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Supplementary Note 1: Three steps of DNA thermal-plex imaging.

The thermal-plex procedure consists of three steps: (1) the DNA thermal probe binding step under room
temperature, (2) the probe melting step at the elevated temperature, and (3) the imaging step at room
temperature. For steps 1 and 2, the system quickly reaches thermal dynamic equilibrium; for step 3, the
system is metastable, with signal kinetically controlled by the slow re-association rates because of
extremely low concentration of imager and quencher strands.

In the first step, DNA strands bind their targets at room temperature to encode all the signals at a high probe
concentration (100 ~ 500 nM). After incubation, the excess unbound strands are washed off the sample. In
this step, the equilibrium is already reached. As the melting temperature of all the DNA probe binding is
much higher than the room temperature, the binding of the probes, imagers, and quenchers are in a stable
binding state.

In the second step, the system is switched to a higher temperature T, (“desired signal temperature” for
probe/imager/quencher n). In this step, at the predefined thermal signal temperature T,, the binding between
the probe and the imager (for Ty.1), and between the quencher and the imager (for Th) is in an unstable state,
and they will all rapidly (< I second) dissociate with ultra-fast dissociation rate. The imager for the previous
step (Tn-1) will rapidly dissociate to remove signal from the Ty.; channel, while the quencher for T, rapidly
dissociates to produce signal for the T, channel. The equilibrium dissociated states will be reached in a few
seconds. The detailed thermal dynamic analysis for the DNA thermal probes is described in Supplementary
Note 2, and the kinetic analysis is described in Supplementary Note 3.

In the third step, after the melting, the temperature is switched back to the room temperature for imaging.
In this step, the melted DNA strand (quenchers, imagers) concentration is extremely low and it takes
prohibitively long time (tens of hours) for them to bind back to their respective targets to reach equilibrium.
One round of imaging takesi much shorter time than rebinding. In this state, the system is metastable, as
the actual equilibrium state is unreachable within a practically relevant time range for imaging acquisition
(e.g., minutes to hours). The thermal dynamic state in the third step is about the same as the second step.
Therefore, the yield of imager activation of a target is the same as in the second step. Here, we use the
unbound state to approximate the equilibrium state for analysis and modeling.



Supplementary Note 2: The theoretical basis of a thermal spectrum with a DNA thermal probe.

The key mechanism of DNA thermal-plex is the generation of a fluorescent thermal spectrum by two-step
melting of the DNA thermal probes in situ. The two melting steps are independent to each other and
described as the following equations:

Quencher - Imager - Barcode — Quencher + Imager - Barcode
Imager - Barcode — Imager + Barcode

The free energy differences involved in two reactions are denoted as AGgyencher ad AGpgrcoge, Which is
calculated by the following equations:

AG = —(AH, TAS,

quencher uencher — quencher)

AGbarcode = (AH barcode — TAS, barcode )

The enthalpic (AH) and entropic (AS) components are calculated based on the sequence of the two domains
with previous measured thermodynamic parameters.*

The fluorescent signal is modeled to be proportional to the yield of Imager-Barcode. In the first step, the
fluorescent signal increases as the temperature increases. The equilibrium constant of the first step melting
at a particular temperature 7 is described with the following equation:

[Imager - Barcode] [Quencher]
[Imager - Barcode - Quencher]

eq—quencher

The yield is calculated by the following equation:

Yield — [Imager - Barcode]

[Quencher - Imager - Barcode]

Where [Quencher-imager-barcode] is the initial concentration of the bound DNA thermal probes.

If we assume the initial concentration of probe bound to the RNA in situ is a, and the concentration of
imager-probe [imager-probe] = x, then we obtain the equation:
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The concentration of the signal is calculated with the quadratic formula:
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The yield of signal is defined as ¢,

2
—K, eq—quencher + \/(K eq—quencher) —4K, eq—quenchera
2a

(p:

The equilibrium constant is determined by the hybridization energy of the quencher domain:
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, where R is the gas constant.

Thus, the relationship between the yield and temperature for a given sequence in the quencher domain is
described by the following equation:

AHquencher_TASquencher AHquencher_TASquencher 2 AHquencher_TASquencher
—e RT (e RT )2 —4dae T
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A plot of the relationship between the signal yield and the temperature is shown in Extended Data Fig. 1.

