Minutes-timescale in situ assembly of DNA origamis with living cells
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Abstract

Synthetic DNA strand is a highly accessible and biocompatible building block that can be synthesized
in virtually any length and sequence, chemically modified, and combined with high specificity via
hybridization.! Applied within biological environments, in situ hybridization is a powerful
biotechnological tool but limited to the use of small numbers of DNA strands. Ex vivo, this principle is
the basis of structural DNA nanotechnology, in which hundreds of synthetic DNA strands are designed
to self-assemble into highly programmable and versatile platforms,? with applications ranging from drug
delivery to immunobiology.** However, the formation of such structures requires conditions such as
temperature and ionic environments that are not only incompatible with living cells but also very long,
imposing an ex situ fabrication step before any application with living matter. Here, we report that
complex cocktails of DNA strands, coding for so-called DNA origamis,’”’ can faithfully self-assemble
in situ at 37 °C, in a variety of common cell culture media and directly in the presence of living cells, in
just a few minutes. We apply this approach for the in situ assembly of two- and three-dimensional DNA
origamis in the presence of human cell lines in 2D culture as well as with 3D assemblies of human
induced pluripotent stem cells successfully evolving into cerebral organoids. This life-compatible and
highly programmable self-assembly method, requiring only a few minutes of incubation at 37 °C,
drastically simplifies the preparation of user-defined complex DNA nanostructures and enables the

creation of in situ self-assembling nanomachines for direct and adaptive interactions with living cells.
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Main

In situ hybridization of synthetic nucleic acids within living cell environments has proved to be a
powerful strategy to selectively detect and/or interact with biological targets,® with applications ranging
from biosensing®!! to therapeutic actions.'>”'* In a very different context, this ability of nucleic acids to
self-assemble through complementary base pairing has been exploited by researchers to build elaborate
nanostructures in a user-friendly and highly programmable manner, leading to the development of
structural DNA nanotechnology.!* Within the different methods, DNA origami self-assembly has
emerged as one of the most widely studied and applied technologies.’’” Based on the guided folding of
a circular single-stranded DNA scaffold through the addition of a designed cocktail of hundreds of short
oligonucleotides acting as staples, DNA origamis can be produced at a high yield, with virtually any
desired two- (2D)° or three-dimensional (3D)'®!” morphology.® With typical size around 100 nm, these
structures offer precise site-specific functionalization at subnanometric resolution,'® making them
powerful platforms for nanoscale organization of matter with exceptional degree of programmability
and versatility. Among various application fields, DNA origamis have been particularly recognized as

valuable tools to interact with living organisms, leading to emerging applications including virus
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recognition and capture, mechanobiology, synthetic immunology, or drug delivery.
However, their conventional preparation is slow, taking hours to days, and relies on a constraining
thermal annealing process (heating to around 80 °C followed by a slow cooling ramp over several hours
to days) that is incompatible with living cells. Additionally, the self-assembly of DNA origamis typically
requires magnesium concentrations ranging from 10 mM to 25 mM,? far exceeding physiological levels
and posing further challenges for direct applications in biological environments. As a result, and as of
today, origamis have always been first fabricated before being added to cells for further studies. There
is thus a critical scientific and methodological gap: while in situ hybridization enables nucleic acids to
interact with biological targets, it currently lacks the capacity for elaborate structural organization,
whereas DNA origami assembly offers exquisite programmability but requires ex situ preparation under
conditions unsuitable for live cells. To bridge this gap, we thus looked for a method allowing in situ
assembly of synthetic nucleic acid cocktails into user-defined DNA origamis directly in the presence of
live cells. We recently reported that DNA origamis can be isothermally self-assembled in a magnesium-
free, monovalent salt buffer (e.g., 100 mM or 150 mM NaCl) at room temperature,” but the assembly
remained long (typically 24 h) and buffer conditions were not compatible with cell culture and
manipulation. In this work, our strategy was thus to look for existing cell culture buffers containing a
sufficiently high amount of monovalent salts (typically around 150 mM), along with essential divalent
cations (e.g., Mg?*, Ca*") required for cell culture but at a concentration low enough, to ensure isothermal
assembly conditions at a temperature favourable to live cell growth. In fact, several commercially
available and widely used buffers satisfy these conditions. We discovered that directly mixing DNA

origami scaffold and staples in such buffers resulted in the isothermal self-assembly of well-formed

