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Two DNA nanomachines map pH changes
along intersecting endocytic pathways inside
the same cell
Souvik Modi1, Clément Nizak2, Sunaina Surana1, Saheli Halder1 and Yamuna Krishnan1 *
DNA is a versatile scaffold for molecular sensing in living cells, and various cellular applications of DNA nanodevices have
been demonstrated. However, the simultaneous use of different DNA nanodevices within the same living cell remains a
challenge. Here, we show that two distinct DNA nanomachines can be used simultaneously to map pH gradients along two
different but intersecting cellular entry pathways. The two nanomachines, which are molecularly programmed to enter
cells via different pathways, can map pH changes within well-deﬁned subcellular environments along both pathways inside
the same cell. We applied these nanomachines to probe the pH of early endosomes and the trans-Golgi network, in real
time. When delivered either sequentially or simultaneously, both nanomachines localized into and independently captured
the pH of the organelles for which they were designed. The successful functioning of DNA nanodevices within living
systems has important implications for sensing and therapies in a diverse range of contexts.

D

NA has been molecularly chiselled to create a variety of intricate architectures on the nanoscale1. DNA nanoarchitectures
that can be triggered chemically or physically to switch
between deﬁned states (referred to as DNA nanomachines) have
great potential for robotic and sensing applications on the nanoscale2,3, and subcellular compartments provide nanoscale environments that offer rich possibilities for demonstrating the
functionality of these nanoarchitectures4. It was recently demonstrated that a DNA nanomachine can function as a pH sensor
inside endosomes in cellulo5 as well as in vivo6. Since then, a few
exciting applications of speciﬁc DNA nanostructures have been
demonstrated in cellulo6–9. However, achieving simultaneous functionality of multiple DNA nanomachines within the same cell
remains a challenge, which, if realized, would open up possibilities
of multiplexing DNA nanodevices in living systems. The precise
positioning of more than one DNA nanodevice within a subcellular
environment and demonstration of their simultaneous functionality
therein is therefore essential. Here, we apply the technology we term
‘SimpHony’ (simultaneous pH mapping technology) to deploy two
differently programmed DNA nanomachines along different cellular endocytic pathways and map pH changes along both pathways
simultaneously, within the same living cell.

Programming strategy to achieve SimpHony
Simultaneous mapping of an analyte such as pH using ﬂuorescence
resonance energy transfer (FRET)-based DNA nanomachines
requires molecular programming strategies that position each nanomachine along a distinct pathway, as well as a combination of FRET
pairs with minimal crosstalk. SimpHony also requires two pHresponsive DNA nanomachines with pH-sensitive regimes suited
to the lumenal pH of the relevant intracellular organelles being
investigated. We chose two well-characterized pathways: the furin
retrograde endocytic pathway and the transferrin endocytic/
recycling pathway. Furin resides predominantly in the trans-Golgi
network (TGN), with a small steady-state population at the
plasma membrane, and is transported retrogradely via the early

