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Doxorubicin (DOX) is a commonly employed drug in cancer
chemotherapy, and its high DNA-binding affinity can be har-
nessed in preparing programmable DOX-loaded DNA nano-
structures that can be further tailored for targeted delivery and
therapeutics. Although DOX has been widely studied, the exist-
ing literature of promising DOX-loaded DNA nanocarriers re-
mains limited and incoherent. A number of reports have over-
looked the fundamentals of the DOX-DNA interaction, let alone
the peculiarities arising from the complexity of the system as
a whole. Here, based on an in-depth spectroscopic analysis, we
characterize and optimize the DOX loading into different 2D
and 3D scaffolded DNA origami nanostructures. In our experi-
mental conditions, all of our DNA origami designs show rather
similar DOX binding capacities, which are, however, remark-
ably lower than previously reported. To simulate the possible
physiological degradation pathways, we examine the stability
and DOX release properties of the complexes upon DNase I di-
gestion, which reveals that they disintegrate and release DOX
into the surroundings at characteristic rates related to the DNA
origami superstructure and the loaded DOX content. In addi-
tion, we identify DOX self-aggregation and precipitation mecha-
nisms and spectral changes linked to pH, magnesium, and DOX
concentration that have been largely ignored in experimenting
with DNA nanostructures and in spectroscopic analysis per-
formed with routine UV-Vis and fluorescence techniques. Nev-
ertheless, we demonstrate the possibility of customizing drug re-
lease profiles through rational DNA origami design. Therefore,
we believe this work can be used as a guide to tailor the release
profiles and develop better drug delivery systems based on DNA
nanostructures.
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Introduction
The possibility to employ DNA molecules in engineering ar-
tificial nanostructures (1, 2) has drawn increasing attention
during the past two decades (3–5). The intense development
of DNA nanotechnology has yielded new methods to build
user-defined nano-objects (6), such as DNA origami (7–14),
for a variety of scientific and technological uses (15–18). In
particular, these custom DNA nanoshapes show considerable
promise in biomedicine and drug delivery (19–22). Ratio-

nally designed DNA nanovehicles can encapsulate and dis-
play selected cargoes (23–26), act as therapeutics themselves
(27), serve as platforms for various targeting ligands and tai-
lored nucleic acid sequences (28, 29), or directly host diverse
DNA-binding drugs (30, 31). In the latter case, the most fre-
quently used drug is anthracycline doxorubicin (DOX), a flu-
orescent DNA-intercalator, which is applied in the treatments
of several cancer types and primarily in solid tumor growth
suppression (32). Its mechanisms of anticancer and car-
diotoxic actions are not fully understood, as it inhibits human
type IIA DNA topoisomerase function either by poisoning
the catalytic activity or preventing DNA-binding. However,
it also affects multiple cellular processes through DNA in-
tercalation and its ability to generate reactive oxygen species
(ROS) (33). There are a number of reports, in which the prop-
erties and therapeutic potency of various DOX-loaded DNA
nanostructures have been demonstrated using in vitro and in
vivo models (34–45).

Typically, the presumed intercalation and release of DOX
are characterized using straightforward spectroscopic indica-
tors such as spectral changes of visible light absorption or
DOX fluorescence quenching upon DNA binding interaction.
However, besides intercalation, DOX may also be complexed
with DNA through (pre-intercalation) minor-groove bind-
ing and stacking into aggregates depending on the DNA se-
quence, prevalent DOX concentration and experimental con-
ditions such as the ionic strength of the solution (46–48).
Spectroscopic features of DOX – e.g. the extent of fluores-
cence quenching – are likewise dependent on the mode of in-
teraction. In addition, a recent study suggests that in some
cases the accessibility of the intercalation binding sites in
DNA nanostructures may be restricted (49). DOX molecules
have two distinct protonation states within a physiologically
relevant pH range (pH ∼4–9) and they are prone to self-
aggregation at high concentrations (50). Therefore, spectro-
scopic properties of DOX are also subject to change in differ-
ent media compositions. Overlooking the multiple factors,
such as the binding site availability, DOX solubility, con-
centration, chosen loading and purification methods, ionic
strength and pH of the solution may result in misleading in-
terpretations of DOX loading capacity, release efficiency and
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Figure 1. Schematics of the doxorubicin (DOX) loading into a DNA nanostructure
and subsequent release upon enzymatic degradation. DOX molecules (red) are
loaded into/onto a bowtie DNA origami (formed from blue and grey strands), and
the process is optimized by monitoring the spectroscopic features of DOX, such as
fluorescence quenching. The DOX is sustainedly released as DNA origami is sub-
jected to nuclease (DNase I, green) degradation and digested into single-stranded
DNA fragments. Real-time spectroscopic observation reveals that the degradation
rate of DNA nanostructures and the release profiles of DOX depend on DNA origami
superstructure and the applied DOX content.

thus also the therapeutic effect (22).
In this work, we systematically study the binding of DOX

to five structurally distinct two- (2D) and three-dimensional
(3D) scaffolded DNA origami shapes (one exemplary DNA
origami design shown in Figure 1). By means of absorption,
excitation and fluorescence spectroscopy techniques, we op-
timize the loading process and uncover the contributions of
the ionic strength, pH, and DOX concentration to the mea-
sured spectra. The obtained results reveal that the DOX bind-
ing capacity of DNA origami has often been substantially
overestimated, in some previously reported cases by more
than two orders of magnitude.

Finally, we mimic one plausible and physiologically rel-
evant DOX release pathway by subjecting the DOX-loaded
DNA origami to deoxyribonuclease I (DNase I) digestion
(see Figure 1) (51–53). Real-time monitoring of the spectro-
scopic changes during the digestion show that both the DNA
degradation rates and the DOX release profiles depend on the
DNA origami superstructure and the amount of DOX loaded.
We believe that by unraveling all these fundamental and some
previously undiscovered features, the engineering of new tai-
lored DNA objects with imminent biomedical potential be-
comes feasible. Through identification of the loading, re-
lease and spectroscopic properties of DOX, as well as the
superstructure-dependent stability factors of DNA origami
in physiological conditions (54–57), it may become possible
to rationally design delivery capability, control the dose and
thus achieve the optimal therapeutic efficacy.

Results

Effects of buffer conditions on the spectroscopic fea-
tures of DOX
To ensure that the obtained spectroscopic changes in later ex-
periments are associated reliably with the DOX-DNA bind-
ing events and not caused by the environment, we first iden-

tified the effects of the buffer conditions on the spectroscopic
properties of DOX. We performed a series of measurements
on DOX in the absence of DNA in Tris-based buffers typi-
cally applied in DNA origami experiments. In particular, we
screened the effect of two buffer parameters; pH and MgCl2
concentration.

Buffer pH. For identifying the effects of buffer pH on the
spectroscopic features of DOX, 40 mM Tris-HCl buffers
were prepared at pH 6.0–9.0 and the absorption and fluores-
cence spectra of DOX were collected at each pH. The shape
of the DOX absorption spectrum as well as its molar extinc-
tion coefficient (ε) depends heavily on buffer pH (Figure 2a).
Between pH 6.0–8.0, the shape of the spectrum is maintained,
but throughout the whole absorption spectrum, ε increases
with decreasing pH. For instance, ε494 is ca. 65% higher at
pH 6.0 than at pH 8.0. A higher emission intensity is also ob-
served at lower pH values, as shown in Figure 2a inset with
a 494 nm excitation.

