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ABSTRACT

DNA nanotechnology produces precision nanostructures of defined chemistry. Expanding their
use in biomedicine requires designed biomolecular interaction and function. Of topical interest are
DNA nanostructures that function as vaccines with potential advantages over non-structured
nucleic acids in terms of serum stability and selective interaction with primary human immune
cells. Here we describe how compact DNA nanobarrels bind with a 400-fold selectivity via
membrane anchors to white blood immune cells over erythrocytes, without affecting cell viability.
The selectivity is based on the preference of the cholesterol lipid anchor for the more fluid immune
cell membranes compared to the lower membrane fluidity of erythrocytes. Compacting DNA into
the nanostructures also gives rise to increased serum stability. The DNA barrels furthermore
functionally modulate white blood cells by suppressing the immune response to pro-inflammatory
endotoxin lipopolysaccharide. This is likely due to electrostatic or steric blocking of toll-like
receptors on white blood cells. Our findings on immune-cell specific DNA nanostructures may be
applied for vaccine development, immunomodulatory therapy to suppress septic shock, or the
targeting of bioactive substances to immune cells.
KEYWORDS DNA; DNA nanotechnology, bilayer membrane, white blood cells, lipids,
immunomodulation, nanostructures
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DNA nanostructures advance nanotechnology and the life sciences. Compared to other materials,
DNA nanostructures have an unsurpassed highly controllable architecture which is based on
predictable folding using base-pairing rules.1-5 By exploiting these properties, the functional
structures are increasingly designed to benefit areas outside DNA nanotechnology. Examples
include DNA scaffolds which precisely position proteins and other biomolecular components for
biophysical and molecular biological research,1-2,6-8 or as scaffold to organize enzymes into
efficient multistep biocatysts.9 Furthermore, predictable changes in DNA nanostructures have been
exploited for smart biosensing10 to measure pH inside cells10-12 or to delivery bioactive cargo into
cells.13 The greatest reward is expected in biomedicine14-16 as illustrated by a DNA nanorobot to
deliver anti-cancer drugs17 or larger nanostructures that mitigate acute kidney injury within animal
models.18-19
Immunology and vaccine development are of topical interests for DNA nanotechnology. Nonstructured DNA and RNA have previously been developed into vaccines against cancer.20-23 The
relevance of nucleic acids-based therapy platforms has been further increased with the SARSCoV-2 pandemic.24-29 A main advantage of mRNA type vaccines is the speed at which they can be
developed and manufactured compared to traditional protein-based vaccines. Nevertheless, DNA
and RNA vaccines have disadvantages including their low potency, poor uptake into immune cells,
lack of stability against nucleases, and fast clearance rates.20,30-31 These latter weaknesses have been
addressed by different routes of administration and delivery30,32 using nanoparticles29,31 including
Janus particles,33 or scaffold-based delivery vehicles.23,34-35 Engineering nanomaterials for higher
DNA uptake and stability is also relevant for genetic engineering36 and complements insight from
delivery techniques for protein therapeutics.37
To date, DNA nanotechnology has not been exploited to overcome the vaccine challenges of low
stability or selective interaction. Improved stability and extended shelf-life may be obtained by
compacting nucleic acids into a nanostructure. Similarly, selective functional interaction with
immune cells might be achieved by site-specifically tagging of DNA nanostructures with
functional tags, something which is routine. DNA nanostructures have so far been tested in vivo
using mouse models to determine their stability, biodistribution, and uptake-kinetics.17-19,38-41 Yet,
there are many fundamental questions on the immune-relevant cellular interaction of DNA
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structure. Is it possible for DNA nanostructure to selectively interact with immune cells in complex
multicellular environments? Furthermore, how do DNA structures interact with primary cells that
are directly obtained from organisms? Current studies focus mostly cultured cell lines.9-10,13,38-40,4249

If selective binding is attained, do cell-tethered nanostructures affect the membrane structure, as

well as cellular function and viability?
Here we report that DNA nanostructures exhibit a striking 400-fold immune-cell selective
interaction with white blood cells in multi-cellular environments of primary human blood cells
(Figure 1). Primary human blood cells are of interest as since intravenous injection is a standard
delivery route for nucleic acids-based vaccines. In addition, determining the immune response of
white blood cells to DNA nanostructures15 can lead to potential immunotherapies. Human blood
is mainly composed of red blood cells (erythrocytes), and a smaller percentage of white blood cells
(WBCs). The latter is a mixture of peripheral blood mononuclear cells (PBMCs) and granulocytes.

