
prearranged donor—acceptor chromophore pairs that engage in extended
Forster resonance energy transfer (FRET) cascades represent an emerging
nanoscale photonic material with numerous potential applications in data
storage, encryption, and communications. For translation to such applications,
these devices must first demonstrate robust performance with high transfer
efficiencies over extended distances. Here, we report the optimization of FRET
in a 6-helix DNA origami architecture supporting a 14-dye site system that
contains a central 10-dye homogeneous FRET (HomoFRET) relay span and
overall extends over 29 nm in length. Varying the dye density by controlling their presence or absence across all of the individually
addressable sites presented an incredibly large optimization space (1024 HomoFRET and 16384 total permutations). High-
throughput experiments, with over 500 measurements of DNA templates assembled in parallel, allowed for the study of HomoFRET
transfer as a function of fluorophore density and arrangement. Transfer within solution-phase MPWs initially obtained with steady-
state spectroscopy experiments revealed values only reaching ~1% efficiency. Extensive photophysical characterization, utilizing six
different spectroscopic techniques and 11 total methodologies, determined that the diminished FRET efficiency of each individual
component step is the principal cause of the limited transfer in solution. Monte Carlo and machine-learning methods provided
additional insights into design optimization. A representative MPW set selected based on the previous findings was subsequently
characterized in film deposition and also under cryogenic conditions. Under these improved conditions, selected MPWs
demonstrated 59 + 6% energy transport efficiency over a length of 29 nm; this is ~25% longer and 10-fold more efficient than the
previously reported optimized DNA MPWs.
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B INTRODUCTION optical waveguides in the sense that light energy is transferred
linearly from one end to the other. The most common strategy is

As a molecular template for nanotechnology, DNA remains
to use organic dyes with energy propagation mediated by

unrivaled for its versatility in design and its ease of use.” One area

of promising application is that of excitonic/electronic energy FRET.” When energy is transferred between two fluorophores
transport,” which is central to many biophysical processes, and of different types, the transfer is termed heterogeneous FRET,
could be a basis for valuable future technologies such as light with the energy flowing “downhill” according to the respective
harvesting”™ and DNA data storage/encryption.”” In this absorption and emission frequencies of the acceptor and
usage, DNA offers many advantages as a scaffolding molecule donor.”® In homotransfer (HomoFRET), the energy transfer
including biocompatibility,s low cost, Stabiht}’;g’lo a flexible is instead between identical dyes, and this means there is no red-
desiﬁnﬁs&ace in two dimensions (2-D) an.d‘ thr.ee dli;r%eénsions (3- shift in the emission spectra due to energy loss at each dye, i.e.,
D), precise subnanometer positioning, ™" ease of the donor and acceptor wavelengths are essentially identical.

funct_lonahzatlon (e.g.,wx_/vzlfh nanoparticles, dyo.as, enzymes, HomoFRET has been shown to bridge between an input and
reaction reagents, efc.), and open-access design tools.” "
DNA-organized dye networks are also highly modular and
provide a nearly limitless search space for finding optimal dye ®_
configurations for energy transport.”>**> The present study AccePted‘ March 6, 2020 g S‘w
explores Forster resonance energy transgort (FRET) within Published: March 23, 2020 (s
DNA-organized chromophore networks.” % £
The specific design of interest in this study was the molecular
photonic wire (MPW).”*” Photonic wires are analogous to
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Figure 1. Schematics of DNA origami MPW. (A) vHelix model showing the 6-helix arrangement and the interior cavity.”> (B) CaDNAno staple
layout.23 All dyes were bound to helix 1, 2, or 3. (C) Naming convention for MPWs. Dashes, “-”, represent the boundary between the AF488, Cy3.5,
and AF647 domains; a number represents that the respective dye position was present; and an underscore dash, “_”, indicates that the unlabeled strand

was used.

output hetero FRET step and effectively increase the distance
over which MPWs become possible.”” ' At the same time, the
thermodynamic directional preference is lost in HomoFRET.
HomoFRET will follow a random-walk path with back-energy
transfer between dyes, resultin§ in quantum efficiency
degradation in linear systems.””>’ This differs from light-
harvesting systems where centrosymmetric HomoFRET sys-
tems found neutral or increased transfer.””'® In a recent
investigation of MPWs 24 nm in length, which included a long
HomoFRET section, the end-to-end efficiencies were observed
to be just 6% in poly(vinyl alcohol) (PVA) films,* and for
similar solution-based MPWs of 30 nm in length, the reported
efficiency was 1.7%.”° From these published works, we
developed a hypothesis that HomoFRET would benefit from
creating greater density transfer networks by integrating as many
dyes as possible. Increasing dye density results in more transfer
steps, which would decrease the MPW efliciency; on the other
hand, increased density should increase the efficiency of each
step. At high FRET efliciencies, the increase should result in a
faster growth of the average available steps, surmounting the
negative effect of higher step requirements, leading to overall
more efficient MPWs. To test this hypothesis, we required a
more complex DNA scaffold that can accommodate many more
dyes.”® Specifically, we employed a 6-helix bundle DNA
origami®® that extends over 42 nm in length and contains a
two-dye donor segment, a 10-dye homogeneous bridge or relay
segment, and a two-dye acceptor segment. These segments were
composed of repeating Alexa Fluor 488 (AF488), Cyanine 3.5
(Cy3.5), and Alexa Fluor 647 (AF647), respectively. Figure 1
shows a two-dimensional depiction of the three-dimensional
vHelix model as well as the scaffold and staple routing of the wire
depicting the fluorophore attachment locations adapted from
CaDNAno software.”® The blue, green, and red dots represent
the AF488, Cy3.5, and AF647 attachment locations, respec-
tively. This DNA origami MPW allowed us to create a
HomoFRET relay section with varying densities as well as
with individually addressable sites allowing for a large
optimization space. Quantitatively, the structure could have up
to 16384 distinct designs of the entire MPW and 1024 different
configurations of the HomoFRET relay itself based on different
permutations of including or not a chosen dye position.
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The optimization of such an MPW would be straightforward if
it were assumed that one could position the dyes at any location
with precision, that the dye orientations were all controlled, and
that the system was always governed by the Férster theory.”” In
this ideal scenario, the optimum desi%n would simply be a very
dense linear arrangement of the dyes. % However, in reality, the
upper limits for transport efficiency in a DNA-scaffolded
chromophore system will depend on factors such as the motion
of the chromophores within the scaffold®® and the spatial or
electronic influences of the chromophores upon each other.***’
A balance must be achieved between the effects of increased
dipole—dipole coupling, dye-quenching of dyes in close
proximity, and external environmental influences that modify
the optical properties of the dyes. Therefore, to use complex
DNA-based systems such as these, we must develop efficient
methods to understand the vast search space, find optimal
sample configurations, and characterize them. We must
understand whether these ideal limits are reached in realistic
systems and how to remove the inhibiting bottlenecks. Finally,
we must be able to distinguish multifaceted effects influencing
the FRET efficiency. For these reasons, as will be presented,
optimization of a DNA-scaffolded exciton network (we note that
we refer to molecular excitons throughout the text) requires an
empirical undertaking as well as theory-based optimization.

