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Abstract
We report 1) the anchoring of preformed fluorescent DNA nanodevices (NDs) and 2) the in situ
self-assembly of fluorescent DNA NDs on target living cell surfaces. Three types of aptamer-
tethered DNA NDs were built and anchored on target cell surfaces by specific target-aptamer
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association. The in situ nanodevice self-assembly was further demonstrated on the surfaces of
target living cells in cell mixtures. These DNA NDs exhibited fluorescence emission and
underwent fluorescence energy transfer on living cell surfaces.
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Cell membrane is the interface of the intracellular and extracellular environments, where
intracellular biological activities are regulated via signal transduction between membrane-
bound receptors and signaling molecules, including hormones, neurotransmitters, or
therapeutics from complex extracellular environments.[1] In situ analysis and regulation of
these key role players is necessary for both 1) a complete, comprehensive understanding of
biological pathways with high spatial and temporal resolution and 2) specific biological and
therapeutic applications. Previous tactics to accomplish these goals have involved cell-
surface engineering through genetic approaches[2] and chemical modification.[3]

Cell-surface modification with proteins has typically been achieved through genetic
engineering, in which cells are transformed with plasmids or transfected with viruses
containing genes that encode proteins of interest. This results in protein expression and
secretion, and, hence, modification of cell surfaces with recombinant proteins.[2] However,
this approach suffers from intrinsic drawbacks, including complex manipulation, prolonged
protein expression and secretion, limited range of protein targets, and difficult construction
of nanostructures using these proteins.[3b]

As an alternative, chemical modification of cell surfaces with such moieties as proteins,
DNA, or nanomaterials has provided a new direction for cell-surface engineering.[3a–g, 3i, 3j]

The interface of chemistry, material sciences and biomedical sciences has provided many
opportunities to modify and manipulate cells.[3b, 3g, 3i, 4] For example, using Staudinger
ligation, Bertozzi et al. modified mammalian cell surfaces with DNA and imparted specific
recognition capability to cells, enabling programmed assembly of 3-dimensional
microtissues.[3e] Similarly, Peterson et al. modified cell surfaces with artificial human Fc
receptor, which can recognize the Fc region of human IgG and internalize this antibody.[5]

However, this approach is often associated with complicated chemical reactions, potential
harmful effects on cells, and limited ability to modify specific target cells under complex
environments.

Beyond these strategies, DNA combined with nucleic acid aptamers offers a simple method
to engineer nanodevices in situ on target cell surfaces. Owing to unique Watson-Crick base
pairing and sequence programmability, oligonucleotides have been extensively explored as
building blocks for the construction of various DNA nanostructures.[6] Selected through a
process known as Systematic Evolution of Ligands by EXponential enrichment (SELEX),
aptamers, which are single-stranded DNA or RNA, can bind cell-specific biomarkers on
target cell surfaces with high affinities.[7] Thus, aptamers make excellent molecular probes
for selective recognition and can provide the basis for selective modification and
manipulation of target cell surfaces under complex environments.

Based on aptamer-tethered DNA nanodevices (aptNDs), we report 1) the anchoring of
preformed fluorescent aptNDs and 2) the in situ self assembly of fluorescent aptNDs, on
target living cell surfaces. Fluorescence has been attractive for noninvasive sensing in living
cells, and the ability of pin-point modification of DNA with fluorophores enables versatile
application of fluorescence in DNA nanotechnology. The aptND is a long linear DNA
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nanostructure self-assembled via a hybridization chain reaction (HCR) (Scheme 1), by
which many DNA nanoassemblies have been constructed.[8] The dsDNA portions in the
preformed nanodevices work like a series of train boxcars, which can be loaded with
fluorophores by either chemical modification on ssDNA monomers or physical association
with dsDNA, while the aptamer moieties can guide the nanodevices to target cell surfaces.
The features of multiple, repetitive, and alternating DNA building blocks in the resultant
aptNDs provide an excellent platform for appropriate positioning of multi-chromophore
arrays or multi-component nanofactories,[3g, 8b, 9] implicating the future in situ construction
of nanofactories on target living cell surfaces for pinpoint biomolecular/pharmaceutical
analysis or manipulation of biological activities.