Figure 1. Cholesterol-tagged DNA nanobarrels selectively interact with white blood cells in the
multi-cell environment from human blood. (A) DNA nanobarrels (blue cylinders) containing
cholesterol lipid anchors (orange) selectively bind to white blood cells (WBCs) composed of
peripheral blood mononuclear cells (PBMCs) and granulocytes, rather than red blood cells
(RBCs). (B) Top and side view of DNA nanostructures used in this study and their proposed
membrane interaction, from left to right: Control barrels NB-1C and NB-0C which are expected
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to tether and not bind to lipid bilayers, respectively, while active barrel NB-3C can span
membranes. Additional control structure NB-3C-1 is expected to tether to lipid bilayers, similar to
a duplex with a single cholesterol anchor.
To achieve targeted interaction with white blood cells, we developed a strategy which harnesses
the differences in membrane composition between white blood cells and non-target red blood
cells.50 White blood cells have a lower content of cholesterol and hence higher membrane
fluidity.51-52 We surmised that DNA structures with a bilayer inserting cholesterol-tag would
preferentially bind to the more fluid white blood cell membranes. We tested our hypothesis with a
compact sub-10 nm-sized nanobarrel composed of a bundle of six interlinked duplexes (Figure
1).53 The DNA nanobarrel carries up to three cholesterol lipid anchors (NB-3C, Figure 1A, 1B).
These have been shown to mediate binding to synthetic bilayer membranes54-57 but their ability to
select for cell types is unknown. Our study shows that the 400-fold selective binding of cholesterolDNA nanobarrels to white blood cells over erythrocytes does not cause any detectable puncturing
or disruption to the cell membrane, thereby leaving cell viability unaffected. Selective barrels,
unexpectedly, functionally modulate the immune cells by suppressing the immune response
towards an endotoxin (lipopolysaccharide) while being stable in all tested biological media. Our
report advances the fundamental understanding of DNA nanostructures in complex multicellular
environments and may contribute to future biomedical developments.
RESULTS/DISCUSSION
DNA nanobarrels with up to three cholesterol anchors. To test that DNA devices can
selectively interact with blood cell membranes, we used DNA nanobarrels composed of six DNA
duplexes which are interlinked to form a six-helical bundle measuring 9 x 5 x 5 nm (Figure 1B, SI
Figure S1, Tables S1, S2).53 Each hollow barrel has an inner lumen with a diameter of 2 nm. Three
DNA nanobarrel constructs were examined. NB-3C, NB-1C, and NB-0C which contain 3, 1 and
0 cholesterol lipid anchors, respectively. The cholesterol anchors are positioned in variant NB-3C
symmetrically around the 6 helical barrel to aid membrane spanning behavior. Cholesterol anchors
were chosen to mediate the selective binding to white blood cells. NB-3C has been previously
shown to insert into and porate the membrane to enable ion transport53-55 while remaining largely
monodispersed in the membrane spanning and membrane-bound form.55 DNA barrel NB-1C
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serves as negative controls as its single cholesterol anchor should only lead to membrane tethering
but not spanning, while barrel NB-0C without cholesterol should not bind to any cellular bilayers
(Figure 1B). Additionally, a structurally incomplete NB-3C-1 construct containing 3 lipid anchors
but lacking one unmodified strand was assayed to probe the influence of the barrel structure.
Finally, single and double stranded oligonucleotides were used to determine the effect of linear
DNA against assembled DNA barrels (Tables S1, S2).
DNA nanobarrel assembly and characterization. The DNA nanobarrels were self-assembled
by mixing equimolar ratios of each component oligonucleotide, followed by thermal annealing
(Tables S1, S2). Successful nanobarrel assembly in biocompatible PBS buffer was confirmed
using polyacrylamide gel electrophoresis (Figure S2). The assembled structures migrated with
well-defined bands suggesting homogeneously folded products. Increasing the cholesterol number
within the nanobarrel resulted in upshifted gel-band mobilities (Figure S2).
DNA nanobarrels are stable in biological media. The structural stability of the DNA nanobarrels
in biological media was examined with a temperature-induced unfolding assay. The melting
temperature (Tm) of the DNA nanostructures was determined by monitoring fluorescence
resonance energy transfer (FRET) upon heating which is a tested tool to map the local structure of
DNA nanostructures in detail.54,58 The FRET reporter dyes (fluorescein donor and TAMRA
acceptor) were successfully incorporated into the DNA nanostructures (Figure S3).59 At
temperatures below the Tm, the nanobarrels are assembled, and the attached FRET pairs are held
in close contact, resulting in a high FRET efficiency with corresponding low donor fluorescence
(Figure S3). At temperatures above the melting transition, the nanobarrels’ strands dissociate
leading to increased donor-acceptor distances, and higher donor emission (Figure S3).
The Tm values for nanobarrels NB-0C and NB-3C in a range of biological media is shown in Table
1. The buffer systems assayed included PBS (nanobarrel folding buffer), Hank’s buffered saline
(HBSS), heat-inactivated human serum (HIS), human serum (HS) and whole blood (WB). In all
media, the Tm values were higher or equal to PBS (Table 1, time point 0 h), suggesting that the
DNA nanobarrels remain stable under these diverse conditions.
