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Abstract

Fluorescence signal enhancement via isothermal nucleic acid amplification is an important
approach for sensitive imaging of intra or extracellular nucleic acid or protein biomarkers. Rolling
circle amplification (RCA) is frequently applied for fluorescence in situ imaging but faces
limitations concerning multiplexing, dynamic range, and the required multiple washing steps
before imaging. Here, we show that Forster Resonance Energy Transfer (FRET) between
fluorescent dyes and between lanthanide complexes (Ln) and dyes that hybridize to -actin-specific
RCA products in HaCaT cells can afford washing-free imaging of single B-actin proteins.
Proximity-dependent FRET could be monitored directly after or during (real-time monitoring) dye
or Ln DNA probe incubation and efficiently distinguish between photoluminescence from B-actin-
specific RCA and DNA probes freely diffusing in solution or non-specifically attached to cells.
Moreover, time-gated FRET imaging with the Ln-dye FRET pairs efficiently suppressed sample
autofluorescence and improved the signal-to-background ratio. Our results present an important
proof-of-concept of RCA-FRET imaging with a strong potential to advance in situ RCA toward
easier sample preparation, higher-order multiplexing, autofluorescence-free detection, and

increased dynamic range by real-time monitoring of in situ RCA.
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In situ proximity ligation assays (in situ PLA) that use rolling circle amplification (RCA) of DNA
for fluorescence signal amplification have become an important biosensing method for analyzing
single proteins and protein interactions both at the single cell level and in heterogeneous cell
populations, e.g., in tissue sections used for clinical diagnostics.>? In in situ PLA, binding of pairs
of antibodies labeled with specific DNA oligonucleotides (PLA-probes) templates the ligation of
circularization oligonucleotides into circular DNA molecules. The formation of a circular molecule
is dependent on that the PLA-probes bind in close proximity. Utilizing the oligonucleotides of the
PLA-probes as primers, the circular DNA molecule will be amplified by RCA, creating a long
single-stranded RCA product (RCP). Individual RCPs can be visualized by the addition of
fluorescent detection oligonucleotides that hybridize to the RCP concatemer.® Owing to the
significant signal amplification, even very low protein levels can be detected for each individual
cell by fluorescence imaging because each RCP formed on a single protein or protein interaction
results in an individual and bright fluorescence spot. Since their initial development,* in situ PLA
have been advanced concerning efficiency, multiplexing, and dynamic range.>’ However,
multiplexing has been limited to three colors (three different fluorescent dyes)® and increasing the
dynamic range requires the use of different concentrations of DNA circles and different fluorescent
labels.> Moreover, background fluorescence, caused by autofluorescence and free fluorescent
detection oligos, interferes with the RCP fluorescence. Hence, to reduce background, several
washing steps are applied after RCP-hybridization of the fluorescent detection oligonucleotides to

remove excess.

An efficient approach to design homogeneous (i.e., washing-free) assays in solution is
FRET (Forster resonance energy transfer).® FRET assays are washing-free because donors and
acceptors must be in close proximity (usually closer than ~10 nm) to engage in FRET. Thus, donors
and acceptors that are free in solution do not emit FRET signals and can be distinguished from the
target-bound donors and acceptors without separation. In addition, measuring the emission of the
acceptor upon excitation of the donor results in a larger spectral separation between excitation and
emission wavelengths compared to the Stokes shift separation in a single-fluorophore system,
which results in further background (autofluorescence or excitation light) reduction. The
combination of lanthanide complexes as FRET donors and time-gated (TG) photoluminescence
(PL) detection into TG-FRET?® has been implemented into homogeneous immunoassays more than

20 years ago and commercialized under the names of HTRF (homogeneous time-resolved
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fluorescence), LANCE (lanthanide chelate excite), or TRACE (time-resolved amplified cryptate
emission) for biomolecular screening and clinical diagnostics.®* More recently, we have
translated TG-FRET into homogeneous nucleic acid detection, ™" and, in particular, into
homogeneous RCA-TG-FRET assays for the detection of single-point mutations in DNA or the
quantification of microRNAs from extracts of human plasma, cells, and tissues.'®2° In addition to
the washing-free assay format (no separation steps), high sensitivity (sub-femtomolar limits of
detection), and high specificity (single nucleotide mismatches), RCA-TG-FRET can significantly
enhance multiplexing by combining both the color (wavelength) and the time (lifetime)
components of PL into higher-order spectrotemporal multiplexing.?* The combination of RCA and
FRET in solution was also accomplished by dye-dye donor-acceptor pairs, which allowed the use
of the more conventional steady-state or continuous-wave (CW) detection (instead of TG) but such
dye-dye FRET is limited in multiplexing and the suppression of autofluorescence background.??3
Despite the advantages in liquid-phase assays, RCA-FRET has never been implemented into
imaging on the single-protein level in cells or tissues, most probably due to the more challenging

conditions of the cellular environment and fixation and permeabilization procedures.

