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Engineering Cell Surface Function with DNA Origami

Ehsan Akbari, Molly Y. Mollica, Christopher R. Lucas, Sarah M. Bushman,
Randy A. Patton, Melika Shahhosseini, Jonathan W. Song,* and Carlos E. Castro*

A specific and reversible method is reported to engineer cell-membrane func-
tion by embedding DNA-origami nanodevices onto the cell surface. Robust
membrane functionalization across epithelial, mesenchymal, and nona-
dherent immune cells is achieved with DNA nanoplatforms that enable func-
tions including the construction of higher-order DNA assemblies at the cell
surface and programed cell-cell adhesion between homotypic and heterotypic
cells via sequence-specific DNA hybridization. It is anticipated that integra-
tion of DNA-origami nanodevices can transform the cell membrane into an
engineered material that can mimic, manipulate, and measure biophysical
and biochemical function within the plasma membrane of living cells.

The cell plasma membrane is the primary mediator of commu-
nication between the cell and its surrounding environment. The
ability to monitor or synthetically control the cell membrane
is an attractive approach to engineer the function of cells or
their local microenvironment. One approach to manipulate cell
membrane function is by exploiting cell machinery to modify
existing membrane proteins or express novel recombinant
gene products on the cell surface.'! However, this approach is
generally limited to modifying membrane proteins instead of
introducing nonnative functions with the possibility of external
control or measurable readouts. Recent advances in biomol-
ecular engineering have also enabled installing new functions
into cell membranes via external integration of compounds
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such as synthetic protein complexes
to mimic immune cell interaction and
stimulation? and DNA constructs for
functions, including controlling cell—cell
adhesion,** the use of DNA aptamers for
specific target sensing,>® and small DNA
nanopores for inducing cell toxicity.!
These efforts have either implemented
protein constructs that are highly chal-
lenging to design and incorporate into
membranes or small DNA constructs that
are limited in function. Thus, a robust
approach to functionalize cell membranes
with nanodevices that provide easily acces-
sible and diverse functions could greatly
expand capabilities to engineer cell membranes as a program-
mable and responsive material.

Structural DNA nanotechnology,® specifically the molecular
self-assembly process known as DNA origami,””! has emerged
as a versatile approach to fabricate nanodevices with complex
nanoscale geometry, defined placement of molecular functional-
ities, and programed mechanical and dynamic properties. DNA
origami devices have wide-ranging applications, including drug
delivery,112l sensing 13 molecular manipulation, and
measurement.l'®!7] Hence, robust methods to incorporate DNA
origami devices onto cell membranes could enable straightfor-
ward access to a variety of functions to probe and control cell
behavior. Prior work attaching DNA origami structures to syn-
thetic lipid bilayers has been conducted for a variety of purposes
as reviewed recently!'® such as the construction of synthetic nano-
pores for ion and molecular transport,*2] examination of mem-
brane diffusion and ordering characteristics,?'? and directed
assembly of nanostructure arrays.??! In addition, recent work
has also used DNA nanostructures to template the shape of lipid
assemblies.” However, these studies are limited to synthetic
bilayers, which lack the structural complexity of live cell mem-
branes. Other recent work has leveraged the ability to template
ligands on DNA origami structures to study cell signaling;*) how-
ever, these studies rely on binding to a specific surface receptor
and hence are not easily translatable to many cell types.

Here, we establish a foundation for implementing the
diverse function of DNA origami nanotechnology on cell sur-
faces by using hydrophobic anchors to attach 3D DNA ori-
gami nanostructures to the surface of five distinct cell types,
including adherent, suspension, and primary cells. Our method
uses cholesterol-conjugated oligonucleotides as amphiphilic
anchors that incorporate into the plasma membrane to facili-
tate installation of DNA origami structures onto the surface of
living cells. This method is specific, reproducible, and revers-
ible. We demonstrate installation of a DNA nanoplatform that
functions as a molecular-scale membrane-bound breadboard
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Figure 1. Design and characterization of the MBB. A) Isometric, top, bottom, and side views illustrate the structure design and locations of the top
(red) and bottom (blue) overhangs. Gray cylinders represent dsDNA helices. B) Gel analysis confirms MBB structural stability after 3 h in each cell-
specific media and cell culture conditions (37 °C, 5% CO,). Total DNA and the fluorescently labeled overhangs were visualized with UV excitation (top)
and 640 nm excitation (bottom), respectively. The DNA scaffold is S, the control structure in folding buffer is C, and the remaining four lanes illustrate
results after incubation in the four cell-culture conditions. C) TEM images confirm the structure of the MBB is preserved after incubation under cell
culture conditions for 3 h in storage buffer (top) and the four cell media conditions. Scale bars are 50 nm. Both (B) and (C) are representative images

from three independent experiments.