We first designed two partially complementary hairpin monomers, M1 and M2, to construct
aptNDs. These self-assembled nanodevices were anchored to the target cell surface as proof
of concept. The stored energy in each loop of monomers was protected by the corresponding
stem, preventing their hybridization and polymerization in the absence of an initiator trigger
probe. Aptamers sgc8 and TDO5 were chosen to construct our model aptNDs. Sgc8 binds to
target protein PTK7, which is overexpressed on target CEM cell surfaces, but not on
nontarget Ramos cell surfaces.[10] TDO5 binds to the μ heavy chain of immunoglobulin M,
which is overexpressed on Ramos cell surfaces, but not on CEM cells.[11]

To engineer aptamer-tethered probes to trigger the self-assembly of nanodevices, a DNA
initiator probe was modified on the 5′-ends of aptamers (aptamer-trigger; see sequences in
Supporting Information, Table S1). The specific targeting abilities of the chimeric aptamer-
trigger probes were verified with a binding assay (Supporting Information, Figure S1). Upon
the initiation of aptamer-trigger probes, nanodevices were self-assembled in a cascading
manner from M1 and M2 via HCR (Scheme 1A), as confirmed by agarose gel
electrophoresis (Figure 1A). Nanodevices were observed only in mixed monomers in the
presence of aptamer-trigger probe, which further verified the conditional nanodevice
formation and assured the presence of aptamer on the ends to guide all nanodevices,
providing the basis for specific recognition. The gel results also confirmed that one aptND
carried multiple monomers, working like train boxcars, as indicated in Scheme 1A, which
were implemented for chemical labeling (covalent) of multiple copies of fluorophores or
physical association (noncovalent) with multiple fluorogenic dsDNA-intercalating
fluorophores on each nanodevice.

Corresponding to the different types of fluorescence signal transduction widely used in
bioanalysis, three different types of fluorescent aptNDs were constructed and selectively
anchored on target cell surfaces: 1) a chemically-modified fluorescent aptND, in which
fluorophores were chemically modified on the ends of monomers; 2) a label-free fluorescent
aptND, in which fluorogenic molecules were physically associated with dsDNA boxcars;
and 3) a FRET aptND, in which two fluorophores were chemically modified on monomers
and physically associated with boxcar, respectively, to enable energy transfer between the
two (Scheme 1A).

To build chemically-modified fluorescent aptNDs, monomers were labeled with fluorescein
isothiocyanate (FITC) as a model. Nanodevice formation was confirmed by agarose gel
electrophoresis (Supporting Information, Figure S2A). To test whether these nanodevices,
each carrying multiple copies of fluorophores, could be anchored on target cell surfaces, a
binding assay was performed using flow cytometry. The sgc8- and TDO5-tethered DNA
nanodevices were studied with CEM and Ramos cells. Compared with target cells incubated
with FITC-labeled aptamers, only those cells incubated with the corresponding aptNDs
displayed significant enhancement of fluorescence intensity, whereas nontarget cells did not
(Figure 1B–C). This indicates that these aptNDs were anchored selectively on their
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corresponding target cell surfaces. In addition, since a single nanodevice was loaded with
multiple copies of fluorophores, nanodevice-anchored target cells displayed enhanced
fluorescence intensities compared to the corresponding cells labeled with aptamers only.
The less fluorescence intensity enhancement (ca. 10 fold) shown in flow cytometric results
than theoretical estimation (20 fold, based on 1:10:10 of aptamer-trigger: M1: M2 molar
ratio), is presumably due to the self-quenching of FITC on nanodevices or some dissociation
of nanodevices from cell surfaces prior to measurement. Consistently, in confocal
microscopy study, high fluorescence intensities were observed on surfaces of aptND-labeled
target cells (Figure 1D–E), again demonstrating that aptNDs were selectively immobilized
on target cell surfaces. The higher fluorescence intensity of Ramos cells labeled with TDO5-
NDs, compared to CEM cells labeled with sgc8-NDs, presumably results from the higher
receptor density of TDO5.[11a, 12] When another fluorophore, Quasar 570, was utilized to
construct chemically-modified fluorescent sgc8-NDs, they were also successfully anchored
on the target CEM cell surfaces (Supporting Information, Figure S3).