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Table 1. FRET-derived melting temperatures (Tm) of DNA nanobarrels in biological mediaa.

a

NB-0C or NB-C at 0.1 µM were incubated for either 0 or 24 h in phosphate buffered saline (PBS), Hank’s buffered

saline (HBSS), heat-inactivated human serum (HIS), human serum (HS) of whole blood (WB) followed by
determining the Tm via melting profile analysis. Values are averages from 3 independent repeats,

The melting analysis also helped probe if the nanobarrels are resilient against DNA nucleases
found in whole blood and human serum. The Tm values showed no change (Table 1, time point 24
h) implying the DNA barrels withstand DNase activity found in these two bodily fluids for at least
24 h. Resilience against nucleases was also found using gel electrophoresis readout (Figure S4).
DNA barrels were, however, prone to digestion when DNAse I was added to samples, both in
electrophoresis (Figure S4) and UV melting profiles analysis (Figure S3). Interestingly, the DNA
nanobarrels were of higher stability when compared to a reference tetrahedral DNA nanostructure
with less densely packed duplexes (Figures S3, S5).60
Nanobarrels were furthermore examined for possible aggregation using confocal laser scanning
microscopy (CLSM). Previous studies have indicated that cholesterol-tagged DNA barrels are
soluble in protein-free buffers but aggregate in the presence of serum proteins.59 Using a dyelabelled NB-3C barrel, no aggregation was observed in PBS or HBSS, but micron-sized aggregates
occurred in human serum (Figure S6). The large aggregates were due to the cholesterol anchors
since NB-0C did not form any visible aggregates in either HBSS or human serum (data not shown).
The subsequent experiments were conducted in HBSS to prevent aggregation.
DNA nanobarrels bind selectively to white blood cells via cholesterol anchors. The interaction
of nanobarrels with human blood cells was investigated to test whether the cholesterol lipid
anchors can mediate selective interaction with white blood cells. Fluorescently labeled versions of
DNA barrels NB-0C, NB-1C, and NB-3C (500 nM) were incubated with blood cells in HBSS.
CLSM revealed fluorescent halos around white blood cells incubated with NB-3C (Figure 2A)
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implying that the barrel tethers to the cell membrane. Cholesterol was required for cell membrane
binding since NB-0C did not form halos (Figure 2A). Microscopy further confirmed that
nanobarrels did not bind to red blood cells. The data demonstrate that NB-3C bound to white blood
cells with over very large 400-fold selectivity compared to erythrocytes (Figure 2A), thereby
validating our proposed model on membrane fluidity-controlled interaction with cell membranes.

Figure 2. DNA nanobarrels’ highly selective binding to immune cells. (A) CLSM analysis of DNA
nanobarrels (magenta channel) (500 nM) with white blood cells (WBC) (blue channel) in Hank’s
buffered saline (HBSS), scale bar 10 µm. (B-I) CLSM time series of WBCs upon addition of NB3C (500 nM) in HBSS, NB-3C was added between the first and second frames, where each frame
represents a 5-min interval and displays an area of 12 µm x 12 µm. (B-II) CLSM-derived
membrane binding kinetics of NB-0C (grey), NB-1C (pink) and NB-3C (purple) to WBCs. (C)
Pre-treatment of WBCs with cytochalasin-D (CD), an inhibitor of actin cytoskeleton and
phagocytosis, does not significantly reduce DNA nanobarrels association with polymorphonuclear
cells. (D) Flow cytometric analysis comparing different barrel constructs’ binding (250 nM) and
localization towards (D-I) granulocytes and (D-II) PBMCs. (D-III) In HBSS, significantly greater
binding to granulocytes compared to PBMCs is observed for NB-3C and NB-3C-1 constructs
compared to NB-0C. Data represents median and interquartile range, and experiments conducted
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with > 6 biological replicates; apart from C, which was done with 3 technical replicates (*p <
0.05).
The strikingly high selective binding to WBCs occurred within a few minutes of nanobarrel
addition (Figure 2B-I). Three cholesterols were required for effective WBC binding as shown by
the poor binding of NB-1C (Figure 2B-II). In further analysis, cell-bound NB-3C remained on the
surface of WBCs with minor cell-uptake. The few internalized barrels co-localized with lysosomes
(Figure S7). The negligible internalization was confirmed by blocking phagocytosis with actininhibitor cytochalasin-D (CD) and flow cytometry (Figure 2C). The observed minimal change in
bound NB-3C (p = 0.10) implies that the barrels remain on the membranes of native white blood
cells.
Flow cytometry was used to further distinguish whether barrels bind preferentially to any of the
specific white blood cell classes of granulocytes and peripheral blood mononuclear cells (PBMCs).