To demonstrate the applicability of RCA-FRET for analysis within cells, we utilized
immuno-RCA, % which reports the abundance of antibodies in the cells, rather than in situ PLA that
reports the abundance of proximity between bound PLA-probes. By reducing the complexity of
the biological recognition from single protein interaction to single protein binding, we could focus
on the adequate analysis of the different FRET signals. For this proof-of-concept study, we used
different dye-dye and lanthanide-dye FRET pairs that were coupled to specific detection
oligonucleotides for RCPs generated with immuno-RCA targeting -actin in HaCaT cells. Single-
actin-specific RCPs could be visualized in CW imaging for all three dyes (Cy3.5, AlexaFluor 647
— AF647, and Texas Red) and in TG imaging for two different Tb complexes and one Eu complex.
The brightest detection oligonucleotides were selected for RCA-FRET, which resulted in efficient
Cy3.5-t0-AF647 RCA-CW-FRET and Th-to-Cy3.5 RCA-TG-FRET. The proximity-dependent
FRET signal allowed us to efficiently distinguish between PL from RCPs and PL from detection
oligonucleotides freely diffusing in solution or non-specifically attached to cells, which could be
exploited for bright actin-specific imaging without the three washing steps that were necessary for
simple fluorescence (without FRET).” TG-FRET could also be used for real-time monitoring of

detection oligonucleotide hybridization to the actin-specific RCPs. This proof-of-concept system
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showed that both CW FRET and TG FRET are suitable for in situ PLA, do not require washing
steps after detection oligo incubation with the RCP, and open various possibilities concerning faster
sample preparation, improved multiplexing, increased dynamic range, reduced background caused

by autofluorescence and non-specific binding, and real-time in situ monitoring of RCA.

MATERIALS AND METHODS

Materials. All DNA oligonucleotides (including reactive groups and/or conjugated organic dyes
Cy3.5, AlexaFluor 647, and Texas Red) were purchased from Eurogentec or Biomers and used
after purification by HPLC. N-hydroxysuccinimide (NHS)-functionalized Lumi4-Tb (Th-NHS)
was provided by Lumiphore, Inc. (Berkeley, USA).% Azide-functionalized Th and Eu complexes
(Thy-azide and Eux-azide) were synthesized as previously described.?® Sequences of the padlock
DNA and the detection oligonucleotides are shown in Table 1. The HaCaT cell line (epidermal

keratinocyte cell line from adult human skin) was a kind gift from Carl-Henrik Heldin.

Table 1. Sequences of padlock probe and detection oligonucleotides.

Name Sequence (5’ 2 3’)
CTATTAGCG TCC AGT GAA TGC GAG TCC GTC TAA GAG AGT AGT

Padlock DNA ACA GCA GCC GTC AAG AGT GTC TAG TTC TGT CAT ATT TAA GCG
TCT TAA

Th-DNA; Th C AGT GAATGC GAG TCCGTCT

Cy3.5-DNA; Cy3.5 AA GAG AGT AGT ACA GCA GCC

AF647-DNA; AF647 C AGT GAATGC GAG TCC GTCT

Texas Red-DNA: Texas Red C AGT GAATGC GAG TCC GTC T

Eux-DNA; EuxC AGT GAATGC GAG TCCGTCT

Thx-DNA1 ThxC AGT GAATGC GAG TCCGTC T

Optical spectroscopy. UV/Vis absorption spectroscopy was carried out on a LAMBDA 35
UV/VIS spectrophotometer (PerkinElmer). PL emisssion spectra were recorded on a Xenius XM
fluorometer (SAFAS).

Lanthanide-DNA bioconjugation. DNA-Tb bioconjugation was carried out by following a
previously described protocol.'® Briefly, a 16-fold excess of Th-NHS was stirred with the amino-
functionalized oligonucleotides (Eurogentec) in 100 nM carbonate buffer (pH 9.0) overnight at
4 °C. Then, the Tb-oligo conjugates were purified three times with HEPES buffer (100 mM, pH
7.4) by Zeba Spin Desalting Columns (7 KDa MWCO). Tb and DNA concentrations were
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determined by their absorption in HEPES buffer at 340 nm (1o = 26000 M*.cm™) and 260 nm
(eona = 190000 Mt.cm), respectively. The concentration of the Tb-oligol solution after
conjugation was 12 pM. DNA-Tbyx and DNA-Eux bioconjugation was carried out by mixing 0.2
mM Tbx or Eux, which contained a reactive azide group, with 0.02 mM DBCO-modified
oligonucleotides (Biomers) in 100 mM potassium phosphate buffer (pH 6.5). The 100 pl reaction
was incubated at RT overnight, followed by a 7K MWCO Zeba spin column centrifugation to
remove unconjugated Thy or Eux. The samples were then examined using 10% TBE urea gel,
stained with SYBR Gold (Thermo Fisher Scientific) for 15 min. The gel showed that all
oligonucleotides had been conjugated and no unconjugated oligonucleotides could be detected.
Concentration of the DNA-Tbx and DNA-Eux conjugates were determined by Nanodrop 3000
(Molecular Devices).

