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Abstract: Integration of imaging data across different molec-
ular target types can provide in-depth insight into cell
physiology and pathology, but remains challenging owing to
poor compatibility between target-type-specific labeling meth-
ods. We show that cross-platform imaging analysis can be
readily achieved through DNA encoding of molecular targets,
which translates the molecular identity of various target types
into a uniform in situ array of ssDNA tags for subsequent
labeling with complementary imaging probes. The concept was
demonstrated through multiplexed imaging of mRNAs and
their corresponding proteins with multicolor quantum dots.
The results reveal heterogeneity of cell transfection with siRNA
and outline disparity in RNA interference (RNAi) kinetics at
the level of both the mRNA and the encoded protein.

Gaining access to detailed “molecular portraits” of individ-
ual cells within the context of their natural cell culture or
tissue microenvironment promises to revolutionize biomed-
ical research and dramatically advance clinical diagnostics
and drug discovery.[1–3] A number of imaging platforms have
been developed for the comprehensive analysis of individual
types of molecular targets, particularly proteins, mRNA, and
DNA.[4–12] However, simultaneous analysis across different
target types remains challenging owing to poor compatibility
between target-type-specific labeling methods, and is further
restricted by additional requirements imposed by the imaging
probe properties.

Herein, we describe a versatile cross-platform single-cell
imaging technology that enables simultaneous visualization of
multiple molecular targets irrespective of the target type and
imaging probe used. An essential step to achieving cross-
platform compatibility is the implementation of an indirect
labeling method built on the concepts of 1) decoupling of the
target binding and labeling steps, 2) translation of heteroge-
neous molecular information into an intermediate stand-
ardized molecular code that can be read through the use of
imaging probes, and 3) utilization of the enormous encoding
capacity and self-assembly capabilities of DNA that result
from complementary base pairing.[13,14] Specifically, molecular
targets of interest are first encoded with unique ssDNA tags
through binding by ssDNA-conjugated target-recognition
moieties under optimized conditions that favor strong and
specific target binding. Individual ssDNA tags are then
converted into detectable signals through sequence-specific
hybridization with complementary ssDNA’-conjugated imag-
ing probes under probe-optimized conditions. Molecular
target uniqueness, localization, and abundance, and informa-
tion on specimen morphology are thus preserved through all
steps of the labeling procedure, thereby producing compre-
hensive molecular signatures of a physiological or patholog-
ical process. It should be emphasized that this method is not
meant to be applied to the study of DNAs, RNAs, or proteins
in a massive parallel fashion. Instead, it aims to enable the
interrogation of a panel of selected genomic, transcriptomic,
and/or proteomic markers in single cells by bringing them
onto the same imaging platform.

To demonstrate the DNA encoding concept for imaging
molecular targets across different types, we performed
a concurrent assessment of molecular expression at both the
mRNA and protein levels (Figure 1), which is one of the most
actively explored approaches for the evaluation of gene
regulation, cell signaling, RNA–protein interactions, and
many other applications.[15–19] Fluorescent quantum dot
probes (QDots)[20–22] in combination with fluorescence mi-
croscopy and hyperspectral imaging (HSI)[23,24] were
employed for simultaneous visualization of all of the
ssDNA tags following separate encoding of mRNA and
protein targets (Figure 1a). Unlike direct labeling procedures
performed under a single set of incubation conditions that are
fixed for all targets and probes,[25–27] DNA encoding enables
tuning of the conditions to favor the recognition of individual
target types and hybridization with detection probes in
separate steps, which offers great flexibility in the choice of
specimens, targets, and imaging systems. Conceptually, any
combination of target-specific affinity moieties and imaging
probes should be amenable to coupling via intermediate
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DNA tags, thus rendering this technology useful for broader
multi-omics imaging studies.