DNA origamis at 37 °C in a few minutes only. This is not only one to two orders of magnitude faster
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than existing methods whether they require thermal annealing or not, but also constitutes the first
origami assembly conditions fully compatible with live cell maintenance, culture and growth. We thus
applied and characterized this method for the in sifu programmable isothermal self-assembly of various
2D and 3D origami morphologies directly in the presence of live cells, ranging from conventional 2D

culture to more complex 3D tissue-like systems (here, cerebral organoids).
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Figure 1. DNA origamis self-assemble at 37 °C in only a few minutes in the widely used Dulbecco's
Modified Eagle Medium (DMEM) cell-culture medium. A) The experiment simply consists in the
direct mixing of the origami molecular program (circular single-stranded DNA scaffold + staple
cocktail) in a proper cell culture medium and let the DNA origamis self-assemble isothermally at 37 °C,
without any pre- or post-thermal treatment. B) Atomic force microscopy (AFM) images of triangular
DNA origamis obtained 6 h after self-assembly at 37 °C in DMEM, without (left) and with (right) 10%
Fetal Bovin Serum (FBS). C) AFM observation of the self-assembly of triangle origamis over time.
Each line corresponds to a given concentration in scaffold (top value indicated in blue) and staples

(bottom value indicated in green).
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Ultra-fast DNA origami self-assembly in cell culture media at 37 °C.

Ensuring flawless formation of DNA origamis is a challenge as hundreds of like-charged DNA strands
have to associate while ensuring the formation of around 10 000 to 20 000 hydrogen bonds through
specific base complementarity. A typical approach to achieve this involves a thermal annealing process
in the presence of a high concentration of stabilizing dications, typically magnesium (usually at a
concentration ranging from 10 mM to 25 mM, depending on the object).?® Isothermal assembly at room
temperature has been demonstrated as an alternative by replacing dications with a higher concentration
of monovalent salts (typically 100 mM or 150 mM), ensuring both sufficient stability and
reconfigurability for nearly flawless DNA assembly.?” However, these conditions remain incompatible
with cell culture and growth. With the aim to achieve isothermal assembly of DNA origamis in the
presence of live cells at 37 °C, we first selected the widely used Dulbecco's Modified Eagle Medium
(DMEM) for its high concentration in monovalent cations (around 160 mM, Table S1) and millimolar
amounts of dications (mainly Ca*, Mg?*, Table S1). We simply mixed a DNA origami-coding
molecular program (scaffold and staple cocktail) in DMEM and incubated it at 37 °C for in situ self-
assembly (Fig. 1A). With a program coding for triangle origamis, atomic force microscopy (AFM)
revealed successful origami formation after a few hours of incubation (Fig. 1B left, Fig. S1 top). The
experiment was repeated in the presence of 10 vol% of foetal bovin serum (FBS), a commonly required
supplement for cell culture. Although the presence of proteins rendered less accurate the imaging of the
DNA origamis, the distinction of well-formed triangles (Fig. 1B right, Fig. S1 bottom) indicated proper
origami folding in these conditions as well. Isothermal self-assembly at 37 °C also led to well-formed
DNA origamis in i) RPMI (Roswell Park Memorial Institute medium), another commonly used cell

