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ABSTRACT: DNA nanostructures constitute a rapidly advancing tool-set for exploring cell-membrane functions and intracellular 

sensing or advancing delivery of cargo or drugs into cells. Chemical conjugation with lipid anchors can mediate binding of DNA 

nanostructures to synthetic lipid bilayers, yet how such structures interact with membranes and internalize cells has not been shown. 

Here, an archetypal 6-duplex nanobundle is used to investigate how lipid conjugation influences DNA cell binding and internalization 

kinetics. Cellular interactions of DNA-nanobundles modified with one and three cholesterol anchors were assessed using flow cy-

tometry and confocal microscopy. Nuclease digestion was used to distinguish surface-bound DNA, which is nuclease accessible, 

from internalized DNA. Three cholesterol anchors were found to enhance cellular association by up to 10-fold when compared with 

unmodified DNA. The bundles were endocytosed efficiently within 24 h.  The results can help design controlled DNA binding and 

trafficking into cells.-                                                                                                    - - - - - - - - 

Nucleic acids are modified via numerous covalent chemistries 

to control or enhance their interactions with cell-like1-3 and cell 

membranes.4-6  Modifications can improve cell uptake by en-

hancing duplex stabilization and nuclease resistance.7,8  A more 

direct route to strengthening cell interaction relies on modifying 

nucleic acids with lipid anchors.5,6,9 Alternative routes for mem-

brane binding are to charge-neutralize the DNA backbone, 10 or 

to complex DNA non-covalently with membrane-binding and 

fusing agents such as peptides.11 dendrimers,12 and polymers.13 

Among these approaches, modification of nucleic acids with li-

pid anchors is the best compromise between chemical definition 

and ease of fabrication.5,6,9 Lipid-modified DNA can also an-

chor cargo to membranes and fuse vesicles to cells14 and pla-

nar15 and curved membranes2,16,17 similar to membrane fusion 

proteins.18-23 

DNA-nanostructures are an advancing tool-set for research in 

biology and biomedicine. The nanoarchitectures can probe bio-

logical processes,24,25 deliver therapeutic cargo26-30 or modulate 

the immune system.31,32 The main advantage of DNA 

nanostructures is the remarkable molecular control over their 

shape, size, and nanomechanical movement.33-43 As a further 

benefit, the compact nature of nanostructures leads to enhanced 

stability towards nuclease degradation when compared to linear 

DNA44 outside and inside cells.45,46 A central topic for cell bio-

logical applications remains how to control cellular binding and 

internalization of DNA nanostructures. Uptake and trafficking 

is known to be influenced by nanostructure size, shape and com-

pactness, as well as cell type.47-49 Yet, the role of lipid anchor 

modification on cell interaction has not been explored. Lipid 

anchors may, as potential advantage, increase cellular localiza-

tion. Furthermore, lipidation may be generic route to target cell 

membranes independent of DNA nanoshape. 

Here, we study how cholesterol modifications on DNA 

nanostructures influence their interaction with biological cells. 

Lipid-modified nanostructures have previously been studied 

with model lipid bilayers but not with biological cells.50-67 Bio-

logical membranes are more complex given their multicompo-

nent lipid composition as well as the presence of many periph-

eral or integral membrane proteins. Inferring the interaction of 

lipidated DNA nanostructures with biological membranes from 

synthetic membranes has to account for these stark bilayer dif-

ferences. 

For our study, a recently devised DNA-nanobundle composed 

of six interconnected DNA duplexes was selected as model sys-

tem (Figure 1).53,55 The nanostructure is 9 nm high and 6 nm 

wide, and is modified with up to three cholesterol anchors.  

 

 

Figure 1. Schematic representation of the nanobundle, their 

cholesterol modification, and interaction with cells. An arche-

typal 6-duplex nanobundle is composed of six-interconnected 

DNA duplexes obtained by self-assembly of six oligonucleotides. 

Each duplex is twenty-one base pairs long.53,55 Hydrophobic cho-

lesterol molecules are attached via a 15-atom triethylene glycol 

spacer to create DNA nanobundles NB-0C, NB-1C and NB-3C 

with none, one, or three anchors, respectively. 
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Fluorescence activated cell sorting (FACS) and fluorescence 

microscopy, along with a nuclease digestion assay are used to 

investigate the effect of modification on cellular binding and 

uptake kinetics as well as the final intracellular localization. 

