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ABSTRACT: Concentrations of different nucleic acid species in biological samples span many
orders of magnitude. Real-time PCR maps the concentration of a target nucleic acid sequence
log-linearly into cycle threshold to enable quantitation with a wide dynamic range, but suffers

from enzymatic biases.

Here, we present a general design for constructing hybridization probe

sets with highly log-linear response curves to enable accurate enzyme-free quantitation across large
ranges (more than 6 logs) of target DNA concentrations. The sensitivity of each component probe is
accurately adjusted via formulation stoichiometry to reduce the standard error of target quantitation
down to 7%. As a proof of concept, we show multiplexed quantitation of three microRNA species

in total RNA of human brain and liver.

Keywords: Nucleic acids thermodynamics; toehold probe; nucleic acid hybridization; dynamic

range; RNA quantitation; enzyme-free biosensor

Nucleic acids are critical biological molecules, and precise
quantitative understanding of different nucleic acid species
holds the key to elucidating biological pathways [1, 2] and
guiding clinical treatment of diseases [3]. Technology plat-
forms of varying complexity, prices, multiplexing, and ac-
curacy have been developed over the past 30 years for
sequence-specific nucleic acid quantitation (Table 1); these
technologies can be divided into 2 categories: enzymatic and
non-enzymatic. Enzymatic technologies include qPCR and
reverse-transcription PCR (RT-PCR), Next-generation Se-
quencing (NGS), digital PCR [4], various isothermal am-
plification methods [5] and most microarray-based assays.
Non-enzymatic or direct DNA / RNA detection technolo-
gies, including electrochemical [6, 7] and microresonator-
based methods [8, 9], have gained scientific interest in the
past 10 years because they are tolerant to chemical and bi-
ological impurities in the DNA sample, and because they
might be used as affordable solutions in point-of-care set-
tings.

Most nucleic acid sensors and assays exhibit linear input-
output response curves in their quantitative dynamic range.
The linear response allows more accurate quantitation than
assays with sublinear saturation responses (e.g. ELISA as-
says for proteins). One notable exception is quantitative
PCR (qPCR), in which the amount of target nucleic acid in
a sample is mapped in a log-linear fashion to cycle threshold
Ct. This log-linear response curve allows accurate quanti-
tation across many orders of magnitude of target concentra-
tions, and relaxes the dynamic range requirements for sensors
(e.g. photodiodes) [10]. However, qPCR is inherently based
on enzymatic amplification, and thus requires purified DNA
/ RNA samples for ultrasensitive detection or sample dilu-
tion to mitigate PCR inhibitor issue. Furthermore, buffer
incompatibilities often render multi-enzyme reactions unsta-
ble. Finally, qPCR also frequently fails to accurately quan-
titate in multiplexed settings due to issues such as primer
dimerization, sequence bias, and dNTP exhaustion.

Recent advances in electrochemical [6, 7, 11, 12],
microresonator-based [8, 9] sensors are now enabling atto-

molar levels of molecular sensitivity, and are potentially ob-
viating the need for enzymatic amplification of nucleic acids.
Unamplified detection and quantitation of nucleic acids are
desirable not only for their ease of use, but also because the
absence of amplicons would substantially mitigate the risk of
amplicon contamination that result in false positives when
applied to ultrasensitive detection. Accurate quantitation
across many orders of magnitude of potential target concen-
trations would greatly increase the values of these technolo-
gies, because expression levels and copy numbers of biological
nucleic acids can vary greatly [1, 13, 14].

Here, we present a generalized method for designing a set
of enzyme-free hybridization probes that collectively exhibit
a log-linear binding response to a target DNA or RNA se-
quence. Components of the probe set can be individually
tuned to improve the log-linearity of the probe set, and
enable accurate quantitation. Furthermore, being enzyme-
free and highly specific to even single nucleotide variations,
these high dynamic range probe sets can enable multiplexed
quantitation of DNA and RNA species. We have demon-
strated preliminary proof-of-concept experiments in bulk so-
lution and on surfaces (microarray), culminating in a demon-
stration of 3-plex microRNA quantitation from total RNA.
Though the log-linear response hybridization probe set is not
yet optimized for sensitivity, mutiplexing and reaction time,
we envision that our technology may serve as an alterna-
tive solution for broad dynamic range quantitation of nucleic
acids.

Material and Methods

Oligonucleotides. All DNA and RNA oligonu-
cleotides were purchased from Integrated DNA Technologies.
Fluorophore- or quencher- modified DNA oligonucleotides
were purified by HPLC; unmodified DNA or RNA oligonu-
cleotides were non-purified.

Standard Buffer Conditions. DNA oligonucleotides
used in non-RNA-related experiments were resuspended in
1xPBS buffer (0.15 M Na+, purchased as 10x stock from
Sigma Aldrich) with 0.1% TWEEN 20 (Sigma Aldrich) and
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1 LLR qPCR/RT-qPCR |Microarray NGS
2 Dynamic range 106 108 103 — 10% ~ 10%
3 Enzymatic amplification No Yes Yes / No* Yes
4 Single nucleotide specificity Yes Yes / No* No Yes
5 Response type Log-linear Log-linear Linear Linear
6 Detection limit 107 M** | <1075 M 10712 M [1071° to 10712 M
7 Multiplexing <4 <4 > 100 > 100
8 TABLE 1: Comparison of nucleic acid quantitation methods. * Can be yes or no depending on the specific method used. ** Can be
9 improved by using readout equipment of higher sensitivity or using signal amplification methods.
10
1 a CTTTTTTTTTTAG L b C Total Response Curve (TRC)
E et DR GS S it all B -
14 : Probz 1 : . P RANgS
15 : : 2 0 8 6 4 Log-linear
16 E E 2 Range
17 Target a
18 —+ i//Component :
19 v Probe 2 :
20 1
21 A
;g : /Componenti
' Probe 3 ' . .
24 0
12 10 -8 -6 -4 42 10 -8 -6 -4