We next studied building label-free fluorescent DNA nanodevices on target cell surfaces.
The development of label-free fluorescent devices avoids chemical modification and allows
for real-time signal monitoring.[9a, 13] Many of these devices were constructed based on the
noncovalent interaction of dsDNA and fluorogenic dyes, including YOYO-1, TOTO-1, and
EvaGreen, which are capable of intercalating into dsDNA with relatively high affinities
compared to ssDNA, resulting in a dramatic enhancement of fluorescence intensity.[14] As a
result of its low cell permeability and low background signal, EvaGreen (EG), a dsDNA-
bisintercalator with high binding affinity and no apparent sequence dependence, was utilized
in this study. AptNDs were prepared using non-labeled M1 and M2. The fluorogenic
property of EG was demonstrated using the resultant aptNDs (Supporting Information,
Figure S4). Label-free fluorescent nanodevices were constructed by mixing EG and aptNDs
to allow EG intercalation into aptNDs. The signal-to-noise ratio (S/N) of this nanodevice
was optimized (Supporting Information, Figure S5), and an EG: aptND molar ratio of 40: 1
was used in the subsequent study. The EG-intercalated aptNDs were then evaluated for
selective anchoring on cell surfaces. As shown by flow cytometric data in Figure S6, EG-
intercalated sgc8-NDs were selectively anchored on target CEM cell surfaces, but not on
nontarget Ramos cells. Similarly, EG-intercalated TDO5-NDs were selectively anchored on
target Ramos cell surfaces, but not on nontarget CEM cells. This demonstrates the selective
anchoring of label-free fluorescent nanodevices on cell surfaces.

We then studied building FRET nanodevices on living cell surfaces. In nature, FRET is
utilized by photosynthesis systems to improve efficiency and wavelength sensitivity.[15] For
instance, phycobiliproteins can capture light energy, which is then passed on to
chlorophylls.[16] The nature of the dipole-dipole mechanism constrains the length scales in
FRET-based platforms to distances on the order of <10 nm.[17] The ability of FRET to shift
emission wavelengths enables the excitation of a wider range of fluorophores with limited
laser sources in bioanalysis. Indeed, based on FRET, a panel of multifluorophore conjugates
(e.g., phycoerythrin-Cy5.5) has already been developed.[18] Moreover, FRET has been
widely used to construct activatable biosensors.

In a similar manner, our FRET nanodevices were constructed to capture one form of energy
and pass it on. Structurally, this was made possible by the programmability of aptNDs and
the tandem positioning of multiple FRET components by both covalent and noncovalent
means (Supporting Information, Figure S2B). In this nanodevice, EG (energy donor) was
intercalated into dsDNA boxcars in aptNDs, and Cy3 (energy acceptor) was chemically
modified on the 3′-ends of M1 and M2. The intercalated EG was designed to work as an
antenna to absorb short-wavelength light and then transfer the energy to nearby densely
positioned and evenly distributed Cy3 on the aptNDs. Since each monomer contains 48
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bases, the distance between EG and Cy3 molecules in the boxcars of aptNDs would
theoretically be no longer than one-fourth of the length of one monomer, which is about 4
nm. This close proximity between energy donors and acceptors is essential to high-
efficiency energy transfer.[17, 19] FRET efficiency was calculated based on donor quenching.
Figure 2A shows efficient (ca. 89.5%) FRET from intercalated EG to chemically-attached
Cy3 for 800 nM EG and 20 nM aptNDs. The FRET efficiency for a series of different EG
concentrations was also determined (Figure 2B, gray line). We further determined the S/N
by ratiometric measurements, which provide a built-in correction for environmental
effects.[20] Figure 2B also displays the S/N with a series of different EG concentrations and
a constant Cy3-labeled aptND concentration. Overall, these results confirmed the utility of
our FRET-based fluorescent nanodevices.

For bioanalysis or bioregulation, nanodevices anchored on the cell surfaces depend on the
flawless operation of FRET. Therefore, we next tested FRET on living cells. Using flow
cytometry, the fluorescence intensities of EG and Cy3 were monitored on target CEM cells.
The high FRET efficiency of this nanodevice was verified with 488-nm excitation in buffer
solution, as shown in Figure S7. Compared to cells modified with label-free fluorescent
aptNDs and Cy3-labeled aptNDs, the cells modified with the FRET aptNDs displayed
reduced fluorescence signal intensity from EG (Figure 2C), but enhanced intensity from Cy3
(Figure 2D). Based on the geometric mean of fluorescence intensities obtained from flow
cytometry, the S/N was ca. 19.9. Overall, these data demonstrate that aptNDs successfully
transferred energy when anchored on living cell surfaces and the principle of excitation of
multi-chromophore arrays with a single laser source, providing the basis for future
engineering and operation of related nanofactories on cell surfaces to signal and regulate
biological activities.

