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ABSTRACT The central role of RNAs in health and disease calls for robust tools to visualize RNAs in living systems through
fluorescence microscopy. Live zebrafish embryos are a popular system to investigate multicellular complexity as disease
models. However, RNA visualization approaches in whole organisms are notably underdeveloped. Here, we establish our
RNA tagging and imaging platform Riboglow-FLIM for complex cellular imaging applications by systematically evaluating
FLIM capabilities. We use adherent mammalian cells as models for RNA visualization. Additional complexity of analyzing
RNAs in whole mammalian animals is achieved by injecting these cells into a zebrafish embryo system for cell-by-cell analysis
in this model of multicellularity. We first evaluate all variable elements of Riboglow-FLIM quantitatively before assessing
optimal use in whole animals. In this way, we demonstrate that a model noncoding RNA can be detected robustly and quan-
titatively inside live zebrafish embryos using a far-red Cy5-based variant of the Riboglow platform. We can clearly resolve cell-
to-cell heterogeneity of different RNA populations by this methodology, promising applicability in diverse fields.
WHY IT MATTERS The discovery of fluorescent proteins and subsequent engineering efforts have revolutionized fields
across biology, but comparable tools to visualize RNAs live are critically lacking. Here, we demonstrate that our RNA
Riboglow-FLIM platform may fill this need. Of note, we establish that Riboglow-FLIM requires fluorescence lifetime
imaging microscopy (FLIM). The fluorophore element in Riboglow-FLIM is variable, hence a far-red fluorophore for use in
live multicellular environments can be used after careful biophysical characterization. We make use of the common
strategy to inject mammalian cells producing a fluorescence sensor into live embryos as a systematic step of
introducing complexity of a multicellular environment. Here, we demonstrate that different cellular conditions produce
heterogeneous Riboglow-FLIM signatures that can be quantitatively differentiated.
Zebrafish embryos are a common model organism for
studying aspects of human diseases with cell-by-cell
resolution (1), as they enable insights into multicel-
lular processes in the context of whole organisms
with relative ease (2). The similarity between zebrafish
and human genomes, and their similar organ systems
and cellular functions make zebrafish embryos a
particularly valuable model for cancer cell metastasis
investigations (1,3,4). The embryo's optical transpar-
ency inspired adaptation of imaging techniques for
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studying complex cell biology live (1). Importantly, ze-
brafish embryos are a common model to establish
multicellular imaging systems by injecting mamma-
lian cells expressing well-characterized sensors in
the embryo (5,6). This allows for assessing complex
fluorescence imaging in a multicellular environment
systematically (7). RNAs play critical roles in many
biological processes, and investigating them in living
organisms is essential for insights in health and dis-
ease. While great progress has been made in
designing fluorescence RNA sensors, approaches for
visualizing RNAs in multicellular environments or
whole organisms are lacking (8–16), with the notable
exception of the MS2 technology applications (17).
Investigating RNAs in multicellular environments is
particularly relevant in cancer biology, where RNA
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FIGURE 1 Visualizing RNAs live with Riboglow-FLIM-Cy5. (A) Cobalamin (Cbl) is synthetically linked to Cy5, quenches its fluorescence, binds
an RNA ligand (called the “A-tag” throughout), and alters its fluorescence lifetime. The RNA tag is genetically fused to an RNA of interest.
Fluorescence lifetime decay data are fit by multiexponential reconvolution for a defined region of interest (ROI), yielding component and
average lifetime (both are amplitude-weighted lifetimes, see methods for details). Both can be illustrated by a false-color scale. The "compo-
nent lifetime" (v) resolves the lifetime pixel-by-pixel, while the "average lifetime" (vi, vii) provides one lifetime value per ROI. (B) Riboglow-FLIM-
Cy5 in live cells (4 independent experiments, 44 cells, 1 symbol ¼ 1 cell). One-way ANOVA (95% confidence limit); post hoc test (Tukey HSD),
p-value listed (****p % 0.0001). Error bars: mean and standard deviation (5SD). (C) Representative cells from (B), component lifetimes dis-
played. Scale bars, 10 mm. (D) Phasor plot showing graphical representation of lifetime coordinates G and S for all data shown in (B). Light blue
circle, untransfected cells; pink circle, transfected cells producing 1/8-NORAD(4A), 4 independent experiments, 44 cells. Phasor representative
images shown in Fig. S2 D.
processes are often misregulated (18). We recently
developed Riboglow-FLIM for visualizing RNAs live
and quantitatively with subcellular precision using
FLIM (19). Riboglow-FLIM consists of an RNA tag
that is genetically fused to an RNA of interest and
binds a fluorescent small-molecule ligand tightly
(Fig. 1 A) (16). The FLIM readout modality enables con-
centration-independent RNA imaging live, making this
platform an ideal system to evaluate applicability
quantitatively in diverse and complex systems (19).