endosomes/sorting endosomes (EE/SEs) and late endosomes
(LEs) to the TGN in a Rab-9-dependent manner10,11. Transferrin
binds the transferrin receptor at the plasma membrane, reaches
the EE/SEs and then the perinuclear recycling endosome (RE)12.
The transferrin and furin pathways merge in the EE and then
segregate thereafter into the RE and LE, respectively.
To track the furin pathway, we used a molecularly programmed
DNA nanomachine called IFu (Fig. 1a). This adopts the same
working principle as described previously5,6 and is programmed
such that (i) the position of the acceptor is optimized to maximize
the observed FRET, (ii) the FRET pair uses Alexa 546 as a donor
ﬂuorophore, which allows compatibility of IFu pH measurements
in the presence of ITf ﬂuorophores, and (iii) IFu incorporates an
8 bp dsDNA sequence (shaded in grey in Fig. 1a) that functions
as a binding site for an engineered protein (grey cylinders) that
enables its localization to a given endocytic pathway, namely the
furin pathway. Because furin is a retrogradely transported membrane protein that lacks a natural ligand, we developed a method
to speciﬁcally attach and transport a DNA nanostructure to such
a trafﬁcking protein. This uses a sequence-speciﬁc double-stranded
DNA (dsDNA) binding protein (single-chain variable fragment
recombinant antibody, or scFv)13, which is expressed as a chimera
with furin. This sequence-speciﬁc, dsDNA-binding protein was
obtained from a phage display screen of scFv recombinant antibodies against a dsDNA epitope. This scFv speciﬁcally binds a
dsDNA sequence d(AT)4 (Fig. 1c) with a dissociation constant KD
of 80 nM (Fig. 1d). Thus an N-terminal fusion of the scFv
domain with furin, when expressed inside cells, will act as an artiﬁcial receptor for a DNA nanostructure that incorporates a d(AT)4
sequence and will trafﬁc the latter along the retrograde furin endocytic pathway into the TGN (Fig. 1b).
To track the transferrin pathway, we engineered a two-stranded
pH-sensitive DNA nanomachine, ITf (Fig. 1a). ITf uses intrastrand
i-motif formation to undergo a pH-dependent conformational
change and therefore functions as a FRET-based pH sensor.
ITf has a pH-responsive C-rich segment, shown in purple in
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Figure 1 | Programming of DNA nanodevices. a, Schematic of the DNA nanomachines that map the furin (Fu) and transferrin (Tf) pathways: IFu (top) and
ITf (bottom). IFu consists of a nicked duplex and cytosine-rich overhangs and undergoes a pH-dependent conformational change due to i-motif formation
(green segment), leading to high FRET between Alexa 546 (magenta circle) and Alexa 647 (blue circle) labels on the scaffold. A dsDNA domain on IFu
(grey) acts as a recognition element for a recombinant antibody (scFv, grey cylinders) that conﬁnes IFu along the Fu pathway. ITf is a duplex containing a
pH-responsive element (purple strand) and forms an intramolecular i-motif at low pH, leading to high FRET between Alexa 488 (green circle) and Alexa 647
(blue circle) labels on the scaffold. Coupling transferrin (Tf) to ITf conﬁnes Tf–ITf to the Tf receptor pathway. b, Schematic of SimpHony. An scFv–furin
chimera (grey) retrogradely transports IFu into the TGN (pathway A) via the SE and LE. Tf–ITf marks the SE en route to the RE (pathway B). c, dsDNA
sequence-speciﬁc binding capacity of the scFv (clone C1) illustrated using different DNA epitopes. See Supplementary Table S1 for sequences of the epitopes
ssDNA, dsDNA, R1, R2 and RM. Error bars indicate +s.d. d, scFv binding to immobilized dsDNA in the presence of increasing competitor dsDNA. Error bars
indicate +s.e.m. e,f, Donor (D) to acceptor (A) ratio measurements on dually labelled DNA nanomachines ITf and IFu in vitro and in cellulo as a function of pH.
Tf
Ratio of intensities at 570 nm (D) and 669 nm (A) for IFu
A546/A647 (e) and at 520 nm (D) and 669 nm (A) for IA488/A647 (f) when excited at 546 nm and
488 nm, respectively, under pH-clamped conditions. Experiments were performed in triplicate and expressed as mean+s.d. Arrowheads indicate the typical
reported pH in the literature of the indicated subcellular compartments.

Fig. 1a, which partially base-pairs with a G-rich overhang in the
complementary strand to form a weak duplex. At low pH, this
duplex frays, allowing the C-rich strand to fold into an intramolecular i-motif. By chemically conjugating transferrin (Tf ) to one of the
strands in ITf to give Tf–ITf, one can molecularly program ITf to be
conﬁned along the transferrin receptor pathway (Fig. 1b).
Different cellular organelles have different lumenal pH
values—ranging from pH 4.8 (lysosome) to pH 7.1 (endoplasmic
reticulum)—so it is important to have DNA nanomachines with
a suitable pH response for the relevant organelle as well as appropriate FRET pairs for simultaneous measurements14–16. The performances and working pH regimes of the DNA nanomachines
engineered for the furin and transferrin pathways, respectively,
are shown in Fig. 1e,f. From the many ﬂuorophore pairs tried,
we found the best FRET pairs to be Alexa 488/Alexa 647
(A488/A647) and Alexa 546/Alexa 647 (A546/A647), which
demonstrated maximal FRET and minimal crosstalk when used
simultaneously. Thus, ITf carried A488/A647 as its FRET pair
Fu
carried A546/A647 as its FRET pair
(ITf
A488/A647) and I
460