Determination of FRET parameters. The overlap integrals (J) for the Cy3.5-Alexa647 pair
and Th-Cy3.5 pair were calculated using equation 1:%

J = 2@ e - 2*dA (1)

where Ip is the area-normalized (to unity between A1 and A2) donor emission spectrum, €a is the
acceptor molar extinction coefficient (in Mcm™), and A is the wavelength of light. A1 and X2, fixed
to 565 nm and 710 nm for the Cy3.5-Alexa647 pair and to 450 nm and 700 nm for the Th-Cy3.5
pair. The Forster distances (Ro) for both donor-acceptor pairs were obtained by using equation 2:2’

Ry = 0.021- (k% -dp-n~* -  (innm) )
where k2 is the orientation factor, which depends upon the relative orientations of the transition
dipole moments of donor emission and acceptor absorption and the dynamically averaged value
2/3 was assumed, ®p is the donor PL quantum yield (®p(Cy3.5) = 0.30 + 0.05, ®p(Th) =0.7 +
0.1), and n = 1.35 the refractive index of the aqueous buffer solution. ®p(Th) and n were taken
from previous work concerning Th-based FRET sensing in solution.!” ®p(Cy3.5) was roughly
estimated based on a value of ~15% (specifications of the provider Cytiva) and a strong quantum
yield increase when Cy3 dyes were conjugated to the terminus of DNA.?8 Notably, photophysical
conditions of the DNA-probes hybridized to RCPs in fixed and permeabilized cells can be
significantly different. However, an estimation was sufficient for evaluating the possibility of in
situ RCA-FRET.



Preparation of fixed and permeabilized cells and actin immuno-RCA. HaCaT cells were
grown in high glucose Dulbecco’s Modified Eagle’'s Medium (DMEM) containing 10% fetal bovine
serum (FBS) and passaged every 2 to 3 days using trypsin ethylenediaminetetraacetic acid (EDTA).
Cells were seeded, grown overnight, fixed in 4% paraformaldehyde (PFA) for 15 min on ice,
washed three times in phosphate buffered saline (PBS) for 10 min, dried, and then stored in a
freezer until use. For actin immuno-RCA, cells were permeabilized with Triton100 (0.2%) for 10
min, blocked with “Intercept (TBS) Protein-Free Blocking Buffer” (LI-COR) for 1 h, and incubated
with anti-actin AB;1 (Santa-Cruz sc-47778) overnight at 4 °C. Then, DNA-labeled secondary AB>
(Donkey-anti-mouse  antibody, Jackson 715-005-151), conjugated with 5"-aldehyde-
AAAAAAAAAA GACGCTAATA GTTAAGACGCTT (IDT) using S-HyNic (VWR S-1002-
105) according to previously published protocol?® and diluted in blocking buffer, was added and
incubated for 1 h at 37 °C. Afterwards, 0.125 uM of padlock DNA (s3a2 padlock) were added and
ligated (over the DNA sequence on AB>) for 30 min at 37 °C in 1x T4 ligation buffer containing
0.25 mg/mL bovine serum albumin (BSA) and 0.05 U/pL T4 ligase. RCA was performed for 1.5
h at 37°C in 1x phi29 polymerase buffer (Fermentas) containing 0.25 mg/mL BSA, 7.5 ng/mL
polyA, 0.25 mM dNTP mix, and 0.5 U/uL phi29 polymerase. Afterwards, the chamber slides (8
well Lab-Tek Chamber Slides, Merck) were dipped in 70 % ethanol, dried, and sent for
fluorescence imaging (note that all preparation steps mentioned above were performed at Uppsala
University, whereas the RCP hybridization with detection probes and imaging were performed at

Université Paris-Saclay).