Above pH 8.0, the shape of the absorption spectrum
changes and a new absorption peak emerges at approximately
590 nm. However, exciting the molecules at this wavelength
does not lead to DOX fluorescence, thus showing that at pH
8.0 and above, an increasing fraction of DOX molecules is
non-fluorescent. DOX is known to have a pKa value for the
deprotonation of the amino sugar NH+

3 group at pH 8.2 (50).
The observed spectral changes and the emergence of non-
fluorescent molecules take place around the same pH value,
being thus likely associated with the deprotonation events.
These observations are also in line with previous reports of
DOX absorbance in high pH buffers (58), and the spectral
changes could thus be expected to become even more pro-
nounced at pH values above 9.0.

Near the pKa, the sample contains a distribution of
charged and neutral molecules, and in the spectroscopic
means, a mixture of fluorescent and non-fluorescent DOX
molecules. While the sample is thus heterogeneous, the emis-
sion spectrum remains homogeneous as the non-fluorescent
molecules do not contribute to the signal (Supplementary
Figure 1). As the sample heterogeneity would nevertheless
complicate the interpretation of experimental results, it is
beneficial to conduct experiments at pH well below the pKa.
Based on both the existing literature and the obtained spectra,
an optimal pH range for further experiments was determined
as 6.0–7.8, where altering the pH does not change the shape
of the absorption spectrum.

Buffer MgCl2 concentration at pH 7.4. DOX is known to form
complexes with metal ions, such as Fe3+, Cu2+, Mn2+,
Ni2+, Co2+, Mg2+, and Zn2+ (58–60). Metal ion complex-
ation thus presents another source of DOX heterogeneity in
buffers supplemented with divalent cations. When the MgCl2
concentration in the buffer increases, both the absorption and
fluorescence properties of DOX change indicating complex-
ation of DOX with Mg2+ ions (Figure 2b). In the presence of
100 mM MgCl2, three distinct peaks at 500 nm, 534 nm, and
576 nm are observed in the absorption spectrum. The 576 nm
peak emerges only in the presence of MgCl2, and excitation
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Figure 2. Effects of buffer conditions on the properties of the DOX in the absence of DNA. a Absorption and emission (inset) spectra of 3 µM DOX in 40 mM Tris, 0 mM
MgCl2 at pH 6.0–9.0. The emission spectra were obtained at an excitation wavelength of 494 nm. b Absorption and fluorescence emission (494 nm excitation) of 3 µM DOX
in 40 mM Tris, pH 7.4 buffer at different MgCl2 concentrations. The inset figure shows a comparison of the emission spectra of the 0 mM and 100 mM samples, with the
maximum emission intensity of the 0 mM MgCl2 sample normalized to 1. The 0 mM MgCl2 spectrum (black) corresponds to the pH 7.4 spectrum in Figure a. c Absorption
and emission spectra of 3 µM DOX in the chosen experimental conditions – 40 mM Tris, 10 mM MgCl2, pH 7.4. The effect of 10 mM MgCl2 concentration is shown by
comparing the spectra measured at 10 mM MgCl2 concentration (solid lines) with spectra measured at 0 mM MgCl2 (dashed lines). d Precipitation of DOX driven by high
DOX concentration (mM scale), high pH (8.0), and increasing magnesium:DOX ratio (12.5 mM Mg2+ in FOB and 10 mM Mg2+ in both Tris/Mg2+ buffers, DOX concentration
varies as indicated). The photographs on the left show the visible precipitation of 2 mM DOX in pH 8.0 buffers observed after 96 h incubation at RT and centrifugation at
14,000 g. The graphs on the right show the effect of the incubation time, total DOX concentration in the beginning of the incubation (c0) and the applied buffer to the extent
of self-aggregation and precipitation of DOX. The magnesium:DOX ratio in the samples increases from left to right with decreasing c0. The concentration of DOX remaining
in the supernatant (% c(DOX)) was quantified with absorbance (A480) measurements.

at this absorption peak leads to a fluorescence spectral shape
that is rather distinct from that of DOX in the absence of
MgCl2 (Supplementary Figure 2). While the emission spec-
trum of DOX at 0 mM MgCl2 is homogeneous over the full
absorption spectrum, the addition of MgCl2 induces hetero-
geneity in the emission measurement reflected as the shape
of the emission spectrum changing with the excitation wave-
length (Supplementary Figure 2). As a result, the shape of the
emission spectrum upon 494 nm excitation depends slightly
on the MgCl2 concentration (Figure 2b inset).

A comparison of the absorption and fluorescence spectra
of 3 µM DOX in 40 mM Tris, pH 7.4 with either 0 mM or
10 mM MgCl2 is shown in Figure 2c. The spectral differ-
ences indicate that at 10 mM MgCl2, the sample and its ab-
sorption and fluorescence spectra are a combination of pure
DOX and a small concentration of the DOX-Mg2+ complex.
Despite the slight DOX heterogeneity in these conditions, 40
mM Tris at pH 7.4 supplemented with 10 mM MgCl2 was
chosen for all the experiments to maintain structural stability
and integrity of the DNA origami.

DOX self-aggregation in high-pH buffers and precipi-
tation due to Mg2+ ions over time
We then tested whether the effects of pH and MgCl2 ob-
served as spectral changes can also change the behavior of
DOX in an extent that could affect the outcome of DOX -
DNA origami experiments. In particular, the combined ef-
fect of pH and the applied DOX concentration can be ex-
pected to be large: near and above the pKa of the NH+

3
group, the solubility of the uncharged form of DOX is only
0.3 mg/mL (0.55 mmol/L; M = 543.52 g/mol), while the sol-
ubility of positively charged DOX in aqueous solution has
been reported as 20 mg/mL (36.8 mmol/L) (50). In addi-
tion, high DOX concentrations can lead to dimerization (Ka
= 1.4×104 M−1) (47) or oligomerization of DOX (50). Nev-
ertheless, DOX-loaded DNA origami structures are often pre-
pared using DOX concentrations within the range of 1–2 mM
at pH 8.0 or above (34, 36, 39, 41).

To characterize the effect of different experimental condi-
tions, we studied the extent of self-aggregation of 20 µM to 2
mM DOX solutions prepared in three different buffers: in 40
mM Tris, 10 mM MgCl2 at pH 7.4; in 40 mM Tris, 10 mM
MgCl2 at pH 8.0; and in a typical 2D DNA origami fold-
ing buffer (FOB) containing 1× TAE [40 mM Tris, 19 mM
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acetic acid, 1 mM ethylenediaminetetraacetic acid (EDTA)]
and 12.5 mM MgCl2 at pH 8.0. After incubating the DOX
solutions in the dark at room temperature, centrifugation was
used to separate the insoluble fraction of DOX formed during
the incubation.

At 2 mM DOX concentration, the choice of buffer shows
a significant effect on the extent of DOX precipitation during
incubation. After 96-hour incubation, centrifugation leads
to a formation of a dark red DOX precipitate in both of the
2 mM DOX samples prepared in pH 8.0 buffers, but not in
the pH 7.4 buffer (Figure 2d, photographs on the left panel).
The observed DOX precipitation was further confirmed and
quantified by determining the concentration of DOX in the
supernatant from DOX absorbance (graphs in Figure 2d). At
2 mM DOX concentration in FOB, only 0.4 mM of DOX re-
mains soluble after 96 hours. In Tris/Mg2+ at the same pH
8.0, but containing slightly less MgCl2, the concentration of
DOX in the supernatant is 1.0 mM. In the Tris/Mg2+ buffer at
pH 7.4, aggregation is negligible with 1.8 mM of DOX found
in the supernatant.