(MBB) that can be programed with multiple functions such as
sequence-specific binding or fluorophores at defined locations.
The sequence-specific binding allows the MBB to be used as
a docking site for controlled spatial positioning of additional
DNA-based constructs, devices, or higher order assemblies on
the cell surface. We demonstrate this capability by programing
both homotypic and heterotypic cell-cell binding where the
sequence-specific DNA base pairing between MBBs on adja-
cent cells serves as a cellular Velcro (or “CellCro”). We envision
that multifunctional DNA origami devices can transform the
cell membrane into a programmable material that exploits the
broad scope of biomolecular nanotechnology.

The MBB (=58 nm x 27 nm X 6 nm) consists of 34 double-
stranded DNA (dsDNA) helices organized into two layers on
a honeycomb lattice®! (Figure 1A; Figure S1 and Table S1,
Supporting Information). It is designed to enable the selective
incorporation of up to 34 single-stranded DNA (ssDNA) over-
hangs (up to 12 overhangs on the outward-facing side and up
to 22 on the cell-facing side) in which select strands extend out
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of the structure by 20 bases (Figure 1A; Figure S1, Supporting
Information).

Previous work demonstrated that the structural integrity
of DNA origami nanostructures is sensitive to the concentra-
tion of cations and the presence of nucleases in cell culture
media.l”’l Therefore, we tested the stability of the MBB in the
media conditions required for each cell type of interest. In this
study, the overhangs are essential to anchor the structure to the
membrane and as sites for programing binding or fluorophore
readouts. To quantify the stability of the overhangs, they were
labeled with a complementary strand conjugated to an Alexa
647 fluorophore. The structures were incubated in each cell cul-
ture media or control buffer for 3 h, which covers our experi-
ment timescale, and the MBB stability was analyzed via agarose
gel electrophoresis with ethidium bromide staining to monitor
the structure and fluorescent gel imaging to monitor the over-
hangs. We observed no significant degradation of the platform
structure or overhangs under each selected cell culture media
conditions compared to the corresponding control structures
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in folding buffer (Figure 1B). To extend these findings, MBBs
were then extracted from the gel and visualized via transmis-
sion electron microscopy (TEM), which confirmed that MBBs
preserved their structural integrity (Figure 1C). Together, these
findings show that the MBB is stable in a range of cell culture
media conditions containing 2% serum and 0-2 mM MgCl,,
which enables its use with a large variety of cell types. A similar
approach was used to examine MBB stability over 24 h in sim-
ilar cell culture media conditions for cell types of interest over
a range of serum levels and MgCl, concentrations. After 24 h,
both MBB and overhang stability improved with lower serum
levels and higher levels of MgCl, (Figure S2, Supporting Infor-
mation), which is consistent with previous stability studies.l?”:28]
Quantitative analysis of the gel band intensity showed that after
24 h, overhangs are increasingly lost from the MBB with serum
levels >2% (Figure S2 and S3, Supporting Information). In
addition, overhangs are lost from MBBs after 24 h at MgCl,
concentrations <1 mM MgCl, (Figure S2 and S3, Supporting
Information). Interestingly, different media yielded different
stabilities of structures and overhangs, with DF12 providing
the most robust stability up to 10% serum and down to 0 mM
MgCl,. Since overhangs proved to be the limiting stability, we
selected cell culture media conditions that yielded stable over-
hangs up to 24 h (Figure 1C).

To enable a specific, controllable, and reversible scheme to
attach DNA origami nanostructures to living cell membranes,
we chose to first functionalize cells with DNA strands to exploit
the specificity of DNA base pairing. This enables binding of
nanostructures only to cells functionalized with the appro-
priate DNA strands. We implemented cholesterol-conjugated
oligonucleotides to attach an ssDNA strand to the membrane
by incorporation of the hydrophobic cholesterol moiety into the
hydrophobic inner belt of a lipid bilayer anchoring the ssDNA
oligonucleotides to which the MBB could subsequently bind
(Figure 2A). Visualization of fluorescently labeled oligonucleo-
tides complementary to the membrane-incorporated oligos
(MIO) confirmed their successful insertion into the cell mem-
brane (Figure S4, Supporting Information).