The ability to build preformed nanodevices on cell surfaces would allow a wide variety of
sophisticated nanodevices to be constructed before being anchoring on cell surface.
However, situations arise making it difficult to transport preformed devices to, or anchor
them on, target cells. Construction of such devices may also be hindered by the absence of
local stimuli. Under these situations, in situ nanodevice assembly would be highly
demanded. Thus, we further exploited the in situ self-assembly of fluorescent DNA
nanodevices on target living cell surfaces. These aptNDs were built by 1) cascading
alternative hybridization of two partially complementary non-hairpin monomers, and 2)
HCR, a relatively difficult reaction (Scheme 1B).

In approach 1), the reaction is relatively simple, and it was used first to demonstrate the
principle of in situ nanodevice assembly on target cell surfaces. Aptamer sgc8 was modified
with a capture sequence (sgc8-cap) to work as the seed probe for nanodevice assembly.
Sgc8-cap was first incubated with target CEM cells to allow aptamer binding, and excess
sgc8-cap was removed prior to the introduction of FITC-labeled building blocks, P1 and P2
(see sequences in Table S1). Subsequent incubation for different time periods (10 min, 30
min, 1 h, 1.5 h and 2 h) allowed in situ self-assembly of sgc8-NDs starting from the initiator
aptamer seed probes bound on the cell surfaces. The resultant cells were washed and
subjected to flow cytometric analysis. As shown in Figure 3A and 3C, after the introduction
of building blocks, the fluorescence intensities of CEM cells increased with increasing
incubation time, indicating the cascading self-assembly of fluorescent DNA nanodevices on
cell surfaces. In contrast, the control aptamer, TDO5, did not allow nanodevice assembly on
nontarget CEM cells, suggesting the selectivity of in situ self-assembly.

In approach 2), in situ nanodevice assembly was carried out via HCR. Compared with the
approach 1), HCR is a slow reaction which requires strand displacement in each elongation
step, and previous studies have usually performed HCR in a nonliving cell environment
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without the requirement for rapid kinetics. To study such reaction in a living cell
environment, sgc8-trigger seed probes were incubated with target CEM cells to allow
aptamer binding, followed by the removal of excess sgc8-trigger and introduction of FITC-
labeled M1 and M2. The continuous enhancement of fluorescence intensities indicated the
progressive in situ self-assembly of fluorescent DNA nanodevices on target cell surfaces
(Figure 3B,D). In contrast, no nanodevice assembly took place on nontarget CEM cells by
TDO5 initiator probe, indicating selectivity. Compared to the approach 1), the relatively
slow enhancement of fluorescence intensities in flow cytometric results also suggests that in
situ nanodevice assembly by HCR is a relatively slow process.

We further investigated in situ assembly of sgc8-NDs on target cell surfaces in cell mixtures
containing both target cells (CEM) and nontarget cells (Ramos). A biotinylated aptamer
TDO5, combined with streptavidin-conjugated PE-Cy5.5, was utilized to label Ramos cells.
The specific binding of TDO5 to Ramos cells at room temperature was confirmed by flow
cytometry (Supporting Information, Figure S9). Again, sgc8-trigger was first incubated with
cell mixtures, followed by removal of excess probes in solution and then introduction of
FITC-labeled M1 and M2. The resultant solutions were incubated at room temperature for a
series of time lengths to allow in situ nanodevice assembly by HCR, which was terminated
by washing away free probes. TDO5 was introduced 30 min before the end of assembly,
followed by removal of free aptamers and introduction of streptavidin-conjugated PE-Cy5.5.
The resultant cell solutions were observed using confocal microscopy. As shown in Figure
S10 (Supporting Information), with increasing assembly time, increasing FITC fluorescence
intensities were observed on target CEM cell surfaces (not labeled with TDO5), while
Ramos cells (labeled with TDO5) did not display FITC signal. This clearly demonstrated
selective fluorescent nanodevice assembly in situ on living target cell surfaces in a complex
mixture. The ability of in situ self-assembly of nanodevices on target cells in cell mixtures
using a slow reaction is anticipated to be useful in localized engineering of complex
biological nanofactories for biomolecule detection and regulation of biological pathways.