When the DOX concentration is decreased to 200 µM,
i.e. below the solubility limit of the deprotonated DOX
molecules, the differences between the buffers become
smaller. However, when the relative amount of magnesium to
DOX increases (from left to right in Figure 2d), DOX precipi-
tation due to the apparent DOX-magnesium interaction starts
to play a significant role. This effect is clearly seen at 20 µM
DOX after a long-term storage. Comparison of the full ab-
sorption spectra of the samples likewise shows that the effect
of Mg2+ on the shape of the spectra increases at lower DOX
concentrations where the relative amount of magnesium is
large (Supplementary Figure 3).

DOX loading
Next, we studied the interaction between DOX and five struc-
turally distinct DNA origami nanostructures in the selected
buffer conditions. The DNA origami structures include three
2D and two 3D DNA origami designs (Figure 3a): the Rothe-
mund triangle (7), a bowtie (61), a double-L (61), a capsule
(26), and a 24-helix bundle (24HB) (see Supplementary Fig-
ures 12–14 and Supplementary Table 5). The correct high-
yield folding and structural integrity of all the DNA origami
structures were verified with atomic force microscopy (AFM)
or transmission electron microscopy (TEM) (Figure 3a).

Absorption and fluorescence properties of the DOX-DNA
origami complexes. To study the DOX loading process in de-
tail, we performed a set of titration experiments where the
concentration of DOX was held constant at 3 µM while the
concentration of DNA origami in the sample was increased.
When the concentration of DNA in the sample increases over
the titration, an increasing fraction of DOX binds to DNA,
observed as changes in DOX light absorption and quenching
of fluorescence. After addition of DNA, the samples were
incubated for 2.5 min before the spectra were collected in or-
der to reach an equilibrium where the amount of DOX bound
to the DNA has stabilized. The 2.5 min incubation time was
found to be sufficient, as no further spectral changes were ob-

served over longer incubation times (Supplementary Figure
9), in accordance with existing literature where the equilib-
rium is reached within seconds (47).

The left panel of Figure 3b shows how the absorption spec-
trum of DOX changes upon titration with the triangle DNA
origami. Binding to DNA causes a slight red-shift of the ab-
sorption spectrum and an overall decrease of ε in the visible
wavelength region. Additionally, the absorption peak associ-
ated with the DOX-Mg2+ complex at ca. 570 nm disappears,
when the stronger DOX-DNA interaction causes dissociation
of the weakly bound DOX-Mg2+ complexes. The DOX fluo-
rescence quantum yield (Φ) decreases upon DNA addition, as
shown in the middle panel of Figure 3b for excitation wave-
length 494 nm. The fluorescence spectra were corrected for
the decrease of ε494, which also leads to decreasing fluores-
cence intensity when less light is absorbed in the sample.
By the end of the titration and at a base pair/DOX molar ra-
tio of approximately 15, the titration is close to a saturation
point with ε494 decreased by ca. 35%, and Φ ca. 89% (Fig-
ure 3b, right panel). The absorption and fluorescence spectra
of bowtie, double-L, capsule, and 24HB DNA origami appear
highly similar to the triangle DNA origami, and are presented
in the Supplementary Figure 4.

Increasing the amount of DNA origami in the sample
causes a discernible scattering effect, which is stronger for
the 3D DNA origami shapes than for the 2D shapes (Supple-
mentary Figure 10). In the absorbance measurement, this is
observed as a slight elevation in the spectrum baseline during
the titration, which has an influence on the apparent sample
absorbance. While the scattering effect is minor compared
to the spectral changes of DOX, it leads to moderately in-
creased apparent ε of DOX in the end of the titration for the
3D shapes (Supplementary Figure 5). For this reason, further
analysis of the binding was based on the fluorescence data,
which is less affected by the light scattering effects. Analysis
of the absorption data was then carried out using the parame-
ters obtained from the analysis of the fluorescence data.

Interpretation of the experimental results through a molec-
ular binding model. DOX has been proposed to bind dsDNA
through two prevalent mechanisms: intercalation between G–
C base pairs, and binding at A–T rich areas (47) via minor
groove binding through electrostatic interactions, which is
also considered an intermediate step in the intercalation pro-
cess (46). The fluorescence of DOX has been shown to be
fully quenched in the more strongly bound DOX-GC com-
plex (intercalation), while the weaker DOX-AT complex re-
mains gently fluorescent in double-stranded DNA (dsDNA)
(47, 62). This is also fully supported by our observations;
when DOX electrostatically binds to a single-stranded DNA
(ssDNA), the DOX fluorescence does not quench, although
its absorption spectrum changes in a similar fashion as in the
case of DNA origami (Supplementary Figure 8). For describ-
ing the observed decrease of Φ and ε when increasing the
concentration of DNA origami, we thus applied a 1:2 molec-
ular binding model for including both modes of interaction
and the formation of two distinct DOX-DNA complexes with
different association constants (K11 and K12) and fluores-
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Figure 3. DNA origami titration experiments for determining the DOX-loading properties of different DNA origami structures. a The models and microscopy images of the
studied 2D and 3D DNA origami. The triangle, bowtie, and double-L 2D DNA origami are shown on the left accompanied by atomic force microscopy (AFM) images. The 3D
DNA origami – the capsule and the 24-helix bundle (24HB) are shown on the right in TEM images. The AFM images are 500 nm × 500 nm in size, and the TEM images
are 300 nm × 300 nm. b Representative changes in the absorption spectrum (left panel) and fluorescence emission after 494 nm excitation (middle panel) of 3 µM DOX
when the concentration of DNA base pairs (bp) in the solution is increased. The spectra have been measured for the triangle DNA origami after the system has reached
equilibrium. The DNA concentration at each titration step is expressed as the molar ratio between DNA base pairs and DOX molecules in the sample (bp/DOX), and indicated
in the legend. The fluorescence spectra in the middle panel have been corrected for the decrease of the molar extinction coefficient at the excitation wavelength (ε494), and
represent the quantum yield of the emitting molecules. The relative decrease of ε494 and Φ during titration with the triangle DNA origami are shown against the amount
of DNA added (bp/DOX ratio) in the right panel. The measured values for ε494 and Φ have been fitted with a 2-component binding model as described in the text. The
corresponding spectra and titration isotherms for the other DNA origami structures are presented in the Supplementary Figure 4. c Increase of the fraction of bound DOX
molecules (fb) when the DNA base pair concentration in the sample increases, obtained by fitting the fluorescence data.

cence quantum yields (Φ11 and Φ12).
In the right panel of Figure 3b, the dependence of Φ and

ε494 on the base pair concentration in the triangle DNA
origami sample is described by a fit according to Equations
(2) and (4) [Equations (1–7) can be found in the Materials
and Methods section]. The model suggests that in the fluo-
rescence measurement, the two DOX-DNA complexes with
an average K11 = (2.0 ± 0.3) × 105 M−1 and K12 = (2.6 ±
0.2) × 105 M−1 can be differentiated from each other by the
extent of fluorescence quenching (Φ11/Φ0 = 0.52 ± 0.07 and
Φ12/Φ0 = 0.067 ± 0.009), but in terms of light absorbance,
their physical properties are similar (ε11/ε0 = 0.58 ± 0.08
and ε12/ε0 = 0.67 ± 0.09 for 494 nm).

The binding model can thus be seen to present a reasonable
approximation for the behavior of the system and the changes
of the physical properties of DOX (Φ and ε) upon DNA addi-
tion by taking into account the two types of binding modes,
and essentially, their distinct fluorescence properties. The de-
termined values of K11 and K12 are in the same range and
order of magnitude as in previous studies (47, 62) – neverthe-
less, we note that generalization of the fitting results and the
obtained parameters outside the presented experimental con-
ditions should be carried out with caution due to the simplifi-
cations of the model. A comparison of the fitting parameters
for all DNA origami structures presented in this study can be
found in the Supplementary Table 2.