Instead of binding the MBB structure directly to the MIO, we
utilized an intermediate 60-base oligonucleotide to bridge the
MBB to cell membrane. The bridge oligo binds to the MIO via 20
complementary bases on one end and binds to MBB overhangs
via 20 complementary bases at the opposite end. This bridge
oligo provides two key advantages. First, it extends MBB binding
sites from the cell surface to overcome the steric hindrance of
the crowded cell membrane; and second, the middle section
provides a site for strand displacement to remove the MBB from
the cell surface. The bridge oligo was added to cells functional-
ized with the MIO, and in most experiments, a 20-base oligo
complementary to the middle portion of the bridge was then
added to mechanically fortify the bridge strand (Figure 2A). For
later removal experiments, this fortifier strand was not included.
After the successful addition of MIO, bridge oligos, and the
bridge fortifier oligos, fluorescently labeled MBBs were added
to the cell membrane (Figure 2A). In addition to the complete
functionalization, three control conditions were included to con-
firm specificity: absence of the MBB (Control I) (Figure 2B,i),
absence of the MIO (Control II) (Figure 2B,ii), and a case where
the binding between the bridge oligo and the MIO was blocked
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via a strand, referred to as the binding inhibitor oligo (BIO), that
was added to the bridge to occupy the 20 bases that would nor-
mally bind to the MIO (Control I1I) (Figure 2B, iv).

We used the aforementioned binding scheme to function-
alize the surface of five distinct cell types, including primary
human pancreatic fibroblasts (HPF), and four cell lines: human
breast epithelial cells (MCF-10A), human umbilical vascular
endothelial cells (HUVEC), human promyelocytic leukemia
cells (HL-60), and mouse lymphoma B cells (CH12.LX). MBBs
were labeled with Alexa 647 and binding was visualized via
epifluorescence microscopy (Figure 2C). Binding of MBBs
to the membrane of each cell type was clear upon complete
functionalization and was completely inhibited when binding
between MIO and the bridge oligo was blocked, confirming
the specificity of our scheme independent of the cell type. No
significant binding was observed in the absence of the MIO
(Control II). These results highlight the specificity of attaching
the MBB to MIO at the cell surface. The fluorescence inten-
sity attributed to MBBs on the surface of cells was measured
using a custom MATLAB code and parameterized in terms of
the mean fluorescence intensity around the perimeter of indi-
vidual cells (Figure S5, Supporting Information). The mean
fluorescence intensity for individual cells was normalized to the
overall average of the mean fluorescence intensity under the
corresponding Control I condition for that particular cell type.
With the prescribed functionalization scheme, the mean fluo-
rescence intensity from the MBB was significantly increased
relative to all controls (Figure 2C). In the case of HUVECs,
some minimal nonspecific binding of MBBs to the cell surface
occurs, which is not blocked by the binding inhibitor oligo fur-
ther confirming the significant amount of specific binding. To
extend these findings, we obtained the 3D distribution of MBBs
bound to the surface of a single CH12.LX cell surface via con-
focal microscopy (Figure S6, Supporting Information), which
confirmed the uniform presence of structures on the cell sur-
face. The consistent signal around the cell periphery cell also
ruled out internalization of MBBs over the time course of the
functionalization. The absence of significant binding to the cell
surface in the absence of the MIO was also confirmed via con-
focal microscopy (Figure S6, Supporting Information). Taken
together, these findings confirm that our functionalization
scheme enables robust and specific attachment of MBBs to the
surface of five distinct cell types.

