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Abstract: Combining surface-initiated, TdT (terminal 
deoxynucleotidyl transferase) catalyzed enzymatic 
polymerization (SI-TcEP) with precisely engineered DNA 
origami nanostructures (DONs) presents an innovative 
pathway for the generation of stable, polynucleotide brush-
functionalized origami nanostructures. We demonstrate that 
SI-TcEP can site-specifically pattern DONs with brushes 
containing both natural and non-natural nucleotides. The 
brush functionalization can be precisely controlled in terms of 
the location of initiation sites on the origami core and the brush 
height and composition. Coarse-grained simulations predict 
the conformation of the brush-functionalized DONs that agree 
well with the experimentally observed morphologies. We find 
that polynucleotide brush-functionalization increases the 
nuclease resistance of DONs significantly, and that this 
stability can be spatially programmed through the site-specific 
growth of polynucleotide brushes. The ability to site-
specifically decorate DONs with brushes of natural and non-
natural nucleotides provides access to a large range of 
functionalized DON architectures that would allow for further 
supramolecular assembly, and for potential applications in 
smart nanoscale delivery systems. 

Introduction 

Over the last two decades, research in DNA 
nanotechnology has seen astonishing growth and has 
yielded exquisite DNA-based nanostructures that span a 
broad range of sizes and complexity.[1] DNA origami 
nanostructures (DONs) have been widely investigated for 
biomedical applications, such as biosensing,[2] in-vivo 
imaging,[3] and drug and gene delivery,[4] due to their 
inherent biocompatibility, exquisite control over nanoscale 
geometry, mechanical properties, and suitability for site-

specific functionalization.[5] However, the utility of DONs in 
biological environments is often compromised by their 
instability under denaturation conditions and damage by 
nuclease digestion.[6] These are particularly important 
factors that need to be considered for drug delivery 
applications where DONs have been investigated as 
nanoparticle-based delivery platforms to overcome the 
drawbacks of traditional small-molecule therapeutics (e.g., 
poor solubility, quick excretion by the renal system, and 
biodegradation).[7] A strategy to mitigate instability issues 
is to “coat” DONs with functional groups that shield the 
origami core from the biological environment. To this end, 
a variety of approaches have been developed to cover 
DONs with lipid bilayers,[8] proteins,[9] peptides,[10] 
polymers,[11] and peptoids.[12] In most of these 
approaches, the adsorption of the protecting moieties is 
driven by hydrophobicity or electrostatic interactions 
between positively charged molecules and the negatively 
charged DONs. While these protection methods improve 
the overall stability of DONs under specific conditions, the 
non-covalent binding between the protecting moieties and 
the DON surface can still be easily disrupted by 
mechanical forces and changes in the surrounding 
environment. Moreover, current methods are unable to 
produce tunable and site-specific functionalization of 
DONs with (bio)polymeric brush layers, which is crucial for 
taking full advantage of the inherent programmability of 
DONs for biomedical and other emerging applications. To 
the best of our knowledge, only a few studies have so far 
reported the in-situ formation of nanopatterned synthetic 
polymers on the surface of DNA origami. For example, 
Tokura et al. have achieved this by atom-transfer radical 
polymerization, though the average height of these 
polymers was only ~1 nm, which is insufficient for the 
protection of the DNA origami cores.[13]  
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Recently, we developed a new biomimetic 
method—TdT (terminal deoxynucleotidyl transferase) 
catalyzed enzymatic polymerization (TcEP)—to 
synthesize high molecular weight (MW), single-stranded 
DNA (ssDNA) homo- and block-co-polynucleotides with 
low polydispersity.[14] TcEP uses the template-
independent polymerase TdT to sequentially add 3'-
deoxyribonucleoside 5'-triphosphates (dNTPs) to an 
oligonucleotide primer.[15] We showed that TdT can 
polymerize both natural and non-natural nucleotides into 
single-stranded DNA (ssDNA),[16] which enables the 
introduction of various functionalities into polynucleotide 
chains, including clickable groups, fluorescent dyes, 
hydrophobic groups, and cytotoxic moieties. A previous 
publication by Sørensen et al. reported the formation of 
nanopatterned DNA origami structures using 
macromolecule-modified strands as staples.[17] The large 
macromolecules were first conjugated to dNTPs by click 
chemistry and the reaction product was then attached to 
staple strands using TdT. Nevertheless, this method only 
allows the incorporation of a couple of macromolecule-
modified dNTPs due to the limited ability of TdT to 
incorporate large non-natural nucleotides. In addition, 
there might be potential difficulty in assembly of origami 
using a large number of staple strands having 
macromolecule modifications, which also limits the density 
of surface modification using this method. 