8™, a medium for induced pluripotent stem cells (iPSCs) culture; and iii)

culture medium; ii) Essential
PBS (Phosphate Buffered Saline), a usual buffer for biological research (Fig. S2). All these buffers share
a concentration of monovalent cations between 140 and 160 mM and divalent ones below 3 mM
(Table S1), ensuring robust isothermal self-assembly at 37 °C. To investigate the kinetics of this
isothermal self-assembly, we used AFM to analyse the morphology evolution after adding the molecular
program into FBS-free DMEM as a function of incubation time at 37 °C. Using conventional
concentrations® of scaffold (1 nM) and staples (40 nM each), we observed the formation of ill-shaped
assemblies within 5 min, which progressively evolved into distinguishable triangles after 15 min and
into particularly well folded structures after 1 h (Fig. 1C middle). Decreasing the staple concentration
to a 10-fold staple excess slowed the assembly but still resulted in complete folding within 1 h (Fig. 1C
top). Strikingly, increasing the scaffold concentration to 10 nM while maintaining a 40-fold staple
excess led to the formation of well-folded triangles after 5 min only (Fig. 1C bottom), which represents

a considerably shorter time than the hours to days needed for known methods with® or without* thermal

annealing.

https://doi.org/10.26434/chemrxiv-2025-mh3k7 ORCID: https://orcid.org/0000-0003-1772-3080 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2025-mh3k7
https://orcid.org/0000-0003-1772-3080
https://creativecommons.org/licenses/by/4.0/

A) Molecular program 2D origamis 3D origami

:Q + jj\k DMEM @
AN . k
15 min, 37°C ~—
Scaffold Staples Toroid

B) Rectangle Smiley

200 nm 200 nm 100 nm 100 nm

Figure 2. Versatile self-assembly into user-programmed two-dimensional (2D) and three-
dimensional (3D) shapes. A) Each experiment consists in mixing a molecular program in DMEM and
let it self-assemble at 37°C for 15 min. B) AFM (left and middle) and transmission electron microscopy
(TEM, right) images of origamis obtained with molecular programs coding for rectangle, smiley or

toroid shapes. [scaffold] = 10 nM; [staple] = 400 nM (rectangle, smiley) or 100 nM (toroid).

With a fixed scaffold concentration (10 nM), we assembled molecular programs coding for different
morphologies in DMEM and let the self-assembly occur at 37 °C for 15 min (Fig. 2A). Using M13
scaffold, 2D structures including compact (rectangles) and circular (smileys) ones formed well (Fig. 2B
left). We also explored the challenge of a more complex design, consisting of a hollow 3D structure
forming a toroid shape with a single layer of adjacent double helices. Using a p7560 scaffold and a 10-
fold excess of staples, a high number of toroidal structures were detected by both AFM and TEM
(Fig. 2B right, Figs. S3—S4), with a diameter 78 = 3 nm (mean + SD, n = 18) consistent with the design
(Fig. S5). All these results show that mixing all DNA strands coding for DNA origami in a monovalent
cation-rich mammalian cell culture medium, characteristic of most commonly used media, results in
ultra-fast and isothermal self-assembly into user-programmed 2D or 3D morphology at 37 °C. The
successful formation of origamis across various culture media led us to explore their in situ self-
assembly in the presence of different living cell systems including 2D cell culture and organoid

formation.
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Figure 3. Fast self-assembly of stable 2D and 3D origamis in the presence of live cells (human
embryonic kidney (HEK) 293T). A) The experiment consists in adding a molecular program to the
surrounding medium of HEK cells in culture (DMEM, 10% FBS, Penicillin-Streptomycin) and
incubating the system at 37 °C. B) Phase-contrast microscopy image of HEK cells cultured for 2 days
with the DNA molecular program. C-D) Electrophoresis agarose gel of the medium with the molecular
program coding for triangles (C) or toroids (D) in the presence of cells at 37 °C, as a function of
incubation time. The two first lanes are the ladder and the scaffold alone, respectively. E) TEM images
of toroid origamis (white arrows) obtained after 15 min, 3h, and 6 h of incubation at 37 °C in the presence
of cells. Samples were purified by band extraction from the gel shown in D. F) Schematic of the long-

term degradation of origamis and G) percentage of intact origamis, determined by gel electrophoresis,
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as a function of incubation time in the presence of cells at 37 °C. Each symbol represents an independent

experiment. [scaffold] = 1 nM (triangle), 10 nM (toroid); [staples] = 40 nM (triangle), 100 nM (toroid).