Cells were incubated with healthy volunteer immune cells for 90 min with the A647-tagged DNA
nanobarrel constructs (250 nM) and subjected to fluorescence activated cell sorting (FACS)
(Figure 2D-I, 2D-II; Figure S8). The analysis revealed that nanobarrels bind weakly preferentially
to granulocytes over PBMCs (Figure 2D-III). For NB-3C, the binding was 3.6-fold stronger for
granulocytes (p = 0.004) (Figure 2D-III). Furthermore, within each cell subset, binding increased
with the barrels’ cholesterol number (Figure 2D-II, 2D-III). For example, NB-3C bound 9.2-fold
more than NB-0C to granulocytes (p<0.001) and 4.9-fold more to PBMCs (p<0.001) (Figure 2DII and 2D-III, respectively). The selective interaction with granulocytes could be due to difference
in the membrane proteins on the PDMC but is nonetheless small when compared to the 400selectivity between white blood cells and erythrocytes.
NB-3C binding to WBCs was also compatible with human serum. In CLSM analysis, the
fluorescent halo around WBCs was maintained when the cells were first incubated with NB-3C in
HBSS for 5 min, and then transferred into human serum (Figure S6) indicating that serum proteins
did not interfere with the interaction between the barrels and the WBCs.
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Our data on DNA barrels binding to WBC suggest a direct cholesterol-mediated binding to the
membrane rather than indirect anchoring via neutrophil extracellular traps (NETs) which are
networks of extracellular fibers, primarily composed of DNA from neutrophil.61 Extracellular
NETs are unlikely to be the reason of DNA nanostructure capture for three reasons: (i) Our
confocal data indicate clear membrane binding and intense fluorescent halos of fluorophore-tagged
DNA nanobarrels surrounding the cells. (ii) Our flow cytometry analysis demonstrates cellassociated DNA nanobarrels while NET-captured particles would be extracellular and therefore
not detected on cells with FACS. Finally, (iii) NET staining dye DAPI does not lead to an
extracellular DNA signal in our results.
DNA nanobarrels do not puncture white blood cell membranes. We evaluated whether barrel
binding leads to membrane puncturing of granulocytes’ and PBMCs’ membranes. Cholesteroltagged barrels have previously been shown to porate synthetic bilayers to enable ion transport.53-55
Any puncturing of cellular membranes would drastically lower the usefulness of DNA barrels an
immunological agent. We probed any possible puncturing of cell membranes by monitoring
passive transport of the water-soluble fluorescent dye Atto647. The expected dye flux54 across into
synthetic membranes was established with unilamellar vesicles (GUVs)(Figure 3A). NB-3C bound
to GUVs and transported dye, as demonstrated by CLSM (Figure 3B) and FACS (Figure 3C),
respectively. The membrane activity of NB-3C was due to the cholesterol anchors as the negative
control NB-0C did not induce flow (Figure 3C).
In contrast to barrel-induced poration of synthetic bilayers, granulocytes and PBMCs did not
display dye transport even after 6 h of incubation with NB-3C (Figure 3D, 3E-I, 3E-II). This
finding suggests that the DNA barrel tethers side-on to the cell membrane (Figure 3D) rather than
spanning it (Figure 3A). The desirable lack of barrel insertion into granulocytes and PBMC
membranes may be due to steric hinderance by the densely packed proteins on the cell surface.
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Figure 3. DNA nanobarrels do not porate white blood cell membranes. (A) Schematic
representation of bilayer-spanning alignment of NB-3C. (B) CLSM showing strong NB-3C
(magenta channel) binding to GUVs. Sale bar, 10 µm. (C) Flow cytometry analysis on the NB-3C
mediated influx of Atto647 into GUVs. (D) Schematic representation of NB-3C in a membranetethered orientation. (E) FACs analysis of (E-I) granulocytes and (E-I) PBMCs reveals no
significant nanobarrel-mediated Atto647 uptake into cells. Data represents median and
interquartile range, and experiments conducted with 3 replicates; apart from (E), which was done
with 6 biological replicates (*p < 0.05).
DNA nanobarrels do not affect the viability of white and red blood cells. Having established
selective and non-rupturing nanobarrel binding to white blood cells, we tested any effect on cell
viability. As expected from their non-puncturing membrane binding, WBCs viability was
unaffected after 6 h of nanobarrel incubation (Figure 4A, 4B). Assessing viability for longer is not
possible as the primary granulocyte cell type of neutrophiles become activated after a few h when
incubated ex-vivo.62 The barrels were also non-toxic to RBCs. Neither NB-3C and NB-0C bound
to erythrocytes in CLSM analysis (Figure 4C-I), and the cells’ viability was not compromised after
4 h nanobarrel incubation, using a haemolysis read-out (Figure 4C-II).