Fu
(IFu
A546/A647) (Supplementary Fig. S1). IA546/A647 showed a pH sensitivity from pH 5 to 6.5, suitable for studying pH variations in the
EE/SEs, LEs and TGN, with typical intraorganelle pH values as
indicated by the green arrowheads in Fig. 1e. ITf
A488/A647 showed a
transition from pH 5.5 to pH 7, spanning the EE/SE and RE pH
values, with typical intraorganelle pH values indicated by the
purple arrowheads in Fig. 1f.

Each DNA nanomachine maps pH of its targeted pathway
When the scFv–furin chimera was expressed inside HeLa cells, two
closely spaced bands near the expected size (43–45 kDa)
(Supplementary Fig. S2) indicated that the fusion protein mimics
the maturation of endogenous furin (Supplementary Fig. S3a–c)17,
and it is also localized, like endogenous furin, to the TGN
(Supplementary Fig. S3d)18. When scFv–furin-expressing HeLa
and TRVb-1 cells were incubated with 500 nM IFu
A488/A647 in
the external medium and imaged, we observed that IFu
A488/A647 was
efﬁciently endocytosed into perinuclear compartments; this
did not occur in untransfected or mock transfected cells
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(Supplementary Fig. S4a–d). A competitive endocytic uptake assay
revealed that the N-terminal scFv domain of the scFv–furin acts
as a highly speciﬁc, artiﬁcial receptor for a DNA scaffold containing
the 8 bp d(AT)4 tag, efﬁciently internalizing any DNA device incorporating this sequence (Supplementary Fig. S4).
Co-localization experiments, performed with molecular markers
for SEs, LEs and TGN in IA2.2 cells expressing scFv–furin, demonstrated that IFu marks the furin retrograde pathway (Fig. 2;
Supplementary Figs S2,S3). When these cells were labelled with a
10 min pulse of a cocktail of Alexa 568-labelled transferrin
(TfnA568) and IFu
A488/A647 and imaged, they showed signiﬁcant colocalization, indicating that, post-endocytosis, IFu is predominantly
resident in the EE/SEs (Fig. 2a,f ). When cells were labelled for 1 h
with a cocktail of IFu
A546/A647 and ﬂuorescein isothiocyanate (FITC)–
dextran, and chased for 1 h, they showed signiﬁcant co-localization
(Fig. 2b,g) revealing that IFu had trafﬁcked from the EE/SEs into the
LEs. Upon labelling cells with IFu
A546/A647 for 2 h in the presence of
125 mg ml21 cycloheximide and chasing for 90 min, we observed
that IFu was trafﬁcked onwards from the LEs (Supplementary
Fig. S4b,c,e), accumulating in a perinuclear compartment distinct
from the lysosome and Golgi (Supplementary Fig. S5a,b). This
IFu
A546/A647-containing compartment was conﬁrmed to be the TGN
by co-localization experiments with NBD-C6-ceramide and antiTGN46 antibodies (Fig. 2c,h, Supplementary Fig. S5c). Thus, the
scFv domain on scFv–furin functions as an artiﬁcial receptor for
DNA nanostructures bearing a d(AT)4 dsDNA tag and is stable