Here, we report on the design, synthesis, and 
characterization of stable and adaptive polynucleotide-
functionalized DNA origami nanostructures (pn-DONs) 
through the synergistic combination of surface-initiated 
polynucleotide brush synthesis using TcEP with precisely 
engineered DNA origami.[18] Importantly, we show that 
these structures can be readily designed using existing 
origami design tools and their morphologies accurately 
predicted using coarse-grained molecular dynamics 
simulations. Our experimental results show that we have 
precise control over not only the shape of the origami core, 
but also the location, height, and functional composition 
(natural vs. non-natural nucleotides) of the polynucleotide 
brush. Furthermore, we show that pn-DONs have 
significantly higher nuclease resistance compared to 
unprotected DNA origami, and that this stability can be 
spatially programmed by site-specific design of the TcEP 
initiation sites on the surface of DONs. The resulting 

adaptive pn-DON degradation could be harnessed for 
DNA-based drug delivery vehicles to facilitate cellular 
uptake. Compared to a recent publication which reported 
the modification of DNA origami with polydopamine 
brushes of ~10 nm height via photocontrolled 
polymerization,[19] we were able to produce modified DNA 
origami with polynucleotide brushes of heights in excess 
of 100 nm. Furthermore, our method allows the 
modification of DNA origami with polynucleotide brushes 
containing a range of functional groups, which enables 
sequential modification with desired molecules, further 
expanding the application of this system. 

Results and Discussion 

 Our approach for creating pn-DONs is 
summarized in Figure 1. From the vast array of possible 
3D DNA nanostructures, we choose rod-shaped 16-helix 
bundle (16HB) and 6-helix bundle (6HB) origami because 
of their simple geometry and the ease with which their 
lengths and widths can be tuned (Figures 1A and S1–S4). 
The DNA nanorods were assembled by mixing and 
annealing the scaffold DNA strands with staple DNA 
strands in buffer solutions (see Methods). A 16HB origami 
nanorod (140 nm long, 10 nm wide, square cross-section) 
has 144 evenly distributed staple 3' ends on its surface, 
whereas a 6HB origami nanorod (400 nm long, 6 nm wide, 
hexagon cross-section) has 162 staple 3' ends on its 
surface (Figure S2). By using selected staple strands with 
3'-oligo(dT) overhangs, TdT catalyzed enzymatic 
polymerization can be programmed to site-specifically 
initiate DNA brush growth on the surface of DNA origami 
nanorods (Figures 1B and S2). Since the monomer to 
initiator (M/I) concentration ratio determines the degree of 
polymerization,[14b] we are able to synthesize a uniform 
polynucleotide brush layer onto the 3'-overhang-modified 
regions of the nanorods (Figure 1C). For brevity, we term 
the oligo(dT) modified DONs as 16HB-Sa

b or 6HB-Sa
b, 

where a specifies the number of modified surfaces and b 
specifies the fraction of a surface that is modified. 
Furthermore, we term the polynucleotide functionalized 
DONs as 16HB-Sa

b-pnc or 6HB-Sa
b-pnc, where c reflects 

the expected number of bases in the poly(dT) brush. 

 

 

Figure 1. Schematic showing the programmable initiation of polynucleotide brush growth by surface-initiated TdT-catalyzed enzymatic polymerization 
(SI-TcEP). (A) DNA origami partially modified with 3’ oligo(dT) initiators on the surface. (B) Polynucleotide brush growth by SI-TcEP using TdT. (C) DNA 
origami site-specifically modified with polynucleotide brushes on the surface after SI-TcEP reaction. 