In situ origami assembly with live cells in 2D culture.

We started with human embryonic kidney (HEK) 293T cells, a widely used immortalized cell line, in a
conventional 2D culture with DMEM supplemented by 10 vol% FBS and the two antibiotics penicillin
and streptomycin. The cells were cultured at 37 °C with 5 vol% CO, and the origami-coding molecular
program (scaffold + staples) was directly added to the outer medium of the cultured cells (Figs. 3A—B).
The cells were maintained at 37 °C and we characterized the evolution of the DNA assembly as a
function of time using agarose gel electrophoresis (Figs. 3C-D). For both 2D-triangle and 3D-toroid
programs, a band significantly shifted from that of the scaffold alone, which we attribute to the formation
of self-assembled structures, was observed after 15 min of incubation and without much further
evolution over time. For the 3D-toroids, this band was extracted for TEM observations, which confirmed
the presence of toroidal shapes (Fig. 3E). The origamis appeared with a rough surface attributed to the
non-specific adsorption of proteins®® present in the medium, and dimensions (77 + 6 nm, n = 14) in
agreement with the bare design (Fig. S5). To our knowledge, this constitutes the first evidence that a
molecular program of hundreds of synthetic DNA strands can faithfully self-assemble in the presence
of live cells to produce user-defined DNA origamis. As observed in the absence of cells, the self-
assembly process remained remarkably fast as it was completed in minutes timescale. We next
investigated the stability of in situ self-assembled origamis over prolonged incubation with cells at 37 °C
(Fig. 3F). Using agarose gel electrophoresis (Fig. S6), we established the fraction of intact DNA
origamis over time and found that the self-assembled DNA origamis remained stable for the first 6 hours
without detectable degradation (Fig. 3G). Beyond this time, the fraction of intact origamis progressively
decreased, eventually disappearing after 1 to 2 days (Fig. 3G). With a formation completed in a few
minutes, in situ self-assembled origamis thus remained structurally well-formed for several hours in the
presence of cells. Moreover, during the 2-day incubation with the molecular program, the HEK cells
proliferated (Fig. S7) and showed similar viability as in the absence of DNA (Fig. S8), demonstrating
that neither the presence of cocktail of hundreds of staples (400 nM), nor in situ self-assembly into

origamis interfered with normal cell activity.
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Figure 4. In situ self-assembly of DNA origamis during the formation of human cerebral
organoids. A) Top: protocol for cerebral organoid formation, with the different stages indicated on a
grey background. Grey triangles indicate a change of the medium. Day 0 corresponds to human induced
pluripotent stem cells (hiPSCs) seeding. Bottom: The medium supplemented by a molecular program
coding for triangle origamis is added on day 2 and 4 (blue triangles). Final concentrations in the culture
medium are [scaffold] = 1 nM and [staples] = 40 nM. B) Electrophoresis agarose gel of the medium at
day 2 as a function of time (15 min, 30 min, 1 h, 3 h, 24 h) after addition of the molecular program. The
two first lanes are the ladder and the scaffold alone, respectively. C) Representative bright-field
microscopy images showing the evolution of an embryoid body after in sifu self-assembly of DNA

origamis (day 5) into cerebral organoid (day 16). All scale bars are 200 um.

In situ origami assembly during cerebral organoid formation

Next, we explored the feasibility of in sifu origami self-assembly in the presence of a more complex 3D
tissue-like system. As a proof of principle, it was implemented during the formation of cerebral
organoids from human induced pluripotent stem cells (hiPSCs), which is a multi-step process involving
different medium exchanges bringing the necessary factors for embryoid body (EB) formation (day 0—
5), neural induction (day 5-7), neuroepithelium expansion (day 7—10) and organoid maturation (from