Using the large origami MPW sample library, we employed
multiple methodologies to characterize and understand the
MPW’s design principles that would lead to optimal transfer. We
used analytical models to identify the upper limit of energy
transport efficiency for “ideal” systems with expected photo-
physical conditions (i.e., perfect formation effectiveness, dye
positioning, and meeting FRET assumptions). Comparing these
predictions with the results of steady-state spectroscopy
experiments, we found substantial discrepancies. Expanded
characterization such as single-particle FRET (spFRET),
lifetime fluorescence, and lifetime anisotropy provided insights
into where the reality differed from the predicted parameters.
Using the large data set obtained in the steady-state measure-
ments (~150 different configurations and over 500 individual
measurements) also allowed us to utilize machine-learning
regression techniques to find a best fit to the entire data set and
identify bottlenecks. We then created and assembled a small

https://dx.doi.org/10.1021/acsanm.0c00038
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number of candidates from the large search space that would be
of particular interest to characterize in thin-film deposition and
cryogenic temperatures. In these conditions, we found large
enhancements in transfer efficiency and much better agreement
with the ideal predictions.

This report demonstrates how high-throughput parallel
experiments afforded by DNA templates allow for the
investigation of parameters with more subtle effects.”” The
results support the hypothesis that greater dye density results in
optimized transfer, though the increase was less than predicted.
After extensive characterization, we report MPWs of 29 nm in
length that in PVA films have up to 59 + 6% efficiency, or ~25%
longer and 10-fold more efficient than the highest values
reported in the literature.**

B RESULTS AND DISCUSSION

The primary aim of this project was to obtain the MPW with the
greatest energy transfer efficiency by balancing dye density and
HomoFRET processes. We constructed multiple permutations
of our 6-helix bundle DNA origami, resulting in 29 nm long
MPWs of differing dye densities. We tested 147 different MPWs,
generally working in parallel preparations of 10—20 different
permutations and utilizing the information obtained from one
series of experiments to design the next series of MPWs to be
tested. We first present a discussion of the characterization
properties or figures of merit and a discussion of the models on
which our density hypotheses were based. We then discuss the
experimental characterization of the MPWs in the solution
phase. Subsequently, we discuss computational analysis and any
variation observed between the models and experimental results.
In a final step, the experimental determination of a chosen subset
of MPWs in film conditions is presented. The film conditions
resulted in the highest transfer efficiencies, as compared to the
solution values.

Figures of Merit. The MPW transfer efficiency is
characterized by the number of photons emitted by the output,
i.e., terminal dye, as a function of excitons put into the MPWs
through absorption of photons by the input dyes. We excite the
structures at blue wavelength (4g) of 455 or 466 nm (the two
wavelengths correspond to whether we are using the spectros-
copy or microscopy setup; see the Materials and Methods
section) to maximize the input excitation and minimize the
direct excitation of downstream dyes. The overall measure of
MPW efficiency is referred to as the end-to-end transfer
efficiency (E,.). The E, requires a correction factor to
downstream excitation.””** In the past, this has been
accomplished with semianalytical methods that measured
individual FRET efficiencies and respective extinction coef-
ficients; this methodology works well for simple structures. A
purely experimental strategy in which control structures without
the initial donor input dye (AF488) are measured can be
undertaken; however, this methodology is very labor and
material intensive.'®* For our current system, we exploited
multiwavelength excitations, specifically adding a green 532 or
585 nm excitation wavelength (Ag) that only excites the
downstream (relay and acceptor) dyes and utilized a correction
factor determined experimentally using control structures with
no AF488. The two wavelengths again correspond to the
microscopy or spectroscopy setup, respectively. This method-
ology has the advantages of being inexpensive in labor and
material costs, but more importantly, efficiency determinations
are independent of fluctuations in concentration.*' Although the
MPWs were generally at the same final concentration (~10
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nM), there are subtle differences in the origami formation
efficiency as well as the purification steps that can cause
miscalculations and add uncertainty. The final reported E,, is
given by eqs 1 and 2

oy T 4o, T s, T
E = DQiFosr — (f X DFea7 / D ass
ee T T
Q¥ jpo47 QY pass (1)
Q//{B,T
f= ?Féf (@’ signifies the MPWs have no AF488)
N
2)

The @}, are the photon counts emitted by the AF647 in an
MPW excited at either the blue wavelengths (1g) or the green
wavelength (1) at a temperature T (in Kelvin). Solution-based
measurements were realized only at room temperature, with
PVA film characterization realized at 300 K and in cryo
conditions at 5 K. QY are the fluorescence quantum yields of the
respective dyes at T, and @f\ﬂgg is the photon count from a DNA
nanostructure that contains only the two AF488 at T.

An additional parameter that we call the wire transfer
efficiency (WTE) has a similar profile as the E,, but accounts
for the variation in energy transfer from the donors into the
Cy3.5 HomoFRET relay. The WTE is a measure of the relay
section’s capability of transferring an exciton from the initial
Cy3.5 to the AF647 without considering the efficiency of the
initial Cy3.5 excitation. As a result, the WTE values are always
higher than E,.. The formula for WTE is presented in eq 3

Iy, T Ig T 4, T
WTE = Dixksr — (f X Pofisar I3
QY, QY.
AF647 Cy3.s (3)
The parameters are similar to those in eq 1 with Ié“}’,g_s being the

photon count emitted by the Cy3.5 dyes in the presence of
AF488 dyes and absence of AF647 dyes when exciting with the
blue light source.

The other basic characterization is MPW physical length. We
report not the physical size of the DNA but the linear path
covered by the energy transfer, defined as the distance between
the AF488 and AF647 dyes. We note that the HomoFRET
presents a random-walk movement, meaning that there will be a
considerable number of “backward” steps along the MPW; we
did not consider these when calculating the MPW length.
Therefore, the full length of the photonic MPW with input-relay-
output dyes was 29 nm long, which, as seen below, is shorter
than the physical length of the DNA origami, which is 42 nm. We
are aware that other variables such as buffer conditions,
including the choice of Mg** concentration, may modify DNA
nanostructure size, and as such, the dye positioning could vary,
modifying the 29 nm reported length.*>** Although as it is the
interhelix, and not the linear dsDNA length, that is more
susceptible to these changes, we maintain that the effect in our
case is minimal.*

Theory. A discussion of both FRET and the motivating
hypothesis that greater dye density would increase transfer
through the HomoFRET relay is warranted at this time. FRET
occurs through the dipole—dipole coupling of an excited donor
molecule to a ground-state acceptor molecule. As such, the
equations that represent the efficiency of transfer (Epggr) for a
single donor—acceptor (D—A) pair are given as follows**

https://dx.doi.org/10.1021/acsanm.0c00038
ACS Appl. Nano Mater. 2020, 3, 3323-3336
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Figure 2. Characterization of origami MPW. (A) Normalized absorbance and fluorescence of dye components. Table with calculated Forster distances
in nm. (B) 1% Agarose gel of DNA origami formed at varying Mg”* concentrations. (C) 1% Agarose gel of DNA origami before and after Amicon 50
kD purification. (D) Atomic force microscopy (AFM) in dry mode of DNA origami after purification.