 

Results and Discussion 

The Components of our Study. In order to probe the effect of 

lipid modification on cellular interaction, we used a six-duplex 

nanostructure with up to three cholesterol anchors attached via 

tetra-ethylene glycol (TEG) linkers via the DNA 5' terminus at 

the bundle exterior (Figure 1).53,55 Reflecting the number of 

cholesterols, the structures were termed NB-0C, NB-1C and 

NB-3C. NB-3C nanobundle has previously been showed to 

span lipid bilayers as opposed to NB-1C that just tethers to 

membranes 53,54. However, due to the chemical and structural 

complexity of biological cell membranes, one cannot deduce 

that NB-3C also punctures cells. 

To measure nanobundle-cell interactions, Alexaflour-647 was 

incorporated into the nanostructure at the DNA bundle exterior 

via the 5' terminus of a non-cholesterol modified DNA strands, 

as described in ref54. Alexafluor has a high fluorescence stabil-

ity and can, like other fluorophores, partition into the mem-

brane.68 However, when conjugated to a negatively charged 

DNA and compared to the highly hydrophobic cholesterol an-

chor, the contribution of the fluorophore to membrane binding 

is deemed to be very small. Alexfluor-modified DNA strands 

without cholesterol modification were also used as a control. 

Nanobundle assembly was validated with agarose and poly-

acrylamide gel electrophoresis (Figure S1). HeLa cells were se-

lected given their wide use in studies with DNA nanostructures. 

Finally, two cell media were used to test the interaction of 

nanostructures with cells. Opti-MEM (minimal essential cell 

medium) without serum, and DMEM supplemented with 10% 

fetal bovine serum (FBS). Serum proteins may interact with 

nanostructures and thereby influence cell binding.49,69 Specifi-

cally, it is known that proteins can rapidly cover the surface of 

inorganic nanoparticle.70,71 

Influence of Lipid Anchor Number and DNA Nanobundle 

Concentration on Cellular Interaction. Fluorescence acti-

vated cell sorting was used to quantify how lipid anchor number 

and nanostructure concentration influences cellular association. 

Nanobundle concentrations of 100 to 0.1 nM were incubated 

over 3 h in protein-depleted opti-MEM medium. The strongest 

increase in cell binding was achieved with the highest nanobun-

dle concentration (Figure 2, Figure S2A).  

At this condition, cellular association rose by approx. 4-fold for 

the nanobundle with one cholesterol anchor compared to the 

non-modified nanobundle NB-0C. With an additional hour of 

incubation, two extra cholesterol anchors further increased as-

sociation by 6 to 10-fold for NB-3C (Figure 2, Figure S2B). The 

effect was smaller at 10 nM, and negligible at 1 and 0.1 nM. 

The data suggest that cholesterol can mitigate the otherwise 

electrostatic repulsive interaction between the net-negatively 

charged DNA structures and similarly charged cancer cell 

membranes.72,73 The compact nature of the DNA nanobundle 

also had a positive effect on interaction when compared to a 

flexible control DNA strand. In particular, non-modified nano-

bundles showed a 290-fold increase in cellular association com-

pared to a 50 nt-long ssDNA that did not carry a cholesterol 

anchor (Figure S2). The binding was stronger by 1100 and 

1700-fold when comparing lipid-anchored NB-1C and NB-3C 

with ssDNA (Figure S2).  

 

Figure 2. Lipid anchor number and DNA nanobundle concen-

tration effect cellular interaction. In FACS analysis of cell bind-

ing, nanobundle variants NB-0C, NB-1C and NB-3C carrying an 

AlexaFlour-647 fluorophore were incubated in opti-MEM with 

HeLa cells for 3 h. Cellular interaction was measured as median 

fluorescence per cell. Fluorophore-tagged ssDNA of 50 nt length 

was used as a negative control. The binding of ssDNA, after back-

ground subtraction, is not visible on the plot. 

When the protein-free opti-MEM cell medium was replaced 

with DMEM+FBS for DNA nanobundle incubation, an approx-

imately 100- to 200-fold higher increase in cell binding of NB-

1C and NB-3C, respectively, relative to NB-0C was observed 

(Figure S3). The enhancement is by a factor of around 10-20 

when compared to protein-depleted opti-MEM. The exact rea-

son for this is not clear, but may be linked to serum proteins 

mediating and enhancing binding of DNA to cells. The en-

hancement by FBS was found for cholesterol modified NB-1C 

and NB-3C but not NB-0C suggesting an additional influence 

of cholesterol in the binding to the serum protein. 