The fraction of bound DOX molecules at each bp concen-
tration can then be obtained from the fit according to Equa-
tion (3), which enables a comparison of the DOX loading
properties for different kinds of DNA origami shapes (Fig-
ure 3c). It appears that the DNA origami superstructure has
relatively little effect on how much DOX can be bound to
the structures, as all curves in Figure 3c are rather similar.
In the beginning of the titration, the fraction of bound DOX
increases sharply when DNA is introduced into the sample.
The maximum number of bound DOX molecules per base
pair is reached at 0.36 ± 0.10 (Supplementary Figure 6).

DOX release upon nuclease degradation
After determining that all the studied DNA origami shapes
have rather similar DOX loading capacity, we studied their
superstructure-related differences towards DNase I digestion.
When the DOX-loaded DNA origami structures are digested
by DNase I, the dsDNA structure of the DNA origami breaks
down as the nuclease cleaves the DNA into short ssDNA frag-
ments. As the ε260/nt for ssDNA is higher than the ε260/nt for
dsDNA (63), the process can be followed from the increase of
theA260 of the sample. The bound DOX is released when the
double-helical DNA structure unravels, observed as a recov-
ery of DOX fluorescence. In order to follow both processes
in detail, we employed a simultaneous kinetic spectroscopic
characterization of both the increase of DNA absorbance and
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the recovery of DOX fluorescence during DNase I digestion
in DOX-loaded DNA origami samples.

We studied the effect of the DOX loading content, which
can be tuned with the DOX concentration during loading: at
3 µM DOX (molar ratio bp/DOX = 4.5 ± 1.5), the average
density of DOX bound in the structures was determined as
0.20 ± 0.05 bound DOX molecules/bp, based on the mea-
sured DOX fluorescence quenching and parameters obtained
for the thermodynamic DOX-DNA binding model. Doubling
the DOX concentration to 6 µM (bp/DOX = 2.3 ± 0.8), while
keeping the concentration of DNA base pairs constant, leads
to a slightly higher number of bound DOX molecules; 0.33
± 0.07 DOX/bp. It is noteworthy to acknowledge that free,
unbound DOX in the solution was not removed before the di-
gestion experiments, as this would disturb the binding equi-
librium and promote an additional pathway of DOX release
during the incubation. A comprehensive list of the bp/DOX
ratios and amounts of loaded and free DOX in the samples
can be found in the Supplementary Table 4.

When the DNA origami are digested by DNase I, the A260
of the samples increases roughly linearly, until reaching a sat-
uration point where the structures are fully digested. Full di-
gestion of the double-helices increases the A260 of the 2D
structures on average by (30 ± 2)%, and the A260 of the
3D structures by (22 ± 4)%. Theoretical values predicted
by calculating the ε260/nt for intact and digested structures
according to Equation 1 are (46 ± 3)% and (44 ± 5)% for
2D and 3D structures, respectively. The smaller measured
values in comparison with the predicted values suggest the
initial ε260/nt values to be slightly overestimated for all DNA
origami structures, and more so for 3D structures that cause
more light scattering in the intact state (see Supplementary
Figure 10).

Following the A260 increase of the DNA origami reveals
that the dsDNA structure of the DNA origami breaks down
at distinct rates depending both on the DNA origami super-
structure and the DOX concentration in the sample (Figure
4a). In general, both 3D shapes are digested more slowly
than the 2D structures, and their digestion profiles are thus
presented over 41 hour incubation, while a shorter (< 1 h)
incubation is sufficient for studying the DNase I digestion
of the 2D structures. The fastest digestion is observed for
the triangle DNA origami in the absence of DOX, with the
structures being completely degraded within 20 minutes of
incubation in the presence of 34 U/mL DNase I. Notably, in-
creasing amounts of DOX slow down the DNase I digestion
by a considerable extent. The digestion rates of all structures
are compared in Figure 4d, where the effect of slightly differ-
ent DNase I concentrations for the 2D and 3D structures has
been taken into account by normalizing the rates per unit of
DNase I.

To further support the spectroscopic results of the DNA
origami digestion, an agarose gel electrophoresis (AGE)
analysis was carried out parallel to the kinetic DNA absorp-
tion and DOX fluorescence measurements (Figure 4b). Incu-
bating the 24HB and the capsule with 28 U/mL DNase I leads
to a lower band intensity and an increased electrophoretic

mobility of the samples, indicating a reduced size of the
partly digested DNA origami. In the case of complete diges-
tion, the bands disappear completely. The observed effects
of DNase I digestion in AGE after 17 h and 41 h are well
in agreement with the structural digestion determined from
the A260 increase in Figure 4a. Likewise, incubating the 2D
structures for 17 h in the same conditions as for the 3D struc-
tures leads to complete digestion of the structures, observed
both as a stabilized A260 signal and a disappearance of the
DNA origami bands in AGE (Supplementary Figure 11).

When DOX-loaded DNA origami are digested by DNase
I, DOX release is observed as a recovery of DOX fluores-
cence. Figure 4a presents the fraction of initially loaded DOX
molecules released from the DNA origami during the DNase
I incubation. For both DOX concentrations, the fractions of
bound and released DOX are closely linked to the fraction of
intact dsDNA residues in the samples. As a result, the to-
tal amount of loaded DOX is released more slowly from the
6 µM DOX samples than from the 3 µM DOX samples. The
cross-correlation between released DOX and the intactness
of the DNA origami structures for the 3 µM DOX samples is
shown in Figure 4c.

While the 6 µM DOX samples are digested more slowly,
they also contain a higher amount of DOX than the less
densely loaded 3 µM DOX samples. When the loading den-
sity of the structures is taken into account and the DOX re-
lease is considered in terms of the absolute number of re-
leased DOX molecules, the difference between the DOX re-
lease properties of 3 µM and 6 µM DOX samples decreases.
In Figure 4e, the DOX release rates are compared in terms of
the number of DOX molecules released per unit of time per
unit of DNase I. The general trend observed for the different
structures is that while the 6 µM samples are able to release
more DOX into the solution, the inhibition of DNase I func-
tion is still a stronger effect and leads to faster drug release
rates from the 3 µM samples.