B _ (Ro/ rDA)6
T (Ro/ "DA)6 (4)
Ry’ = Cxn™*(QY,) (s)

The rp, is the D—A distance, and R, is the Forster distance,
which is the separation distance between D and A where FRET
will occur with 50% efficiency. The R, can be obtained from the
physical parameters in eq 5; C, = 0.021 and ” is the dipole
orientation factor (typically assumed to be 2/3 for most
randomly oriented ensemble systems, but best estimated as 0.4
for static DNA conjugated dyes),** QYy, is the quantum yield of
the donor, 7 is the refractive index of the medium (1.33 in
aqueous buffers), and J is the spectral overlap integral in units of
nm* M~! cm ™. As is clear in eq 4, the efficiency of FRET
correlates with the D—A distance to the sixth power.

If we return to the FRET efficiency equation, we can rewrite it
in terms of the decay mechanisms of the excited state.

ky

E - -
PR e + kg + kg

(6)
where kg and kyg are the fluorescence and the nonradiative
decay rate constants, respectively. ky is the FRET transfer rate.
Combining eqs 4 and 6 indicates that kr is inversely proportional
to (rpa)® (assuming that dye proximity to each other does not
modify the other parameters).

6
R
k= [_0) X (kg + kyg)

pA

(7)

We must now consider the HomoFRET transfer,*° taking into
account the random-walk characteristics. The relay is best
described as a one-dimensional symmetric random-walk with a
mirror edge and a defined probability for absorption by the
AF647."7" The successful relay capability of the Cy3.5
HomoFRET section is therefore given by the probability of
transfer to the AF647 by an exciton with y steps on an MPW
with 7 step length, assuming that the exciton begins on the Cy3.5
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farthest away from the AF647; this value is estimated by the
distribution function”’

v —(y—p)* /26"

/1 Ee( w=n)/ )d'//
o0 1 _ —_ )2 20_2

/1 me( (w=n)*/ )dll/ )
The y value is more accurately defined as the average number of
steps available to each exciton and as such is an ensemble
property that is not required to be an integer; yis determined by
the fluorescent lifetime (7) multiplied by the FRET transfer rate
(kr). The u is the average number of steps required before
reaching the absorbing edge or wire terminus, and ¢ is the
variance of y as estimated in eqs 9 and 10. The probability of
absorption by the output, @, is comparable to Egpgy from Cy3.5
to AF647.

P(u, ) =

p=n

o1
a  + Z—q(fl - l)]

{n3+

+ 5[6q(q — a) + a*(2 - 3q)]}
a

)

2 n 2qg—a

6

c [2n" + 1 — 3q]

a

(10)

In the symmetric random-walk, g represents the efficiency of
HomoFRET between Cy3.5 pairs and is the variable being
modified by changing the Cy3.5 dye density along with n. To
utilize these analytical solutions, we must assume that the Cy3.5
relays are evenly spaced and are all equivalent (which assumes
that there are no trap sites). Although this does not fully hold for
all of the experimental MPWs, it is a good initial approximation
for the full- and half-density MPWs (Figure 1). The average
number of steps required by an exciton to traverse a
HomoFRET relay increases to the second power as the number
of physical steps increases. In other words, it requires more steps
to cover the same distance as the dye density increases. This is
the crux of the issue: increasing the dye density requires more
transfer steps (u correlating with ~n*), which would decrease

https://dx.doi.org/10.1021/acsanm.0c00038
ACS Appl. Nano Mater. 2020, 3, 3323-3336



ACS Applied Nano Materials

www.acsanm.org

A B C
——12-0123456789-12
600007 ~}~ 600001 AF488 20000 —— AF488
S —I— ‘I‘ —12- - Cy35
S S00007 = - . P - 50000 ——12-0123456789-12  _ —— AF647
2 3 ——12:02.4 6.8 -12 5 15000 - == ~-Fit
2 40000+ &, 40000 ——12-1.357912 &
SE’ @ —— _ -0123456789-__ 2
o 20000+ S 30000 5 10000
3 o Q
c O o
& 20000+ 20000 -
3 5000 /
o
© 10000 10000 4 4
S {
o \\[\““
0 0+4; - . - - ' 04; - - : - =
S S S S S S '1/'/%;/q/ 500 550 600 650 700 750 800 500 550 600 650 700 750 800
// 3A/°>/*’/// Wavelength [nm] Wavelength [nm]
NG Y // ./
;oo s
1.5+
D 14 E F
12 ] .,
204 B wTE
T 0]
.| EEwE 9
R =
L
6 w
05+
44
24
0 0.0
NAL AL AL AL AL AL AL AL D N AL AL AL AL AL AL AL AL AL AL RO
L 0 0 o JAsadr S A 4 4 4 F A 2o F ol 00 4 Y A0 A A 4T
/%/9/9‘9,/9‘366‘96\3‘?@3&96\ Y bbé\ é\,.}? ¥, ﬁ"b/h@é‘%&"é\ﬁu‘ﬁ\ ,5?;\ S bf'-’j hé\ S;\,b/é\ bf'-’;\ ?ﬁé\ 3
A »\’1« QPR G 0V WV KV KV V¥ Q\,Q\'L/Q\’f’&(l. Q\@Q\@Q\@Q\"' Y LY A A A N N i
AN a0 0P a0 e e e e X0 0N a® a® el a® a® af e K2R A 2R R R AR IR

Figure 3. High-throughput steady-state fluorescence characterization of MPWs. (A) Fluorescence intensity of individual Cy3.5 positions excited at
585 nm. Corrected by absorbance. Dashed line is average intensity. (B) Fluorescence spectra of some representative MPWs. Excitation at 466 nm. (C)
Spectral decomposition of 12-0123456789-12 MPW. (D) E,, and WTE values of MPWs as the Cy3.5S HomoFRET relay section was built up. (E) E,,
and WTE values of MPWs missing a single Cy3.5. (F) E,, values of MPWs with varying Cy3.5 densities (left to right, from the lowest to highest Cy3.5

density).

the MPW efficiency. Yet, the increased density should increase
kr by the sixth power, as rp, is shorter for each step. At high
FRET efficiencies, the increase in kr should result in a faster
growth of the average available steps, , outpacing the negative
effect of higher step requirements. This was supported by Monte
Carlo simulations realized for previous HomoFRET bridges.*