To evaluate Riboglow-FLIM's applicability in a multi-
cellular model, we characterized the photophysical
features of the platform by systematically introducing
complexity one element at a time (Fig. S1 A). We
reasoned that the far-red Cbl-Cy5 variant of Ribo-
2 Biophysical Reports 3, 100132, December 13, 2023
glow-FLIM (Riboglow-FLIM-Cy5) would achieve imag-
ing depth (16,20). Cy5 is frequently used in live cells
or organisms due to its biocompatibility (21,22),
brightness, and high photostability, coupled with min-
imal light absorption and scattering in tissues
(20–22). Here, we demonstrate that Riboglow-FLIM-
Cy5 (16,19) enables quantitative detection of RNAs
in cells in the context of live zebrafish embryos.
We envision that Riboglow-FLIM-Cy5 will lead to
advancing our understanding of RNA behavior in
multicellular environments in diverse disease applica-
tions.

We began by adapting the Riboglow-FLIM platform
to far-red fluorescence to minimize tissue autofluores-
cence in the complex multicellular environment (20).



FIGURE 2 Quantitative assessment of Riboglow-FLIM-Cy5 in live zebrafish embryos. (A) Live transgenic zebrafish embryos producing GFP in
embryo vasculature were injected with live U-2 OS cells. (i) Bright-field image: (ii and iii) fluorescence images: green, GFP (vascular); purple,
Cy5 from Cbl-Cy5. Cells either remained (i) untransfected or were (ii) previously transfected with a plasmid producing 1/8-NORAD(4A) RNA and
loaded with Cbl-Cy5. Scale bars, 750 mm. (B) Representative cells that were injected into zebrafish embryos are shown. Untransfected (top) and
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For this, we chose the Cbl-Cy5 probe (13). We first
asked if fluorescence lifetime changes of the Cbl-Cy5
probe were robust in the presence and absence of
our established Riboglow RNA tag (“A-tag” (19)
throughout, Fig. 1 A). Our hypothesis to expand Ribo-
glow-FLIM with the Cbl-Cy5 probe is based on the pre-
vious observation that the Cbl-4xGly-ATTO 590 probe
yields strong contrast in fluorescence lifetime experi-
ments in the presence of the RNA tag (19). Further-
more, Cbl-Cy5 results in fluorescence intensity
changes upon RNA ligand binding, suggesting that
it might be compatible with Riboglow-FLIM also
(16,19). We analyzed the fluorescence intensity values
(Fig. S2 B) in comparison with commonly used FLIM
data analyses, namely analyzing amplitude-weighted
and intensity-weighted fluorescence lifetime (see
methods for details, and Fig. S1, note that we refer
to amplitude-weighted lifetime as “fluorescence life-
time” throughout this work). We fit lifetime data by
multiexponential reconvolution per region of interest
(ROI) (19) for samples of Cbl-Cy5 with and without
the purified RNA A-tag. FLIM data fitting was assessed
by evaluating residual maps of fluorescence decays
(see methods for details). As expected, we observed
a significant increase in fluorescence lifetime for Cbl-
Cy5 in the presence of purified RNA (Fig. S2, A and B
ii). This is in line with the rationale that the Cbl probe
moiety binds the RNA and that this interaction affects
the fluorescence properties of Cy5.