Kinetic Analysis of Nanobundle-Cell Interactions. FACS de-

termined how fast DNA bundles are binding to cells. Kinetics 

were obtained for 10, 30, 90 and 180 min incubations, using 

DMEM supplemented with FBS as incubating medium. Fast 

binding occurred within the first 30 min followed by a slower 

phase for all three bundles with no, one and three cholesterol 

anchors (Figure 3).  

 

 

Figure 3. Binding kinetics of cholesterol-modified nanobun-

dles to HeLa cells analyzed with FACS. Plots comparing cell-

association kinetics for AlexaFluor-647-labeled nanobundles; 

NB-0C, NB-1C and NB-3C that were incubated with cells at a 

final concentration of 100 nM for the indicated time points. 

Cells were incubated in DMEM + 10% FBS medium. Each 

time-point was measured in triplicate for each nanobundle var-

iant.  
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The use of protein-free opti-MEM led to similar binding kinet-

ics yet the difference between the cholesterol-modified and cho-

lesterol-free DNA nanobundles was smaller (data not shown). 

The following analysis was conducted with opti-MEM. 

Membrane Binding vs. Cell Internalization of DNA Nano-

bundles. The FACS analysis did not reveal whether DNA nano-

bundles are solely bound to the cell surface or also internalized 

into cells. Fluorescence microscopy was used to distinguish be-

tween membrane-bound vs. internalized bundles as a function 

of time. In the first 10 min of incubation, NB-3C was localized 

mostly around cell membranes with more apparent fluorescence 

observed in membranes at longer incubations (Figure 4). How-

ever, prolonged incubation at 30 min led to appearance of fluo-

rescence signal inside the cells. The signal most probably stems 

from intact as opposed to fragmented- DNA nanobundles as the 

compact nanostructures are stable towards nuclease at physio-

logical concentrations.53 Uptake into cells was confirmed by Z-

stack analysis for NB-3C and also NB-1C (Figure S4). Uptake 

for NB-3C was also shown with XZ/YZ orthogonal cross-sec-

tions and 3D-models composed from Z-stacks across single 

cells (Figure S4). 

 

Figure 4. Cholesterol-modified nanobundles bind efficiently to 

the surface of HeLa cells. Combined fluorescence and dark-field 

microscopic analysis showing DNA nanobundle binding within 30 

min. HeLa cells were incubated with 100 nM NB-3C dissolved in 

opti-MEM and imaged with fluorescence and bright-field micros-

copy. Scale bar, 10 μm. 

To obtain quantitative data on the extent of cell surface binding 

vs. internalization, we used nuclease digestion followed by 

quantitative FACS analysis. In the assay, nuclease DNAse (I) is 

added at very high concentrations to digest membrane-associ-

ated nanobundle while leaving cell-internalized bundles unaf-

fected. Subsequent fluorescence analysis of nuclease-treated vs. 

non-treated cells can then reveal the relative amount of internal-

ized vs total bundles. Nuclease digestion disrupts the nanobun-

dle structure which carry the cholesterol and fluorophore at-

tached to different DNA strands.53 Consequently, digestion gen-

erates DNA fragments carrying no modification, either a lipid 

or a fluorophore modification, both not both modifications. 

Fluorophore-modified single-stranded DNA has very low bind-

ing to cells as shown below. 

Nanobundle digestion was visually validated with fluorescence 

microscopy. Using a high DNAse (I) concentration of 10 U/mL, 

most of NB-1C was removed from the cell surface within 10 

min (Figure 5). Efficient digestion was also found for NB-3C 

that localized with the cell membrane (Figure 5, Figures S5 and 

S6: confocal images from repeat digestion experiments). The 

fraction of NB-3C inside cells was, however, higher than for 

NB-1C (Figure 5, Figures S5 and S6). The difference may be 

explained by the fact that NB-3C but not NB-1C can span the 

lipid bilayer53 and therefore may have a higher chance of being 

trafficked into cells. We note that fractions of nanobundles re-

mained membrane associated after 1 h of digestion (Figures S5 

and S6). Furthermore, a few small dead cells have a very high 

content of DNA nanobundles (Figure 5, Figures S5 and S6). But 

these are largely discarded by high gating in follow-up FACS 

analysis. 

            

Figure 5. Microscopic Analysis of Nanobundle Binding and In-

ternalization Using Nuclease Digestion. Combined fluorescence 

and dark-field microscopic analysis on the enzymatic digestion of 

surface-associated nanobundles. Internalized nanobundles are not 

digested. Cells were incubated with NB-1C and NB-3C at 100 nM 

for 2 h in opti-MEM. NB-3C was tagged with AlexaFluor-647 (red 

channel) and NB-1C with 6FAM (green channel). Enzyme diges-

tion for 10 min. A dead cell with a high content of DNA nanobun-

dles is apparent in the middle of the image. Scale bar, 10 μm. 