In the second step, the imager melts off from the barcode and diffuses into the buffer. This step removes
the fluorescent signal in sifu after imaging in the thermal channel and switching to higher temperature
channels. The equilibrium for this second step is described by the equation bellow:

[Imager] [Barcode]

K p—
[Imager - Barcode]

eq—binding

[Barcode] = [Imager]
The chemical equilibrium constant is then calculated from the hybridization energy from this region:
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The signal yield of this step is:

B - I
Yield — [Barcode - Imager]

[Barcode - Imager],

If we assume that in this step all quencher strands have dissociated from the primary barcode region, the
initial concentration of the imager-barcode [Barcode-Imager| = a, equal to the initial concentration of the
imager-quencher-barcode, and that imager-barcode concentration is y, then:

(a—y)*
Y

eq—barcode

By solving the equation using the quadratic formula, we get:
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The relationship between the signal yield 8 and temperature is calculated as:
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A plot of the relationship between the signal yield and the temperature is shown in Extended Data Fig. 1b.

As the melting of two steps are independent of each other, the thermal spectrum is the overall yield
combination of the two melting reaction steps.



n = ¢

The final thermal spectrum is shown in Extended Data Fig. lc.



Supplementary Note 3: Kinetics of DNA imager dissociation and association in the in situ
environment with DNA thermal-plex.

In this section, we conducted detailed kinetic analysis of DNA imagers during and after heating. Fluorescent
signal is generated at a lower temperature when the quencher strand for a specific thermal channel melts
off (dissociates) and is then lost again at a higher temperature when the corresponding imager strand melts
off (dissociates). DNA dissociation is a fast kinetic step which can be completed in seconds at or above the
melting temperature. After strands dissociate during heating steps, the temperature of the sample is cooled
down to around 30 °C for imaging. However, because the strands that dissociated have diffused away in
the buffer chamber and are at very low concentrations, the rate of re-binding of these strands is extremely
slow.

In the quencher melting step, we can model the melting of the quencher strand during the heating steps, at
a given temperature 7§, which is higher than the melting temperature of the quencher strand 7,4. At melting
temperature of the quencher strand, the binding energy 4G, = 0. At signal temperature, the binding energy
can be calculated as the following:

AGs = (Ts - Tng)4S

The A4S of the quencher can be calculated based on the previously well studied Santa-lucia model.7
Considering that the signal temperature is generally substantially higher than the melting temperature of
the quencher, the 4G; of the quencher and imager strands are positive as the association is an unfavorable
step. The value of 4G, for the quencher of thermal probes is indicated in Supplemental Table S2, ranging
from 0.76 to 2.2 kcal/mol. The association rate k,, of the DNA strand onto the binding site is around k,,, =
5% 10° M~1s~1 8 and the dissociation rate of the DNA strand at the desired signal temperature Ts can be
calculated by the following equation:

koff = k‘me%_g

For a thermal probe set, the differential equations of the melting steps are:

d her - I
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The strand dissociation is performed at different AG for different thermal probes as shown in Extended
Data Fig. 1, indicating the fast strand dissociation for all the thermal probes at their signal temperatures.
We then used 4G = 1 kcal/mol for the other kinetic modeling.

For a typical mRNA, we assumed the abundance is 1~5000 copies per cell. In an imaging experiment, we
usually have 10* cells with imaging buffer of 100 pL in the chamber. Each mRNA is designed to have 48
probes to bind. The concentration of the probe can be calculated in the range of 10 ~ 107> M. The cell
density of a typical tissue sample, such as mouse brain, is around 10° cells/mm’ on average.” The cell
density in our experiments is at the same level of a typical brain tissue (~ 10 pum thickness). If necessary,
the imaging buffer volume can be further increased to tolerate more diffused probes when imaging
biological samples with even higher number of cells. To see how the RNA copy number affect the signal
yield, the kinetic simulation of probe dissociation and rebind after the heating spike was performed to get
the yield under different copy numbers (e.g., 1 ~ 5000 copies per cell).