We next predicted that combining Riboglow-FLIM
with the Cbl-Cy5 probe will allow visualization of
RNAs in live adherent mammalian cells reliably with
the ultimate goal to assess performance in complex
multicellular environments. We chose a truncation of
the long noncoding RNA NORAD (23) fused with four
copies of our A-tag as the model RNA (19) (abbrevi-
ated as 1/8-NORAD(4A) here) for imaging live U-2 OS
cells, as we have employed this RNA model previously
(19). A plasmid producing 1/8-NORAD(4A) was tran-
siently transfected in U-2 OS cells, the Cbl-Cy5 probe
was loaded into the cell, and live cell FLIM images
were collected. For analysis, single whole cells were
defined as ROIs and the lifetime was extracted by mul-
transfected (bottom), both loaded with Cbl-Cy5. The fluorescence lifetime
in gray (from the GFP signal of transgenic embryos). The “component li
scale. The “average lifetime” is illustrated by a heatmap color scale. (C) A
injected into zebrafish embryos. Fluorescence lifetime was measured a
context of a zebrafish embryo. Average fluorescence lifetime for 12 inde
(95% confidence limit); post hoc test (Tukey HSD), p value listed (****p %
bar, 10 mm. (D) Heatmap representation of data in (C) where each average
sor plot showing graphical representation of lifetime coordinates G and S
fected cells; pink circle, reference for transfected cells producing 1/8-NOR
images shown in Fig. S4 B. Note that, at the 12 h time point, the GFP lifet
used as an internal control (see methods) was present. The lifetime from
and appear at longer phase angles.
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tiexponential reconvolution as established with the
in vitro system above (Fig. 1 C i vs. ii and Fig. S1, A
and B). As for the purified RNA system, we systemati-
cally comparedmultiexponential reconvolution (ampli-
tude-weighted and intensity-weighted lifetimes) in
comparison with the fluorescence intensity readout
for live cells (Figs. 1 C and S2 C). As an additional anal-
ysis method of FLIM, we used the common fit-free
phasor approach (Figs. 1 D, S1 D, and S2 D). We note
that multiexponential reconvolution makes assump-
tions about goodness of fit and number of photons
required for robust fitting (see methods for details),
while the phasor approach is fit-free and hence an
entirely orthogonal analysis approach (24–26). While
we do observe clear differences in fluorescence signal
when analyzing the fluorescence intensity (16,19),
FLIM analysis consistently yields stronger contrast
(Figs. 1 B, 2 C, and S2 C). As expected, Riboglow-
FLIM-Cy5 is sensitive to visualize 1/8-NORAD(4A)
with strong cellular contrast regardless of FLIM data
analysis method (Figs. 1, B–D, S1, and S2, C and D).

The successful live cell measurements led us to
predict that we could use Riboglow-FLIM-Cy5 to
robustly visualize tagged RNAs in zebrafish embryos,
expanding the complexity of the Riboglow platform
(Fig. S1 A). We evaluated production of our model
RNA in U-2 OS adherent cells throughout a relevant
time course (Fig. S3) after fixation. We assessed pro-
duction of our Riboglow-tagged model RNA by fluores-
cence in situ hybridization (FISH) using a probe that
targets the Riboglow A-tag (Fig. S3). As observed pre-
viously (19), U-2 OS cells readily produce this Ribo-
glow-tagged RNA, detectable by FISH. When
comparing cell populations before transfection of
the reporter and 12 vs. 24 h after transfection, we
observed several trends (Fig. S3). First, Riboglow-
tagged RNA was not detectable before transfection,
as expected. Second, RNA accumulation was
apparent 24 h post-transfection throughout the cell,
with lower levels at 12 h, indicating production of
RNA over time. Third, we observed that cells accumu-
late RNAs in speckles-resembling features, in partic-
ular at 12 h post-transfection. This observation is
image overlaid with the intensity image shows zebrafish physiology
fetime” illustrates fluorescence lifetime pixel-by-pixel, rainbow color
verage lifetimes of 1/8-NORAD(4A) tagged with Riboglow-FLIM-Cy5,
t 0, 12, and 24 h post-transfection. One dot ¼ one whole cell in the
pendent experiments, 83 cells; 1 symbol ¼ 1 cell. One-way ANOVA

0.0001). Error bars ¼ mean and standard deviation (5SD). Scale
lifetime data point was assigned to a color in the heatmap. (E) Pha-
for all the data shown in (C). Light blue circle, reference for untrans-
AD(4A), 12 independent experiments, 83 cells. Phasor representative
ime readout from the GFP produced in zebrafish embryo vasculature
GFP creates two secondary phasor distributions on longer lifetimes



perhaps indicative of often-described NORAD-contain-
ing granules (23). Finally, we note that a shift from
no RNA expression to a majority of speckles to over-
production of model RNA throughout the cell is depen-
dent on time post-transfection, in line with RNA
production over time (Fig. S3). While subcellular RNA
localization patterns are of interest for future investi-
gations, we decided to focus on overall cell-by-cell
RNA levels here. We estimated overall RNA levels
per cell by quantifying the FISH signal per cell for all
experimental conditions (Fig. S3 C) and found an in-
crease in signal and a broad distribution of cellular
RNA levels, represented by large error bars (Fig. S3
C). The observed heterogeneity in reporter RNA levels
led us to ask whether such heterogeneous patterns
can be resolved in the multicellular environment with
the Riboglow-FLIM platform.