For a typical SI-TcEP reaction, we mixed DONs, 
dTTP, and TdT together in the TdT reaction buffer and 

incubated the mixture at 37℃ overnight. The resulting pn-
DONs were purified by centrifugal filtration and 

characterized by agarose gel electrophoresis, and, after 
deposition onto a mica surface, by tapping mode atomic 
force microscopy (AFM) in air. To control the molecular 
weight (height) of the DNA brush modification, we 
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systematically varied the feed ratio (M/I) of monomer (i.e., 
dTTP) to initiator (i.e., oligo(dT) extensions on the surface 
of DONs) on the fully decorated 16HB (16HB-S4

1/1).[14b] 
Gel electrophoresis showed that the degree of 
polymerization increased with increasing M/I (Figures 2A 
and S5A). AFM imaging showed that fully decorated 
DONs were covered with a dense polynucleotide brush 
corona (Figures 2B and S6). The brush height estimated 
from AFM image analysis increased almost linearly with 
M/I ratio, i.e., brush MW (Figure S5B). We also studied 
the effect of SI-TcEP reaction time (2 h, 6 h, 24 h) on 
polynucleotide brush growth at a constant M/I = 500. Our 
results suggest that the surface-initiated polymerization 
reaction is fast, approaching completion already after 2 
hours (Figure S7).  

To elucidate details of the polynucleotide brush 
conformation on the surface of DONs we carried out 
oxDNA coarse-grained molecular dynamics simulations[20] 
of the structures in solution and after deposition onto a 
surface (Figures 2D, S8–S12). The simulations reveal 
that pn-DONs are stable over the entire time of the 
simulation (>150 µs),  and that the polynucleotide chains 
adopt a moderately stretched conformation in solution, 

likely due to their relatively high surface grafting density 
(distance between chain initiation sites << chain size) and 
weak electrostatic repulsion between their negatively 
charged backbones. The brush segment density plotted 

as function of distance 𝑟  from the origami surface 
suggests that the chains exhibit classic cylindrical brush 

behavior, with the segment density decaying as ~𝑟−0.65 
(Figure  S10).[21] Chain stretching increases when the 
structures are confined in 2D to mimic the surface-
adsorbed state visualized by AFM (Figure S11). The 
predicted brush heights of the surface-confined structures 
agree remarkably well with those obtained from analyses 
of AFM images (compare yellow and green bars in 
Figure 2C, and values in Table S1). This agreement 
suggests that the predicted brush heights in solution (blue 
bars in Figure 2C) should then likely provide a reasonable 
estimate of the “true” height of the brush on the origami 
surface. Furthermore, simulations show that lowering the 
ionic strength ([Na+]) lead to a slight increase in the 
average brush height due to reduced charge screening 
(Figure S12).  

 

 

Figure 2. Formation of 16HB pn-DONs with controllable brush height. (A) Agarose gel image and (B) AFM images showing the controllable length of 
poly(dT) corona on 16HB-S4

1/1 with different feed ratios (M/I = 200, 500, and 1000). (C) Bar graph comparing the brush heights of 16HB-S4
1/1-pn200, 

16HB-S4
1/1-pn500, and 16HB-S4

1/1-pn1000 obtained from AFM image analysis with those predicted by 2D (on surface) and 3D (in solution) oxDNA 
simulations (see Table S1 for more details). (D) Simulation results of 16HB-S4

1/1-pn500 (top and side view) showing the morphology difference between 
structures in solution and on surface. 