inside cells for up to 3 h (Supplementary Fig. S6).
The transferrin receptor pathway was next marked using ITf
conjugated to human holo-transferrin using N-succinimidyl-3(2-pyridyldithio)propionate to give Tf–ITf
A488/A647 (Supplementary
Figs S7–S9). When a cocktail of TfnA568 and Tf–ITf
A488/A647 was
used to pulse the cells for 10 min, they co-localized in the SEs
(Fig. 2d,i). When TfnA568 and Tf–ITf
A488/A647 were pulsed for
10 min and chased for 12 min, they co-localized in the perinuclear
REs (Fig. 2e,j). Thus, DNA nanostructures programmed to display
endocytic ligands may be trafﬁcked down the speciﬁc endocytic
pathway of their corresponding receptor without perturbing the
trafﬁcking characteristics of the ligand.
Fu
The intracellular performances of Tf–ITf
A488/A647 and IA546/A647
were assessed individually by their endocytosis into scFv–furinexpressing IA2.2 cells. Post-endocytosis, the intracellular pH was
clamped at values between pH 5 and 7.5 and the donor to acceptor
(D/A) ratios plotted as a function of pH, as described5,6. These
showed that the in vitro pH response characteristics of both
DNA nanomachines were preserved in cellulo (Fig. 1e,f ).
Spatiotemporal pH mapping was then performed separately with
each nanomachine. EE/SEs were labelled with IFu
A546/A647 as
described, and a histogram of the pH values for all such labelled
SEs revealed a pH distribution with a mean pH of 5.98+0.02, in
line with the literature (Fig. 3a–c)19. Interestingly, when the LEs
of scFv–furin-expressing cells were labelled with IFu
A546/A647 , as
described, the pH distribution of endosomes revealed a distinct
shift to lower D/A values, corresponding to a pH of 5.72+0.08,
consistent with the literature (Fig. 3d–f )20. When the TGN of
these cells was labelled with IFu
A546/A647 as described, the degree of
spatial pH heterogeneity was found to be 6.18+0.01 (Fig. 3g–i)21.
Similarly, the ability of Tf–ITf
A488/A647 to capture spatiotemporal
maps of transferrin trafﬁcking were carried out in scFv–furinexpressing IA2.2 cells. EE/SEs were marked with Tf–ITf
A488/A647
as described. Figure 3j shows SEs distributed throughout the
cytoplasm, and a frequency distribution of their pH shows an
average of 6.09+0.01 (Fig. 3j–l). A further 12 min chase resulted
in Tf–ITf
A488/A647 labelling the pericentriolar REs (Fig. 3m), which
demonstrated a substantially higher D/A corresponding to a pH
of 6.35+0.04 characteristic of REs (Fig. 3n,o)19. This indicates
that each programmed DNA nanomachine (i) follows the
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endocytic pathway it is programmed to target, (ii) quantitatively
recapitulates its pH-sensing characteristics inside cells, and (iii)
provides high-resolution spatiotemporal pH maps of those
subcellular organelles whose pH it was designed to report.