To demonstrate DNA nanostructures as versatile tools within
the context of the cell membrane, we developed two program-
mable features of the MBB that demonstrate real-time control
over nanostructure assembly at the cell surface. We first illus-
trated controllable detachment of MBBs from a cell surface
using DNA strand displacement,?’l which is widely used to
reconfigure DNA nanostructures or to carry out logic steps
in molecular computing.?®3! For removal experiments, we
excluded the bridge fortifier oligos to exploit the middle region
of the bridge oligo as a site to nucleate binding and strand
displacement using 40-base detachment oligos (Figure 3A).
Incubation of the functionalized CH12.LX cells with detach-
ment oligos resulted in significant reduction in MBBs attached
to the cell surface (Figure 3B). Exponential fits to the fluores-
cence decay data revealed that =90% of MBBs were removed
after 1 h, with most removed within 15 min. To confirm that
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Figure 2. Scheme to functionalize the cell membrane with the MBB. A) The detailed illustration of the sequential functionalization steps includes inte-
gration of the MIO into the cell membrane followed by binding of bridge oligos and bridge fortifier oligos. The bridge oligo presents a base-pairing site
for the specific binding of MBBs. B) Schematics of each experimental condition including: i) MIO only as experimental Control I; ii) Alexa-647-labeled
MBBs introduced in the absence of the MIO as Control II; iii) the complete functionalization scheme including binding of Alexa 647-labeled MBBs;
and iv) binding inhibited by a 20-base oligo that hybridizes to the MIO binding site of the bridge strand followed by introduction of Alexa 647-labeled
MBBs as Control III. C) The aforementioned controls and the complete functionalization were carried out for five cell types including primary HPF and
four cell lines—MCF10A, HUVEC, HL-60, and CH12.LX—followed by bright-field and fluorescence imaging (640 nm excitation). Representative images
are shown from three independent experiments. Scale bars are 10 um. The mean fluorescence intensity attributed to the MBB bound to the surface of
100-300 single cells was quantified based on three independent experiments. The data are expressed as fold change in binding relative to the overall
average of the mean fluorescence intensity quantified for Control | for each cell type. ***, p < 0.001.
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Figure 3. Detachment and hierarchical assembly of MBBs on the surface of CH12.LX cells. A) Strand displacement was utilized to remove the MBBs
attached to the cell surface through the addition of detachment oligos. B) Qualitative assessments of MBB bound to CH12.LX with and without the
addition of the detachment oligo. C) Quantification of the strand displacement-driven MBB detachment compared to the nonspecific reduction in
the MBB fluorescence signal over time. D) The scheme for vertical dimerization of MBBs on the surface of CH12.LX cells includes initial attachment
of Alexa 647-labeled dMBB, which featured COs on the outward-facing surface, followed by addition of a SMBB labeled with Alexa 488 fluorophores.

E) Qualitative assessments of vertical dimerization on the cell surface F) Quantification of vertical dimerization revealed an =10-fold increase in binding
of the sMBBs in the presence of the COs. Scale bars are 10 um. ***, p < 0.001.

this was not due to an inherent cellular mechanism removing  overhangs designed to enable hybridization-mediated docking
MBBs from the cell surface, we also imaged MBBs on the cell  of a secondary platform structure via 45-base connecting oligos
surface at varying time points after functionalization in the  (COs) (Figure 3D). Initial attachment of Alexa 647-labeled
absence of the displacement oligo revealing a relatively slow  docking MBBs (dMBB), which included 12 overhangs on the
loss of MBBs on the cell surface with =50% of MBBs remaining  outward-facing side prehybridized to COs, to CH12.LX cell
after 1 h (Figure 3C). The level of MBB attached to the surface = membranes was carried out as previously described with com-
then remained steady up to 2 h, and we confirmed that the non-  parable levels of binding (Figure 3E). The dMBB-functionalized
specific decrease in the level MBB was not due to the absence  cells were then incubated with secondary MBB (sMBB) struc-
of the fortifier oligo (Figure S7, Supporting Information). Inter-  tures labeled with Alexa 488 that were programed to bind to
nalization of the bound nanostructures was evident after 1 h  the dMBBs. sMBBs exhibited significant binding to the cell sur-
based on epifluorescence time lapse images (Figure S7D, Sup-  face (Figure 3E). We confirmed that binding between the sMBB
porting Information), suggesting that the nonspecific decrease ~ and dMBB required the CO (Figure 3E,F). These findings illus-
in the level of bound MBB is likely due to the internalization of  trate that the MBB may serve as a foundation for higher order
a fraction of the nanostructures after functionalization. Overall,  assemblies and a general docking site for DNA origami struc-
these results confirm the capability to controllably detach MBBs  tures on the cell surface.
from the cell surface. To demonstrate a functional application of the MBB, we lever-
A key goal of this work was to establish the MBB as a tool to  aged the programmable assembly of complementary MBBs on
dock additional devices onto the cell surface. We demonstrate  the cell surface to facilitate controllable attachment between two
this concept by docking an additional DNA origami platform  cells. For this purpose, we designed MBB structures containing
nanostructure on the top of the MBB. For this purpose, the 22 binding overhangs on the cell-facing surface and 12 over-
outward-facing side of MBBs was equipped with 12 binding  hangs on the outward-facing surface (Figure 4A). Six overhangs
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and D) CH12.LX to HL-60 cells. An optical trap (black cross in DIC images) was used to manipulate a floating cell toward a cell anchored to the surface
(dashed black circle in DIC image). Cell-cell contact was maintained for =1 min. After incubation, the optical trap was used to apply tension at the
cell-cell interface by steering the floating cell away from the anchored cell. The inability to dissociate the two cells was used as an indicator for successful
attachment between the two cells. Quantification of the fraction of successful attachments between C) CH12.LX to CH12.LX cells and E) CH12.LX to