MPW Structural Characterization. We constructed a 29
nm long linear photonic wire within a 42 nm long DNA
nanostructure, with the 29 nm transfer distance being similar in
length to the longest recorded DNA MPW.?’ The MPW can be
broken down into a two-dye input/donor segment (AF488), a
10-mer HomoFRET relay segment (Cy3.5), and a two-dye
output/acceptor segment (AF647). The input and output dyes
were individually addressable, and we realized experiments
where only a single AF488 or a single AF647 was included (see
spFRET experiments for example). To determine the E,, values,
we found it optimal to only consider MPW with zero or two dyes
in the input and/or output, ie., for both the AF488 and the
AF647. Cy3.5 was chosen as the relay dye as previous works
demonstrated its excellent HomoFRET capability, while also
functionin% as an acceptor to AF488 and donor to the final
output.”””" A table is available in Figure 2 that shows the Forster
distances of the dye pairs, including the Cy3.5—-Cy3.5
Homotransfer, Ry = 5.1 nm. We note that the choice of the
three dyes was also purposeful to minimize absorption overlap
and direct downstream photonic excitation. The fluorophores
were arranged inside a 6-helix origami bundle formed from a
truncated version of the M13mpl18 plasmid;*’ details are
available in the Materials and Methods section, and the full DNA
list and preparation protocol are available in the Supporting
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Information (SI). All of the fluorophores were attached to the '
end of staple strands, with the attachment locations for the
fluorophores carefully selected to ensure their preferential
orientation toward the center of the six-helix bundle nanotube.
The design was chosen to obtain close dye proximity at
maximum density, with a separation of only ~2.15 nm based on
bp separation, allowing for very eflicient predicted FRET and
HomoFRET without transitioning to other coupling regimes.*”
As has been seen for cyanine and Atto dyes, separations below 2
nm lead to coupled dye systems, which tend to have diminished
fluorescent properties.’”*® To represent the individual wire
conﬁgurations, the naming convention shown in Figure 1c was
adopted. A number represents that the dye is present at the
respective location, whereas an underscore, “_”, indicates that
the unlabeled strand has been used. Dashes, “-”, signify the
boundary between different fluorophore domains. For example,
the full MPW, signifying maximum dye integration and highest
relay density, is represented as 12-0123456789-12. The full
MPW had twice the relay dye density of a wire missing alternate

« »

structures represent the half-density MPWs. These structures
will be often used in subsequent discussions, where they may be
referred to as full- and half-density MPWs. As mentioned, there
are 1024 permutations just within the HomoFRET relay, though
many exhibit negligible transfer through the MPWs (eg, a
completely empty set). Using the high-throughput capabilities
of DNA nanostructures, we were able to test 147 different
configurations with up to 15 repeats of individual MPWs.

https://dx.doi.org/10.1021/acsanm.0c00038
ACS Appl. Nano Mater. 2020, 3, 3323-3336
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Figure 4. Additional MPW characterization. (A) spFRET of varying MPW structures. Fits are bi-Gaussian. (B) Fluorescence lifetime anisotropy of
Cy3.5-only MPW. Fits are double-exponential decays. (C) Schematic of the structure used in Monte Carlo simulations and predicted (dashed lines)
and experimental E,, values (red squares). The dark-blue line represents the simulated efficiencies assuming that the MPWs were 100% perfectly
formed, and the light-blue line assumes that 75% of the dye-labeled DNA is correctly placed with 25% in solution. The 75% line is not a fit, merely a
representation of the expected values if only 75% of the MPW were correctly formed.

A crucial component in DNA nanostructure design is
confirming the formation yields;*’ the MPWs were evaluated
by gel electrophoresis and atomic force microscopy (AFM).** A
1% agarose gel was used to determine the optimal formation and
purification strategies; it was determined that the best-formed
origami was obtained at 15 mM Mg?*. Figure 2C demonstrates
how 50 kD Amicon cutoff filters allowed for purification of the
MPWs and elimination of excess staple strands to obtain purified
MPWs at greater than 90%, a value supported by spFRET
experiments (vide infra). We note that these characterizations
do not discount slightly misformed MPWs that are indistin-
guishable on a physical level but have missing staple strands.*’
Super-resolution microscopy techniques are capable of dis-
tinguishin_% these deficiencies but are labor and equipment
intensive.””>' The annealing process (see Table S3 in the SI)
was chosen to minimize this possibility. AFM scans of the
formed origami wire (Methodology and additional Figure S1
available in the SI), post Amicon purification, are also seen in
Figure 2D. It was observed that most wires were generally well-
formed. The measured wire dimensions from the AFM (I=42 +
1.5 nm and w = 10.5 + 1.2 nm, 61 wires measured) were in
agreement with the wires” design dimensions. Utilizing a dried
sample deposited on mica resulted in the collapse of the 6-helix
bundle; we therefore do not believe that the height measure-
ment is representative of the DNA structure diameter in
solution.

Solution-Based Fluorescence Characterization. We
began the spectral analysis by characterizing the MPWs,
ensuring that each individual Cy3.5 site was addressable (Figure
3A) and that the fluorescence intensity increased with increasing
Cy3.5 (Figure S2). The fluorescence intensities in Figure 3A
were normalized to the 260 nm absorbance to ensure that
differences in concentration did not account for the variability.
As seen in Figure 3A, the variability in the Cy3.5 positions was
larger than expected with an intensity deviation of 15% over the
varying sites. Experimental E,, values of the extensive MPW
design space are obtained using the steady-state fluorescence
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spectra of the MPW (Figure 3B,C). For example, the systems in
which we built up the MPW in a sequential manner (Figure 3D),
MPWs with a single Cy3.5 missing (Figure 3E), and a
multiplicity of MPWs with varying Cy3.5 densities (Figure
3F) are shown. The chosen structures were based on intuitive
guesses of which of the 1024 variations would provide the most
informative results. In this manner, we investigated ~10% of the
HomoFRET relay design space with over 500 individual
measurements. The experimental E,, values only reached 0.5—
1.5%, with the WTE values also limited to the ~8—20% range.
As can be seen in Figure 3F, the full-density MPW (far right, E,.
= 0.90 =+ 0.15%) does have a statistically significant greater
transfer efficiency than the half-density MPWs (far left, 12-
0.07% and 0.36 + 0.10%, respectively), yet adding a single Cy3.5
to create 12- 12 45 78 -12 (third from left, E.. = 0.96 +
0.13%) results in an equivalent E,, as the full MPW.