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Figure 4. DNA nanobarrels do not affect the viability of white and red blood cells. (A, B) Viability
assays in serum-free conditions after 6 h incubation for (A) granulocytes and (B) PBMCs
demonstrate no significant loss in cell viability compared to untreated controls. (C-I) CLSM
images of NB-3C with RBCs in HBSS. Scale bar, 10 µm. (C-II) UV-vis absorbance spectra of
RBCs with either NB-3C (purple), NB-1C (pink) and NB-0C (grey), and controls PBS (orange)
and lysed RBCs (black) in HBSS. Data represents median and interquartile range, and experiments
conducted with 6 biological replicates (*p < 0.05).
DNA nanobarrels initiate a differential immune response in white blood cells. Having
established the barrels’ non-toxic and highly selective binding to white blood cells, we next
investigated whether DNA barrels trigger a change in immune function. DNA binding to other,
cultured immune cells is known to lead to a proinflammatory reaction.63-64 We probed whether the
DNA barrels also behave in a similar way. To assess the white blood cells’ immune response to
DNA barrels, we monitored first the production of intracellular reactive oxygen species (ROS)
using the free radical-sensitive fluorophore dihydroethidium.65 When WBCs were challenged with
nanobarrels, no increase in ROS levels was detected in granulocytes (p=0.41) (Figure 5A-I) or
PBMCs (p=0.06) (Figure 5A-II) after 90 min of incubation in HBSS. Similar low levels of ROS
were obtained when WBCs were challenged with DNA barrels in whole blood. Only a small 1.6-
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fold increase in ROS level was observed in granulocytes incubated with NB-0C (p=0.032) (Figure
S10). The absence of an intense ROS immune response is unexpected considering the strong
binding of DNA barrels, and a typically strong immune response to DNA starnds.45,66 The
molecular reason for our observed lower response could lie in the highly compact nature of the
DNA nanobarrel which is different to the looser conformation of the previously tested
nanostructures with single or double stranded DNA appendages.45,49,66-67 Compacted DNA might
not be a good substrate for the ROS-generating pathway.68

Figure 5. The immune response of DNA nanobarrels ex-vivo. (A) Flow cytometry analysis
showing ROS production in serum-free conditions for (A-I) granulocytes (p=0.41) and (A-II)
PBMCs (p=0.056) following 90 min incubation. (B-I) In whole blood, release of cytokines occurs
after 90 min and peaks at 6 h with NB-3C incubation; (B-II) a dose-dependent increase in proinflammatory cytokine TNF-alpha is seen following 6 h of incubation with NB-3C in whole blood.
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(C) Incubation of immune cells with DNA nanobarrels for 90 min followed by addition of LPS for
5 h results in a cholesterol-dependent reduction in LPS-induced pro-inflammatory cytokine release
of (C-I) IL-6 and (C-II) TNF-alpha. Data represents median and interquartile range, and
experiments were conducted with > 3 biological replicates; each with 3 technical replicates (*p <
0.05).
To further gain insight into the immune response, we monitored the release of pro-inflammatory
cytokines interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha). Cytokines IL-6 or
TNF-alpha levels were not elevated following 6 h incubation in HBSS (data not shown). Cytokine
production was, however, significantly elevated in the presence of serum co-factors. For example,
TNF-alpha levels were higher upon incubation in whole blood (p=0.002) (Figure 5BI, B-II). Under
these conditions, the TNF-alpha level was proportional to the incubation duration up to 6 h (Figure
5B-I) and the nanobarrel NB-3C concentration (Figure 5B-II). The data on elevated cytokine
production yet low ROS levels indicate that DNA barrels lead to a differential immune response.
Lipidated DNA nanobarrels lower the immune response after stimulation with inflammatory
tumor promotors and endotoxins. After establishing the base-line response to the DNA
nanostructures, we explored the more complex topic of how the barrels alter the immune reaction
to strong inflammatory stimuli. In particular, we examined how pre-incubation with barrels affects
the granulocytes’ reaction to an inflammatory stimulant and tumor promotor phorbol 12-myristate
13-acetate (PMA). Usually, PMA intracellularly activates the protein kinase C pathway resulting
in a respiratory burst with increased production of ROS superoxides.69 Pre-incubation with DNA
barrels for 90 min led, however, to a 40% lower production of ROS compared to non-pre-treatment
(p=0.052)(Figure S9). This surprising reduction was found for all types of DNA barrels implying
a limited influence of the cholesterol anchors. The cholesterol-independent effect of DNA barrels
may be rationalized by the molecular interaction of PMA which acts independently of cell surface
receptors and should hence not directly compete with DNA barrel binding on the cell membrane.