HL-60 cells normalized with respect to the control condition in the absence of CO. Each condition was tested by three independent experiments and

e

each repeat includes ten independent measurements. *, p < 0.05. **¥*, p < 0.001. Error bars depict the standard error of the mean. Scale bars are 10 um.

on the outward-facing side of the MBB were designated as loca-
tions to program complementary cell binding. One set of cells
was labeled with dMBBs where these six sites contained the CO
overhang. A second set of cells was labeled with sMBBs where
six overhangs were programed to be complementary to the
dMBBs. The remaining overhangs on the outward-facing sur-
face were used to fluorescently label the dMBB and sMBB with
Alexa 488- and Cy3-conjugated oligos, respectively.

The dMBB-labeled and sMBB-labeled cells were mixed in
media and introduced into an imaging chamber under condi-
tions that resulted in some cells anchored to the bottom surface
of the chamber and some floating in media. Specific connec-
tions between an anchored dMBB-labeled cell and a floating
sMBB-labeled cell, or vice-versa, were engaged by manipulating
the floating cell with an optical trap (Movie S1 and S2, Sup-
porting Information). Cells were held in contact for 1 min, and
the MBB-mediated cell-cell attachment was then evaluated by
applying tension on the dMBB-sMBB connection at the cell-
cell junction with the optical trap (Movie S3 and S4, Supporting
Information). The fraction of cell-cell adhesions that were
not disrupted by the optical trap was used as an indicator of
mechanically stable attachment mediated by dMBB-sMBB
binding. The dMBB-sMBB attachment mediated by the CO
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provided increased stability against tension compared to the
control condition in the absence of CO (Figure 4A).

To evaluate the versatility of programing cell-cell binding,
we tested two different scenarios: homotypic and hetero-
typic cell-cell interactions. The homotypic attachment, where
both sets of labeled cells (AIMBB and sMBB) were CH12.LX
(Figure 4B), resulted in an =3-fold increase in the fraction of
mechanically stable cell-cell adhesions compared with the
condition without CO (Figure 4C). In the heterotypic cell-cell
attachment, we tested the adhesion between CH12.LX and
HL-60 cells (Figure 4D). In the presence of CO, we observed
an =7-fold increase in the fraction of mechanically stable cell-
cell adhesions between CH12.LX and HL-60 cells compared to
the absence of CO (Figure 4E). These results confirm that pro-
gramed MBB binding enables controlled cell-cell adhesion for
both homotypic and heterotypic interactions.

Previous studies implemented DNA devices in artificial
lipid bilayers to study membrane diffusion, nanopore trans-
location, ordering transitions, and to control nanostructure
actuation.[1%21:22321 To enable these and many other functions
of DNA nanodevices at the cell surface, we developed a tech-
nology for specific and controllable attachment of DNA origami
nanodevices to the membrane surface of multiple cell types.
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Our anchoring approach utilized cholesterol-conjugated oligos
as DNA-lipid hybrids, as done in previous reports.'>?!l Here,
we demonstrated the ability of the chemically modified oligos
to serve as amphiphilic anchors into the plasma membrane
of living cells. A key feature of our live cell functionalization
approach is the use of additional oligo to extend ssDNA binding
sites above the surface to overcome steric hindrance to binding
near the cell surface. The successful functionalization of a
range of cells, including primary human fibroblasts, adherent
cell lines, and suspension cell lines illustrates the robustness of
this approach for use with many cell types.