The high-throughput fluorescence measurements resulted in
low E.. MPWs independent of the relay design; further in-depth
spectral characterization was required to determine structural or
design flaws affecting the MPW’s efficiency. This included
steady-state determinations of individual FRET efliciencies of
the AF488 to Cy3.5 and Cy3.5 to AF647 steps (Figure S3). We
utilize the bracketed notation {Cy3.5 position} when discussing
a specific position in the HomoFRET relay section. The Egpgr
from AF488 to Cy3.S increased as additional Cy3.5 were added
but saturated once Cy3.5 positions {0, 1, and 2} were included,
going from 0.50 + 0.04 to 0.60 + 0.05 and stabilizing at 0.65 +
0.02 (Figure S4). As the a parameter (from eqs 9 and 10) is
crucial to both the E,, and WTE values and can be estimated as
the Epppr of the Cy3.5 to AF647, we utilized multiple
quantization strategies. This included steady-state fluorescence,
lifetime fluorescence, and spFRET to determine the most
representative value.”” See Figures 4 and S4 for the spectra. The
steady-state and time-correlated single-photon counting
(TCSPC) spectroscopy reported values of @ = 0.55 + 0.06%.
The spFRET results demonstrated that the MPWs were not

https://dx.doi.org/10.1021/acsanm.0c00038
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Table 1. Predicted Values of E,, of the Full- and Half-Density MPWs Based on FRET Efliciency Using the Ideal Predicted Values
(Theory) or the Experimentally Determined Values (Experiment)“

MPW pATSS-Cyas @

full theory 0.997 0.999
experiment 0.65 + 0.02 0.83 + 0.09

half theory 0.935 0.970
experiment 0.50 + 0.04 0.8 +£0.1

q kr [ns™] 7 H c E,. [%]
0.994 90.0 188.9 45.2 33.0 99.9
0.7 £ 0.1 1.3 2.7 60.0 45.6 0.9
0.762 1.6 34 11.8 8.1 9.8
0.6 + 0.2 0.7 1.5 15.2 10.7 1.0

“Values with uncertainties are experimentally determined values. All other values arise from estimated dye positions and the analytical model.

composed of bimodal distributions with high-efficiency and low-
efficiency MPWs but instead had a broad distribution of
efficiencies as generally seen in DNA—dye systems.””** The
spFRET values for @ went from 0.64 + 0.15for __- 789-
12 up to 0.84 + 0.13 for __ - 9-12 (seen in Figure
4A). These initial results eliminated bimodal (high E../low E.,)
MPW:s due to missing DNA strands, which some reports predict
to be around 9% for DNA origami structures,”’ which would
presumably disrupt FRET. Nor would origami formation
efficiency justify the lower transport efficiency. Both the input
and output steps of exciton transfer were considerably lower in
efficiency than predicted based on bp separation, yet they follow
expected FRET tendencies.

To obtain greater insights into the Cy3.5 dye and how it acted
as a bridge/relay, we performed TCSPC spectroscopy and
fluorescence lifetime anisotropy. Similar to what was observed
when the individual Cy3.5 locations were interrogated in the
steady state (Figure 3A), it was observed in the TCSPC data that
the position of the Cy3.5 altered the fluorescence lifetime (7, we
note that 7 rePresents the amplitude average lifetime of the
measurement)”’ rangin% from 1.8 to 2.5 ns (see Table S4 and
Figure S4 in the SI),>° providing further evidence that the
HomoFRET relay could not be considered entirely homoge-
nous. As an example, we determined the 7 of the interior Cy3.5
positions, specifically {4, S, and 6}, when measured as a lone
Cy3.5 dye 7(5; = 2.14 + 0.13 ns, the addition of position {4}
results in a drop off 7y, 5, = 1.81 & 0.18 ns, and then with position
{6} measured as 7456 = 2.16 + 0.14 ns. We then eliminated
position S and obtained the highest 7(,4 = 2.48 + 0.13 ns.
Clearly, the 7 is position dependent, and it has been previously
shown to be attachment and DNA nucleotide sensitive (e.g.,
whether attached to A-T or C-G bps) ,”75? but in this case, the
appears to be modified by labeling of the neighbor positions.

Fluorescence lifetime anisotropy was further used to
determine the estimated efficiency of HomoFRET. The
fluorescence lifetime anisotropy values directly report the
experimental Ef{33 "5, g, for the two MPWs, and with 7, we
can get kp and y (see eqs 8—10). We utilized 2.1 ns as a
representative average of all Cy3.5 localized excitons 7 although
the above measurements show that the assumption is not fully
valid, we find that it is an adequate first approximation. In Figure
4b, we present the lifetime anisotropy curves for a single Cy3.5,
position {5}, with an average decay time of 1.08 + 0.09 ns. This
indicates that the Cy3.5 adopts configurations where it has good
rotational mobility within the 6-helix bundle. The data also
present an extended residual anisotropy (0.24 % 0.01), which
suggests that the Cy3.5s can also interact with the DNA and
exhibit a relatively slow fluorescence depolarization as expected
of a dye complexed with a large structure. The measurements are
of an ensemble average nature, and the Cy3.5 is known to have
dynamic interactions with the DNA scaffold.® Yet, these
interactions can appear static on the time scale of the fluorescent
lifetime measurement. We measured the nearest neighbor {4,5},
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a skip neighbor {4,6}, and two nearest neighbor {4,5,6}
situations to obtain the HomoFRET estimates for the full
MPW and the half-density MPW. We observed decreases in
both the average anisotropy decay time as well as the residual
anisotropy (see Table SS for fits) as would be expected for
samples undergoing HomoFRET; from these experiments, we
could determine the g values required for the analytical model
(see the next section).

Ideal Efficiency Estimation and Computational Mod-
els. We will briefly focus on the predicted E,, values of the full-
and half-density MPWs based on the previously discussed
theory. Initially, we assumed DNA design-based dye positions,
from which arise the dye distances and Epppy values. The
analytical random-walk model was applied to the theoretical
MPWs, and we can rewrite E,, as a function of the individual step
efficiencies

E

_ EAF488—Cy3.5
ee — ~FRET

X P(u, y) X a (11)

Assuming 2.15 nm separation for all dyes (D—A distances are
based on the length of dsSDNA per bp extension), as was the aim
for the full-density MPW (12-0123456789-12), and using the R
values in Figure 2, we obtain a predicted E,, value of 99% for the
full-density MPW. Similarly, using the 4.2 nm predicted
separation in the HomoFRET relay section in the half-density
MPWs, we get an E,, value of 9.8%. As noted in the previous
section, we utilized the fluorescence characterization strategies
to determine experimental estimates of the transfer efficiencies
of each step. We compare the predicted values to the
experimentally obtained values and then propagate the values
into predicted E,; all of these values are available in Table 1.
We also realized detailed Monte Carlo simulations to predict
ideal efficiencies. The model has been previously described in
the literature,”*” while the basic assumptions are presented
below. The simulations assumed that the fluorophores
interacted solely via point dipole—dipole coupling. The DNA
was modeled as three parallel straight arms with dyes positioned
on the theoretical design positions and directed perpendicular to
the DNA and with the azimuthal angle directed into the center
with dye linker lengths assumed to be 0.75 nm. The dyes were
allowed to move randomly and swing freely at their attachment
points but had static dipoles for the FRET (random static
orientations and distances), so that ¥* depended on the specific
D—A orientation. This consideration is important as the
random-walk model assumes a fixed DNA-based dye position
(i.e., K* = 0.4, and fixed distances). The Monte Carlo simulations
returned more restrained E,, values with the 12-0123456789-12
MPW topping out at E,, = 15.1%. The lower E,, results from the
high probability of unfavorable dye orientations,”"* which is a
more significant effect than the range of efficiencies resulting
from inhomogeneity in the dye position.”” The Monte Carlo
simulation results for the series of MPWs with an individual
Cy3.5 missing are shown in Figure 4C. The ideal device curve is
depicted as a dashed line and assuming that all of the dyes are

https://dx.doi.org/10.1021/acsanm.0c00038
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attached to the DNA template, the simulation predicted values
range from 10.2 to 5.4% E,,. The experimental and estimated E,,
differed considerably in value though following a similar trend.
The Monte Carlo simulations predicted that removing the end
Cy3.5 positions {0 and 9} of the HomoFRET relay would
reduce the E,, the least.