Hybridization of detection oligonucleotides to RCP. For dye-to-dye FRET (as shown in
Figure 2), tris-buffered saline (TBS, 150 mM NaCl, 50 mM Tris-Cl, pH=7.6) containing the
detection oligonucleotides AF647-DNA: (0.025 pM) and Cy3.5-DNA: (0.025 pM) and
0.25 mg/mL BSA was prepared. Then, fixed HaCaT cells were incubated with 30 pL of the
previously prepared reagent solution at 36.5 °C. After 30 min, the solution was removed and cells
were washed three times for 5 minutes in TBS buffer at room temperature. Then, 30 uL of TBS
was added to the well and the slide was covered with a glass cover slip such that the cells could be
imaged through the cover slip. Control images were acquired from cells incubated with equivalent
mixtures but without detection oligonucleotides. For Tb-to-dye FRET, different buffers and
procedures were applied. All hybridization steps were performed on HaCaT cells fixed in chamber

slides that were imaged from the bottom (no cover slip was necessary). The first experiments (as
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shown in Figure 3) used the same reagent solution as mentioned above for dye-to-dye FRET with
the exception that AF647-DNA; was replaced by Th-DNA:. Also, the incubation procedure was
the same with the exception that no TBS was added after washing. The real-time in situ
hybridization monitoring experiments with Th-to-Cy3.5 FRET (as shown in Figure 4) used Hank’s
Balanced Salt Solution (HBSS) buffer instead of TBS. After addition of the reagent solution to the
chamber slides, they were immediately placed into a heating sample holder in the microscope, such
that the temperature of 36.5 °C was stable over the entire imaging period of 2 h. The final Tb-to-
dye FRET experiments (as shown in Figure 5) used HBSS buffer for the reagent solution and only
15 min of incubation (instead of 30 min). Before imaging, the reagent solution was removed and

no further washing steps were applied.

CW and TG PL imaging. Microscope images were acquired using a wide-field, inverted
microscope (Olympus IX71) equipped with a UV laser (349 nm, 300 Hz, Nd:YLF, Triton, Spectra
Physics) for pulsed excitation (Th, Thx, and Eux excitation in TG imaging), X-Cite 120Q mercury
source (Lumen Dynamics) continuous source for CW excitation at 12.5% (15 W lamp power) max.
intensity (dye excitation in CW imaging), and an intensified CCD camera (ICCD, PI-MAX3,
Princeton Instruments) for detection. PL signals were collected with a high numerical aperture (NA
= 1.35) immersion oil objective (UPLSAPO 60x O, Olympus).

For CW dye-to-dye FRET, the following filter and mirror (all from Semrock) specifications were
used: Donor excitation: 510/42 (~ 510 + 21 nm) bandpass filter for Cy3.5 excitation and 596 nm
dichroic mirror for excitation/emission separation; Acceptor excitation: 620/14 (~ 620 + 7 nm)
bandpass filter for AF647 excitation and 649 nm dichroic mirror for excitation/emission separation;
Donor emission: 605/15 (~ 605 + 8 nm) bandpass filter for Cy3.5 imaging; Acceptor emission:
720/13 (~ 720 £ 7 nm) bandpass filter for AF647 imaging.

For TG Tb-to-dye FRET, the following filter and mirror (all from Semrock) specifications were
used: Donor excitation: 349 nm laser without additional filter and 405 nm dichroic mirror for
excitation/emission separation; Acceptor excitation: 578/16 (~ 578 + 8 nm) bandpass filter for
Cy3.5 excitation and 596 nm dichroic mirror for excitation/emission separation; Donor emission:
542/20 (~ 542 + 10 nm) bandpass filter for Th imaging; Acceptor emission: 660/10 (~ 660 +5 nm)
bandpass filter for Cy3.5 imaging.



Acquisition settings (WinView camera control software) were generally fixed to the following
parameters: CW imaging (PL and DIC): 10 acquisitions with 300 ms excitation, 6 V gain. TG
imaging: 400 gates per image (GPI), 1 acquisition (Ac), 100 V gain, 10 ps delay, 2 ms gate.
Background was acquired on bare slides or cover slips (without cells) with the same acquisition

settings and subtracted from the raw images.

RESULTS AND DISCUSSION

Principle of RCA-FRET imaging. The immuno-RCA proof-of-concept system (Figure 1a)
consisted of an anti-p-actin antibody (AB:) that binds to actin on permeabilized HaCaT cells
followed by binding of secondary anti-mouse antibody (AB:) that contained a DNA
oligonucleotide with a specific sequence for hybridizing a DNA padlock probe to initiate RCA
after ligating the padlock nick. The resulting single RCPs per single B-actin were visualized by
incubation with RCP-specific detection oligos. These oligos were labeled with dyes or lanthanide
complexes for CW or TG PL detection of the fluorophores alone or the FRET-pairs. To evaluate
the imaging performance of the single fluorophores and to demonstrate the applicability to various
organic dyes and lanthanide complexes, we designed detection oligos (cf. Table 1 for DNA
sequences) with three different commercial organic dyes (Cy3.5, AF647, and Texas Red) and three
different lanthanide complexes (Tb,2° Thy,? and Eux,?® see Supporting Figure S1 for chemical
structures). Although all detection oligonucleotides resulted in actin-specific RCP imaging
(Supporting Figure S2), AF647, Cy3.5, and Th provided the brightest PL signals and we selected
those three detection oligos for further FRET investigations.