As an important feature for use with live cells, the MBBs and
the overhangs attached to the structure exhibited stability for at
least 24 h in the experimental cell culture conditions (Figure S2
and S3, Supporting Information), suggesting both mechanical
function (e.g., shape, orientation, stiffness) and chemical func-
tion (e.g., sequence-specific binding) programed into the struc-
ture are stable over 24 h. The extended stability may be due to
the close-packed nature of dsDNA helices in a multilayer DNA
origami design like the MBB, which could make them less
susceptible to enzymatic degradation. We observed a slight
decrease of MBBs attached on the cell surface over the timescale
of 1 h (Figure 3C). A fraction of MBB structures were internal-
ized over timescale of =1 h (Figure S7, Supporting Information),
which is consistent with prior studies that have demonstrated
the uptake of DNA origami nanostructures from solution via
endocytosis within several hours.'!l The level of MBB on the
surface remained steady after 1 h with approximately half of the
structures still remaining stably bound to the cell surface for at
least 2 h (Figure S7, Supporting Information).

Interestingly, some cell types exhibited increased levels of
MBB binding to the surface. HPFs displayed the largest level
of binding while HL-60s the smallest (Figure 2C). This vari-
ation in binding may be due to differences in the molecular
composition of the cell membranes. For example, cholesterol
and sphingolipid content within the membrane is known to
vary widely among different cell types,?3 which could impact
the incorporation of cholesterol-conjugated oligos. Some
cells exhibited inhomogeneous distributions around the cell
periphery (Figure 2C), which could be a result of the choles-
terol-anchored MBBs localizing to cholesterol- and sphin-
golipid-enriched regions of the plasma membrane. Future
work is required to fully understand DNA nanostructure locali-
zation in the cell surface, and this presents an exciting prospect
of exploiting inherent mechanisms of self-assembly within cell
membranes to localize and probe specific areas or components
of the cell membrane.

We further demonstrated programmable control over DNA
origami nanostructures on the cell surface using DNA strand
displacement!?” as a method for detachment and demonstrating
docking of additional DNA origami structures (Figure 3) estab-
lishing the cell membrane as a functional platform for the for-
mation of hierarchical DNA assemblies. We leveraged our cell
membrane functionalization and programmable higher order
assembly of DNA origami nanostructures to facilitate mechani-
cally stable adhesion between homotypic and heterotypic cells
in a controllable manner using DNA origami nanostructures
as cellular Velcro (CellCro) (Figure 4). This application of the
MBB establishes a foundation to extend DNA nanotechnology
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to program the formation of cell clusters and microtissues with
controlled spatial heterogeneity.

Although prior work has utilized DNA strands bound to cell
membranes to mediate target sensingl® or cell-cell binding,
implementing DNA origami structures at the cell surfaces
provides a distinct advantage for multiplexing function. The
ability to specify device shape enables programing functional
sites in controlled arrangement and orientation. In the future,
these membrane-bound DNA origami structures could enable
programed assembly within the membrane to mimic func-
tional biomolecular complexes such as an immune synapse,
especially given the wide use of DNA origami to template or
organize proteins.l? Moreover, given the rapidly growing scope
of DNA nanotechnology, our MBB will enable the capability to
implement numerous DNA device functions such as measure-
ment of molecular forces,'”] programed motion and conforma-
tional changes,*% sensing of extracellular target molecules,!?]
intracellular pH measurements,** and local delivery of molec-
ular payloads!'? at the surface of cells in their complex local
environments. The characteristics of the MBB presented here,
including the size and overhang binding specificity, could also
allow for localization of many measurement functionalities on
the same or distinct platforms on individual cells or imparting
specific functions to certain cell types within mixed cell popu-
lations in lab-on-a-chip environments. More broadly, this work
establishes a foundation to use DNA origami nanodevices as
membrane engineering tools that can mimic and direct com-
plex biological processes on the surface of various cell types in
microtissue scale.