Using random forest machine-learning regression algorithms,
a quantitative model was developed capable of predicting the
figures of merit, E,, and WTE, based on the chromophore
attachment configuration (Figure SB,D). Conversely, the model
can infer the importance of particular input variables such as the
attachment status of each chromophore to a value such as
EfRin= 3 or WTE; see Figure SA and C, respectively. For the
random forest model, the importance indicator is a description
of how each degree of freedom affects the quality of the
predictive output. In principle, an importance metric might be
constructed by removing each degree of freedom from
consideration, in turn, and observing how much predictions
deviate from the known data compared to the full model.
However, removing a degree of freedom entirely changes the
statistics, making it a poor proxy of the original model. To
address this issue, the permuted importance was devised.** It
breaks the relationship between each degree of freedom and the
output while retaining the statistics. It does so by randomly
reassigning the values within the degree of freedom. Here, we
repeat this randomization 10 times, to generate the box plots
shown in Figure 5. These box plots indicate the median, as well
as the first and third quartiles.

We found that the WTE values provided a more robust data
set for analysis, as there was more variation, which made it more
suitable for the algorithm. As would be expected, the WTE is
mainly affected by the Cy3.5s near both the donor and the
acceptor, though some interesting dependencies emerge (Figure
SC). For instance, the Cy3.5 site {1} is less influential than
would be expected based on a comparison to site {8} on the
acceptor side. However, observing the AF488 component of the
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steady-state fluorescence spectra and applying the machine-
learning regression confirm that site {1} is important as a
quencher of the AF488 (Figure SA). Therefore, the random
forest results suggest that site {1} is able to extract energy but
then does not meaningfully contribute to its further transport,
signifying that this site may act as a trap. These two findings are
consistent with the energy transfer efficiency ultimately being
more bottlenecked by random-walk processes through the
Cy3.5 relay, rather than the rate of energy transfer from AF488
to Cy3.5.

Characterization of MPW Film Samples. As we have
shown in a previous work, DNA MPWs demonstrate increased
efficiency when cast in thin films and also with cryogenic
cooling; the respective improvement is more notable the greater
the number of dyes in the MPW as the systems’ efficiency
improves due to increased FRET efliciency of each individual
step.”* The DNA origami-based MPWs were ideal candidates
for this methodology due to their extended length and large
HomoFRET relay section. Through what we previously learned
in the solution-based characterization, we tested a series of
MPWs that indicated that they might have the highest
efficiencies. Poly(vinyl alcohol) (PVA, M, 31000—50 000.
Sigma-Aldrich) films, SO nm thick, with homogenously
dispersed MPWs were prepared for characterization on a
plasma-cleaned SiO,/Si substrate.”

We raster-scanned the laser over a 50 X S0 gm? area in § ym
steps creating a hypermap, summing over the entire map to get
the final spectra. As can be seen in Figure 6A, the PVA film is
quite homogenous in MPW distribution. A 532 nm cutoff filter is
built into the system to avoid the laser scattering signal;
unfortunately, this resulted in that part of the AF488 signal being
cut off (see Figure 6A,B). This partial AF488 peak was still
sufficient for spectral fitting/deconstruction and to determine
the initial photon count, under the assumptions that the AF488

does not have a large Huang—Rhys factor in this medium®® and

https://dx.doi.org/10.1021/acsanm.0c00038
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Figure 6. Fluorescence spectra of MPWs dispersed in PVA films. (A) Average (black dots) and standard deviation (gray) of an individual fluorescence
spectra of the full-density MPW at S K. Excited at 455 nm. The individual component peaks are labeled, including the internal standard QD (see
Materials and Methods). (B) Summed fluorescence spectra of full-density MPW at S or 300 K and excited with 455 or 532 nm. (C) E,, values at 5 K

(blue) and 300 K (green).

can be adequately represented by its solution-based spectra—
assumptions that held for the Cy3.5 and AF647.
Quantification of E,, was done in the same manner as in the
solution measurements using eq 1 and a 532 nm laser (4g) to
correct for downstream excitation by the 455 nm laser (1g).
Control samples containing no AF488 all resulted in E,, values
of approximately 0, validating the approach. Additional
measurements available in the SI (Figures SS and S6) include
the individual component controls, ie, AF488, Cy3.5, and
AF647 utilized for spectral deconstruction, as well as baseline
intensities, and calculation of the f correction factor for eq 2 and
@g;{gg. The fluorescence QY in the PVA film at lower
temperatures increased for all three dyes (see Table 2 for all

Table 2. Fluorescence Quantum Yields of Dyes in Different
Environments”

condition AF488 Cy3.5 AF647
solution 0.95 0.59 0.52
PVA film 300 K 0.69 0.30 0.46
PVA film S K 0.96 0.39 0.53

“The solution QYs were calculated using known standards
fluorescein, Rhodamine640, and Rhodamine800. The PVA films’
QYs were determined using a QD standard as detailed in our previous
publication.”* All QY values have uncertainties in the range of 0.07.

QY data). In general, positioning dyes in films increases
fluorescence due to changes in environmental polarity, increased
rigidity, and inhibition of dimer formation,”’ though in this case
the QYs at RT were actually higher for the solution
measurements. It is possible that the nanotube of the 6-helix
bundle favored dye rigidity in a similar manner as PVA films
generally do. It is also possible that quenching effects due to the
PVA itself decreased the dye QYs. We observed a similar result
in our previous DNA—dye MPWs analyzed in PVA films.”* By
lowering the T, a suppression of vibrations and the
corresponding phonon-mediated nonradiative relaxation path-
ways, as well as cis-trans isomerizations of the cyanine dyes, is
achieved. This resulted in higher QYs at lower T.'058

The end result was that the E,, increased drastically within the
PVA film, going from ~1% in solution to ~40% in the films, with
a further increase to ~50% at S K. The increase was considerable
for all of the chosen samples. The highest efficiency MPW was
12-_12 4 67_9-12 at E,, = 59 + 6%. This design was an
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improvement over the half-density MPWs (<43%), but similar
to what was seen in Figure 3F, multiple intermediate-density
MPWs were within the experimental uncertainty of having
analogous efficiency. The full-density MPW was slightly lower
with E., = 46 + 5% at SK.

B DISCUSSION

The origami design for the MPW surpassed previous DNA
templated MPWs, generally based on simple dsDNA or tile
systems, by allowing greater dye density and individual site
addressability. Analytical and simulation models predicted high-
efficiency transfer in the high-density MPWs, in large part
motivating the investigation. An extensive data set using high-
throughput steady-state fluorescence showed that the results
differed significantly from the predicted values independent of
what Cy3.5 relay design was used. In solution, the E_, values
remained in the 1% range as determined by ensemble steady-
state fluorescence spectroscopy. This low efficiency was initially
assigned to misformed structures, decreased input and output
FRET efficiencies, and/or decreased efficiency of the Homo-
FRET relay section.