We show next that site-specific polynucleotide 
brush growth can be achieved by designing DONs with 
oligo initiator extensions only at specific locations on the 
DON surface. The gel image in Figure 3A shows the 
change in MW after SI-TcEP of three DONs with different 
patterns of initiation sites (16HB-S1

1/1, 16HB-S4
1/2, and 

16HB-S4
1/1). Before SI-TcEP, the mobility of DONs on the 

gel is quite similar, likely because the MW differences due 
to the different number of oligo(dT) extensions (8 nt) on 
the DON surfaces are small. After SI-TcEP (M/I = 500), 
however, the resulting pn-DONs have distinctly different 
MWs due to the different number of poly(dT) chains 

emanating from the surfaces. For example, for the 16HB-
S1

1/1-pn500, the poly(dT) brush exists only on one DON 
surface (Figure S2). However, due to the random 
orientation of pn-DONs on the mica surface during drop 
casting, the AFM image is unable to properly show this 
single surface modification effect clearly (Figure 3B). 
Nevertheless, compared to the 16HB-S4

1/1-pn500, the 
brush density on 16HB-S1

1/1 is visibly much lower. The 
AFM image of the half-decorated DONs (16HB-S4

1/2-
pn500) shows a brush emanating from one half of the 
length of the origami core and extending to the other, 
undecorated half (Figure 3B). We attribute this effect to 
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the flattening and spreading of the polynucleotide chains 
on the mica surface after drop-casting and drying. This 
behavior is also predicted by our simulations of pn-DONs 

on surfaces (Figure 3C). Additional demonstrations of 
spatial programmability using 16HB-S4

1/3 and 16HB-S4
1/6 

systems are shown in Figure S13. 
 

 

Figure 3. Site-specific modification of 16HBs with polynucleotide brushes. (A) Agarose gel electrophoresis image and (B) AFM images showing site-
specific initiation of polynucleotide brush growth (M/I = 500) on 16HB. 16HB-S1

1/1: 16HB with full-decorated poly(dT) extensions on 1 side (36 
extensions); 16HB-S4

1/2: 16HB with half-decorated poly(dT) extensions on all 4 sides (72 extensions); 16HB-S4
1/1: 16HB with full-decorated poly(dT) 

extensions on all 4 sides (144 extensions). (C) oxDNA simulation of 16HB-S4
1/2-pn500 in solution and on surface. 

We verified the spatial programmability of brush 
growth using an entirely different DON core design, i.e., 
the 6HB, which is much longer and thinner compared to 
the 16HB (Figure 4). We first designed and assembled 
6HB origami with oligo(dT) initiation sites at different 
positions along the origami core (6HB-S6

1/1, 6HB-S6
13/27, 

6HB-S6
5/27+5/27, and 6HB-S6

7/27), and then subjected the 

resulting DONs to SI-TcEP (M/I ratio = 500). Figure 4B 
shows excellent agreement between the pn-DON 
conformations predicted by our simulations and those 
observed in AFM images. Because  6HBs are significantly 
longer than 16HBs, one can distinguish pn-DONs with 
poly(dT) brush corona at different positions on 6HBs more 
clearly. 

 

 
 

Figure 4. Site-specific modification of 6HBs with polynucleotide brushes. (A) Agarose gel electrophoresis image and (B) 2D (on surface) simulation 
results and AFM images showing site-specific initiation of polynucleotide brush growth (M/I = 500) on 6HB. 6HB-S6

1/1: 6HB with full-decorated poly(dT) 
extensions (162 extensions); 6HB-S6

13/27: 6HB with half-decorated poly(dT) extensions on one end (78 extensions); 6HB-S6
5/27+5/27: 6HB with partial 

poly(dT) extensions on both ends (60 extensions); 6HB-S6
7/27: 6HB with partial poly(dT) extensions in the middle (42 extensions).

It is known that a dense oligonucleotide brush 
layer is more resistant to nuclease degradation.[22] This 
also holds true for pn-DONs, as shown by our results in 
Figure 5. Specifically, we compared the stability of 16HB 
and 16HB-S4

1/1-pn500 when subjected to digestion by the 
endonuclease DNase I. The gel and AFM images both 
confirm that fully covered 16HB-S4

1/1-pn500 pn-DONs are 
significantly more stable against degradation by DNase I 
at physiological concentration (3.6 U/mL)[23] compared to 
the bare 16HBs at the same mass concentration (compare 
Figure 5A with 5B). We attribute the downward movement 
of bands for 16HB-S4

1/1-pn500 to the partial degradation of 
the polynucleotide brushes, which protect the origami 
cores; furthermore, we attribute the background noise 
appearing in the AFM images of pn-DONs to residual TdT 
enzymes remaining in solution after TcEP reaction.   