;2 LLR Probe Set |Og10 [T]O (M) |Og10 [T]O (M)
27
28 FIG. 1: Hybridization probe sets exhibiting log-linear response. (a) Several toehold probes (component probes) are designed to react
29 With the same nucleic acid targ'et, but Wit}} different sepsitivities._ (b) The response curve of ef_ich_ component prob'e is sigmoidal, but

different probes’ curves are horizontally shifted depending on their AGy,, and formulation stoichiometry. (c¢) Designed properly, the
30 aggregate signal response of several different toehold probes will exhibit a large log-linear range, in which a multiplicative increase in
31 target concentration is reflected as an additive increase in fluorescence signal. The detectable range extends approximately 1 order of
32 magnitude above and below the limits of the log-linear range; target concentration inference accuracy drops with the distance from
33 boundary of the log-linear range.
34
35 stored at 4 °C. RNA oligonucleotides and DNA oligonu- combined into the same solution (see Table S3-1 for detailed
36 cleotides used in RNA-related experiments were resuspended stoichiometry of each component probe).
37 in above mentioned buffer with additional 0.1% RNaseZap Next, the pre-hybridized probes or LLR probe sets were
38 (Life Technologies) and stored at 4 °C. Human liver or brain ixed ’ ith different trati £ t at the desired
39 total RNA (Life Technologies) were stored in THE RNA pxed wl 1Herent CoNCErations of tatget ab Lie (esire
40  Storage Solution (Life Technologies) at -20 °C. Reaction final concentratl.on; the reaction was incubated for 12 to 24
41 buffer was 1xPBS with 0.1% TWEEN 20 for non-RNA-  10wrs at 25 °C in a dark box. Fluorescence was measured
42 related experiments, and 1xPBS with 0.1% TWEEN 20 and Wlth. 2 Honba FluoroMax-4 spectroﬂuorlmeter and Hell@a
43 0.1% RNaseZap for RNA-related experiments. Seml—Ml.cr.o 114F spectrofluorimeter cuvettes. Excitation
44 and emission wavelengths were 558/580 nm for TAMRA,
45 Response Curve Characterization and Target Con- 648/663 nm for A%exa647, and 491/514 nm for Alexa488,;
46 centration Quantitation. Data shown in manuscript thesg are characterized to be the Wavelengtbs that generate
47 Figs. 3-5 were obtained using similar protocols. First, stock fnaxin ﬂ.u orescence for each fluorophore in the buffers we
48 concentration of each oligonucleotide was calibrated with used. Slit widths were 10 nm for ',TAMRA’ 8 nm for Alexa647
49 NanoDrop 2000 (Thermo Scientific). Component probes and Alexa488, and mtegra'utlor.l time was 10. s. An external
50 were prepared by mixing protector and complement oligonu- temperatureo controller maintained .the reaction temperature
51 cleotide solutions in reaction buffer for at least 1 hour at to 25 £ 0.2 °C. Raw fluorescence signal of each sample was
52 room temperature. In each preparation, there was at least calculated as the average of last 3 reads.
53 10 nM of both complement and protector at desired stoi- MicroRNA Quantitation in Human Total RNA
54 chiometry, so the reaction should reach equilibrium in 1 hour, Samples. LLR probe sets were prepared using the protocol
55 based on our previous experience [1]. LLR probe sets were described above. 3 pL of 1 mg/mL human liver or brain to-
56 prepared by mixing all the pre-hybridized component probes; tal RNA sample was mixed with 4 pL of formamide (Sigma
57 in multiplexed experiments, the 3 LLR sets (15 probes) were Aldrich) and 13 pL of the LLR probe sets solution, result-
58
59

60
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ing in a 20 pL solution containing desired concentration of
each component probe (Table S3-1), 0.15 mg/mL total RNA,
and 20% formamide. The background fluorescence was mea-
sured using a similar solution containing 3 uL. of THE RNA
Storage Solution instead of total RNA samples. Reactions
were incubated for 12 to 24 hours at 25 °C in a dark box;
fluorescence was measured using a similar protocol to that
described above, except for the cuvette was Starna 16.10F4-
Q-10/7Z15 Sub-Micro Fluorometer Cell.

Microarray Experiments. All chemicals were pur-
chased from Sigma-Aldrich and used as received with
no additional purification. HPLC-purified alkyne-modified
oligonucleotides were purchased from Integrated DNA Tech-
nologies (IDT). Water clear glass slides (Corning) were
washed and oxidized by consecutive immersing in 10 M
sodium hydroxide and Piranha solutions (70% sulfuric acid,
30% hydrogen peroxide) for 30 and 60 min respectively.
Then, the amino-silane layer were deposited on the glass
surface by incubation of the slides in the solution contain-
ing 2% (3-aminopropyl)triethoxysilane (APTES), 3% wa-
ter and 95% ethanol (by volume) for 20 min followed by
ethanol washing and baking at 120 °C for 1 hour. Sub-
sequently, the APTES modified surface was reacted with
10 mM p-phenylene diisothiocyanate (PDITC) dissolved in
DMF /pyridine mixture (9/1 volume ratio) for 1 hour, fol-
lowed by ethanol washing and drying at 120 °C for 20 min.

The PDITC functionalized surface was then converted into
azide-functionalized surface by reacting with 20 mM solution
of the 11-azido-3,6,9-trioxaundecan-1-amine in 0.1 M sodium
phosphate buffer pH 8.0 for 1 hour. Attachment of the 3'-
alkyne modified oligonucleotide capture probes to the azide-
functionalized surface was performed via copper catalyzed
1,3-dipolar cycloaddition. The final water based reaction
mixture contained 50% DMSO (by volume), 0.2 M triethy-
lammonium acetate buffer pH 7.0, 0.5 mM ascorbic acid, 0.5
mM Cu-TBTA complex and 500 nM of the alkyne modified
oligonucleotide capture probe. The immobilization reaction
was let to proceed for 1 hour at room temperature and rel-
ative humidity of 50%. In total, six oligonucleotides were
manually spotted on each microarray surface using positive
displacement pipet. After immobilization the microarrays
was washed with hot 0.1x SSC buffer (70 °C) containing
0.1% SDS.