In conclusion, to achieve the long-term goal of pinpoint bioanalysis or manipulation of
biological activities on target living cell membranes in complex extracellular environments,
we have successfully built fluorescent DNA nanodevices on target living cell surfaces by
anchoring preformed model nanodevices and by in situ self-assembly of nanodevices. These
fluorescent DNA nanodevices consisted of aptamer-tethered nanodevices formed by
cascading polymerization of monomeric building blocks. The concept of tethered aptamer
moieties on nanodevices (aptNDs) provides the basis for selectively building nanodevices on
target cell surfaces through specific aptamer-target interaction. The features of multiple,
repetitive and alternating DNA building blocks in nanodevices provide an excellent platform
for appropriate loading and positioning of multi-component molecular arrays through either
chemical modification or physical association. Based on this aptND platform, three types of
fluorescent DNA nanodevices were self-assembled as models and successfully anchored on
target cell surfaces: chemically-labeled fluorescent nanodevices, label-free fluorescent
nanodevices, and FRET nanodevices. We further demonstrated the principle of in situ self-
assembly of nanodevices on target cell surfaces in heterogeneous cell mixtures. The ability
of nanodevices to be self-assembled in situ on target living cells under a complicated
environment could be useful in localized engineering of complex biological nanofactories on
cell membranes for bioanalysis and the regulation of biological activities. Both fluorescence
signaling and fluorescence activity of energy transfer were shown to be functional in these
nanodevices. In the future, we envision that building nanodevices on target living cell
surfaces could be useful for real-time tracking of target cells or sensing analytes in
extracellular environments, cell-surface engineering, targeted drug delivery and
manipulation of biological pathways.
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Figure 1.
Selective anchoring of chemically-modified fluorescent DNA nanodevices on target cell
surfaces. A, An agarose gel electrophoresis image verifying the self-assembly of sgc8-NDs
upon the initiation of sgc8-trigger. M1 and M2 (Lane 4) did not react unless sgc8-trigger
was present. B–C, Flow cytometric results indicating that fluorescent sgc8-and TDO5-
nanodevices were selectively anchored on the surfaces of CEM cells (B) and Ramos cells
(C), respectively, but not the corresponding nontarget cells. Fluorescent nanodevice-
anchored target cells displayed enhanced fluorescence intensities, compared to cells bound
by the corresponding aptamers only. D–E, Confocal microscopy images indicating that
fluorescent sgc8- and TDO5-NDs were selectively anchored on the surfaces of CEM cells
(D) and Ramos cells (E), respectively. (Scale bar: 50 μm; Lib: random sequences; lib, sgc8,
TDO5, M1, M2: labeled with FITC.)
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Figure 2.
Development and determination of the energy transfer efficiency of FRET DNA
nanodevices built on target cell surfaces. A, Fluorescence spectrometric results indicating
energy transfer on aptNDs with chemically-labeled Cy3 (acceptor) on M1 and M2 and
physically-associated EG (donor) in the duplex. Arrows denote the fluorescence changes
(aptNDs: 20 nM; EG: 800 nM; Ex: 440 nm). B, FRET efficiency (gray) and S/N (black) of
these aptNDs with a series of EG concentrations (aptNDs: 20 nM; Ex: 440 nm). C–D, Flow
cytometric results indicating the anchoring of FRET aptNDs on target CEM cell surfaces by
monitoring EG (C) and Cy3 (D) signals. Dotted lines denote the geometric mean
fluorescence signal intensities, and arrows indicate signal changes. S/N was calculated as
19.9 (EG: 1 μM; aptNDs: 50 nM; Ex: 488 nm).
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Figure 3.
Flow cytometric analysis (A, B) and statistical analysis of the geometric mean fluorescence
intensities (Gmean) (C, D) of target CEM cells with sgc8-NDs assembled in situ on cell
surfaces by a time series. Nanodevices were self-assembled via cascading alternative
hybridization of two FITC-labeled partially complementary DNA strands (A, C; approach I),
or HCR of two FITC-labeled monomers (B, D; approach II). The increase of fluorescence
intensities indicates progressive nanodevice assembly (P1, P2, M1, and M2: labeled with
FITC). Also see color graph of A and B in Supporting Information Figure S8.
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Scheme 1.
illustration of the construction of fluorescent DNA nanodevices on target living cell surfaces
based on an aptND platform, where A) three types of fluorescent DNA nanodevices,
preformed via HCR-based self-assembly upon initiation by aptamer-tethered trigger probes,
are anchored on target cell surfaces, or B) aptamer seed probes initiate in situ self-assembly
of fluorescent DNA nanodevices on target cell surfaces by either I) cascading alternative
hybridization of two partially complementary monomers or II) HCR.
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