In addition to DNase I, we also investigated the 
stability of the brush-protected origami against 10% FBS 
(16HB-S4

1/1-pn250 and 16HB-S4
1/1-pn500). Figure S14 

shows that the brush height (i.e., M/I) affects the 
degradation kinetics substantially. While both pn-DONs 

show distinct bands in the gel even after 20 hours of 
incubation, degradation proceeds slower for the origami 
decorated with longer brushes, as seen by the higher 
intensity of bands for 16HB-S4

1/1-pn500 in Figure S14C 
compared to the bands for 16HB-S4

1/1-pn250 in Figure 
S14B. The upward movement of bands for pn-DONs after 
incubation with 10% FBS is likely due to the interaction of 
proteins in FBS with the pn-DONs, leading to a different 
mobility when subjected to an electric field. This behavior 
is different from that observed when incubated with DNase 
I (Figure 5A).  

Lastly, we evaluated the stability of 6HB pn-
DONs against DNase I degradation. The gel and AFM 
images showed that unlike the 16HB pn-DONs, the 6HB 
DONs and pn-DONs were almost completely degraded 
already after incubation for 1 h (Figure S15). These 
results are consistent with the lower grafting density of 
polynucleotide brushes on 6HB cores and the smaller 
width of 6HB cores compared to 16HB cores 
(Figures S2–S4). Nevertheless, AFM images show that 
brush-modified 6HB pn-DONs are still more stable than 
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unmodified ones. This is consistent with the agarose gel 
image which shows a distinct band for pn-DONs even after 

30 min, while DONs lacking a brush layer form a smear in 
the first 10 min (Figure S15). 

 

 

Figure 5. Nuclease stability of 16HB DONs with and without polynucleotide brushes. Agarose gel electrophoresis image and AFM images showing the 
stability of DNA origami (A) with (16HB-S4

1/1-pn500) and (B) without (16HB-S4
1/1) poly(dT) brush decoration after incubation with 3.6 U/mL DNase I for 

different lengths of time. 

Interestingly, the location for enzymatic attack 
on pn-DONs can be programmed by origami design. For 
example, after incubating the half-decorated 16HB (16HB-
S4

1/2-pn500) with DNase I for 1 h, only the polynucleotide-
covered segments of the origami core survive (Figures 6B, 
S16, and S17), as depicted schematically also in Figure 
6A. By analyzing the areas of pn-DONs and the areas of 
their origami cores as a function of time from AFM images, 
we observed a peak shift in both cases, indicating that the 
brush corona acts as a sacrificial layer for the brush-
protected segment of the origami core (Figures 6D, S16B, 
and S16C). Thus, by deliberately introducing TcEP 
initiation sites on DONs, we can a priori determine which 
segments of origami will be degraded. This is an important 
attribute of our structures that has implications for drug 
delivery through the design of cleavable DONs.[24]  

This phenomenon of selective protection is more 
apparent in the context of longer 6HB origami. We 
incubated dumbbell-shaped 6HBs (6HB-S6

5/27+5/27-pn500) 
which were decorated with a poly(dT) brush corona at both 
ends of the nanorods with DNase I (0.5 U/mL). AFM 
images showed that the dumbbell-shaped pn-DONs were 
cleaved in the center region of the nanorod which has no 
poly(dT) brush modification, as indicated with arrows in 
Figure 6G. However, the resulting shorter segments of 
brush-modified origami survived for a significantly longer 
time in presence of DNase I. This is also apparent from 
the gel image (Figure 6F), which shows that in addition to 
the band at the higher MW position (corresponding to the 
original sample), another band at the lower MW position 

(corresponding to the protected segments of the origami 
core) appeared after 30 min, and thereafter only the band 
with the lower MW survived after 60 min.  