We also tested how pre-incubation alters the reaction to endotoxin lipopolysaccharide (LPS) which
binds on the cell membrane’s toll-like receptors. Addition of the endotoxin usually results in a
significant increase in cytokine release, as found when granulocytes were challenged with LPS

14

(100 ng/mL) for 4 h (Figure 5C-I, Figure S7). However, the response was suppressed when
immune cells were first incubated with DNA nanobarrels for 90 min followed by LPS. For
example, pre-incubation by NB-3C significantly reduced the release of cytokine IL-6 9.4-fold
(p=0.01) and TNF-alpha levels 6.4-fold (p=0.007) (Figure 5C-I, Figure S9); LPS did not alter ROS
(data not shown). The suppression of the cytokine response was dependent on the number of
cholesterols, with NB-3C displaying the biggest change (p=0.02) (Figure 5C-II). The cholesteroldependence may be explained by the competitive binding to toll-like receptors of the DNA barrels
and the equally negatively charged LPS. Our endotoxin data underscore that DNA barrels lead to
a surprising immune suppression for two classes of inflammatory stimuli.
The immune inhibitory effect is mostly due to the DNA component of the DNA nanobarrels rather
than the cholesterol anchors. This was demonstrated by incubating immune cells with watersoluble cholesterol-tagged poly(ethylene glycol)(PEG) for 90 min followed by addition of LPS. If
the DNA nanostructure would be the dominant factor, then cholesterol-PEG would not lead to a
strong reduction of LPS-induced TNF-alpha release. Indeed, cholesterol-PEG resulted in a very
modest drop (Figure S10). The small but detectable influence could be related to the LPSscavenging property of similar hydrophobically-tagged polymers.70
CONCLUSIONS
DNA nanotechnology can produce highly defined materials for biomedical applications. Our
reveals how DNA nanostructures behave in multi-cellular environments with impact in cellular
targeting, cell membrane biology, and immunology including vaccine development. Our findings
are based on biologically important and biotechnologically representative components: blood cells
and an antibody-sized DNA nanostructure equipped with lipid cholesterol tags.
Our study delivers three fundamental insights. Firstly, we establish a 400-fold preferential binding
of the DNA nanobarrel structures to white blood cells compared to red blood cells (Figure 6). The
rapid, cellular binding only occurs with cholesterol labeled DNA structures. Previous studies on
synthetic membrane bilayers did not investigate selective binding.54-55 The cellular targeting is
attributed to the difference in lipid membrane composition of the two cell classes whereby WBCs
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membranes have a lower content of cholesterol than RBCs.50 In particular, the white blood cells’
lower content of cholesterol leads to higher membrane nanofluidity51-52 due to dynamic voids
within the bilayer.71 Fluid membranes with voids can, following our explanation of selectivity, be
filled with cholesterol-tags of DNA barrels. The picture is likely more complicated as other lipid
components in the two cells may also influence the interaction with the DNA nanostructures.

Figure 6. Overview of results, DNA nanobarrels (blue cylinders) containing cholesterol lipid
anchors (orange) exhibit no binding or toxicity towards RBCs, yet display strong binding and
immunosuppression properties to both WBCs granulocytes and PBMCs in HBSS.
The impact of cholesterol-mediated selectivity may lie in the field of vaccine development and
drug targeting. Cholesterol tags or other membranes-selective moieties may be used as a route to
target functional DNA or RNA cargo towards immune cells thereby complementing aptamerbased recognition.72 Vaccine development could benefit from this selective interaction as nucleic
acid vaccines have to be taken up by immune cells to translate the genetic information into a
protein that elicits the immune response. Cholesterol-mediated binding may also be a general basis
to assist targeting other biomedically relevant substances to immune cells, especially for
immunomodulation. While our data shows that cholesterol is a main source for selectivity, binding
can also be modulated by membrane proteins. Protein interaction may, for example, explain the
small 3-fold difference in binding between the two WBC subclasses of granulocytes and PBMCs
which have similar cholesterol levels.50 Future work may explore the specific reason for the small
differences, as well as binding to PBMC fractions of monocytes and lymphocyte subsets, or
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towards platelets. Similarly, more research should help tackle aggregation of DNA barrels in
serum, which is either due to electrostatic or hydrophobic interactions. Tested recourses include
masking negative charges using charge neutralized DNA or PNA,73 coating by proteins or PEG
moieties,39,74 or placing cholesterol lipid anchors in less accessible, recessed positions along the
DNA nanostructure.75 To exploit the findings for vaccine development, mRNA nanostructures
would be created in future research from synthetic oligonucleotide sequences which encode an
antigen of the infectious agent including a virus. The nanostructures would be tagged with the
membrane-targeting moiety. Following injection into the body, such as a mouse model, the mRNA
structure would enter host cells including dendritic cells to produce antigens. These antigens would
be presented to lymphocytes to stimulate cell mediated immunity and antibody production.