MicroRNA labeling. Both synthetic microRNAs and
total RNA specimens from brain and liver tissues were
fluorescently labeled using Hi-Power Labeling kit (Exiqon)
strictly following manufacturer’s recommendation. For each
labeling reaction 1 ug of synthetic RNA oligonucleotide (150
pmole) or 3 ug of total RNA specimen was used. Labeled
samples were stored at -80 °C until further use.

Microarray hybridization and imaging. Microarray
hybridization was performed in 2x PBS buffer with 0.1% SDS
and 0.5 nM control hybridization oligonucleotide. Hybridiza-
tion was performed at 40 °C. The hybridization microarrays
were washed twice with 2x PBS supplied with 0.1% SDS,
twice with 1x PBS, and twice with 0.2x PBS. The arrays
were then dried with stream of nitrogen and immediately
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imaged. Imaging of the microarrays was performed in Cy3
fluorescent channel using Zeiss Axio Observer Alm micro-
scope equipped with 10x EC Plan-Neofular objective. All
images were taken with 1s exposure time.

Surface-based LLR. LLR probe sets targeting the miR-
122, miR-9, and miR-10b miRNAs were redesigned and
resynthesized with 3’ biotin functionalizations. The se-
quences of the probes were modified in the non-homologous
region to compensate the loss of thermodynamic favorability
contributed by the fluorophore-quencher interactions. Each
probe set was reacted with samples of end-labeled synthetic
microRNA.

After reactions reached equilibrium (at least 5 hours),
0.1 upL of the reaction mixture was spotted on Super-
Streptavidin microarray substrate slides (Arrayit) in reac-
tion/deposition buffer (1x PBS, 0.02% Tween-20). The de-
position process was carried out for 1 hour at room temper-
ature and relative humidity of 50%. After the deposition the
slides were washed twice with the reaction/deposition buffer
followed by one washing with 0.2x PBS, then dried with ni-
trogen and imaged.

Safety Comments. Sodium hydroxide, Piranha so-
lutions (70% sulfuric acid, 30% hydrogen peroxide),(3-
aminopropyl)triethoxysilane (APTES) and p-phenylene di-
isothiocyanate (PDITC) are chemical hazards. These chem-
icals were handled only in designated area with precaution
and personal protection equipment.

Design Theory

A log-linear response (LLR) probe set is constructed from
a number of component probes (CP), each capable of hy-
bridizing to the same target sequence, but with different
sensitivities (Fig. 1). Each component probe has a char-
acteristic response curve, indicating signals elicited at dif-
ferent target concentrations. Under certain combinations of
component probe sensitivities and concentrations, the total
response curve (TRC) of the probe set mixture will possess a
log-linear dynamic range, in which a multiplicative increase
in target concentration results in a constant increase in sig-
nal.

The detectable range of a LLR probe set extends beyond
its log-linear range, as concentration changes are reflected
monotonically in TRC signals (Fig. 1c). Quantitation ac-
curacy worsens as target concentration exits the log-linear
range, to a limit of about 1 order of magnitude above and
below the maximum and minimum of the range. For com-
parison, traditional single-probe system essentially has no
log-linear range, and has about 2 orders of magnitude of de-
tectable range.

Here, we implement LLR probe sets using toehold
probes [15] as component probes, because probe sensitivi-
ties can be precisely and independently tuned via formula-
tion stoichiometry. As will be explained later in this section,
errors in probe sensitivity result in poor log-linearity of the
overall probe set, and reduce the accuracy of quantitation
from the observed signal. Conversely, accurately tuned com-
ponent probes are the foundation of probe sets with log-linear
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responses that enable scalable bijective mapping between sig-
nals and concentrations, with little to no information loss
when inferring concentration.

A toehold probe is a partially double-stranded DNA
molecule comprising a protector (P) and a complementary
strand (C). When a target (T) is present in solution, it may
initially hybridize to CP via a single-stranded region, and
subsequently displace P (see Supplementary Section S1 for
mechanistic details). Toehold probes are designed such that
at operational temperature and buffer conditions, the bind-
ing of P or T to C is mutually exclusive and trimolecular
species CPT are high-energy intermediates rarely observed
in the solution. In this manuscript, we use a fluorophore-
functionalized C and quencher-functionalized P such that CP
is originally dark; through the course of target hybridization,
the fluorophore is unquenched and provides increased solu-
tion fluorescence. In principle, the signal may be any output
such as chemiluminescence or electrochemistry readout de-
pendent on probe-target binding.

Sensitivity spacing. Here, we define probe sensitivity
s = —logyo([T7/2]) to be the negative logarithm of the target
concentration that elicits a half-maximum binding response;
e.g. s = 10 means the component probe is half-saturated
at 100 pM of target. Probe sensitivity s can be analytically
solved for a toehold probe given the AGy,, of its reaction
with the target, its concentration, and its formulation stoi-
chiometry:

CP+T = TC+P

e TC] [P]
e AG?. /Rt _ Ke — [7
4 [CP] [T]

By definition, when initial T concentration is [T 5], then at
equilibrium [TC] = [CP] = [CP]y / 2:

o-ace, /rr _ [Plo+[CPy/2
[Ty 5] = [CPly/2
[T1/2] = A%m/Ar. ([Plo + [CPy/2) + [CP]y/2

More generally, the yield response of a component probe to
different target concentrations can be solved and plotted as
a sigmoid in semilog axes (Fig. 1).

We first performed simulations to study the combina-
tions of component probe concentrations and sensitivities
s that would result in LLR (Fig. 2). First, we consid-
ered the intuitive probe set design that contained component
probes with equal concentration and uniformly spaced s (e.g.
s =5,9,13). The initial results showed that for a given de-
sired log-linear dynamic range of the probe set (8 logs in
Fig. 2a), a probe set consisting of more component probes,
and thus smaller As, provided better log-linearity (quanti-
tated as the linear correlation coefficient 72 of the normalized
signal against the logarithm of the target concentration).