Simultaneous pH mapping along two endocytic pathways
We then sought to simultaneously map spatiotemporal pH changes
along both endocytic pathways. We demonstrate two different
methods to achieve this: (i) timed pulse/chase of cells with solutions
Fu
of Tf–ITf
A488/A647 and IA546/A647 sequentially, localizing them in
different endocytic compartments along each pathway, and (ii) a
simultaneous pulse/chase of a cocktail of Tf–ITf
A488/A647 and
IFu
A546/A647 , delivering both nanomachines into the same endocytic
compartment from where, with time, they segregate into different
organelles along each pathway.
As an example, we describe in detail how both DNA nanomachines are used sequentially to mark EE/SEs and LEs of the
transferrin receptor and furin endocytic pathways, respectively
(Supplementary Fig. S10). scFv–furin-expressing IA2.2 cells were
ﬁrst pulsed with 500 nM IFu
A546/A647 for 10 min, washed, then
chased for 45 min to mark all the LEs on the furin pathway. After
a chase of 45 min, the same cells were pulsed with 500 nM
Tf–ITf
A488/A647 for 10 min, which marked all the EE/SEs.
Figure 4a–g presents images of a typical cell marked as described
above. Figure 4a,b shows the images in the donor (520 nm) and
FRET (669 nm) channels when A488 on Tf–ITf
A488/A647 is excited.
Figure 4c shows an overlay of the intensities in the donor
(magenta) and FRET (blue) channels, giving a qualitative indication
of pH heterogeneity in the EE/SEs marked with Tf–ITf
A488/A647 ,
which is quantiﬁed in Fig. 4h. Similarly, Fig. 4d–f presents images
of the same cell marked by IFu
A546/A647. Figure 4d,e shows the intensities in the donor (570 nm) and FRET (669 nm) channels when
A546 on IFu
A546/A647 is excited, and Fig. 4f presents an overlay of
the intensities in the donor (red) and FRET (green) channels,
respectively, giving a qualitative indication of pH heterogeneity in
the LEs marked with IFu
A546/A647. This is quantiﬁed in Fig. 4i.
Figure 4g shows an overlay of the images of Fig. 4c and f that
reveals the ability of programmed DNA nanomachines to capture
the spatial pH heterogeneity of two types of endocytic compartments, namely SEs and LEs, simultaneously within the same cell.
Similarly, we could obtain spatial pH maps of REs and LEs using
Fu
Tf–ITf
A488/A647 and IA546/A647 (Supplementary Fig. S11). Figure 4j
shows a representative image for the SimpHony spatial pH map
on REs and LEs that is analogous to Fig. 4g, quantiﬁed in Fig. 4k
and l, respectively, the results of which are consistent with the
values expected for these organelles (Supplementary Table S2).
Figure 4m shows a representative SimpHony spatial pH map of
Fu
the EE/SEs and TGN revealed by Tf–ITf
A488/A647 and IA546/A647 ,
respectively, and the reported pH heterogeneity is quantiﬁed in
Fig. 4n,o (Supplementary Fig. S12). Figure 4p shows a representative
SimpHony spatial pH map of the REs and TGN revealed by
Fu
Tf–ITf
A488/A647 and IA546/A647 , and the reported pH heterogeneity
of these organelles is quantiﬁed in Fig. 4q,r (Supplementary
Fig. S13). Importantly, the pH values of each of these organelles
revealed by SimpHony showed correspondence with the nonSimpHony values that used only one DNA nanomachine
(Supplementary Table S2).
Having demonstrated SimpHony in organelles where both DNA
nanomachines occupy two distinct compartments, we sought to
explore whether both DNA nanodevices could work in tandem
within the same compartment and report pH dynamics. We therefore incubated scFv–furin-expressing IA2.2 cells with a mixture of
Tf
IFu
A546/A647 and Tf–IA488/A647 for 10 min, followed by washing and
imaging. This resulted in abundant co-localization of IFu
A546/A647
and Tf–ITf
A488/A647 in the EE/SEs (Fig. 4s–u), and the pH heterogeneity captured by each DNA nanomachine was quantiﬁed. We found
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Figure 2 | Programmed trafﬁcking of DNA nanomachines along two distinct endocytic pathways. a–c, Trafﬁcking of IFu along the furin pathway.
Fu
Representative single-plane confocal images showing co-localization of IFu
A488/A647 and EE/SE marker transferrin-A568 (TfnA568) (a), IA546/A647 and LE marker
Fu
FITC-dextran (F-Dex) (b) and IA546/A647 and TGN marker TGN46 (c), in the presence of cycloheximide (CHX), stained with mouse anti TGN46. d,e, Tf–ITf
Tf
trafﬁcking along the transferrin receptor pathway. Cells were co-pulsed with Tf–ITf
A488/A647 and Tfn568 for 10 min for SE/EE labelling (d) or with Tf–IA488/A647
and Tfn568 for 10 min followed by a brief chase of 12 min for RE labelling (e). f–j, Quantiﬁcation of co-localization between the DNA nanomachines and
endosomal markers used in a–e. Values indicate mean of .10 cells (f,g,j) and 20 cells (h,i)+s.d. Cell boundaries are demarcated by white outlines.
Experiments were performed in duplicate. Scale bars, 10 mm (a–d) and 5 mm (e).