"
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Figure 1. a: Principle of actin specific RCA-FRET detection. After AB1 binding to actin, DNA-functionalized
AB: binds AB1 and a circular DNA is formed by DNA-padlock hybridization. After nick ligation (via T4 ligase),
AB2-DNA serves as a primer to initiate RCA (via phi29 polymerase and dNTPs). Incubation with FRET donor
and acceptor detection oligonucleotides (D + A oligos) results in hybridization to the RCP and concomitant
FRET from D to A due to their close proximity inside the RCP. b: Absorption (dashed lines) and PL (solid
lines) spectra of Cy3.5 (CW-FRET donor) and AF647 (CW-FRET acceptor) detection oligos and
transmission spectral regions (in gray) of transmission band pass filters used for Cy3.5 and AF647 detection
in CW microscopy experiments. ¢: Absorption (dashed lines) and PL (solid lines) spectra of Tb (TG-FRET
donor) and Cy3.5 (TG-FRET acceptor) detection oligos and transmission spectral regions (in gray) of
transmission band pass filters used for Tb and Cy3.5 detection in TG microscopy experiments.

Figure 1b (Cy3.5-AF647 CW-FRET pair) and Figure 1c (Th-Cy3.5 TG-FRET pair) show the
absorption and emission spectra of donors and acceptors and the transmission regions of the
bandpass filters used for their detection in microscopy. The spectral overlap of donor emission and
acceptor absorption resulted in overlap integrals (Equation 1) of J (Cy3.5-AF647) = 1.28-10° M-
Iem™ and J (Th-Cy3.5) = 6.24-10'° Mcm™ and Forster distances (donor-acceptor distance with
50 % FRET efficiency, Equation 2) of Ro(Cy3.5-AF647) = 6.4+ 0.4 nm and Ro(Th-Cy3.5) =
6.5 + 0.4 nm. Based on our previous experience in designing detector oligonucleotides for efficient
hybridization and FRET inside the coiled RCP structure,'®1%21.30 we functionalized all fluorophores
on the 3’ ends of a 20-nucleotide DNA (cf. Table 1). With an estimated distance of ~0.33 nm
between two bases within double-stranded DNA,3! the donor-acceptor distances inside the detector
oligonucleotide-bound RCPs should be approximately 6.6 nm, which is close to the Ro values (50%
FRET efficiency) and should result in significant change in donor and acceptor PL intensities and

lifetimes for efficient FRET imaging.

RCA-CW-FRET from Cy3.5 to AF647. To demonstrate the feasibility of RCA-FRET for
conventional organic dyes and conventional PLA conditions,® we prepared a solution, containing
both Cy3.5-DNA, and AF647-DNA: donor and acceptor detection oligonucleotides, that was
incubated for 30 min (36.5 °C) with the B-actin-specific-RCP-containing fixed HaCaT cells.
Afterwards, the solution was removed and the cells were washed three times with TBS buffer to
remove the excess of non-hybridized oligonucleotides. To avoid dye photobleaching, the slide was
protected from the light during the manipulation time. Fresh TBS was added on the washed cells
and a 170 pum thick cover slip was placed on top. For imaging on the inverted microscope, the slide
was turned (cover slip on the bottom). Direct excitation of Cy3.5 and AF647 as well as FRET

excitation of AF647 via Cy3.5 resulted in the characteristic staining patterns of actin-activated
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RCPs in permeabilized and fixed cells, as shown by the many bright target spots (Figure 2a).’
Because FRET spots can only be detected when Cy3.5 and AF647 are in close proximity (<10 nm),
which means attached to the same RCP, the FRET image suppresses all fluorescence that originates
from non-specific Cy3.5 and/or AF647 signals (e.g., probes that were not washed off the cells).
This advantage becomes much more evident when no washing was performed and the cells were
imaged directly after 30 min incubation with both detection oligonucleotides (Figure 2b). In this
case, both directly excited Cy3.5 and AF647 resulted in strong fluorescence background of dye-
oligonucleotides that were not hybridized to the RCPs whereas the FRET images show only those
fluorescence spots that result from B-actin-specific immuno-RCA. Thus, the in situ RCA-FRET
approach can completely avoid any repetitive and time-consuming washing steps and results in
specific detection signals with improved signal-to-noise ratios due to the strongly reduced
background fluorescence, which may become even more important for strongly autofluorescent

samples, such as tissue sections.
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a after 3 times washing