Given the above simulation results, we would expect that
log-linearity of the probe sets improves monotonically with
decreasing As: the higher the number of component probes

and the more tightly spaced, the better the results. However,
this is actually incorrect: Fig. 2b shows that there is an
optimal As spacing of between 1 and 1.5 for probe sets with
3 or more component probes. The fact that the optimal
As > 1 is fortuitous is because it reduces the complexity
and price of probe sets: a probe set with desired log-linearity
between 107" and 107¥ M requires (“gZ + 1) component
probes.

Fig. 2c shows the effects of normally distributed errors in
AG,, for each component probe (mean of N = 1000 Monte
Carlo simulations) on 72. In our experience the typical error
in AGY,, has a standard deviation of roughly 2 kcal/mol,
consistent with literature [16], which results in roughly 0.05
reduction in r2, and corresponds to a standard error of tar-
get concentration quantitation greater than 150%. Probe
AGY,, can be adjusted through sequence redesign, but it is
frequently impractical to consistently achieve AG?y,,, within
0.5 kcal/mol of the designed number even with iterative op-
timization.

Compared to errors in probe AGY,,, errors in probe con-
centration have a relatively smaller impact on the overall log-
linearity of the probe set (Fig. 2d). The typical experimental
standard deviation of concentration error should be roughly
5%, which results in less than 0.001 reduction of r%. Based
on our analyses, accurate target concentration quantitation
to less than 20% error requires 72 > 0.997, so concentration
errors will usually not significantly reduce quantitation accu-
racy from theoretical optimum (Fig. 2d). Additionally, even
in the case of gross concentration error, probe concentrations
can be adjusted based on initial experimental results.

Thus far, we have been using the 72 of signal against
log([Target]) as a metric of goodness. For quantitation pur-
poses, what we care about is the deviation between the true
target concentration and the inferred target concentration
based on a linear interpolation. The two metrics are dif-
ferent because quantitation error is not calculated with the
logarithm of the concentration, and the latter examines hor-
izontal (rather than vertical) deviation on the TRC. Fig. 2e
shows the scatter plot summary of the mean quantitation
error for 10,000 simulations, plotted against the r? of the
TRC (see Supplementary Section S2 for details). There is a
strong but not perfect correlation between r? and quantita-
tion error. Generally though, it appears that 72 > 0.998 is
sufficient to ensure quantitation errors of below 20%.

Although the uniformly spaced component probes of equal
concentration represents an easy way of achieving high log-
linearity, this approach does not produce the LLR probe
set with the highest 72 value. For a 4-probe LLR set with
equal concentrations and sensitivities spaced 1 unit apart,
we achieve 72 = 0.9998 (1-r2 = 2-1073) over a 3 log tar-
get concentration range. By contrast, when we performed
numerical optimizations of 6,000 randomly generated sets of
components probes (4 in each set), over 200 of the optimized
sets yielded 72 > 0.99999 (1 — r? < 1075), and 2 of them
yielded 2 > 0.999999 (1 —r? < 107°). Fig. 2f shows an
example of optimized probe sets. However, we were unable
to generalize design guidelines for these optimized sets (see
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FIG. 2: Theoretical analysis of LLR probe set design. (a) For a fixed dynamic range (here 8 logs, shown in gray), increasing the number
of component probes improves the log-linearity of the TRC. The component probes considered for this analysis have sensitivities
(s) uniformly spaced between 13 and 5 (inclusive), and each has a concentration of 107'% M and a formulation stoichiometry of
[P],/[CP], = 1. (b) Optimal component probe sensitivity spacing for uniformly spaced and equal concentration component probes.
For probe sets with more than 2 component probes, sensitivity spacing (As) between 1 and 1.5 provide the best 72 between the total
binding signal and the logarithm of the target concentration. (c) Effects of deviations in component probe AGy,,, on log-linearity of
the total response curve. Each data point represents the mean reduction of r? for 1000 simulations, in which each component probe
has its AGp,, normally distributed with standard deviation shown. (d) Effects of deviations in component probe concentration have
smaller effects on log-linearity compared to errors in AGy,,. (e) Quantitation accuracy improves with 72, based on simulations of
10,000 probe sets. Target concentrations inferred from a log-linear fit to the signal were sometimes higher than their actual values, and
sometimes lower. Higher inferred concentrations could have unlimited upwards error (+00%), whereas lower inferred concentrations
are limited to -100%. For this reason, positive errors are plotted in blue and negative errors are plotted in red, to two different scale
bars. (f) LLR probe sets with non-uniformly spaced component probe sensitivities. The inset shows 5 representative LLR probe sets,
each consisting of 4 probes, exhibiting r? > 0.99999 over 3 orders of magnitude of target concentration. Circles denote component
probes; center positions represent sensitivity, and areas represent relative concentrations.

Supplementary Section S2 for discussion). by reformulating the probe with stoichiometry V'
Vi+1/2 Vo+1/2 _AG® IRr
Sensitivity tuning. Given the importance of compo- — / = — 0 / = ¢ ACoa/R
e . X o 10—¢"/[CP], — 1/2 10— /[CP], — 1/2
nent probe sensitivity on the log-linearity and quantitation
accuracy of LLR probe set , it is critical to use a probe 2.10— — [CP], 1 1
. .1 e . VN V/ — V i
architecture that facilitates precise and decoupled sensitiv 5. 10— — [CP]O( o+ 2) B

ity tuning. Recently, we showed that toehold probes can
be accurately and finely tuned for yield and selectivity by
adjusting the protector concentration [17] (Supplementary :
Section S3). The sensitivity of a toehold component probe  imated as V' ~ 10°°7% - V4. In these conditions, increasing
can be similarly tuned by changing formulation stoichiome-  [P], 10-fold will lower the sensitivity by 1 unit. In this article,
try V = [P],/[CP],. we used the exact calculation formula for V.
To ensure that each component probe can be indepen-
Assuming an initial observed sensitivity sq, initial probe dently stoichiometrically tuned, we designed the nonhomol-
stoichiometry Vj, and initial probe concentration [CP],, our ogous regions of different component probes to be pairwise
analysis indicates that a desired sensitivity s’ can be achieved ~ orthogonal. Such decoupling of component probe systems,

ItV > % and [1(?;]; > %, the above equations can be approx-
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preventing the protector of one component probe to serve
as the protector of another, is necessary to ensure reliable
adjustment of component probes and consequent accurate
target concentration quantitation.