By solving the equations above for a typical probe set (57 °C signal temperature) under its signal
temperature (57 °C) and neighbour signal temperatures (48 °C), the dissociation curve is shown in Extended
Data Fig. 1a and S3b. The dissociation of the quencher strand can be completed within 1 second. After this
strand dissociates, heating is stopped, and the sample is cooled to around 30 °C for imaging. At this lower
temperature, the association kinetic curve of the strand back onto the primary probe is shown in Extended
Data Fig. 1c. Even after 30 hours of incubation, the rebound yield of the DNA strand is predicted to be less
than 5%. Different RNA copy numbers has minimal effects on the dissociation and rebind yield of the DNA
thermal probes.



Supplementary Note 4: Simulation-guided design of multiplexed DNA thermal probes

The thermal spectrum of a thermal-plex probe set is determined by the melting temperature of quencher
and imager barcode region. To systematically explore the design space of DNA thermal probes, we
calculated the signal yield and temperature of all the combinations of DNA barcode’s melting temperatures
from 40 °C to 80 °C and quencher’s melting temperature from 35 °C to 75 °C (step size of 1°C). As the
thermal spectrum of a DNA thermal probe is modeled as the multiplication of the quencher and imager
strand binding curves, the melting curve of the quencher and barcode domain can be deduced from the
melting temperature.

For a typical DNA melting step, the derivative of the melting curve can be fitted with a Gaussian function
(shown in Extended Data Fig. 2a and 2b):

@=b?
f(;(;) = qge 22

Where the resulted parameter b is the melting temperature and c is the width of the melting temperature.

We note that the higher the melting temperature, the narrower the melting curve (Extended Data Fig. 2c).
To get the relationship between the melting temperature and the width of the melting curve, we randomly
generated 1,000 DNA sequences with lengths from 11 nt to 40 nt and computed their melting temperatures
and the width of the melting curve. At each length, we obtained the average values of the melting
temperature and the width of the melting curve. The scatter plot of those generated sequences is shown in
Fig. S4c. A linear fitting was applied to the scatter plot to obtain the relationship.

Based on the melting temperature of the quencher and the barcode, the yield vs temperature of the two
domains can be calculated through the integration of the Gaussian function followed by min-max
normalization:
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Where Wyyencher and Whinging are the width of the quencher and barcode domain’s melting curve,
respectively. T, _quencherand Tr_pinaing are the melting temperatures of the quencher and barcode.

As the two melting steps are independent of each other and have reverse trends for the final fluorescent
signal generation, the thermal spectrum can be calculated as:

SignalYield = QuencherYield - (1 — ImagerYield)

Finally, the resultant thermal spectra for all combinations of melting temperatures of barcode regions (from
40 °C to 80 °C) and quencher regions (35 °C to 75 °C) were fitted by the Gaussian function to obtain the
yield, signal temperatures, and spectrum width. Three example thermal spectra are illustrated in Extended
Data Fig. 2g with different combinations of barcode and quencher domain’s melting temperature. Generally,



the barcode domain has a higher melting temperature than the quencher domain to ensure relatively higher
yield of fluorescent signal generation. From the set of generated spectra, we found 5 optimal combinations.

To obtain 4 channels with more stringent design speicification, we also set the signal overlap below 0.05
and ensure the yield is around 0.8; the spectra of the 4 thermal channels are shown in Extended Data Fig. i.
The signal temperatures were determined to be 40 °C, 52 °C, 62 °C, and 72 °C.



Supplementary Note 5: Cost of DNA thermal-plex imaging

The cost of DNA thermal-plex RNA imaging consists of three parts: primary probe pool for RNA binding,
imager of DNA thermal probes, and quencher of DNA thermal probe. A typical probe pool of ~50
unpurified probe oligos costs around ~$300, which would give enough quantities for 250 mL 1 uM of
probe pool. A typical imager costs $200 for ~10 nmole yield, giving 1 mL of 1 uM solution. A typical
quencher costs $80 for ~15 nmole yield, giving 1.5 mL of 1 uM solution.

In a typical thermal-plex RNA imaging experiment, ~120 puL of ISH probe with concentration of 100 nM
is used, which costs around $0.012. The usage of DNA thermal probe is usually 120 uL of 200 nM, which
costs around $8 per experiment.

The cost could be further reduced if unlabeled DNA oligo is ordered, and the fluorophore and quencher
conjugation is performed in-house.
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