Figure 2. In situ RCA-FRET imaging (a: after washing; b: without washing) of individual actin-activated
immuno RCPs on HaCaT cells incubated with Cy3.5 donor probes and AF647 acceptor probes. Cy3.5:
excitation: 510+21 nm, emission: 605+8 nm; AF647: excitation: 620+7 nm, emission: 720+7 nm; FRET:
excitation: 510+21 nm, emission: 720+7 nm. Imaging conditions: 10 times 300 ms, gain: 6 V, lamp power:
15 W. Scale bars: 20 um. DIC/PL overlay image can be found in Supporting Figure S3.

RCA-TG-FRET from Tb to Cy3.5. Although autofluorescence of endogenous biological

components is not strong in most fixed cells, in contrast to, e.g., formalin-fixed paraffin-embedded
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or glutaraldehyde fixed tissue sections, we wanted to demonstrate the proof-of-concept of utilizing
TG-FRET, which can become extremely beneficial for investigating highly autofluorescent tissue
or in vivo samples.32-34 Thus, we applied Th-to-Cy3.5 FRET and TG imaging to the same samples
that were used for Cy3.5-t0-AF647 FRET. Surprisingly, first experiments using the exact same
sample preparation conditions as for CW FRET did not result in any Th PL. Because Tb is very
stable in various buffers (including TBS) and has been applied to many in-solution assays and for
live cell and in vivo imaging without significant PL quenching,?%35-38 we assumed that the fixation
procedure combined with incubation of the fixed cells with an aqueous buffer (i.e., the TBS buffer
washed out some of the PFA fixative) caused the Th PL quenching. We found that removal of TBS
from the cells (i.e., without addition of fresh TBS after the three usual washing steps) and direct
imaging resulted in bright PL signals (Figure 3) of Tb (in TG detection mode), Cy3.5 (in CW
detection mode), and Th-Cy3.5 FRET (in TG detection mode). Because only RCPs hybridized with
both Tb and Cy3.5 probes (close Th-Cy3.5 proximity) could lead to FRET, the FRET channel (TG
imaging of Cy3.5 PL) resulted in significantly better contrast of the specific RCP signals with
higher signal-to-background ratios than the Th (TG) or Cy3.5 (CW) images (Supporting Figure
S5). Comparing the bottom left area of the Cy3.5 (CW) and FRET (TG) images (Figure 3, bottom
right), one can appreciate that the RCP-specific PL spots in the FRET image (pink frame) appear
at a similar brightness than those from the cells on the top and bottom right (yellow frames),
whereas the Cy3.5 images show strong differences in brightness of those RCP spots. Such
differences can result from inconsistent non-specific DNA probe attachment from one cell to the
other. Control experiments with only Th probes, only Cy3.5 probes, and no probes (Supporting
Figure S6) demonstrated that the detection channels were specific to their probes and that FRET
could only be detected when both probes were present.
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Figure 3: In situ RCA-FRET imaging of individual actin-activated immuno-RCPs on HaCaT cells incubated
with Tb donor probes and Cy3.5 acceptor probes. Th (TG): excitation: 349 nm, emission: 542+10 nm; Cy3.5
(CW): excitation: 578+8 nm, emission: 6605 nm; FRET (TG): excitation: 349 nm, emission: 660+5 nm.
Imaging conditions: TG: 400 GPI, 1 Ac, gain: 100 V. CW: 10 times 300 ms, gain: 6 V, lamp power: 15 W.
Scale bars: 20 ym. DIC/PL overlay image can be found in Supporting Figure S4. Images of control
experiments with the single probes and without probes can be found in Supporting Figure S6.

To further investigate the reason of Th PL quenching when the fixed cells were immersed
in TBS, we recorded Th PL spectra in TBS, water, and HBSS. HBSS was selected because of bright
Th PL and FRET when previously used for live cell and in vivo imaging.®* Because the dye
fluorescence was not quenched when the fixed cells were immersed in TBS (cf. Cy3.5-to-AF647
FRET), we also measured Cy3.5 fluorescence spectra in the same buffer solutions. As expected
from their performance in liquid-phase assays, both Tb and Cy3.5 showed only very minor PL
quenching in buffers compared to water (Supporting Figure S7a). Thus, we added small amounts
of formaldehyde (FA), which was used as standard cell fixative for these immuno-RCA assays, to
the solutions in order to investigate its influence on PL quenching. For all aqueous solutions, FA
resulted in significant Tb PL quenching, whereas Cy3.5 fluorescence was much less affected
(Supporting Figure S7b-d). We therefore concluded that the standard fixative FA was responsible
for Tb PL quenching when the cells were immersed in TBS. Only HBSS could circumvent a
significant PL intensity decrease. A possible explanation would be a more efficient deactivation of