We evaluated cell-by-cell heterogeneity of our model
RNA phenotypes by FLIM in zebrafish next. For this, U-
2 OS cells producing our model RNA, 1/8-NORAD(4A),
were injected into live sedated zebrafish embryos that
constitutively produce vascular GFP (Fig. 2 A) (27). As
for adherent cells, samples were imaged by FLIM, ROIs
of individual cells within the zebrafish were defined
(Fig. 2 B), and lifetime values were extracted
(Fig. S1). Importantly, trends of a cell-by-cell analysis
in the context of zebrafish matched observations ob-
tained at the single-cell level (compare Figs. 1, B and
C and 2 B).

We hypothesized that Riboglow-FLIM-Cy5 could
quantitatively describe more subtle cell-by-cell vari-
abilities in the complex zebrafish embryo environ-
ment. For this, we used the previously observed
heterogeneity in the single-cell FISH system as a ba-
sis, where we evaluated the RNA reporter at 0, 12,
and 24 h post-transfection in U-2 OS cells (Fig. S3).
We transfected U-2 OS cells with 1/8-NORAD(4A)
and injected cells into zebrafish embryos at 0, 12,
and 24 h post-transfection, covering a time frame
where production of the transiently transfected model
RNA would increase, and cells would exhibit well-char-
acterized 1/8-NORAD(4A) heterogeneity (Fig. S3). The
clearly detectable trend of increasing 1/8-NORAD(4A)
by FISH at these time points (Fig. S3) serves as the
foundation here, indicating a steady accumulation of
cellular reporter RNA throughout this time window.
We expected to capture a steady increase in the Ribo-
glow-FLIM-Cy5 readout in the zebrafish system, mir-
roring a shift from the untransfected population to
the transfected population (Fig. 2 B). Indeed, the
0 and 24 h cells exhibited two differentiable lifetime
values, where the 0 h cells exhibited lifetimes similar
to that of the unbound (Cbl-Cy5) probe as in untrans-
fected cells. Conversely, the 24 h cells were similar
to cells after reporter RNA overexpression (Fig. 2 B
vs. Fig. 1, B and D, vs. Fig. 2 E). We hypothesized
that 12 h post-transfection cells would result in inter-
mediate levels of RNAs per cell with some unbound
probe, resulting in a homogeneous average fluores-
cence lifetime between the two ends. Surprisingly,
though, we observed two distinct FLIM populations
at 12 h post-transfection (Figs. 2 C and S4 A). Impor-
tantly, the cells used for injecting embryos originated
from the same transfected cell population and the life-
time heterogeneity was observed independent of em-
bryo sample, timing of imaging, or location within
the embryo. Remarkably, two representative neigh-
boring cells in the same embryo exhibited the two
distinct lifetime values (Fig. S4, A and B). Upon closer
comparison, we determined that these two popula-
tions resembled the lifetime readouts of the 0 and
24 h cell populations (Fig. 2 B). To confirm this, we
pooled the 0 and 24 h readouts, compared them
directly to the 12 h batch and observed no significant
difference (Fig. S4 C). Together, we find that Riboglow-
FLIM-Cy5 enables robust visualization of RNAs in the
context of live zebrafish embryos and we can quantita-
tively assess live cellular populations. Similar to FISH,
we resolved distinct RNA populations over time. We
hypothesize that this heterogeneity may arise from
differences in RNA transcription rates or post-tran-
scriptional modifications within specific cellular sub-
populations. Further investigations are needed to
elucidate the underlying mechanisms driving this
dual RNA population phenomenon and its functional
implications. We anticipate that Riboglow-FLIM-Cy5
can be used to describe and track RNAs in this and
other multicellular systems quantitatively to investi-
gate RNA processes. Another possible next applica-
tion may be expansion of deep-tissue FLIM imaging
with Cy5 by two-photon microscopy in whole organs
and/or animals.
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