day 10). A molecular program coding for triangle origami was implemented during EB formation by a
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first addition of fresh medium containing all the DNA strands at day 2 (Fig. 4A, Fig. S9). Interestingly,
we found that DNA origamis also successfully self-assembled in 15 min only in this complex system,
and remained stable for at least a day (Fig. 4B). This process was repeated at day 4 of EB formation
(Fig. S9). Notably, at day 5, well-formed EBs with smooth spherical shapes were obtained (Fig. 4C left,
Figs. S9-S10), showing that neither the addition of DNA strands nor the subsequent in situ self-
assembly of DNA origamis perturbed the EB formation. Following their formation subjected to in situ
origami assembly, EBs were differentiated by neural induction and evolved to bigger and raspberry-
shaped structures indicating successful neuroepithelium expansion (Figs. 4C and S10, day 9), prior to
maturation into structures becoming progressively larger and smoother (Figs. 4C and S10, day 11). At
day 16, particularly smooth and well-defined cerebral organoids were obtained (Figs. 4C right, S10
bottom), showing that EBs subjected to in situ origami self-assembly maintained their full capability of

differentiation.

Conclusion

We have shown that direct mixing of complex DNA molecular programs (scaffold + staple cocktail) in
a monovalent cation-rich cell culture medium at 37 °C enables the ultra-fast, in situ self-assembly into
user-defined elaborate 2D and 3D DNA nanostructures. The method was demonstrated to be particularly
versatile and robust, functioning across a range of widely used biological media, including DMEM and
RPMI (highly common for mammalian cell culture), E8 (for hiPSCs culture) or PBS (involved in a
variety of biological protocols). Unlike conventional DNA origami assembly methods, which require
hours to days, this isothermal self-assembly processus was found to be extremely rapid, well-formed
DNA origamis being typically obtained in 5—15 min. As such, it can be seen as a very convenient way
to prepare DNA origamis requiring nothing more than brief incubation at physiological temperature.
But its most striking feature is that such a complex yet faithful self-assembly is achieved in conditions
compatible with live-cell environments. This has allowed us to achieve the in situ self-assembly of user-
defined 2D and 3D DNA origamis directly in the presence of living mammalian cells, with
nanostructures forming within minutes and remaining stable for several hours. The formation and
presence of DNA origamis did not perturb the cell behaviour: HEK cells maintained normal growth and
viability, while hiPSCs successfully formed embryoid bodies and differentiated into well-defined human
cerebral organoids. While demonstrated here with DNA origamis, this approach could be extended to
other DNA assemblies, such as single-stranded titles (SST),*! DNA nanogrids*?> or DNA nanotubes.?*3
However, adapting these structures may require sequence optimization to fine-tune their melting
temperature (7). For instance, DNA nanotubes have a lower 7,, than DNA origamis in similar buffer
conditions. As the method was functional with common cells (HEK cell line, commercially available
hiPSCs) and in different formats (conventional 2D culture, 3D organoid formation), we envisage that

the in situ DNA origami assembly described here is readily applicable to other cell types and tissues.
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Considering the hundreds of DNA bricks and thousands of base pairs to be properly combined, one may
wonder how can such an intricate isothermal assembly process occur so efficiently in such a short time.
A part of the answer may lie in the intrinsic properties of the DNA origami method and especially the
scaffold staple excess strategy,” which facilitates high-yield folding even for complex 3D
architectures.'®!” Our study further highlights the crucial role of staple excess and scaffold concentration
as key-factors driving rapid in situ self-assembly. Devised by Paul Rothemund, the concept of DNA
origamis was published nearly 20 years ago in a breakthrough paper® which, by concretizing the seminal