In principle, probe sets could be constructed by using any
probe architecture (e.g. molecular beacons [18, 19]), and
high log-linearity may be achievable through brute-force se-
quence optimization of probes for any particular target se-
quence and set of experimental conditions. In practice, how-
ever, other molecular designs are unable to be generalized to
arbitrary biological sequences and biologically relevant con-
centrations. Additionally, the accurate and decoupled sen-
sitivity adjustment provided by toehold probes shortens the
design-test-optimize cycle. This is particularly true when
performing multiplexed analysis, wherein a large number of
component probes may in aggregate show significant nonspe-
cific interactions. Finally, analysis of biological samples such
as total RNA may necessitate the use of chemical additives
such as formamide or DTT, or higher temperatures to de-
nature RNA. On-the-fly stoichiometric tuning allows probe
sets to be adapted to be log-linear in virtually any condi-
tion, whereas typical probes “hard-coded” to provide high
log-linearity in one set of temperatures/buffers will fail in
another.

Experimental Results

Probe and Probe Set Characterization. To validate our
design theory, we first constructed an LLR probe set target-
ing a subsequence of the human htt gene, and initially used
a synthetic DNA oligonucleotide bearing the target sequence
as our sample (see Supplementary Section S1 for sequence de-
sign details). The probe set consists of 5 component probes
(Fig. 3a), designed to possess AGY,, of 1.18, -0.46, 2.69,
4.11, and 5.25 keal/mol (Supplementary Section S3), so that
at [P],/[CP], = 1 and [CP]y = 100 pM, the theoretical probe
sensitivities are s = 8.94, 9.92, 7.85, 6.81, and 5.98, respec-
tively.

Pre-hybridized component probes were mixed with target
and incubated at room temperature (25 °C) for 12-24 hours
with no exposure to light; all reactions were performed in
1xPBS. The individual response curve of each component
probe is shown in Fig. 3b; from this data, we fitted the true
AG?,, and maximum signal (corresponding to 100% yield)
of each component probe. Note that the first and second
component probes are listed in unusual order, because ex-
perimentally the second component probe was observed to
be less sensitivity than the first, even though by design cri-
teria it should have been the most sensitive.

We next adjusted stoichiometric ratio V. = [P],/[CP],
to modulate component probe sensitivity. In Fig. 3b,
probe CP3 originally possessing a sensitivity of 8.50 when
[P]/[CP], = 1; this was successfully tuned to s = 8.80, 8.00,
and 7.00 via V = 0.25, 4.35, and 48.2, respectively. Be-
cause stoichiometric tuning is highly predictable, we did not
need to characterize the adjusted individual response curve
of each component probe. Rather, we determined the tuned

stoichiometry via

2107~ [CP)y 1

I _
V=3 10—% — [CP], 2

N | =

Each component probe was individually tuned to yield s =
10, 9, 8, 7, and 6 used the observed sensitivities s at V =
1. Consistent with our theoretical analysis, stoichiometric
tuning significantly improved the log-linearity of the probe
set.

To assess the quantitative accuracy of the LLR probe set,
we compared the true target concentration [T], . to [T]gi0qs
to the target concentration interpolated from a best-fit log-
linear regression. Due to the log-linear nature of the TRC, we
assume that the inferred concentration error on the log scale
(log10[T]aeteq - log10[T]ine) follows a normal distribution,
and the standard deviation of this value is 01og. Therefore,
the quantitation error, calculated as

([T]ﬁtted - [T]true)/[T]true
— 10(10g10[T]fitted_lOgIO[T]true) -1

Error

obeys an asymmetrical log-normal distribution, instead of
normal distribution for standard linear quantitation meth-
ods. In this article, we report standard deviation of inferred
concentration error as o = 10%%°= and the relative quanti-
tation error as 10%%0s — 1.

Fig. 3d shows the untuned LLR probe set (V = 1 for
all probes) results in r? = 0.96 and quantitation error
o = 107924 corresponding to an average of 74% positive
quantitation error and 42% negative quantitation error. Sto-
ichiometric tuning of each component probe improved 2 to
0.997 and reduced concentration inference standard devia-
tion to 10¥997 corresponding to 17% positive error and 15%
negative error (Fig. 3e).

The necessity of stoichiometric tuning to achieve desired
probe sensitivities is vividly demonstrated in the comparison
of Component Probes 1 and 2 (Fig. 3ab). The protector for
CP1 is one nucleotide longer than that of CP2; consequently
mFold and NUPACK predicted that CP1 would have more
positive AG° and lower sensitivity than CP2. Experimen-
tal characterization shows the opposite, with CP2 exhibiting
marginally lower sensitivity. Without stoichiometric tuning,
CP1 and CP2 would not have been able to function together
as part of an LLR probe set, and at least one of the compo-
nent probes would have needed to be redesigned and resyn-
thesized.