Experimental Section

Design, Fabrication, Purification, and Stability: The MBB was designed
using the software caDNAnol®l and fabricated using protocols developed
by Castro et al.’’] Briefly, folding reactions containing 20 mM scaffold,
10-fold molar excess of staples (each staple at 200 mM) in a folding buffer
(FOB) solution (5 mM Tris, 5 mM NaCl, 1 mM EDTA) with 20 mM MgCl,
were subjected to thermal annealing by rapid heating to 65 °C followed
by slow cooling to 4 °C over 2.5 d. Folding reactions were purified by
centrifugation using a protocol slightly modified from ref. [38] (details
in the Supporting Information). Purified structures were resuspended
in FOB with 20 mM MgCl, and fluorescent oligonucleotides were added
at 5x excess with respect to the number of designated binding sites
and incubated for at least 30 min. To remove the excess fluorescent
oligonucleotides, the poly(ethylene glycol) (PEG) centrifugal purification
procedure was repeated twice. To confirm MBB structural integrity and
stability of overhangs under cell culture conditions, structures were
resuspended in cell culture media supplemented with various levels of
serum and MgCl, following PEG purification, and incubated for either
3 or 24 h at 37 °C. Agarose gel electrophoresis assay?®’l followed by
visualization of the excised gel bands on TEMB’l was used to address the
stability of MBB under cell culture condition.

MBB Cell Surface Incorporation: Prior to resuspension in each
experimental media condition, the cells were washed twice with
1x phosphate buffered saline (PBS) without MgCl,/CaCl,. The washed
cells were then resuspended in the experimental media at 5000 cells
uL™ for incubation with 10 mM MIO for 5 min at 37 °C. The cells were
then washed once in the experimental medium to remove the extra
MIO. The 60-base bridge oligo was added at T mM for 5 min at 37 °C
followed by the addition of the 20-base pair fortifier oligos at 1 mM for
another 5 min at 37 °C. To remove the excess bridge and fortifier oligos,
the incubated cells were washed once with the experimental medium.
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Finally, the nanostructures were added at 5 mM for 5 min at 37 °C. Cells
were washed a final time to remove excess nanostructures and the final
sample was transferred to an 8-well imaging dish. Additional details for
different cell types, experimental media conditions, and fluorescence
imaging are provided in the Supporting Information.

The Detachment of MBB Bound to CH12.LX Plasma Membrane: The
CH12.LX cells were functionalized with MBB as previously described.
The fortifier oligos were excluded to provide a toehold for the binding
of detachment oligos. Cells functionalized with MBB at 1500 cells uL™'
were split into two main samples with and without the addition of 1 mM
detachment oligo. The samples were incubated at 37 °C and samples
of cells were taken out at varying time points to monitor the MBB
attachment to the cell membrane.

The Vertical Assembly of Secondary Nanoplatforms: The dMBBs
that feature six binding overhangs on the outward-facing side were
preincubated with 1 mM of the 45-base COs for 5 min at 37 °C and
used to functionalize the surface of CH12.LX cells using the previously
described method. The cells functionalized with dMBBs that featured
the COs were then incubated with sMBB to vertically assemble the
nanostructures on the surface of the cell. Fluorescent microscopy was
used to visualize both the dMBB labeled with Alexa 647 oligos and the
sMBB labeled with Alexa 488 oligos. To confirm the specificity of the
stacking technique, the case without the COs was used as a control.

Controllable Cell-Cell Adhesion: The dMBBs were preincubated with
excess CO prior to cell surface binding. Both dMBB and sMBB were
incorporated into the membrane of two separate subpopulations of
cells as previously described. The two subpopulations were then mixed
for imaging. Prior to introducing cells, the imaging chamber surface
was treated with casein at 0.1 mg mL™" casein for 30 min at 37 °C.
This resulted in the condition where some cells were adhered to the
surface and some were floating. An Optical Trap was used to guide
floating cells featuring either dMBB or sMBB toward an anchored cell
with complementary MBB on the surface. The pair of cells were kept in
contact for 1 min, then the optical trap was used to steer the free cell
away from the stationary cell, generating tension between the two cells.
The stability of attachment between the pair of cells under tension was
monitored and compared to the control case in the absence of the CO.

Statistical Analysis: One-way ANOVA test was used to ensure statistical
significance in Figure 2C. Two-sided student t-test was used to report the
statistical significance of the fold change data in Figure 2C, 3C,F, and
4C,E. Equal variance assumption was used between each pair of data
pools. The statistical toolbox provided by MATLAB was used to report
the p-values. Levels of significance were reported as follows: *, p < 0.05;
#% p < 0,001,

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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