Structural characterization including agarose gels and AFM
showed that the samples were greater than 90% well-formed
DNA origami structures. Even with well-formed origami, it is
possible that missing dye strands could result in truncated
efficiency species.”* The Monte Carlo simulations suggested this
as a probable cause for the decreased E,, values. The spFRET
data showed that this was not the likely culprit as the distribution
of FRET efliciencies was shown to be broad around the average
FRET value. If misformed structures were the cause, we would
have expected to observe bimodal distributions.”® Similarly, the
higher E,, values reported in PVA films dispel formation
efficiency as the root cause, since the defects would have
transferred to the films as well.

The decreased input—output FRET efficiency, seen in Table
1, clearly plays a role in the decreased photonic transfer in
solution. Yet, when considering the relative effect on the E,,
values, they merely limit the upper bound of efficiency from 99%
down to 55%. Considering that these are merely two FRET steps
in a system that is numerically dominated by the HomoFRET
relay, it is not surprising that the decreased transfer efficiency in
the relay section is the principal cause of inefficiency. It may
appear that the decrease is not that large, the g value going down
from 0.99 to 0.73, but if we consider that in the full-density

https://dx.doi.org/10.1021/acsanm.0c00038
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MPW an average of 45 HomoFRET steps (see y in Table 1) will
be required to get to the AF647, this small decrease adds up
quickly. In fact, once we have the experimental FRET values, the
analytical model predicts E,, that correlate remarkably well with
the measured values for the MPW. We anticipated 0.9% E,,
(£0.3%) and measured 0.90 + 0.15% E,, for the full MPW. For
the half MPW, 1.0% E,, (+0.4%) was expected, while the

1 357 912 were 036 + 0.10% and 0.21 + 0.07%,

respectively. Evidence supporting this result was also provided
by the machine-learning methodology as it was found that the
Cy3.5 site {1} was overall harmful to transfer even as it was
positive for maximizing the input efficiency. Although surely all
three components play a role, it is apparent that the individual
Cy3.5—Cy3.5 HomoFRET efficiencies are the greatest limi-
tation in the MPW transfer capability. One explanation is the
possibility of forming short-lived dye dimers, exciplexes, with
neighboring positions, which tend to have increased non-
radiative decay rates.’”®” Large discrepancies between the
predicted FRET rate and the measured FRET rate, ~10 times
slower, for closely packed cyanine dyes (<2 nm) on DNA have
also been observed in the past.”” It appears that FRET’s point-
dipole approximation is not fully valid at these short separations,
which are similar to the length of the cyanine dyes.**

The solution-based systems appear to have inherent transfer
limitations independent of the relay dye density, yet in the case
of MPW in PVA films, the efficiencies are greatly enhanced. This
increase is outstanding considering that the previously reported
highest E,, for a DNA MPW was 6% at a length of 24 nm; not
only are these MPWs longer by 21% but also an order of
magnitude more efficient.>® In films, FRET approaches the
DNA design predicted efficiencies for HomoFRET as well as the
input and output steps, and as such, the MPWs’ transfer
efficiencies are closer to the ideal values. We also note that this is
not an artifact of dye QYs, a parameter that E,, is very susceptible
to, as the QY ratio in PVA 5 K is almost identical to the solution
ratio. Nor is this due to inter-MPW interactions. We have
calculated that 35 mM initial concentration would be needed for
inter-MPW interactions,”* while we are well below those
concentrations at 10 nM. Control experiments have also
shown that the MPWs are not interacting in the PVA film.**
As of present, single wire imaging within the PVA film has not
been feasible with our setup. We hypothesize that the marked
improvement in transfer efficiency is due to reduced parasitic
decay mechanisms of the individual dyes, reduced solvent
interaction, along with increased rigidity, as well as reduced
transitory dimers, all leading to increased FRET efficiencies. We
recognize that this does not seem to be reflected in the calculated
QYs, which suggests that the improvement is due to “improved”
dye positioning, perhaps due to reduced flexibility or breathing
of the overall 6-helix bundle. Additionally, there exists a
possibility that the origami is “collapsing” within the PVA film
(as seen in the AFM samples), and that in this manner with a
reduced diameter, the dyes are brought slightly closer together,
resulting in increased FRET. Changes in Mg>* concentration
can also modify the diameter of the 6-helix bundle, as higher
Mg2+ values reduce interhelix distances.** In our case, the Mg2+
is reduced in the PVA films (~5 mM), as compared to the
solution (15 mM), so it is unlikely to account for the increased
transfer efficiency.

We return to our hypothesis on increased dye density
resulting in increased E,; the solution-based measurements and
the PVA film data provide some evidence, as the full-density
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MPWs are of greater efficiency than the half-density MPWs. Yet,
the difference between the two confirmations is only slight,
though statistically significant, at room temperature in both the
solution and the film. Furthermore, MPWs with 6, 7, or 8 Cy3.5
all had greater E. values than the full-density MPW. The
strongest support for the theory may arise from comparing the 6-
helix bundle origami MPWs in this work to previous tile DNA
MPWs; with similar HomoFRET extensions (~20 nm), the
origami structure had up to 66% greater dye density and resulted
in 10-fold increase in efficiency.”* The extended theory we now
postulate is that increased dye density does have an advantage
(at higher Epggr regimes), but that each additional step also adds
an increased possibility of defects and trap states that curbs the
improvement, and therefore a plateau of efficiency may be
reached if these cannot be avoided.

B CONCLUSIONS

In this work, we have developed a new MPW based on a DNA
origami nanostructure. Our studies determined that in solution,
cumulative losses limited the transfer efficiency of the MPW. We
undertook extensive characterization and determined that
diminished FRET efficiency of each individual step is the
principal cause of the limited E, values. Using what we learned
in the characterization as well as a solid-PVA film environment,
an optimal-efficiency MPW was formulated and we can report
transfer over 29 nm with 59% efficiency, which is 5 nm longer
and 10-fold better than the prime DNA MPW previously
reported.”® The project began as a study of dye density on
transfer in HomoFRET regions, the experiments providing
some support that greater dye density results in optimized
transfer. Yet, it appears that the FRET increase is often less than
predicted due to imprecise dye localization and the creation of
trap states; as such, optimization of DNA-scaffolded exciton
networks will continue to require experimental as well as
theoretical optimization. One important consideration contin-
ues to be the molecular context of the dye, meaning the
neighboring bps, dye rigidity within the DNA nanostructure,
and proximity of dyes for example. Some software tools take a
few of these factors into account, and molecular dynamics can be
helpful,”””" but these strategies are not currently part of the
design process in most DNA photonic nanostructures. Never-
theless, the considerable improvement in the DNA-based MPW
efficiencies reported here brings closer the promise of
incorporation into new photonic technologies such as next-
generation optoelectronic systems.