To show sequence generality of our tuning approach, we
constructed and tuned LLR probe sets to 3 additional DNA
targets (Fig. 4abc). Observed 72 ranged between 0.994 and
0.9993, corresponding to concentration inference standard
deviations between 10010 (21% error) and 10T%%3 (7% er-
ror). The total dynamic range of the probe sets is over 6
orders of magnitude (10 pM to 10 uM), with a log-linear
region of 4 logs (100 pM to 1 uM). We were able to quanti-
tate shorter DNA targets (24 nt, minimal to be unique in a
genome) as well as longer targets (dT2, 41nt), while main-
taining specificity to every nucleotide of longer targets. In

ACS Paragon P|Eli,ls Environment

Page 6 of 13



Page 7 of 13

oNOYTULT D WN =

ACS Sensors

a s s GAGTCCCTCAAGTCCT P1 GAGTCCCTCAAGTCC P2
5 3 % . CTCAGGGAGTTCAGGAAGGTCGTC &’ . CTCAGGGAGTTCAGGAAGGTCGTC
et (htt) (5 C1 S c2
arge 5
GAGTCCCTCRAGTCCTTCCRAGCAG g «éfy Component Probe 1 ??y Component Probe 2
4 AG® =-0.89 kcal/mol 4 AG° =-0.63 kcal/mol
expl exp2
& & &
& GAGTCCCTCAAGTCCTTC P3 GAGTCCCTCAAGTCCTTCC P4 S GAGTCCCTCAAGTCCTTCCA P5
42?’0 OCTCAGGGAGTTCAGGAAGGTCGTC C3 Q(’(. CTCAGGGAGTTCAGGAAGGTCGTC C4 Q?’ QCTCAGGGAGTTCAGGAAGGTCGTC C5
5 &C’i@ v?& 5
A/ Component Probe 3 Vo Component Probe 4 < Component Probe 5
4 AG° =1.79 kcal/mol 4 AG® = 2.04 kcal/mol 4 AG°®_ = 3.77 kcal/mol
exp3 exp4 exp5
b s, Before Adjustment C os
® CP1

= e CP2 =
< 06f e ©
— Sensitivity =
§ Pred. Exp. §
8 0.4+ CP 1| 8.94 | 10.08 8
o CP2| 9.92 | 9.99 o
— —
o

3 02l CP 3| 7.85 8.50 g
[ CP 4| 6.81 8.32 L

CP 5| 5.98 7.06
0 L )

-12 -10 -6 -4

-8
log,, [T], (M)

o
@

IS
N

Unadjusted TRC 25 N = 41

Sa r? = 0.96 - oo 53] Adjusted TRC
s S 0=10 s P = 0.997
(0] > 8
o o o
52 g g2
8 > 8
o g 10 5
3 - 21
L 5 L

0

-10 -9 -8 -7 -6
log,, [T], (M)

0
-100 -50 0 50
Error (%)

0
100 150 ~ -10 -9 -8 -7 -6
log,, [T], (M)

0
-100 -50 0 50
Error (%)

100 150

FIG. 3: Stoichiometric tuning of component probes to improve log-linearity of the LLR probe set. (a) Target and component probe
sequences. Here, the probes are functionalized with fluorophores, and the protectors are functionalized with quenchers, so that binding
to target results in an increase in observed fluorescence. Experimental best-fit AGy,, values are shown. (b) Experimental response
curves for each component probe. Best-fits (black sigmoids) to experimental data (dots) show up to -2.07 kcal/mol of deviation from
designed. All experiments were performed at 25 °C in 1xPBS; [CP], = 100 pM and [P],/[CP], = 1 for all component probes.
(c) Stoichiometric adjustment of sensitivity s for probe CP3. Consistent with theory, a roughly 10-fold increase of [P], corresponds
to a roughly 1 unit decrease of sensitivity. (d) TRC of the unadjusted probe set, using [P],/[CP], = 1 for all component probes.
From observed fluorescence values, target concentration can be back-calculated given the log-linear best-fit trendline. The histogram
to the right shows the concentration error between the back-calculated target concentration and the true target concentration. (e)
Stoichiometric tuning improves log-linearity and quantitation accuracy of the LLR probe set.

probe sets for longer targets, functionalized probe and pro-
tector sequences are correspondingly longer.

ground oligonucleotides in a biological sample are unlikely
to cause signal increase. Moreover, in a multiplexed setting,
different probe sets are unlikely to interfere with one another.
Finally, the performance of the LLR probe set is robust to
probe formulation and reaction conditions (Supplementary

Like the component toehold probes [15], LLR probe set
maintains high sequence selectivity. Sequences that differ

by even a single nucleotide from the target sequence will
elicit a much weaker response (Fig. 4d), and variant se-
quences of equal to or more than 100-fold the amount of
target sequences are needed to produce the same signal as
the target. Variants different from the target by 2 or more
mismatches are suppressed within the whole dynamic range.
Such high selectivity of probe sets indicates that the back-

Section S4).

Surface-based Quantitation. Because the limit of de-
tection of our LLR probe sets are bounded by the sensitiv-
ity of readout instrumentation, which in turn is limited by
the background autofluorescence of water and the cuvette,
we expanded LLR to microarray setting by applying LLR
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FIG. 4: Observed TRCs for LLR probe sets. (a, b, ¢) Probe sets for each target were designed to possess a log-linear range over 4
orders of magnitude, from 100 pM to 1 uM (gray shaded region). The total quantifiable dynamic range is larger (more than 6 orders
of magnitude), from approximately 10 pM to 10 uM. Each error bar represents 1 standard deviation of N = 3 experimental runs. (d)
Probe sets exhibit high sequence selectivity. Single nucleotide variants of the target (at position a, b, or ¢) produce total response curves
shifted by roughly 2 units of sensitivity. Two- and three-nucleotide variants produce nearly unobservable signal. (e, f) Surface-based
detection of LLR probe set response. End-labeled target miRNA are hybridized to biotinylated probes, which are then captured to a
streptavidin-coated surface and washed to remove unbound miRNA. Observed fluorescence is log-linear in target concentration.

probe sets to surfaces of glass slides. Fig. 4ef shows the re-
sults of biotin-functionalized LLR probe sets reacting with
fluorescently labeled miRNA targets, deposited onto glass
slide surfaces; observed fluorescence is remains proportional
to the logarithm of the target concentrations. Our results
show a limit of detection of roughly 1 fmol, corresponding to
10 pM analyte in 100 pL hybridization volume. This detec-
tion limit in principle can be further improved through bet-
ter microscopy equipment and contact printing equipment to
generate smaller spots.