Discussion

DOX loading and choice of conditions
In common experimentation with DNA origami, the buffer
of choice is typically a Tris-HCl or a TAE buffer, either sup-
plemented with on average 10–20 mM Mg2+. These condi-
tions have been generally found to be appropriate for stabi-
lizing the DNA origami structures: the divalent cations ef-
fectively screen the electrostatic repulsion between the neg-
ative charges of closely packed phosphate backbones, and
the typical pH at 8.0–8.3 is in the optimal buffering range of
Tris-based buffers. As it is important to retain the structural
integrity of DNA origami nanostructures throughout experi-
mental procedures, these conditions are also commonly used
together with DOX – particularly during incorporating (load-
ing) the DOX into the DNA origami structures. Still, the
question of whether these conditions can cause unexpected
or undesired behavior of DOX, or change its spectroscopic
properties in terms of ε or Φ in a way that can lead to a mis-
interpretation of spectroscopic observables, has been left al-
most entirely unaddressed.
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Figure 4. Digestion of the DNA origami nanostructures and DOX release during incubation with DNase I. a Comparison of the degradation of the dsDNA framework of the
DNA origami shapes and the resulting DOX release. The structural integrity of the DNA origami (% intact), as determined from the increase of the A260 signal, is shown
with the gray triangle markers for the samples without DOX, and with the empty and filled black markers for the samples containing DOX at either 3 or 6 µM concentration.
For the samples with 3 and 6 µM DOX, the orange markers depict the fraction of released DOX molecules relative to the initial concentration of bound DOX molecules. b
Agarose gel electrophoresis (AGE) analysis of the 24HB and capsule DNA origami samples after 17 h and 41 h digestion. The first lane for each sample (-) contains the
DNA origami without DNase I or DOX; the lanes marked with 0, 3, and 6 contain the indicated concentration of DOX in µM, with additional 28.2 U/mL of DNase I in each
sample. c Cross-correlation plots of % DOX release vs. % intact for all DNA origami shapes at 3 µM DOX. d DNase I digestion rates relative to the rates measured for the
triangle DNA origami. DNase I digestion rate denotes the decrease rate of the relative fraction of intact dsDNA structures. e Relative dose stands for the number of DOX
molecules released per unit of time and takes into account the absolute concentration of DOX molecules loaded into the DNA origami in the beginning of the incubation. Both
the digestion and release rates have been normalized to the concentration of DNase I in the samples (34 U/ml for the triangle, bowtie, and double-L, and 28 U/mL for the
24HB and the capsule), and further shown relative to the rates measured for the triangle DNA origami.

In our spectroscopic analysis, we found that if the pH is at
or above 8.0 and the MgCl2 concentration is at mM range, the
environment will lead to DOX heterogeneity either in terms
of charge (deprotonation) or formation of DOX-Mg2+ com-
plexes (Figure 2a-c). In general, the spectroscopic properties
of DOX are obviously associated with the prevalent solution
pH, but unfortunately this fact is often brushed aside (34, 40).
For example, it has been stated that the amount of DOX re-
leased from the DNA structures increases with decreasing pH
(34), but our results strongly suggest that the observed ele-
vation in DOX absorbance and fluorescence may just arise
from the spectroscopic properties of DOX (high absorbance
and emission at low pH) and not from the DOX concentration
change.

While the observations are important for validating the
spectroscopic results obtained at these buffer conditions, they
also reflect the aggregation behavior of DOX observed in dif-
ferent Tris-based buffers supplemented with MgCl2 (Figure
2d). The precipitation of DOX during storage at RT indicates
two major aggregation pathways in line with the previous lit-
erature (47, 50, 58, 59). The more prevalent one is observed
at pH ≥ 8.0 when the DOX concentration is above the solu-
bility of the deprotonated molecules (0.55 mmol/L) (50). The
second mechanism is linked to the complexation with Mg2+,
which causes slight DOX aggregation and precipitation re-

gardless of the DOX concentration (from µM to mM range).
This aggregation pathways becomes notable at lower DOX
concentrations where the magnesium:DOX ratio is high and
the contribution of the more significant aggregation mecha-
nisms is smaller.

The experimental conditions and the protocol of plain
DOX incubation used here are consistent with the com-
monly used strategies to load DOX into DNA nanostructures
(34, 36, 44). Incubation of DOX alone at millimolar concen-
trations and at pH 8.0 leads to an almost identical precipitate
as using the reported DOX-loading approaches. Therefore, it
is fairly reasonable to assume that the method for preparing
purified DOX-loaded DNA origami structures via the same
precipitation protocol (34, 36, 44) can likewise result in sam-
ples containing highly aggregated DOX.

Our results show that typical DNA origami buffers sup-
plemented with MgCl2 are not suited for unequivocal DOX
experimentation. While the pH of the buffers can be readily
adjusted to pH < 8.0, magnesium may be more challenging to
exclude as it is a crucial counterion for screening the charged
phosphate groups. While DNA origami have been shown to
remain stable in low-Mg2+ conditions (55), addition of posi-
tively charged reagents such as DOX can be expected to influ-
ence the number of Mg2+ ions associated with the backbone
in low-Mg2+ buffers, and thus may compromise the struc-
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tural stability.
In summary, these findings may be used as a cautionary

tale on how to choose the conditions for DOX loading. Cer-
tain compromises are inevitable and required for fitting to-
gether DNA origami and DOX, which both have a different
optimal environment. According to our results, it is important
to acknowledge the effect of these concessions in the loading
process as well as in long-term drug release and storage.

DOX loading – efficiency and features
When DNA origami structures are mixed with DOX, the high
DNA-binding affinity of the drug leads to a fast formation of
non-covalently bound DNA origami-drug complexes. In our
titration experiments, we studied and compared the DOX-
loading capacities of five distinct DNA origami structures. In
our experimental conditions and in the loading experiments
presented in Figure 3, the maximum DOX loading content
was determined to be 0.36 ± 0.10 DOX molecules bound per
one DNA base pair. The value is in line with a number of pre-
vious studies for calf thymus dsDNA, where the maximum
binding efficiency of DOX had been determined to be in the
range of ∼0.29–0.37 DOX molecules per base pair (47, 64).

The association of DOX with DNA has been shown to
take place predominantly via intercalation and minor-groove
binding through electrostatic interactions. As intercalation is
known to affect the DNA helicity and cause torsional twist in
DNA origami structures (35, 65), we further elucidated the
intercalation effect with the double-L structure and an atomic
force microscopy (AFM) -based characterization. AFM im-
ages of DOX-loaded double-L DNA origami (see Supple-
mentary Figure 7) show that although the double-L is de-
signed to be in a trans-form (arms on the opposite sides of
the middle bar), the DOX binding can twist it to a cis-form
(arms on the same side of the middle bar) in a concentration-
dependent manner. Importantly, all the structures remain in-
tact upon DOX addition. Our results also strongly support
the presence of a minor-groove binding mode that leads to
a lesser extent of DOX fluorescence quenching (47, 62). It
is thus highly likely that both modes of binding contribute
to the loading capacity of the DNA origami structures in our
experimental conditions.

Interestingly, roughly identical amounts of DOX were in-
corporated into all of the tested DNA origami shapes in terms
of density of the drug molecules on the DNA – the DOX load-
ing capacity of the DNA origami being thus only affected
by the size of the structures in base pairs, and not by other
design-related features. This is a rather surprising observa-
tion, as the steric hindrance from the compact arrangement
of DNA helices could be expected to lead to a restricted ac-
cessibility of DNA helices and intercalation sites on the DNA
origami, and particularly so for the 3D structures. In fact,
such kind of restricted loading has recently been observed
for the bis-intercalator YOYO-1 (49). The different behavior
we observe for DOX might arise from the different binding
mechanisms of the two drugs. Some subtle differences be-
tween the studied structures might have also been left unde-
tected by our analysis methods.

Although our observations of low DOX-loading capacity
of DNA origami are in agreement with the earlier dsDNA
data, they seem to contradict many previous studies on DNA
origami-based DOX delivery, where the reported concentra-
tions of bound drug molecules in DNA origami structures
are often higher than the concentration of DNA base pairs
in the sample. For instance, the amount of DOX bound by
the triangle DNA origami has been reported to range from
2.8–19 DOX molecules per base pair (37, 39, 41) to as high
as 55 DOX molecules per base pair (34, 36).

While it is rather obvious that intercalation cannot be the
only DOX binding mechanism behind the reported high DOX
loading contents, the other possible processes, such as minor-
groove binding or even external aggregate formation through
stacking interactions (47), are rarely discussed. Our results
support the interpretation that all three mechanisms might
play a role in the loading process depending on the choice
of experimental conditions, with DOX aggregation present-
ing a plausible explanation for DOX loading contents well
above a loading density of DOX/bp > 1. Indicated e.g. by
the previously reported long loading times and strategies, as
well as by the kinetics in both in vitro and in vivo exper-
imentation, the observed therapeutic effects could likewise
be linked to DOX aggregates with only little or no contri-
bution from the well-formed DOX-DNA origami complexes
(34, 36, 37, 41, 42). As a result, the actual mechanism of an-
ticancer action and therapeutic efficacy of these DOX-DNA
origami samples without any DOX-loading optimization re-
mains still unknown.