To implement and systematically characterize the model
QDot-based cross-platform imaging technology, a set of 6
unique 16 bp ssDNA/ssDNA’ linkers was designed for
encoding up to 6 different molecular targets (Table S1 in
the Supporting Information), along with a library of comple-
mentary 6-color QDot–ssDNA’ probes (Figure S1 in the
Supporting Information) and a control set of 6 secondary
antibody (2’Ab)–ssDNA bioconjugates (Figure S2). Indirect
labeling of b-tubulin in HeLa cells through a 3-step procedure
involving incubation with unmodified primary antibodies,
2’Ab–ssDNA bioconjugates, and complementary QDot–
ssDNA’ probes demonstrated preserved antigen-recognition
functionality of the ssDNA–modified antibodies and high
specificity of QDot staining through DNA hybridization
(Figure 1b).

Multiplexed protein immunolabeling was realized
through the preparation of a library of primary antibody
(1’Ab)–ssDNA bioconjugates (Figures S3,S4). Characteriza-
tion of such bioconjugates through PAGE and cell staining
confirmed preserved stability and antigen-binding function-
ality of antibodies, specificity of target staining with QDots in
a 2-step procedure, and consistent target identification with
different QDot colors in a multiplexed imaging format
(Figure S4 b–e). The nuclear envelope protein Lamin A, the
microtubule protein b-tubulin, and the cytoplasmic proteins
HSP90-alpha and GAPDH were labeled as model target
molecules with distinct and characteristic intracellular local-
ization patterns.

Labeling of the GAPDH and HSP90-alpha mRNAs
through indirect in situ hybridization (ISH) was done with
modified mRNA ISH oligonucleotide probes featuring a 5’
20 nt mRNA-recognition portion and a 3’ 16 nt QDot-binding
tag, separated by a single-stranded AAAAA spacer
(Tables S2,S3). Hybridization of oligonucleotide probes
under optimized ISH conditions yielded labeling of each
mRNA molecule with multiple ssDNA tags (up to 36 for
GAPDH and 48 for HSP90-alpha), which produce distinct
“spots” upon staining with complementary QDot–ssDNA’
probes (Figure S5).

The separation of target-recognition and QDot-labeling
events through DNA encoding enabled straightforward
implementation of a model cross-platform imaging method,
with both mRNA and protein targets being robustly labeled
by their respective QDot probes and accurately identified
through hyperspectral imaging and analysis. For example,
GAPDH and HSP90-alpha mRNA molecules and their
respective product proteins could be readily labeled with 4-
color QDots to highlight the relative intracellular distribution
and abundance of the two target types at the single-cell level
(Figure 1c), thus corroborating the broad applicability of the
DNA encoding strategy for the simultaneous detection and
imaging of various types of targets within the same specimen.

The cross-platform imaging approach was then applied to
study RNA interference (RNAi)-mediated gene knockdown
at the single-cell level. HeLa cells were transfected with
GAPDH-targeting small interfering RNA (siRNA), as well as
non-targeting siRNA as a control, for 24 h, and the abundance
of GAPDH mRNA was assessed by reverse transcription
polymerase chain reaction (RT-PCR) and QDot-based imag-
ing. Interestingly, single-cell imaging revealed complete
degradation of GAPDH mRNA (Figure 2a), whereas bulk
GAPDH mRNA measurement by RT-PCR indicated a silenc-
ing efficiency of only 78% with forward (on surface) trans-
fection and 95 % with reverse (in suspension) transfection.
Imaging at the cell population level revealed the basis for this
discrepancy: heterogeneous knockdown of the target mRNA
in a subset of cells, which likely results from heterogeneous
cell transfection with the siRNA in different regions of cell
culture (Figure 2b, c). For example, forward transfection
failed to achieve efficient GAPDH mRNA degradation in
dense cell populations (at the well edges), yielding areas of
completely silenced cells along with patches of cells with
normal GAPDH mRNA expression levels (Figure 2 b). In
contrast, reverse transfection achieved a more uniform cell