that Tf–ITf
A488/A647 revealed a pH spread of 5.93+0.16 (Fig. 4v), and
IFu
A546/A647 a highly consistent spread of 6.0+0.05 (Fig. 4w). These
were also in very good agreement with EE/SE pH distributions as
462

mapped with either DNA nanomachine alone (Fig. 4x,y,
Supplementary Table S2), indicating that crosstalk between the
DNA nanodevices is insigniﬁcant. This demonstrates that both
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Figure 3 | In cellulo performance of DNA nanomachines. Temporal pH maps of endosomal organelles using Tf–ITf
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ﬁeld images showing scFv–furin-expressing cells (demarcated by white outlines) pulsed at 37 8C with IA546/A647 for 10 min and imaged (a,b); pulsed for
30 min, chased for 45 min and imaged (d,e); or pulsed for 2 h, chased for 90 min in CHX and imaged (g,h). c,f,i, pH distributions of EE/SE (c), LE (f) and
Tf
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A488/A647. b,e,h,k,n, Corresponding pseudocolour D/A map of cells typically marked
with Tf–ITf and IFu. Experiments were performed in duplicate. Scale bars, 10 mm.

DNA nanomachines function autonomously within the cell,
independently of one another, even when present in the
same compartment, reafﬁrming the non-interfering nature of
DNA-based pH-sensitive nanodevices.

SimpHony reveals organelle morphology and pH
Given that SimpHony provides high-precision and simultaneous
pH maps, we sought to apply it to capture functional pH correlates
associated with known perturbations of organelle morphology.
Dynamin is known to interact with actin nucleation-promoting

factor WASH, which, when blocked, inhibits EE ﬁssion, causing
EE tubulation and arresting endosomal dynamics22. Chemical inhibition of dynamin by dynasore also arrests endosomal dynamics,
tubulates the EE, and prevents endosomal maturation23. It has
been predicted that such dynasore-mediated inhibition of ﬁssion
could result in hypoacidiﬁcation of the EE, which affects endosomal
maturation23,24. We applied SimpHony to this system by marking
Fu
EEs with Tf–ITf
A488/A647 and LEs with IA546/A647 in the presence
and absence of dynasore23. In the absence of dynasore, EEs exhibited
active dynamics and showed an average pH of 6.05+0.07 (Fig. 5a,c;
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Supplementary Fig. S14, Movies S1, S4), while LEs showed an
average pH of 5.43+0.3 (Fig. 5d). In the presence of 160 mM
dynasore, we observed arrested dynamics and characteristic EE
tubulation (Fig. 5b; Supplementary Fig. S14, Movies S2, S5)22,23.
SimpHony revealed that this tubulation was also accompanied by
a clear elevation of lumenal pH spanning 6.1–6.7 (mean
pH 6.58+0.19) (Fig. 5e). In contrast, the lumenal pH of LEs
showed negligible change (5.44+0.38) (Fig. 5f ). Importantly,
when dynasore was washed out, EE tubulation was abolished, endosomal dynamics was regained (Supplementary Fig. S14, Movie S3),
and the average pH of the EEs was completely restored (Fig. 5g).
Additionally, at all steps with and without dynasore, the lumenal
pH of another related organelle (such as the LEs) remained unaffected (Fig. 5d,f,h). SimpHony revealed that in these voluminous
and tubular EEs, there is indeed hypoacidiﬁcation of the lumen.
Having captured the predicted defective acidiﬁcation associated
with a morphological change of an organelle such as the EE, we
applied SimpHony to another very important alteration of organelle morphology that has been extensively studied but where
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functional pH correlates have so far remained elusive. The fungal
metabolite brefeldin A causes extensive tubulation of the TGN,
which then collapses around the microtubule organizing centre,
accompanied by the rapid redistribution of Golgi resident proteins
into the endoplasmic reticulum25–27. For example, upon treatment
with brefeldin A, the TGN resident mannose-6-phospate receptor
is distributed in the tubules and fuses with transferrin-containing
EEs, while furin-positive tubules originating from the TGN are
devoid of transferrin (Supplementary Fig. S15a,b)28,29. We therefore
applied SimpHony to brefeldin A-induced tubules marked by
IFu
A546/A647 while simultaneously marking transferrin-containing
endosomes with Tf–ITf
A488/A647. Treated cells showed tubular extensions emerging from compartments localized near the microtubule
organizing centre (Supplementary Fig. S15a). Tf–ITf
A488/A647 in
these cells mainly occupied the excluded space of IFu
A546/A647 in
the region around the microtubule organizing centre
(Supplementary Fig. S16a,b). Co-localization of IFu
A488/A647 with
both anti-TGN46 and NBD ceramide conﬁrmed that the brefeldin
A-induced tubules were indeed TGN related (Fig. 5i,j,
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Supplementary Fig. S17). pH heat maps of treated and untreated
cells showed striking pH differences in IFu
A546/A647-containing compartments, where brefeldin A-induced tubules showed markedly
high D/A values and a strikingly elevated pH of 6.35+0.17
(Fig. 5k,l). In contrast, D/A values of EEs marked by
Tf–ITf
A488/A647 demonstrated negligible pH change (Fig. 5m,o,
Supplementary Figs S18, S19, Table S3). Untreated cells revealed
a mean EE/SE pH of 6.07+0.07 and a lumenal TGN pH of
5.94+0.15 (Fig. 5n,p, Supplementary Fig. S19, Table S3). Thus
SimpHony reveals that the tubulation of the TGN substantially
lowers its lumenal acidity. SimpHony therefore demonstrates that
signiﬁcant perturbation of a physical characteristic such as the
morphology of a subcellular compartment results in defective acidiﬁcation, which could be linked to the observed impairment of
protein trafﬁcking through such compartments.