DNase I digestion leads to DOX release at
superstructure-dependent rates
As an important prerequisite for any biomedical application,
we simulated the possible degradation pathways of the com-
plexes in DNase I-rich environments. DNase I was selected
as a degradation agent as it is the most important and active
nuclease in blood serum and mammalian cells. In addition,
DNA nanostructure digestion by DNase I have been previ-
ously studied (52, 54, 66–69), but not with this kind of ap-
proach that allows monitoring of DNA origami cleavage and
drug release simultaneously.

By following the change of DNA absorbance at
260 nm upon DNase I addition, it is possible to resolve
superstructure-dependent DNA origami degradation rates.
The stability varies from structure to structure, which has
also been observed in the previous studies. In general, DNA
origami structures are known to be more resistant toward
DNase I digestion than plain dsDNA, and it seems that the
rigid, closely packed helices and the strand routing play a role
in the achieved resiliency (52, 54, 66, 68, 69). DNase I is a
strong minor-groove binder (70). Its mechanism of action in-
duces widening of the minor groove and a bending toward
the major groove, thus making the flexible regions of DNA
molecules and structures more susceptible towards cleavage
(52, 70). Along with the increasing compactness and rigidity
of DNA origami, the possible cleavage sites become less ac-
cessible (53). Recently, it was also found out that the stability
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is DNA crossover-dependent (69).
The superstructure-dependent DNA origami digestion is

notably slower for 3D than 2D structures; in the most ex-
treme case (triangle vs. 24HB), by roughly four orders of
magnitude (Figure 4a and 4d). However, the percentage
of released DOX correlates well with the degradation level
of the DNA origami (Figure 4c), thus enabling customized
drug release over a rather wide time window. The plain 2D
structures follow similar digestion profiles as reported earlier
(52), and the increased stability of the 24HB compared to the
capsule may originate from design features such as a more
compact and regular structure and higher amount of scaffold
crossovers. However, here it is noteworthy that when the
structures are loaded with DOX, the digestion slows down
and adds one more controllable parameter to the tunable re-
lease profile. The underlying mechanism is most likely DOX-
induced DNA protection, which has also been previously ob-
served for dsDNA with variable sequences (71). In other
words, the bound DOX partially interferes with the minor-
groove binding of DNase I.

Furthermore, to achieve reasonable time scales for the di-
gestion rate comparison, we have here applied a DNase I con-
centration (∼30 U/mL) that is remarkably higher than for ex-
ample in blood plasma (0.36 ± 0.20 U/mL (72)). Obviously,
DNase I concentration is not the only factor that affects the
digestion rate, as the DNase I activity is also dependent e.g.
on the buffer, salt concentration and temperature. However,
as the concentration of DNase is essentially defined through
its activity, the acquired results set an appropriate starting
point to estimate the susceptibility and the drug release ca-
pacity of distinct DNA shapes. For that, the calculated rela-
tive dose (released amount of DOX / unit time) for each struc-
ture serves as a feasible measure of the actual release efficacy
(Figure 4e). Interestingly, 6 µM DOX loading yields lower
doses than 3 µM, however, in this setting the shape/structure
of DNA origami plays a more crucial role. In a nutshell, the
distinct DNA shapes used in this work and the applied DOX-
loading levels together provide a broad selection of relative
doses for fully engineered DOX delivery (Figure 4e).

Conclusions
We have shown that the release of the common therapeutic
drug DOX from DNA nanostructures upon DNase I digestion
can be customized by rationally designing DNA superstruc-
tures and adjusting the concentration of DOX. Importantly,
our spectroscopic analysis of DOX-loaded DNA origami and
free DOX under different conditions reveals that a number
of studies have poorly estimated DOX loading capacity and
overlooked the effect of DOX self-aggregation, which both
may lead to suboptimal loading, questionable outcomes and
misleading interpretation of the actual drug efficacy. There-
fore, our results may also help in explaining previous, often
incoherent reports on DNA origami-mediated DOX delivery.

Our results show that both the superstructure and rigidity
of DNA origami have an impact on its stability against nucle-
ases, which is in agreement with previous studies (52, 54, 66,
68). The stiffness and resilience of DNA origami achieved by

the close packing of helices may, on the other hand, deterio-
rate the loading capacity of DNA-binding drugs (49). Never-
theless, here we observed nearly identical DOX loading prop-
erties for all DNA origami shapes, but drastically different
digestion and release profiles. Interestingly, increasing the
amount of loaded DOX slows down the digestion, which is
plausibly associated with restricted DNase I cleavage due to
the interfering DNA-bound DOX.

All of our observations underline the significant poten-
tial of DNA origami structures in drug delivery applications.
Here we employed plain DNA origami without further mod-
ifications, but by taking advantage of their unsurpassable ad-
dressibility and modularity, multifunctionalities can be fur-
ther realized. In the bigger picture, we believe our findings
will help in building a solid ground for the development of
safe and more efficient DNA nanostructure-based therapeu-
tics with promising programmable features.

Materials and methods

Materials
Doxorubicin hydrochloride (HPLC-purified, Sigma-Aldrich)
was dissolved in Milli-Q water for a 10 mM stock solution,
divided into aliquots and stored at -20 ◦C. After thawing, the
stock solution was stored at +4 ◦C and used within 2–3 days.

DNase I was purchased from Sigma-Aldrich. A stock solu-
tion was prepared at 2 U/µL concentration in deionized water
and stored in aliquots at -20 ◦C, and after thawing used within
the same day.

The staple oligonucleotides for DNA origami folding were
purchased from Integrated DNA Technologies. For the
Rothemund triangle (7), bowtie (61), double-L (61), and the
closed capsule (26), the staple strand sequences and folding
protocols were adopted from the original publications. The
24-helix bundle (24HB) was designed using caDNAno (73)
and its shape was predicted using CanDo software (66, 74).
The design of the 24HB structure is presented in the Sup-
plementary Figures 12–14, and its staple strand sequences in
the Supplementary Table 5. The self-assembly reaction for
the 24HB was carried out in a buffer containing 1× TAE and
17.5 mM MgCl2. The reactions were heated to 65 ◦C, and as-
sembled by first cooling to 59 ◦C with a rate of 1 ◦C/15 min
and then to 12 ◦C with rate 0.25 ◦C/45 min. All DNA scaf-
fold strands were purchased from Tilibit Nanosystems at 100
nM concentration. The 7,249 nt long M13mp18 scaffold was
used for folding the triangle, bowtie and double-L. The ex-
tended 7,560 nt and 8,064 nt variants were used for folding
the 24HB and capsule, respectively. After thermal annealing,
the DNA origami structures were purified of excess staple
strands using polyethylene glycol (PEG) precipitation (75) in
the presence of 7.5% (w/v) PEG 8000 (Sigma-Aldrich). After
purification, DNA origami were resuspended in 40 mM Tris,
10 mM MgCl2, pH 7.4 and incubated overnight at room tem-
perature (RT) before use. The structural integrity was verified
by AFM and TEM.
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Spectroscopy techniques
Unless otherwise indicated, all UV-Vis absorption and flu-
orescence measurements were carried out with the Aqualog
absorbance-fluorescence system (Horiba Scientific) operated
with the Aqualog Software (v4.2) (Horiba Scientific), with
the sample in a quartz cuvette with a 10 mm optical path
length (Hellma Analytics). In spectral scans, a 3D excitation-
emission matrix and the absorption spectrum of the sam-
ple were recorded simultaneously using an excitation light
scan at 2 nm increments between 240–700 nm with 5 nm
slit width. The emission spectrum for each excitation wave-
length was collected between 245.16–827.17 nm at 1.16 nm
increments with the CCD array. All measurements were per-
formed at RT.