B MATERIALS AND METHODS

Sample Preparation. Labeled and unlabeled DNA strands were
obtained from Integrated DNA Technologies (Coralville) and Eurofins
Operon (Huntsville). The sequences of the DNA can be found in
Tables S1 and S2. All dye labeling was on terminal bases; succinimidyl
ester labeling with a six-carbon linker was used for AF488 and AF647,
whereas three-carbon linker phosphoramidite labeling was used for
Cy3.5. Dye-labeled DNA strands are high-performance liquid
chromatography (HPLC)-purified by the vendor; they are therefore
assumed to have 100% labeling efficiency. For the 6-helix bundle DNA
origami, a 704 nucleotide plasmid was prepared by cleaving the
commercially available m13mp18 plasmid.*’ The DNA origami was
prepared at 10 nM in 1X TAE (Tris base, acetic acid, EDTA) buffer
with 15 mM Mg** with a 10-fold excess staple strand ratio. The
annealing and purification strategy is detailed in the SI.

For the microscopy and cryogenic determinations, samples were
spin-coated on plasma-cleaned SiO,/Si substrates with a 90 nm oxide
thickness (University Wafer, Boston) at a final MPW concentration of

https://dx.doi.org/10.1021/acsanm.0c00038
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~10 nM in the original buffer with a 1% w/v poly(vinyl alcohol) (PVA,
M,, 31000—50000. Sigma-Aldrich) addition. Spin-coating was
performed by adding 22 uL of the solution to the SiO,/Si substrate
and then spinning the sample for 10 s at 1000 rpm (500 rpm/s ramp)
followed by 30 s at 3000 rpm (1000 rpm/s ramp), resulting in an
approximately 50 nm thin film with homogenous MPW distribution.
Addition of a polymer-coated”* 800 nm emitting QD internal standard
(0.35 nM) was used to correct for any concentration effects.”*

Spectroscopies. Additional spectra not included in the main text
along with the corresponding fits are available in the SI.

Steady-state fluorescence was obtained by measuring 50 uL of the
sample on a TECAN plate reader in 96-well plates using 466, Az, and
585 nm, Ag, excitation wavelengths.

Absorbance spectra were taken on an Agilent 8453 UV—visible
Chemstation with 1 cm pathlength and demonstrated that most
samples were near the 10 nM concentration; when required, the
absorbance spectra could be used to correct the fluorescence intensity.

For fluorescence lifetime determinations, a time-correlated single-
photon counting technique using a Becker-Hickl SPC-630 board was
used. The excitation laser was an 80 MHz 7 ps pulsed 532 nm frequency
doubled diode-pumped Nd:YVO class 4 laser (High-Q picoTRAIN).
The lifetimes were extracted by fitting a biexponential decay function to
the collected fluorescence decays. An amplitude-weighted average was
taken as the overall decay rate. In the same setup, polarizers were
adjusted to the pertinent parallel and perpendicular settings to obtain
the anisotropy measurements. The anisotropy decays were then fit with
a dual exponential decay function.”””?

For the spFRET measurements, prior to adding the sample, the
sample wells were soaked in a Tris-acetate-EDTA buffer solution with
15 mM Mg** and 1 mM bovine serum albumin for 30 min. Samples
were prepared at 100 pM concentration, in a buffer solution containing
15 mM Mg** and 1 mM Trolox. The measurements were performed
using 515 nm CW argon ion laser excitation. The light was directed into
an Axiovert inverted microscope (Zeiss), where samples were
illuminated through a 100X oil-immersion objective (1.4 numerical
aperture, Zeiss). Their fluorescence was collected through the same
objective. The in-focus portion of the fluorescence was retained by
focusing through a 75 pm pinhole and then detected in two channels
using a pair of single-photon avalanche detectors (Excelitas). The light
at these two channels was distinguished by a dichroic mirror with a 640
nm cutoff (Semrock). For each sample, data acquisition was performed
continuously for 20 min at a data acquisition rate of 1 kHz.>>

Data analysis for spFRET was performed according to the following
method, based on an approach by Pons et al.” First, the time-alignment
was checked for the time series generated by the two data channels, by
inspecting the coincidence of peaks. Then, data were retained if they
contained at least 30 counts in a single channel or at least 40 counts in
sum. The misattribution of the acceptor’s fluorescence to the donor due
to the portion of its signal below the cutoff frequency of 640 nm was
determined by performing a FRET calculation using a sample
containing only the acceptor chromophore (MPW:

- -1).

A confocal microscope setup integrated with a close-cycle cryostat
(Montana Instruments Corporation, Bozeman) allowed for the
interrogation of the MPWs within PVA films at S and 300 K. The
excitation sources were 455 nm (Ag) and 532 nm (Ag) lasers focused
through a 0.42 NA long working distance objective with a SOX
magnification. The laser spot diameter was determined to be ~2.4 um,
and the laser power was fixed at 20 W for both lasers. The emission
signal was directed to a 500 mm focal length spectrometer with a liquid
nitrogen-cooled CCD (Princeton Instruments, Trenton). We note that
due to the relatively large spot size, we are confident that the
measurements are of ensemble quality and that we were not reading out
individual MPWs.

Computation. Details of the Monte Carlo simulations are available
in previous publications.”*** The physical structure has been discussed
in the text; some additional premises are provided below. The approach
used rate equations to describe the evolution of the dye excitations and
an assumption that the dyes only interacted through the FRET
mechanism. Since we treated target structures as incompletely formed
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and accompanied by assorted partial constructs/free dyes, we
normalized the governing rate equations by the total concentration
and the variables then become equivalent to probabilities. “Missing”
dyes or free dyes were assumed to remain in solution and maintained a
finite excitation probability.

For machine learning, a random forest method was selected to search
the large configuration space while resisting overtraining.** We used
1000 decision trees, which were substantially higher than the threshold
for the Monte Carlo error.”> The hyperparameters, including the
minimum leaf size and the number of predictors (bounded by the
square root of the total population N), were optimized using Bayesian
optimization to minimize the root-mean-square error of the model’s
correspondence to the test data.”® These procedures were performed
using Matlab’s TreeBagger and Bayesopt algorithms.

The importance predictors were permuted to improve their baseline.
This permutation process was independently performed 10 times to
obtain statistics on how the randomized permutation affects the
outcome.

The data set was unbalanced, typically with only a few individual data
points bearing extremely high figures of merit, while the vast majority
clustered toward an average score. During the bootstrap aggregation
process, the data were mildly rebalanced by cutting the figure of merit’s
range into two equally wide bins and selecting an equal number of
samples out of each bin during the random selection process. This
process resulted in a higher chance of selecting from sparsely populated
regions of the distribution, but the choice of using only two bins
minimized the influence of the rebalancing procedure on the results. To
account for this influence, an additional variable with randomized
Boolean values was introduced as an uncorrelated variable. The
importance of this variable was used to benchmark the threshold of
meaningful significance. Any importance score lower than this
uncorrelated variable is considered negligible. This “baseline” variable
usually yields an importance score very close to 0 after permutation;
however, rebalancing can cause it to rise.
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