Figure 1. a) Schematic of simultaneous labeling and multiplexed imag-
ing of different molecular targets with multicolor QDots through DNA
encoding. Each molecular target is encoded by a target-specific
ssDNA-tagged affinity molecule, and the resulting array of target-
bound ssDNA tags is sequentially or simultaneously labeled with
complementary imaging probes. b) Staining of b-tubulin with a panel
of 6-color QDot–ssDNA’ probes. The target was first encoded through
anti-b-tubulin primary antibody and ssDNA-conjugated rabbit anti-
mouse secondary antibody, followed by hybridization with complemen-
tary QDot–ssDNA’ probes. Insets: control experiments skipping incu-
bation with primary and secondary antibodies rule out non-specific
QDot binding. True-color images for target staining vs. control were
obtained at consistent exposure time for each QDot color. c) Multi-
plexed labeling of GAPDH and HSP90-alpha mRNA and corresponding
proteins (with QDots 605, 655, 585, and 545). The ssDNA tags were
simultaneously converted into distinctive optical signals through
hybridization with complementary QDot–ssDNA’ probes. Fluorescence
microscopy with HSI was employed for cell imaging and unmixing of 4
individual QDot channels. Individual grayscale channels were false-
colored and merged into a composite 4-color image. Scale bar: 50 mm.
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transfection in suspension, producing a greater proportion of
silenced cells with only a few wild-type clones (Figure 2c).

The selectivity of the GAPDH RNAi was confirmed by
performing dual-target imaging of GAPDH mRNA and
HSP90-alpha mRNA. Target-selective siRNA should trigger
degradation of only its complementary target mRNA, with no
immediate effect on non-targeted mRNA molecules. This was
indeed observed with GAPDH RNAi studies (Figure 2d and
Figure S6). Indirect dual-target ISH produced robust staining
of both mRNA species in reference HeLa cells grown in
culture medium. Similarly, cell transfection with non-target-
ing control siRNA failed to produce any effect on mRNA
expression. Transfection with GAPDH-targeting siRNA,

however, triggered rapid degradation of GAPDH mRNA
within 24 h post-transfection, while leaving non-targeted
HSP90-alpha mRNA intact. Notably, a single non-transfected
cell within the field of view featured intact expression of both
GAPDH and HSP90 mRNA, thus suggesting an all-on/all-off
mode for GAPDH RNAi.

Imaging of mRNA unambiguously demonstrated hetero-
geneity in RNAi knockdown, which likely stems from
incomplete cell transfection with the siRNA. However, such
heterogeneity could not be detected at the protein level, since
levels of GAPDH protein remained unperturbed 24 h post-
transfection in both transfected and non-transfected cells, as
was evident from dual labeling of GAPDH mRNA and
protein (Figure S7). To further investigate the disparity
between the RNAi effect at the mRNA and protein levels,
HeLa cells were reverse transfected with GAPDH-targeting
siRNA for 24 and 48 h and processed for multiplexed imaging
of GAPDH and HSP90-alpha mRNA and their respective
protein products. Consistent with studies discussed earlier,
24 h post-transfection, complete degradation of GAPDH
mRNA was observed, whereas GAPDH protein level
remained nearly unperturbed (Figure 3a). By contrast, 48 h
post-transfection, a substantial reduction of GAPDH protein
levels was observed, with GAPDH mRNA remaining below
the detection limit (Figure 3 b). HSP90 mRNA and protein
levels remained unperturbed over 48 h, thus confirming the
selectivity of GAPDH silencing. Furthermore, all of molec-
ular targets exhibited consistent unperturbed levels in cells