Free DOX characterization
Spectroscopic analysis of the effect of pH and MgCl2 con-
centration. For measuring the effect of buffer pH on the spec-
troscopic properties of DOX, 40 mM Tris-HCl buffers at pH
6.0, 7.0, 7.4, 7.8, 8.0, 8.2, 8.6, or 9.0 were prepared by dis-
solving the required amount of Tris base in water and adjust-
ing the pH of the solution with 1 M HCl. 3 µM DOX solu-
tions were prepared in each of the buffers from the 10 mM
stock solution and the UV-Vis absorption and 3D excitation-
emission matrices of all samples were measured separately.
The 3 µM DOX concentration was selected for avoiding pos-
sible DOX aggregation and self-quenching at high concentra-
tion, but also for performing accurate spectroscopic analysis
in the low A (< 0.1) region where both A and emission inten-
sity (I) values exhibit linear dependency on the concentration
of the studied molecules.

For the measurement of DOX absorption and fluorescence
in the presence of different MgCl2 concentrations, 3 µM so-
lutions of DOX were prepared in 40 mM Tris-HCl buffers at
pH 7.4 at both 0 mM and 100 mM MgCl2 concentration. The
absorption and fluorescence spectra of both samples were
first recorded separately as described. The 3 µM DOX in
the 100 mM MgCl2 buffer was then added in small volumes
into the 3 µM DOX solution in the cuvette. After each ad-
dition, the sample was mixed by vortexing and its absorption
and fluorescence spectra were recorded. The MgCl2 concen-
tration at each titration step was calculated according to the
added volume of the 100 mM MgCl2 DOX solution.

DOX self-aggregation in different buffer conditions. 2 mM,
200 µM and 20 µM dilutions of DOX were prepared in each
of the three tested buffers: 1) 40 mM Tris with 10 mM
MgCl2, pH 7.4, 2) 40 mM Tris with 10 mM MgCl2, pH 8.0,
and 3) 1× TAE with 12.5 mM MgCl2 (1× FOB), pH 8.0. In
order to avoid diluting the buffer when preparing the DOX
solutions by adding a relatively large volume of the 10 mM
stock solution of water, the buffer concentration was always
adjusted to the final 1× concentration with a concentrated
buffer stock solution.

The UV-Vis absorption spectra of the solutions were mea-
sured in the beginning of the incubation using either a Cyta-
tion 3 cell imaging multi-mode reader (BioTek) on a Take3
plate with a 0.5 mm path length (2 mM and 200 µM samples),

or Nanodrop ND-1000 with a 1 mm light path length (20 µM
samples). After 24 h or 96 h incubation in dark at RT, the
samples were centrifuged for 10 min at 14,000 g to separate
the fraction of insoluble DOX. The concentration of DOX in
the supernatant was determined by measuring the UV-Vis ab-
sorption similarly as in the beginning of the incubation. The
relative decrease of the A480 value was used to calculate the
decrease of DOX concentration relative to t = 0.

DNA origami - DOX titrations
UV-Vis and fluorescence spectroscopy. Association of DOX
with DNA origami structures was studied by titrating a solu-
tion of 3 µM DOX in 40 mM Tris, 10 mM MgCl2, pH 7.4
with a solution containing ca. 40 nM DNA origami (trian-
gle, bowtie, double-L, capsule, or 24HB) and 3 µM DOX in
the same buffer. 40 nM DNA origami concentration corre-
sponds to 558–605 µM base pair concentration depending on
the DNA origami design (see details in Supplementary Table
1). After each addition of the titrant, the sample was mixed
by vortexing and let to equilibrate for 2.5 min before measur-
ing the absorption and fluorescence spectra.

Data analysis and fitting. The concentration of DNA (total
nucleotide concentration c(nt) at each point of the titration
was determined from the DNA absorption at 260 nm (A260).
As both DNA and DOX absorb light at 260 nm, the contribu-
tion of DOX absorption was removed from the obtainedA260
values by subtracting theA260 of 3 µM DOX collected in the
beginning of the titration. c(nt) was determined according
to the Beer-Lambert law. The molar extinction coefficient
per nucleotide (ε260/nt) was calculated separately for each
DNA origami shape according to the number of unpaired nu-
cleotides (Nss) and number of hybridized nucleotides (Nds)
in the design with a formula adapted from Hung et al. (76),

ε260/nt = 6,700×Nds + 10,000×Nss
Nds +Nss

M−1cm−1. (1)

The values of Nss and Nds for each DNA origami design
are presented in Supplementary Table 1. Only the concen-
tration of hybridized nucleotides (base pair concentration
c(bp) = 0.5 × c(nt) ×Nds/(Nds +Nss)) was taken into ac-
count in the analysis. Although all DNA origami shapes
used in this work, except the triangle, contain single-stranded
poly-T8 extensions at the helix ends to prevent aggregation,
their contribution to DOX quenching is negligible. This
is a valid approximation, as non-interacting single-stranded
DNA (ssDNA) quench DOX fluorescence only slightly when
compared to the quenching caused by double-stranded DNA
(dsDNA) (Supplementary Figure 8). In addition, the fraction
of unpaired nucleotides (mostly the inert poly-T sequences)
of the total number of nucleotides [Nss/(Nds +Nss)] in the
structures is small (0.4–12%). However, it is noteworthy that
the staple mix solution alone quenches DOX efficiently, as
the staple strands can partially hybridize or self-hybridize
(see Supplementary Figure 8). Therefore, the purification
of the structures from the excess staples after DNA origami
folding is required for reliable quantification of DOX loading
efficiency.
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For fitting the fluorescence data, emission intensity values
from 450, 460, 470, 480, and 494 nm excitation were ob-
tained from the integrated emission spectra. The values were
corrected for the extinction coefficient decrease during titra-
tion by dividing with (1 −T ) for the excitation wavelength
(T denotes the transmittance, obtained from the simultane-
ous absorption measurement). The corrected values thus rep-
resent the decrease of DOX fluorescence quantum yield (Φ)
upon DNA binding. The dependence of Φ on c(bp) was fitted
with a 1:2 host-guest binding model using the BindFit on-
line fitting tool at https://supramolecular.org (77). The bind-
ing constants K11 and K12, as well as Φ11 and Φ12 – the
quantum yields of the two different DOX-DNA complexes
with 1:1 and 1:2 DOX:base pair stoichiometries, respectively
– were obtained from the fit. The fraction of bound DOX
molecules fb at each step of the titration was then determined
as

fb := c(DOX)b
c(DOX)0

= 1− 1
1 +K11c(bp)ub +K11K12c(bp)2

ub
,

(2)

where c(DOX)b is the calculated bound DOX concentration,
c(DOX)0 denotes the total DOX concentration (3 µM) and
c(bp)ub is the concentration of unbound base pairs, i.e. the
free base pairs not bound to DOX, obtained from

Ac(bp)3
ub +Bc(bp)2

ub +Cc(bp)ub − c(bp)0 = 0, (3)

where


A=K11K12

B =K11[2K12c(DOX)0 −K12c(bp)0 + 1].
C =K11[c(DOX)0 − c(bp)0] + 1

The molar extinction coefficients of the two DOX-DNA
complexes, ε11 and ε12, at wavelengths 450, 460, 470, 480,
and 494 nm, were then determined with non-linear least-
squares curve fitting with MATLAB R2015b to the equation

∆Aobs = ε∆11K11c(bp)ub
1 +K11c(bp)ub +K11K12c(bp)2

ub

+
ε∆12K11K12c(bp)2

ub
1 +K11c(bp)ub +K11K12c(bp)2

ub
, (4)

where ∆Aobs is the detected difference of the absorbance of
the sample at the detection wavelength and the absorbance of
3 µM DOX in the absence of DNA. ε∆11 and ε∆12 are the
differences between the molar extinction coefficient of free
DOX and the molar extinction coefficients of the two com-
plexes. K11, K12, and c(bp)ub at each point of the titration
were obtained from the analysis of the fluorescence data. The
values for K11, K12, ε∆11, and ε∆12 for each DNA origami
shape are listed in the Supplementary Table 2.