Multiplexed RNA Quantitation. To demonstrate mul-
tiplexed quantitation with LLR probe sets, we designed
and tuned 3 LLR probe sets to 3 distinct target sequences.
Within each probe set, each component probe bears an iden-
tical fluorophore (Alexad88, TAMRA, or Alexa647), but dif-

ferent probe sets produce spectrally distinct signals. Fig. 5bb
shows the TRC of each LLR probe set against its intended
target (in single-plex setting). The miR-9 probe set exper-
imentally exhibited significantly worse log-linearity than we
expected; we believed that the secondary structure inherent
in miR-9 complicated the kinetics of the reaction so that
equilibrium was not rapidly achieved. In general, the sensi-
tivity and AGy,, of toehold probes to RNA targets deviated
from predicted values more than to DNA targets, possibly
due to the less complete RNA-DNA hybridization parame-
ters (Supplementary Section S3).

We next applied all three probe sets simultaneously in
a multiplexed setting. Three target mixture samples were
prepared by mixing known quantities of synthetic RNA
molecules bearing the miR-122, miR-9, and miR-10b se-
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FIG. 5: Multiplexed quantitation of three synthetic RNA targets. (a) Three probe sets were designed to provide log-linear responses to
three distinct RNA targets, each bearing the sequence of an important microRNA. Each probe set uses a spectrally distinct fluorophore
to enable simultaneous quantitation from the same sample. (b) TRCs of the three probe sets in single-plex setting. The probe set
targeting miR-9 exhibited imperfect log-linearity even after stoichiometric tuning, possibly due to secondary structure in the target. (c)
Multiplexed quantitation results. Black dots represent calibration data points, and three different samples with distinct combinations
of miR-122, miR-09, and miR-10b are displayed in different colors. All reactions were performed in 1x PBS at 25 °C in triplicates. The
average positive quantitation error was 25.1% for miR-122, 121.9% for miR-9, and 5.7% for miR-10b. The average negative quantitation

error was 19.2% for miR-122, and 59.4% for miR-9.

quences. The observed fluorescence results for each sam-
ple are shown in separate colors in Fig. 5c, and plotted
against the known input concentrations. At all concentra-
tions tested, presence of one target did not significantly affect
the signals in the other two fluorescence channels (Supple-
mentary Section S5). The same experiment was performed
in 1xPBS with 20% formamide (Supplementary Section S5).

MicroRNAs miR-122, miR-9, and miR-10b (our targets in
Fig. 5) are present biologically at different concentrations in
different tissue types [20], and different expression patterns
in microRNAs can be used to classify cancer subtypes [21].
To demonstrate our probe sets for multiplexed quantitation
in biological samples, we applied our probe sets to human
brain and liver tissue total RNA samples (Life Technologies).
Fig. 6 shows the inferred target concentrations, using TRCs
calibrated based on synthetic RNA of known concentrations
(see Supplementary Section S5 for detailed procedures). Our
results (Fig. 6) were qualitatively consistent with literature
microarray data [13].Using both LLR and microarray meth-
ods, miR-122 expression level was observed to be the highest
out of the 3 miRNA tested in liver tissue, and miR-9 was the
highest in brain tissue; miR-10b has the lowest expression
level in both liver and brain (Table 2).

To better understand microarrays as a comparison tech-
nology, we constructed and imaged microarrays to quanti-
tate the same three microRNA targets: miR-122, miR-9,
and miR-10b (Supplementary Section S6). Calibration re-

nmol/g sample
0.03 0.10 0.30 1.00 3.00

Liver [ v e |

Lower limit of

1 Lower limit of

:(_detectable range :<_Iog-linear range
] 1
Brain o : e
] 1
~115  -11 _ -105 ___-10 __ -95 e
log,, [Target] (M)
miR-122 LLR e mR-9LLR e mMiR-10b LLR

FIG. 6: Multiplexed quantitation of microRNA concentrations in
total RNA of human liver and brain, using the 3-plex probe set
from Fig. 5. The fluorimeter we used for readout possessed limit
of detection of roughly 10™**M (10 pM), so we designed the lower
end of our probe sets’ log-linear ranges to be roughly 100 pM. Us-
ing more sensitive detection modalities will allow higher dynamic
range and more accurate quantitation of microRNAs. All data
points and error bars represent the means and standard devia-
tions of n = 3 experimental runs.

sults on synthetic miRNA species showed that fluorescence
signal saturated over time, but at different rates for differ-
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Tissue|miR-122| miR~9 |miR-~10b
LLR (nmol/g sample) Liver | 1.382 | 0.104 | 0.101
Brain | 0.412 |2.604| 0.093
. Liver | 65518 | 3504 477
Microarray (counts)
Brain 447  |42659| 433

TABLE 2: Comparison of miRNA quantitation between LLR method
and microarray method. For LLR method, data was shown as nmol
miRNA per gram of total RNA sample. Literature values obtained by
microarray are shown as raw counts [20]. Highest expression level out
of the 3 miRNA tested in the tissue is highlighted in green.

ent miRNA targets. Because surface hybridization was sig-
nificantly slower than solution hybridization, overnight mi-
croarray hybridization did not necessarily reach equilibrium
for all targets, reducing quantitation accuracy. Microarray
analysis of brain and liver total RNA samples showed clear
over-expression of miR-122 in liver and miR-9 in brain, but
did not provide accurate quantitation of the low-expressed
microRNAs, due to the high-observed background signal.
Interestingly, a negative control spot with a probe target-
ing a sequence not present in the transcriptome showed low
fluorescence, indicating that nonspecific fluorescence was se-
quence dependent.

As another comparison, we performed single-plex RT-
gPCR for microRNA quantitation, using the Thermo Fisher
Tagman Advanced miRNA Assay (Supplementary Sec-
tion S7). Although qPCR is typically considered the gold
standard for DNA quantitation, the short lengths of microR-
NAs necessitate extra polymerase- and ligase- based steps
to achieve PCR specificity. RT-qPCR results on brain and
liver samples again demonstrated overexpression of miR-122
in liver and miR-9 in brain, but reported significantly lower
results for the low expression level miRNAs than either LLR
probe sets or microarray results (both ours and literature
results).