As second insight, avid cholesterol-mediated binding to white blood cells did not lead to membrane
rupturing. The non-toxic behavior is beneficial for any future biomedical applications, yet
surprising as the cholesterol nanobarrels are known to porate synthetic membranes.54 The barrels
are non-toxic to cells as one cholesterol tag is sufficient for membrane tethering, while complete
membrane insertion with three cholesterols likely blocked by crowding-out from proteins on the
membrane surface. These non-toxic properties are specific for cholesterol as toxicity has been
reported for a DNA barrel with another lipid anchor based using charge-neutralized DNA
backbones.76
Thirdly, the membrane-bound DNA nanostructures were discovered to repress immune cell
responses to endotoxin (Figure 6). DNA usually activates the immune system15 and CG repeat
sequences have been shown to enhance this response.77 Consistent with the literature, our
cholesterol-tagged DNA nanobarrels elicited the release of proinflammatory cytokines in a dosedependent manner in serum. However, DNA barrels reduced the cytokine release from leukocytes
that were incubated with pro-inflammatory stimulus lipopolysaccharide (LPS). Without barrel preincubation, LPS led to the expected inflammatory cytokine release. A possible explanation could
be the negatively charged character of LPS78-79 and DNA. We hypothesize that DNA barrels
electrostatically block LPS engagement to the cognate surface toll-like receptors, thereby resulting
in an attenuated downstream cascade activation and reduced immune response. In this model, the
more DNA nanobarrel binding, the greater the ionic repulsion between negative charges in LPS
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and DNA. Future research should explore other functional responses of immune cells including
immune cell migration, phagocytosis, and cell proliferation.
In conclusion, our study has yielded scientific insight into the behavior of compact DNA
nanostructures in a multicellular environment with biomedical impact for potential therapeutic
applications. Promising routes include the development of vaccines to deliver compact and
nuclease-resistant DNA to target immune cells. In addition, in immunomodulatory therapy DNA
structure binding could help tackle septic shock by decreasing the exaggerated host response to
infection as supported by the abrogated LPS response of immune cells. Other applications of
attenuated immune cell response include transplant immunosuppression and autoimmune disease.
We hope our findings can catalyze research into these biomedically important areas.
METHODS/EXPERIMENTAL
Reagents. All other reagents were purchased from Sigma Aldrich (UK) unless stated otherwise.
Folding of DNA nanostructures. The structure of the DNA nanobarrel was published previously
(information on the sequences, including 2D maps and dimensions is provided in the Supporting
Information).53 The DNA nanobarrels were assembled by mixing an equimolar mixture of the
component DNA strands (1 µM) (Integrated DNA Technologies, US) containing the stated buffer
or media. The constructs were folded by heating the solution from 95 °C for 2 min, and cooling to
20 °C at a rate of 5 °C per min. The assembled constructs were stored at room temperature and
vortexed for 2 s before use and used within 24 h.
Polyacrylamide gel electrophoretic analysis of folded DNA nanostructures. The DNA
nanobarrels (2 µL, 1 µM in PBS) were added to buffer (13 µL, PBS unless otherwise specified)
and gel loading dye (5 µL, purple loading dye). Each sample (8 µL) was loaded into wells of a
thermally equilibrated PAGE gel (10% in 1x TBE buffer for native or 1x TGS buffer for SDS
PAGE, at 115 V for 60 min at 4 °C). Once complete, the bands were visualized by first washing
in de-ionized water, and then stained with ethidium bromide solution.
Agarose gel electrophoresis. The DNA nanobarrels (2 µL, 1 µM in PBS) were added to buffer
(13 µL, PBS) and gel loading dye (5 µL, SDS-free). The solution (15 µL) was loaded into the wells
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of a thermally equilibrated agarose gel (2% in 1x TAE buffer, containing ethidium bromide), and
run at 60 V for 60 min at 4 °C.
Whole blood and serum preparation. Whole blood (5 mL) was collected in heparinized syringes
from healthy donors. Cells were separated from plasma by centrifugation for 15 min at 2,000 x g
using a refrigerated centrifuge. The resulting supernatant containing plasma was extracted and
used immediately or stored at -20 °C prior to further use. Repeated freeze thaw cycles were
avoided. To heat-inactivate human serum, the media was incubated at 60 °C for 20 min. All exvivo cell experiments were carried out at 37 oC in a cell culture chamber.
Nanostructure stability assay with melting profile analysis. The melting transitions of the DNA
nanostructures were identified following a published procedure59 using a MyIQ real-time PCR
(Bio-Rad, Watford, UK). The nanostructures were assembled containing FAM and TAMRA
FRET pairs (folded at 1 µM in PBS). The DNA constructs were diluted into the stated buffer
systems to give a final DNA concentration of 0.1 µM (total volume of 25 µL) in a 96-well thin
wall fluorescence plate (Bio-Rad, Watford, UK). Optical quality sealing tape (Bio-Rad, Watford,
UK) was placed on top to prevent evaporation. The samples were heated from 30 to 85 °C at a rate
of 0.5 °C per min. The melting temperature was determined from taking the 1st derivative of the
donor fluorescence profile. Errors were identified from three independent experiments. Additional
UV absorbance melting profiles for NB-3C and DNA tetrahedron (0.5 µM, in 1x DNAse I buffer)
were conducted using a Varian Cary 300 Bio UV/Vis spectrophotometer by heating from 20 °C to
80 °C at a rate of 1 °C per min, collecting data at 1 °C intervals scanning at 260 nm.