Conclusions
We have exploited the programmable nature of DNA scaffolds
to precisely position DNA nanodevices in distinct intracellular
compartments by tagging them to speciﬁc trafﬁcking proteins.

The modular nature of DNA allows the integration of analytesensing domains with protein recognition domains without
perturbing the recognition properties of either domain. The synthetic nature of designer DNA scaffolds allows the incorporation
of organic ﬂuorophores, allowing the tracking of protein localizations while simultaneously reporting their ionic environments
using a two-colour readout. We have taken advantage of the
molecularly programmable nature of DNA scaffolds to access
functionality inaccessible to any other molecular scaffold—the
ability to sense the same analyte, simultaneously, in distinct intracellular locations—by using two different DNA nanomachines
each programmed to tack onto a different protein within the
same cell.
It should be noted that the pH-sensitive DNA nanodevices
described here have narrower ranges than the corresponding
small-molecule sensors and can therefore provide pH maps with
much greater resolution than small-molecule sensors. Given the
engineerability of the DNA scaffold and the fact that i-motif stability
is tunable, a range of pH sensors suited to different pH regimes may
be envisaged. However, a prior estimate of the anticipated pH

NATURE NANOTECHNOLOGY | VOL 8 | JUNE 2013 | www.nature.com/naturenanotechnology

© 2013 Macmillan Publishers Limited. All rights reserved.

465

ARTICLES

NATURE NANOTECHNOLOGY

regime would be required before the deployment of various
I-switches in cellulo. Furthermore, before obtaining the functional
correlates offered by SimpHony for receptor trafﬁcking pathways,
it is essential to ﬁrst characterize the pathways of interest using conventional methods. However, SimpHony might also provide useful
clues regarding the compartment environment in cases that are less
straightforward to identify.
SimpHony is applicable to a variety of compartment mixing
problems, and also cellular fusion/ﬁssion problems in biology.
Importantly, measures of in vivo/intracellular chemistry using this
targeting technology are generalizable to the chemical diversity
that can already be sensed by DNA to access functionally richer
chemical maps of cells. Organelle targeting and simultaneous
chemical mapping technology using DNA nanodevices thus offers
substantial potential for the integration of small-molecule
triggers originating from subcellular environments within
biological networks.