DNase I digestion of DNA origami
Kinetic UV-Vis and fluorescence measurements. The DNase
I digestion and DOX release rates of the triangle, bowtie,
and double-L DNA origami were determined with a simul-
taneous kinetic measurement of the A260 and DOX emis-
sion spectra (494 nm excitation) with the Horiba Aqualog

absorbance-fluorescence system. Three samples were pre-
pared of each DNA origami shape, each containing 2 nM
DNA origami in 40 mM Tris, 10 mM MgCl2, pH 7.4 and
either no DOX, or with DOX added in a final concentration
of 3 µM or 6 µM. The A260 and DOX emission of the sam-
ple were first recorded without DNase I. DNase I was then
added to final concentration of 34 U/mL, the sample was
briefly mixed by vortexing, and a kinetic measurement was
started immediately.

The digestion and DOX release of the capsule and the
24HB were measured over 41 h incubation with DNase I.
Samples containing 2 nM DNA origami with no DOX, 3 µM
DOX, or 6 µM DOX were prepared for both DNA origami.
The UV-Vis absorption spectra before DNase I addition were
measured with Varian Cary 50 UV-Vis spectrophotometer.
DOX fluorescence spectra between 490–700 nm were mea-
sured with a Cytation 3 cell imaging multi-mode reader
(BioTek) from a 100 µL sample volume on a black 96-well
plate (Costar) using 460 nm excitation. DNase I was then
added in a 28 U/mL final concentration. The samples were
incubated in dark at RT, and the UV-Vis absorption and flu-
orescence measurements were repeated after 17 h and 41 h
incubation.

For both sets of kinetic measurements, control samples
containing only 3 µM or 6 µM DOX and DNase I were mea-
sured similarly for obtaining references for the fluorescence
quantum yield of free DOX in the same experimental condi-
tions.

Data analysis of the kinetic measurements. The nuclease di-
gestion of the DNA origami structures increases the A260
value of the samples. The percentage of intact dsDNA
residues (% intact) at each time point was calculated as

% intact = A260(t)−A260(intact)
A260(digested)−A260(intact) ×100% (5)

where A260(t) is the A260 value detected at a time point t,
A260(intact) is the A260 of fully intact structures measured
before addition of DNase I, and A260(digested) is the A260
of fully digested structures, measured after the digestion has
been completed (A260 value stabilized). For the data ob-
tained from the 40 min incubation with DNase I, the initial
DNase I digestion rates were determined by fitting a linear
regression to the obtained % intact values vs. time with MAT-
LAB R2015b. For the 41 h incubation data set, the digestion
rate was calculated as the % intact difference between t =
17 h and t = 0, divided by the incubation time.

The analysis of DOX release from the DNA origami struc-
tures during DNase I digestion was based on the recovery of
DOX quantum yield. The measured fluorescence emission
intensities (from integrated spectra) of the 3 µM and 6 µM
free DOX references and the DNA origami - DOX samples
containing either 3 µM and 6 µM DOX were each corrected
for the number of absorbed photons by dividing the intensi-
ties with (1 −T ) for the excitation wavelength. The c(bp)ub
at each time point was solved from a modified and rearranged
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version of Equation 4,

(K11K12∆Φobs −K11K12Φ∆12)c(bp)2
ub

+ (K11∆Φobs −K11Φ∆11)c(bp)ub + ∆Φobs = 0, (6)

where ∆Φobs is the measured difference of the quantum yield
of the DOX-DNA origami sample and the corresponding free
DOX reference. Φ∆11 and Φ∆12 are the differences between
the quantum yield of free DOX and the quantum yields of
the 1:1 and 1:2 DOX-DNA complexes, respectively. K11,
K12, Φ∆11, and Φ∆12 are fit parameters obtained from the
titration experiments, and their values for each DNA origami
shape are listed in the Supplementary Table 2. Knowing
the c(bp)ub at each time point, the mole fraction of bound
DOX molecules at each time point [fb(t)] was calculated
with Equation 2. The percentage of released DOX (Figure
4a, c) was defined as

% released = fb(intact)−fb(t)
fb(intact) ×100%, (7)

where fb(intact) is fb of the sample before addition of
DNase I. For calculating the DOX release rate in terms of
relative dose per unit of time, the values for % released were
multiplied by the DOX concentration bound to the DNA
origami in the intact state. Release rates were calculated
either by fitting a linear regression to the acquired values
(40 min incubation) or as a difference between the t = 17 h
and t = 0 time points (41 h incubation) similarly to the diges-
tion rates, and normalizing the rate values to the concentra-
tion of DNase I in the sample.

Agarose gel electrophoresis (AGE). 2% agarose gels were
prepared in 1× TAE, 11 mM MgCl2, and pre-stained with
ethidium bromide (0.47 µg/mL final concentration in the
gel). The samples were loaded on the gel with loading dye
(Sigma-Aldrich), run for 45 minutes at 90 V on an ice bath,
and imaged with the BioRad ChemiDoc MP imaging system.

Microscopy imaging
Atomic force microscopy (AFM). To prepare the 2D DNA
origami (triangle, bowtie and double-L) samples for AFM
imaging, 10 µL of 3 nM DNA origami solution in 1× FOB
(with 10 mM MgCl2) was pipetted onto a fresh-cleaved mica
sheet and incubated for 5 min. Then the mica substrate was
washed 3 times with 100 µL ddH2O by allowing it to flow
from one end of the mica to the other and being blotted us-
ing a piece of cleanroom sheet. Finally, the sample was
rigorously dried by pressurized N2 gas. The AFM imag-
ing was carried out using either a JPK NanoWizard ULTRA
Speed with USCF0.3-k0.3 cantilevers (NanoWorld) in a liq-
uid cell filled with 1× FOB (with 10 mM MgCl2) or using
a Bruker Dimension Icon instrument in Scanasyst air mode
and Scanasyst-air probes.

Transmission electron microscopy (TEM). The 3D DNA
origami samples (capsule and 24HB) were characterized us-
ing a Tecnai T12 TEM instrument. Copper TEM grids with
both carbon and formvar films (FCF400-Cu from Electron

Microscopy Sciences) were cleaned with O2 plasma for 20 s,
followed by pipetting 3 µL of 20 nM DNA origami solution
on it and incubating for 2 min. Then the excess amount of so-
lution was blotted with a piece of filter paper. To achieve bet-
ter contrast, the sample was immediately stained with 20 µL
of 2% uranyl formate for 40 s followed by blotting the stain-
ing solution with the filter paper. The grid was let to dry for
at least 30 min before imaging.
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