Isolation of white blood cells for confocal laser scanning microscopy and flow cytometry.
Whole blood (5 to 10 mL) was collected in heparinized syringes from healthy donors. RBCs were
lysed using 1x red cell lysis buffer (BD; Beckton Dickinson biosciences, UK) containing 16%
formaldehyde. Cells were washed and re-suspended in either human serum (5 mL) or HBSS (5
mL), for serum and serum-free conditions, respectively. The nuclear stain 4',6-diamidino-2phenylindole (DAPI) (Thermo Fisher Scientific, UK) at 5 µg per mL was added to visualize WBCs
for confocal microscopy and flow cytometry.
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Confocal laser scanning microscopy. CLSM images were collected using a 60x oil objective
mounted on a FV-1000 Olympus microscope, solutions were deposited on a fluorodish (World
Precision Instruments, Sarasota, FL, USA) and left to settle for 5 min before imaging. For serum
stability assays, the DNA solution (20 µL, 1 µM in PBS) was added to either HBSS, human serum
or heat-inactivated human serum (20 µL) and mixed for 5 mins. Where stated WBCs (2 µL) were
additionally added and deposited on the confocal dish. For kinetic WBC binding assays, WBCs
(in HBSS or human serum, 10 µL) were added to a confocal dish and left to settle for 5 mins,
followed by addition of the DNA solution (10 µL, 1 µM in PBS). All imaging conditions were
kept identical when comparing different DNA barrel constructs and controls. Images were
analyzed using ImageJ software. The binding selectivity was calculated using ImageJ software.
The data was derived from the CLSM images by comparing the fluorescence intensity of the WBC
and the RBC membranes. The results show >400-fold difference in membrane binding as the RBC
gave no detectable fluorescence.
Fluorescence activated cell sorting. Cells were analyzed on the LSR Fortessa (BD) flow
cytometer (BD Biosciences). The two main cell populations, granulocytes and peripheral blood
mononuclear cells were identified by gating on characteristic forward and side scatter profiles.
Identical gates were applied to all samples. Minimum of 5000 events/measurement within the
granulocyte population were read. For binding assays, the DNA solutions (200 µL, 500 nM in
PBS) were added to WBCs (in HBSS or HS, 200 µL) and incubated for 90 min. All data were
collected from three individual replicates per experiment and geometric mean assessed using
FlowJo version 10.0 (Tree Star Inc, USA). Statistical data analyzed using a non-parametric Mann
Whitney t-test using GraphPad Prism v5 (San Diego, USA).
White blood cell viability. The DNA solutions (1 mL, 500 nM in PBS) were added to WBCs (in
HBSS, 1 mL) and incubated for 6 h. Viability of cells was determined by the addition of far red
live/dead stain (Thermo Fisher Scientific, UK) 20 min prior to fixation with formaldehyde at 37
°C. As a positive control for dead cells, cells were incubated at 60 °C for 10 min.
Haemolysis. The DNA nanobarrels (20 µL, 1 µM in PBS) were added to RBCs (in HS or HBSS
20 µL) and the solution mixed for 4 h. The extent of lysis was determined by diluting the solution
(15 µL) in PBS (600 µL) and monitoring the UV-vis absorbance. Experiments were performed in
triplicate.
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White blood cell activation. Immune cell reactive oxygen species (ROS) was determined by
preincubating blood (in HBSS, 2 mL) with dihydroethidium (5 µM) or H2-DCFDA (5 µM)
(Thermo Fisher Scientific, UK) for 30 min at 37°C prior to the addition of the DNA constructs (2
mL, 500 nM in PBS) or other stimuli. Phorbol 12-myristate 13-acetate (PMA) and inomicin
(eBioscience cell stimulation cocktail) was used to activate neutrophils either as a positive control
for reactive oxygen species (ROS), or to assess PMN ROS capacity following incubation with
DNA constructs. Lipopolysaccharide was obtained from Sigma and used at a concentration of 100
ng per mL. Water soluble cholesterol-PEG 600 was obtained from Sigma (C1145) and used at a
concentration of 750 nM.
ELISA. Release of TNF-alpha and IL-6 from immune cells in either whole blood or supernatants
was measured using ELISA. The DNA constructs (5 mL, 500 nM in PBS) were incubated with
whole blood (5 mL) up to 8 h. Whole blood samples were centrifuged, and plasma used for analysis
of cytokine levels. DuoSet ELISA kits (R&D Systems, Minneapolis, MN, and BD Biosciences,
Oxford, Oxon, UK) were used to assess cytokine levels according to the manufacturers’
instructions. Absorbance was read at 450 nm using a spectrophotometric ELISA plate reader
(Anthos HTII; Anthos Labtec, Salzburg, Austria).
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