ideas of Nadrian Seeman,*®

revolutionized nanoscience and many fields of research. During two
decades, DNA origami method has proved to be not only exquisitely programmable but also
exceptionally robust. Our findings further underscore this robustness, revealing that DNA origami self-
assembly naturally aligns with the ionic conditions optimized for biological function. The second part
of the answer may lie in the fact that, although machine-made, synthetic DNA has the exact same
chemistry as biological DNA. Knowing that biological systems have evolved to conditions optimizing
their functioning, which includes proper ionic conditions compatible with dynamic DNA
assembly/disassembly, it is perhaps unsurprising that the media developed for cell culture and
maintenance are also fortuitously optimized for ultra-fast isothermal self-assembly of DNA origamis at
37 °C. In this study, we have focused on origamis made of structural DNA bricks only, but the method
is readily compatible with the incorporation of modified staples to enrich their functionality, for instance
toward the cellular interface. By enabling the formation of DNA origamis in situ within live-cell
environments in minutes-timescale, this method is the ground for the creation of a new class of
environmental DNA nanomachines self-assembling directly within biological systems to facilitate

applications ranging from cell surface nanosensing to adaptive drug delivery and dynamic

mechanobiological activation.
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Methods

In situ self-assembly of DNA origamis without cells

The self-assembly medium, supplemented by water when concentrated, was first heated at 37°C using
a ThermoMixer® (Eppendorf®) prior to direct introduction of the desired volume of a concentrated
staple mix without thermal pretreatment. After briefly vortexing the solution, a desired volume of
concentrated scaffold solution was added and gently mixed by pipetting and tapping. The solution was
shortly centrifuged, and kept at 37°C to start the incubation. Incubation time for DNA self-assembly
was stopped when the sample was fixed on a surface for imaging (AFM and TEM) or quickly cooled by
introducing the solution into ice and liquid nitrogen for storage at -20°C until use. For all experiments
in DMEM (except Fig. 1B), DMEM 5x was used as a concentrated medium and its final concentration
was 1x. For other experiments, 89 puL of 1x medium was used and supplemented with 10 pL of
concentrated staples and 1 puL of concentrated scaffold. The final DNA concentration in each sample is

indicated in the figure legends.

Agarose gel electrophoresis

1 wt% agarose gel was prepared with GrGreen (0.8%) DNA gel stain in TBE 0.5x buffer containing 10
mM of MgCl,. Each DNA solution (18 pL), such as the ladder (1kbp plus DNA), the scaffold in the
DMEM HG (1 or 10 nM), and the molecular program in the cell media, was mixed with 3 pL of loading
dye solution (Gel loading dye 6x) and kept on ice prior to their loading in the gel. The electrophoresis
was run at 50 V (BioRad PowerPac™ HC) for 3 h in an ice bath. After observation of the gel (Syngene
G:Box), the bands of interest were cut for DNA extraction using spin columns (Montage DNA gel

extraction kit from Merck).

AFM observation of DNA origamis in liquid

High-resolution environmental AFM was used to characterize the DNA assemblies. DNA assemblies in
DMEM at 37°C were fixed at room temperature on a freshly cleaved mica surfaces (Nano-Tec V-1
grade Muscovite, Micro to Nano innovative Microscopy Supplies) that was pre-treated with 20 pL of
0.1M spermine tetrahydrochloride solution for 10 min before being washed with deionized water and a
buffered saline solution (Tris-Acetate pH 8, 100 mM NaCl). 15 uL of DNA solution was deposited on
the treated mica and left for 10 min adsorption. The solution was blotted off and the mica surface was
gently rinsed with the buffered saline solution, and kept moist in this solution. The samples were
observed with a Cypher ES AFM Microscope (Oxford Instruments) in tapping mode with 17-45 kHz
resonance frequency in liquid and 0.09 N/m force constant tip (BL-AC40TS, Olympus), using the

blueDrive™ photothermal excitation mode. Raw images were subjected to polynomial background
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subtraction, plane level correction, rows alignment using various methods and horizontal scars

correction in Gwyddion.

TEM observation of negatively-stained DNA origamis

The DNA self-assemblies were fixed on a plasma-treated 200 mesh copper grid which supports a carbon
film (Ted Pella, Inc.): 10 uL of solution was added on the grid and left for 3 min before blotting it with
a filter paper. The sample was negatively-stained using uranyl acetate (UA): 5 pL of 2 wt% UA water
solution was added and quickly blotted, then 15 uL UA solution was again added and left for 1 minute
before a last blotting. The samples were observed using a JEOL microscope at 200 kV (toroid origamis
self-assembled in DMEM), or a Tecnai Spirit microscope at 120 kV (toroid origamis self-assembled

with HEK cells).