Finally, we studied the stability of protected and 
unprotected origami in physiologically relevant buffer 
conditions. This is important because DONs are typically 
only stable at sufficiently high concentrations of divalent 
cations (e.g., 10 mM Mg2+ for 16HB and 6HB), which far 
exceed those in physiological conditions. AFM images 
showed that after incubating DONs (16HB) and pn-DONs 
(16HB-S4

1/1-pn200 and 16HB-S4
1/1-pn500) in 1X DPBS with 

only 0.9 mM Ca2+ and 0.5 mM Mg2+ for 24 hours, both 
DONs and pn-DONs with short brushes (M/I = 200) 
disassembled (Figures S18D and S18E). However, pn-
DONs with long polynucleotide brushes (M/I = 500) 
maintained their integrity even after 24 hours incubation 
(Figure S18F). This was corroborated by gel images of 
DONs and pn-DONs with shorter brushes (M/I = 200) 
(Figures S18A and S18B), which showed a larger extent 
of staple dissociation—as seen by the increase of band 
intensity at lower positions (<500 bp)—than pn-DONs with 
longer brushes. The observed upward shift in the bands 
for 16HB samples after incubation arises from the 
disassembly of origami, which results in increased size 
and thus slower migration in the agarose gel. On the other 
hand, the downward shift in the bands for both pn-DON 
samples (16HB-S4

1/1-pn200 and 16HB-S4
1/1-pn500) 

suggests a loss of poly(dT) strands during disassembly, 
which leads to overall lower MW but still fully intact pn-
DON structures which migrate faster in the agarose gel.
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Figure 6. Controllable partial digestion of pn-DONs. (A) Schematic, (B) agarose gel electrophoresis image, (C) AFM images, and (D) size distribution of 
pn-DON particles and their origami cores showing the process of partial digestion of 16HB-S4

1/2-pn500 by 3.6 U/mL DNase I. (E) Schematic, (F) agarose 
gel electrophoresis image, and (G) AFM images showing the process of partial digestion of 6HB-S6

5/27+5/27-pn500 by 0.5 U/mL DNase I.  

So far, as proof-of-concept, we have used 
natural nucleotide (dTTP) monomers for the 
polymerization reactions. However, as shown in Figure 
S19, we confirmed that TdT is able to polymerize 5-Fluoro-
dUTP (5F-dUTP), a non-natural cytostatic nucleotide. This 
observation underscores the potential of pn-DONs for 
drug-delivery applications. Our approach can be applied 
even more broadly to also encompass chemically 
functionalized nucleotide analogues that could be 
harnessed for post-polymerization reactions, such as 
azide-alkyne cycloaddition “click” reactions. To this end, 
we showed that 5-Ethynyl-dUTP (5E-dUTP) can be 
polymerized by SI-TcEP (Figure S19). By introducing 
clickable groups into polynucleotide brushes, our 
approach can potentially be used for generating a broad 
range of site-specific chemical modifications on DNA 
origami, including incorporation of dyes, hydrophobic 
groups, and biotin. 

Conclusion 

In summary, our research on the synergistic 
combination of surface initiated enzymatic polynucleotide 
brush synthesis with precisely engineered DNA origami is 
new and presents, guided by molecular simulations, an 
innovative pathway for the generation of tunable, stable 
polynucleotide brush-functionalized origami nano- and 
meso-structures. Specifically, we have devised a strategy 
that harnesses the broad polymerization capability of TdT 
to synthesize DNA nanostructures by site-specifically 
programming the surface-initiated growth of 
polynucleotide brushes on the surface of DNA origami. We 
found that fully brush-decorated pn-DONs can be stable 
for many hours in presence of nucleases and 
physiologically relevant buffer conditions. We showed that 
site-specific, partial brush decoration will direct nuclease 
degradation primarily to unprotected areas of the origami 
core, thus providing a route to generate smart, cleavable 
pn-DONs. Finally, the ability of TdT to polymerize a broad 
range of nucleotide analogues enables the synthesis of a 

broad range of polynucleotide brush-modified DNA 
origami which are poised to find applications ranging from 
drug delivery and biosensing to the generation of 
microreactors by supramolecular self-assembly. 
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