In comparing our LLR probe set results with microarray
results and RT-qPCR results, there was relatively higher
agreement between LLR probe sets and microarrays. One
possible explanation for this is the existence of precursor mi-
croRNAs (pre-miRNA) in total RNA samples, which bear
the mature miRNA sequence but also contain 5 and 3’ dan-
gles. These pre-miRNA cannot be ligated to RT-qPCR adap-
tors, and are thus not reflected in RT-qPCR results. Be-
cause all current methods for miRNA quantitation may suf-
fer from different sources of bias, there is currently no defini-
tive method for absolute quantitation of miRNA. Continued
technology development may result in additional indepen-
dent measurements that can obtain consensus values for the
scientific community to use.

Discussion

In this work, we introduced, analyzed, and validated hy-
bridization probe sets with log-linear response (LLR), and
showed that they can be used for accurate quantitation of
nucleic acid concentrations across many orders of magnitude.
Extremely high log-linearity is necessary for accurate quan-

titation, which in turn requires component probes to be ad-
justed to precise sensitivities. Because component probes
used the toehold probe architecture, we could use formula-
tion stoichiometry for decoupled modulation of probe sen-
sitivity. In the absence of stoichiometric tuning, and based
on our observed deviations between designed and experimen-
tally observed probe AGS,, (up to 2 kcal/mol), we expect
that empirical sequence optimization to adjust probe sensi-
tivity would be quite tedious, especially in multiplexed set-
tings. Finally, due to the high sequence selectivity of the
LLR probe sets, multiplexed quantitation of nucleic acid se-
quences is possible, including in biological (total RNA) sam-
ples.

The current log-linear probe sets based on fluorophore
readout have limitations in sensitivity, long incubation time,
limited multiplexing, calibration curve-dependent and sen-
sitive to RNA secondary structure. As the goal of this
manuscript was to introduce and demonstrate quantita-
tion and tuning capabilities of LLR probe sets, we did
not optimize for molecular sensitivity, and our fluorimeter
photomultiplier tube constrained our limit of detection to
roughly 10 pM. Using readout equipment of higher sensitivity
(such as fluorescence microscopes [22], electrochemical sen-
sors [11, 12]) could result in a significant improvement in the
limit of detection as well as the log-linear dynamic range. Al-
ternatively, using signal amplification methods such as cou-
pled horseradish peroxidase [23] or beta galactosidase [24]
moieties in place of fluorophores for immobilized targets can
also improve sensitivity. Our quantitation results in biolog-
ical total RNA samples are qualitatively consistent with lit-
erature microarray results; quantitatively, there is some dif-
ference. We believe this is due to the change in secondary
structure and nonspecific RNA-RNA interactions in different
hybridization conditions.

Quantitation of nucleic acids, especially RNAs, may pro-
vide important scientific understanding of diseases and guide
clinical diagnoses; for example, several panels [25] rely on
the relative expression levels of tens of RNA for cancer re-
currence prediction. The range of concentrations that bio-
logical RNAs exhibit spans 5 or more orders of magnitude
due to tissue- or disease-specific expression differences, cell
counts, and sample volumes. Current clinical diagnostics
relying on RT-PCR require polymerase-based nucleic acid
amplification. Amplification-free quantitation of RNA, in
principle, offer at least 3 distinct advantages over RT-PCR:
(1) improved performance in multiplexed settings, due to re-
duced primer dimers and amplification bias, (2) lower risk of
amplicon contamination, compared to nested PCR which re-
quires open tube steps, and (3) higher suitability for point of
care applications because precise temperature cycling equip-
ment is not needed.

RNA sequencing (RNAseq) is another popular method for
massive multiplexed profiling of RNA concentrations [26].
When sequencing a raw sample, many reads are wasted dur-
ing redundant sequencing of high concentration species (such
as ribosomal RNA and globin mRNA) that dominate the
sample (typically, 90+%). RNAseq users typically deplete
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their total RNA samples of these high concentration species
via kits such as RiboZero [27], but this depletion step in-
troduces biases due to nonspecific depletion of other species,
and does not allow efficient sequencing of rare RNA species
either. The authors envision that adapting LLR probe sets
to RNAseq could allow efficient coverage of both rare and
abundant RNA species for comprehensive gene expression
profiling.

In this work, we did not apply LLR probe sets to quantitat-
ing mRNA or dsDNA, because the relatively low abundance
of a specific mRNA or dsDNA sequence in biological sam-
ples necessitates further improvement in readout instrumen-
tation for improved limits of detection. Additionally, mRNA
sequences can be thousands of nucleotides long, and ex-
hibit significant secondary structures that interfere with our
hybridization-based LLR approach; dsDNA cannot directly
hybridize to probes. The authors envision that RNA and ds-
DNA samples could be fragmented before use, either through
incubation in Magnesium buffer or through sonication. ds-
DNA samples require an additional denature step; due to the
low concentration and high sequence complexity of biological
samples, the two complementary DNA strands will not hy-
bridize back after denaturation. For historical clinical sam-
ples that are formalin-fixed paraffin-embedded (FFPE), ex-
tracted DNA and RNA would have already been fragmented.
In addition to fragmentation, we may use higher temperature
(40-65 °C) and/or chemicals to reduce secondary structure
(e.g. betaine and DMSO), paired with hybridization probes
with stronger binding energy.

In addition to quantitation of nucleic acid sequences, our
log-linear probe sets could also be potentially applied to
quantitating proteins or metabolites, by using conjugated
antibodies or aptamers on nucleic acid oligos. For exam-
ple, aptamer- and antibody-coupled primers have been used
in a PCR setting to quantitate protein expression [28-30];
toehold probes could be similarly adapted. Combination
assays involving simultaneous quantitation of nucleic acids,
proteins, and metabolites may emerge as a powerful new class
of diagnostics [31] to inform clinical decision.
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