Cell culture and in situ DNA origami self-assembly

HEK cells were cultured in 1x DMEM HG supplemented with 10 vol% FBS and 100 U.mL"! Penicillin-
Streptomycin, at 37°C and 5% CO,. The cells were passaged every 3 to 4 days at ~80% confluence
using 2x Trypsin solution and were seeded at 1.10° cell.mL!. For the in situ DNA origamis self-
assembly experiments, we used HEK cells at 20% confluence obtained the day after their seeding in
100 uL of culture medium. A volume of medium corresponding to the total concentrated DNA volume
to be added was first withdrawn, before addition of 10 pL (triangle, final concentration 40 nM) or
27.8 uL (toroid, final concentration 100 nM) concentrated staple solution and gentle mixing by
pipetting. 1 pL (triangle, final concentration 1 nM) or 2.5 pL (toroid, final concentration 10 nM) of
concentrated scaffold was rapidly introduced and gently mixed by pipetting and tapping the cell plate,
before being re-incubated at 37°C.

8™ or in

hiPSCs were cultured at 37°C and 5% CO,, on vitronectin-coated dishes in Essential
mTeSR™ (from STEMdiff™ Cerebral organoid kit) for the differentiation into brain organoid. They
were detached every 3 to 4 days at 80% confluence using 0.5 mM ethylenediaminetetraacetic acid
(EDTA) solution, and seeded in their cell culture medium supplemented with 10 uM Y-27632 after 10
or 5-fold dilution. For the formation of embryoid bodies, 9 000 iPSCs in 100 pL medium were first
seeded in an ultra-low attachment V-bottom 96 well plate (Greiner Bio-One) and kept in culture for 5
days, as indicated in the STEMdiff™ Cerebral Organoid kit protocol. At day 2 after the seeding, a
mixture of 78 uL of fresh medium, 20 puL concentrated staple solution and 2 pL of concentrated scaffold
solution was added. This was repeated at day 4 with a mixture of 89 uL of fresh medium, 10 uL of
concentrated staple solution and 1 pL of concentrated scaffold solution. In both cases, the final

concentration of scaffold and the staples in the resulting cell medium was 1 nM and 40 nM, respectively.

The differentiation of the embryoid bodies was initiated at day 5 and carried out until day 16 in a cell-
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repellent tissue culture dish (Greiner Bio-One), as indicated by the kit supplier. The formation of brain
organoids was characterized by bright-field imaging using a Leica DMil microscope and Leica MC170

HD camera.

Gel electrophoresis analysis of DNA degradation by cells

Electrophoresis DNA agarose gels were used to quantify the degradation of in situ self-assembled DNA
origamis, in the presence of HEK cells. We identified DNA bands corresponding to well-formed
origamis and free staples in cell media, and assumed that the DNA detected between these two bands
corresponded to degraded origamis (Fig. S6). Using Image J, we defined and plotted the lanes
integrating the band of well-formed origami and the one attributed to degraded origamis, for each
incubation time (Fig. S6). The percentage of full DNA origami in the cell medium was calculated from
the amounts of well-formed origamis and degraded origamis determined by peak area integration of

fluorescence intensity.

HEK MTT assay

The proliferation assay was performed using a MTT toxicology assay kit. The cell culture media were
replaced by serum-free cell culture media containing 10 vol% MTT reagent and introduced to each cell
culture well and to another one without cells (control), before maintaining the plate at 37°C for 3 h
incubation. 100 uL of MTT solubilization solution was added in each well, and the plate was gently
mixed at room temperature for 15 min, protected from light. A microplate reader (Biotek Synergy HT)

was used to measure the absorption of the solutions at 570 nm, and at 690 nm for subtraction.
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