FA by an accelerated formose reaction when using HBSS, which (unlike water and TBS) contains
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glucose and Ca?* and Mg?* ions.>*4% Future studies with different fixation materials and protocols
and RCA initiation just before the measurements (instead of prior to fixation) will be necessary to
fully understand the PL quenching and to adapt fixation toward optimal TG imaging conditions.
The current actin immuno-RCA proof-of-concept study aimed at the actual demonstration of both
CW dye-to-dye RCA-FRET and TG Th-to-dye RCA-FRET and we decided to keep the same
standard fixation conditions for both approaches and rather investigate the possibility of improving
the TG imaging conditions by using HBSS instead of TBS.

As expected from the spectroscopy results, HBSS significantly improved the Tb PL
intensities for imaging of the fixed HaCaT cells. When the cells were imaged during incubation of
the detection oligos in TBS solution, no significant Th PL signals could be detected in the FRET
channel within 30 min after addition of the fluorescent probes (not shown). With HBSS probe
incubation, a FRET signal could already be detected after five min and after 20 min the FRET
signal was bright and remained relatively constant until 120 min (Figure 4). When comparing the
Th-to-Cy3.5 FRET images (TG detection of Cy3.5 PL upon excitation of Th — Figure 4) with the
Th images (TG detection of Th PL upon excitation of Tb — Supporting Figure S8a) and Cy3.5
images (CW detection of Cy3.5 PL upon excitation of Cy3.5 — Supporting Figure S8b), one can
notice significant differences related to FRET-specific PL and to PL intensities. Owing to their
short fluorescence lifetime (in the nanosecond range), Cy3.5 dyes can perform many excitation-
emission cycles over time (photon flux) when using CW excitation. The micro- to millisecond PL
lifetime of Tb requires pulsed excitation at a relatively low repetition rate (300 Hz in our case),
which results in much fewer excitation-emission cycles over time. On the other hand, this lower
photon flux of Tb results in significantly reduced photobleaching compared to Cy3.5. Therefore,
Tb imaging can be performed over longer timescales to produce the same signal intensity but
without increasing the background signals (due to TG detection). In general, it is difficult to directly
compare TG and CW imaging with different fluorophores and the advantages or disadvantages of
TG imaging also strongly depend on the fluorescence background of the samples. For samples with
low autofluorescence, the higher photon flux of dyes is clearly beneficial because imaging becomes
faster. For samples with high autofluorescence, signal-to-background ratios can be significantly
improved when using TG imaging.®* Here, we kept imaging conditions and image treatment for
each detection channel (FRET, Th, and Cy3.5) the same over the entire incubation time to compare

the differences in signal and background over time (Supporting Figure S9). The Cy3.5 images

14



show the highest signals owing to their higher photon flux in CW imaging over 3 s in total (10
times 300 ms) but also the strongest background intensities. The Tb images present lower PL
intensities than the Cy3.5 images owing to the lower photon flux during TG imaging over 3.3 s in
total (1000 GPI at 300 Hz) but with much lower background intensities due to TG imaging. The
TG-FRET images show the highest signal-to-background ratios because only donor-acceptor pairs
inside the RCPs can result in FRET signals, which are therefore actin-specific. Thus, already at
similar imaging time for CW and TG imaging, washing-free RCA-TG-FRET shows the best

contrast between specific and non-specific PL signals.

Another interesting point of the possibility to image RCP-probe hybridization in real time
(without washing steps) via background-free TG FRET is the dynamic range. By imaging the RCA
process over time, as the RCPs are building up, highly abundant targets can be monitored before
the sizes of the RCPs become so large that they start to coalesce. This feature would lead to clear
and distinguishable target spots for a broad range of target concentrations without the necessity to
adapt probe concentrations, which is the current method of increasing the dynamic range.®
Considering that our proof-of-concept immuno-RCA approach resulted in many RCPs (high target
abundance), the images after 5 min incubation are very interesting because at this initial state of
RCP-probe hybridization, the single target spots become much better distinguishable than at longer
incubation times and for all incubation times, the spot-distinction is easiest when using the RCP-
specific FRET signals. Future studies of implementing in situ RCA-FRET into PLA will also
investigate autofluorescence, total imaging time, dynamic range, and photobleaching in more
detail.
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Figure 4: In situ RCA-FRET imaging of individual actin-activated immuno-RCPs on HaCaT cells during
incubation at 36.5 °C with Tb donor probes and Cy3.5 acceptor probes in HBSS. PL images show the TG
FRET detection channel (excitation: 349 nm; emission: 660+5 nm) after different incubation times. Scale
bars: 10 um. Imaging conditions: TG: 1000 GPI, 1 Ac, gain: 100 V. Tb (TG) and Cy3.5 (CW) can be found
in Supporting Figure S8.