Methods
Materials. All the unlabelled oligonucleotides used were obtained from Euroﬁns
Genomics, and labelled oligonucleotides (high-performance liquid
chromatography-puriﬁed and lyophilized) were obtained from IBA, GmbH. In and
In′ (5 mM) were mixed in equimolar ratios in 20 mM potassium phosphate buffer of
the desired pH containing 100 mM KCl. The resultant solution was heated to 90 8C
for 5 min, cooled to room temperature at 5 8C/15 min and equilibrated at 4 8C
overnight. Solutions of I-switch at different pH values were made by diluting 1 ml of
5 mM stock samples into 99 ml of 1× clamping buffer of the desired pH. All
samples were vortexed and equilibrated for 30 min at room temperature. The
experiments were performed in a wide-ﬁeld microscope (Nikon Eclipse Ti-U).
An in vitro pH calibration curve was obtained by plotting the ratio of the donor
intensity (D) at 520 nm and the acceptor intensity (A) at 669 nm (for A488/A647),
and for 570 nm and 670 nm, respectively, for the A546/A647 pair, as a
function of pH.
Determination of binding constants. The afﬁnity and speciﬁcity of the scFv were
analysed by enzyme-linked immunosorbent assay after purifying the scFv. A
streptavidin-coated 96-well plate was incubated with dsDNA epitope for screening,
in 5× SSCT (75 mM sodium citrate, 750 mM NaCl, 0.05% Tween-20), for 1.5 h,
to immobilize the dsDNA onto the streptavidin-coated 96-well plate. For
competition experiments, dsDNA immobilized onto the streptavidin-coated 96-well
plate was incubated with a mixture of competing nucleic acid, puriﬁed scFv
(200–300 nM) and anti myc-tag antibody (1 in 1,000 dilution) for 1.5 h at room
temperature. The wells were then washed in a 1 litre PBST (1× PBS, 0.1%
Tween-20) bath before the addition of the secondary antibody conjugated
to horseradish peroxidase. Bound scFvs were detected by the addition of
3,3′ ,5,5′ -tetramethyl benzidine/H2O2 , and the optical density (OD) at
450 nm was recorded and normalized with respect to the well with no
added competitor.
Cell culture and labelling with endocytic markers. HeLa cells were cultured in
Dulbecco’s modiﬁed eagle’s medium/F-12 (1:1) (Invitrogen) containing 10%
heat-inactivated fetal bovine serum (FBS) (Invitrogen), 100 mg ml21 streptomycin
and 100 U ml21 penicillin (Invitrogen). The IA2.2 cell line is a Chinese hamster
ovary (CHO) cell line that lacks endogenous transferrin receptors but stably
expresses the human transferrin and folate receptors. These cells were cultured in
Ham’s-F12 Complete media (HF-12, Himedia) containing 10% heat-inactivated
FBS, 100 mg ml21 streptomycin and 100 U ml21 penicillin with 200 mg ml21
G418 and 100 mg ml21 hygromycin to ensure maintenance of the transferrin and
folate receptors. For transient transfections, cells were plated at .50% density onto
a coverslip-bottomed 35 mm dish and 150 ng of scFv–furin construct was
introduced using the Lipofectamine 2,000 reagent system (Invitrogen), following
the manufacturer’s instructions. Cells were imaged 24 h after transfection. For
I-switch labelling, IFu
A488/A647 was diluted in labelling media to a ﬁnal concentration
of 500 nM, and Tf-conjugated switch (Tf–ITf
A488/A647) was diluted in M1 and
incubated for different times at 37 8C. For labelling LEs, cells were incubated with
21
FITC dextran in labelling media at 37 8C for 1 h followed
IFu
A488/A647 and 2 mg ml
by a chase for 1 h. SEs were labelled by 100 mg ml21 Alexa 568-labelled human
holo-transferrin after incubating IA2.2 cells at 37 8C for 10 min in M1, while a brief
chase of 12 min marked REs. Wide-ﬁeld and confocal images were collected using
a Nikon inverted microscope and an Olympus Fluoview 1,000 confocal
microscope, respectively. Donor and acceptor images were overlaid and
endosomes showing co-localization were further quantiﬁed using ImageJ
ver. 1.46.
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