Figure 2. Assessment of heterogeneity in cell transfection with siRNA.
a) Complete degradation of GAPDH mRNA was observed at the
single-cell level after a 24 h treatment with GAPDH-targeting siRNA
(left panel), whereas non-targeting control siRNA had no effect on
GAPDH mRNA abundance (right panel). Insets: control experiments
with mismatched QDot605-ssDNA’ probes establish the level of non-
specific background labeling. Scale bar: 50 mm. b,c) Heterogeneity of
GAPDH silencing is observed in different areas of the culture well
(center vs. edge) with forward transfection but not with reverse
transfection (labeling with QDot605 probes). Occasional colonies with
full GAPDH expression can be observed with both transfection
methods. Scale bar: 250 mm. d) Dual-labeling of GAPDH and HSP90-
alpha mRNA with QDot565 and QDot585, respectively, enables direct
visualization of RNAi on different targets. After a 24 h treatment with
GAPDH siRNA, the majority of the cells show complete degradation of
the GAPDH mRNA (right panel, green), but retain unperturbed
HSP90-alpha mRNA (right panel, red). A single cell in the field of view
(green) has apparently failed to be transfected with GAPDH siRNA
and features normal mRNA expression. Dual-color images were
obtained with HSI, unmixed into QDot channels, and false-colored.
Scale bar, 50 mm.

Figure 3. Assessment of the disparity in RNAi knockdown kinetics at
the mRNA and protein levels. HeLa cells were transfected with
GAPDH siRNA (a, b) or control siRNA (c,d) for 24 h (a, c) or 48 h
(b,d). GAPDH and HSP90-alpha mRNA along with corresponding
proteins were simultaneously assessed (labeling with QDots 605, 655,
585, and 545). a) There is complete and selective degradation of
GAPDH mRNA 24 h post-transfection, whereas the GAPDH protein
levels remain nearly unperturbed. b) 48 h post-transfection, selective
degradation of GAPDH protein can be observed. c, d) With control
(non-targeting) siRNA, GAPDH and HSP90 expression at the mRNA
and protein levels remain constant through 48 h of incubation. Multi-
plexed images were obtained through HSI, and individual channels are
normalized to the HSP90 protein channel for direct comparison of
signal intensity. Scale bar: 50 mm.
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transfected with non-targeting control siRNA (Figure 3 c,d),
thus confirming that the observed GAPDH knockdown
indeed resulted from RNAi mechanism.

A delay in the RNAi effect at the protein level is not
surprising, since proteins are typically degraded and cleared
more slowly in comparison to siRNA-mediated mRNA
degradation. However, in light of the imaging results pre-
sented here, heterogeneity in cell transfection needs to be
taken into consideration when assessing RNAi efficiency with
bulk RT-PCR measurements and especially downstream
phenotypic and molecular signaling analysis. Non-transfected
cells might gain a growth advantage and achieve substantial
clonal expansion during the time it takes for higher-level
manifestations of RNAi to occur, thus distorting observed
RNAi effect at the population level. Imaging-based analysis
at the single-cell level should, therefore, offer more accurate
insight into cellular response to perturbation.

In conclusion, the cross-platform imaging technology
presented herein enables simultaneous in situ detection and
visualization of multiple types of molecular targets at the
single-cell level. Decoupling of target recognition and label-
ing events and conversion of heterogeneous molecular
information into a uniform intermediate ssDNA array
amenable to read-out with variety of imaging probes repre-
sents a key technological advance towards gaining access to
single-cell molecular profiles through multi-omics imaging,
which might be challenging, if not impossible, to achieve
through the simple combination of conventional labeling
methods (e.g., immunofluorescence and in situ hybridiza-
tion). Importantly, the DNA code can be readily converted
into a digital read-out through simple hybridization to
multiplexed imaging probes, thereby offering a universal
link between multitudes of available selective target-recog-
nition moieties and emerging powerful multiplexed imaging
platforms. This cross-platform DNA encoding technology is
thus expected to facilitate the development of novel single-
cell imaging methods and the implementation of molecular
profiling studies across different target types in biomedical
research, drug development, and clinical diagnostics.
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