Although following the RCP-probe hybridization over time is certainly an interesting capability of
TG FRET, we found that removal of HBSS from the cells before imaging resulted in even brighter
imaging signals (Figure 5). While the imaging results looked very similar to those accomplished
with TBS and three washing steps (cf. Figure 3a), the increased signal intensities allowed us to
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further decrease the experimental time to 15 min of incubation, removal of the HBSS, and direct

target-specific TG-FRET imaging without any washing steps.

Figure 5: In situ RCA-FRET imaging of individual actin-specific immuno-RCPs on HaCaT cells incubated
with Th donor probes and Cy3.5 acceptor probes. Th (TG): excitation: 349 nm, emission: 542+10 nm; Cy3.5
(CW): excitation: 578+8 nm, emission: 66045 nm; FRET (TG): excitation: 349 nm, emission: 660+5 nm.
Imaging conditions: TG: 1000 GPI, 1 Ac, gain: 100 V. CW: 10 times 300 ms, gain: 6 V, lamp power: 15 W.
Scale bars: 20 ym.

CONCLUSIONS

Using B-actin-specific immuno-RCA on fixed HaCaT cells as a well-established model system for
in situ PLA, we could demonstrate RCA-FRET for two different FRET approaches, namely dye-
to-dye CW FRET and Th-to-dye TG FRET. Because FRET can only be accomplished when both
donor and acceptor hybridize to the same RCP, the FRET approach does not require any separation
of freely diffusing donor and acceptor DNA probes from the samples and can efficiently distinguish
target-specific RCP-probe hybridization from non-specific attachment to the cells. Therefore, in
situ imaging of individual RCPs can be performed without any washing steps, which makes this
approach significantly faster and simpler than conventional in situ RCA. While CW dye-to-dye
FRET was relatively straightforward to implement because fixation and in situ RCA conditions
were already adapted to dye-based fluorescence imaging, TG Th-to-dye FRET appeared more
challenging because of Th PL quenching when the Th-DNA probes were incubated with the fixed
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cells. This PL quenching was caused by FA used for cell fixation and future studies will focus on
optimizing cell fixation protocols toward Th-DNA probes. On the other hand, replacing TBS buffer
by HBSS resulted in significantly less Th PL quenching, which allowed us to follow the Th and
dye probe hybridization to the single RCPs in real time during incubation. Removing the buffer
(HBSS or TBS) from the fixed cells directly before imaging improved the Tb PL intensity even
further and we could accomplish bright RCA-TG-FRET after only 15 minutes of probe incubation
with the cells and subsequent buffer removal without any washing steps. The improved signal-to-
background ratios of TG and TG-FRET imaging (compared to CW imaging) underline the
significant benefits that lanthanide complexes can bring to advanced high-contrast PL
imaging.%343741-46 Notably, lanthanide-based TG PL imaging of fixed cells or tissues is not
common and considering that the well-established solution-phase TG-FRET assays have only
recently been implemented into advanced live cell and in vivo imaging, we can anticipate that the
same performance can be expected for carefully optimized TG imaging on fixed cells. Similar to
immunohistochemistry, the performance of in situ PLA depends on the fixation and pretreatment
conditions, the applied antibody-DNA probes, and the careful adaption of assay components and
their concentrations, which are important optimization steps that are beyond our in situ RCA-FRET

proof-of-concept study.

With the important in situ RCA-FRET demonstration at hand, future studies will focus on
the implementation into in situ PLA and investigate optimized experimental conditions to
accomplish the highest possible signal-to-background ratios for both CW and TG FRET. Moreover,
in particular TG FRET with Tb donors provides significant advantages concerning multiplexing
(both spectral and temporal),®15-172021.36:47.48 \yhich may extend the current experimental limit of
three colors for in situ PLA>® to much higher-order multiplexing. The other main advantage of TG
FRET is the efficient suppression of autofluorescence and therefore in situ PLA-TG-FRET would
be particularly interesting to exploit in clinical tissue sections. Also in vivo PLA would be an
interesting field to investigate because washing is usually not possible in vivo and the washing-free
FRET approach may provide ideal conditions for in vivo PLA imaging. In summary, the capability
of implementing FRET into in situ PLA offers many possible advantages and our proof-of-
principle results present only an initiator to a new approach of in situ PLA that may find useful

application in biological and clinical research and diagnostics.
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