Quantitative information about the fraction of membrane-asso-

ciation vs. internalization was obtained via FACS analysis. 

Cells were incubated with all three nanobundles for 4 h, fol-

lowed by nuclease digestion. FACS data revealed that the frac-

tion of internalized NB-3C and NB-1C amounted to 66% and 

62% of total nanobundles (Figure 6). When comparing to 

DMEM+FBS, the fraction of internalized nanobundles was 

considerably smaller, with approximately 10% of DNA nano-

bundles NB-1C and NB-3C being internalized (Figures S7).  

 

Figure 6. Quantitative Analysis of Nanobundle Binding and In-

ternalization. FACS-derived ratios of nanobundle-cell binding vs. 

cellular uptake is shown. Cells were incubated with nanobundles at 

a concentration of 100 nM in opti-MEM without FBS supplemen-

tation. After 4 h incubation, cells were washed with PBS, and sub-

jected to nuclease digestion with DNase (I), 10 U/mL. Total nano-

bundle-cell interaction was obtained from a non-enzyme treated 
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group. Membrane associated fractions were obtained by subtract-

ing enzyme-treated (internalized) from non-treated (total) values.  

Averages and standard deviations represent results from triplicate 

readings.  

 A fraction of 90% membrane-associated bundles is high and 

indicates that serum proteins increase the nanobundles’ extent 

of cell binding without corresponding enhanced trafficking into 

cells. FBS contains more than 20 proteins including albumin as 

a major component. We hypothesize that nanobundles are likely 

to complex with proteins via electrostatic interactions. These 

complexes may enhance binding to cells via cellular protein-

recognition. The larger size of complexes may influence the up-

take.49 As an additional factor, the expected repulsion between 

net negatively charged DNA nanostructures and similarly 

charged cancer cell membranes72 could be weakened by charge 

masking of nanobundles via complexation with serum proteins. 

Further analyses revealed that binding kinetics were faster than 

the internalization kinetics, as could be expected for the two se-

quential processes (Figure S7).  

The uptake of the cholesterol-modified DNA nanobundles com-

pares favorably with related studies on other DNA nanostruc-

tures. Uptake is dependent on cell-type as well as nanostructure 

shape, whereby particle size and compactness correlate posi-

tively with uptake efficiency.47 One reference compound is a 

DNA-cage of 7 x 7 x 7 nm size which is similar in size to the 

DNA nanobundle of 5 x 5 x 9 nm. This cage required lipofec-

tamin transfection reagent to achieve notable cellular uptake. 45 

Intracellular Localization of DNA Nanobundles. The loca-

tion of DNA nanobundles after cell uptake was investigated. In 

general, the intracellular destination of DNA nanostructures can 

range from the lysosome to the cytosol44,48 depending on the 

trafficking pathway.74,75 We clarified the intracellular location 

of NB-3C DNA nanobundles using fluorescence microscopy. 

Lysotracker Red, a fluorescent dye for acidic organelles, was 

used as marker. DNA nanobundles first localized to the cellular 

membrane and were then internalized within 2 h (Figure 7, Fig-

ure S8).  

 

Figure 7. Intracellular localization of DNA nanobundles. Fluo-

rescence microscopy images of cells exposed to Lysotracker 

(green) and AF647 labelled NB-3C nanobundle (red). Co-localiza-

tion between NB-3C and endolysosomal compartments was found 

starting at 2 h and was completed within 24 h. Cells were incubated 

in opti-MEM except the 24 h sample which was incubated in 

DMEM+FBS after 2 h to maintain cell viability. 

The nanobundle signal co-localized with endolysosomal dye. 

Incubation for up to 24 h led to complete uptake and co-locali-

zation with the dye suggesting that nanobundles remain within 

the endolysosomal pathway. The inability to escape from endo-

somes has been found for numerous other tube-like DNA 

nanostructures74,75 with exception of larger structures with sizes 

generally greater than 800 nm.74 We note that the endosomal 

entry of the cholesterol-modified DNA nanobundles is also con-

sistent with the similar uptake of 5'-cholesterol modified oligo-

nucleotides that bind to low-density-lipoprotein that is taken up 

by receptor-mediated endocytosis.76 Incubation of Hela cells 

with NB-3C followed by observation for 24 h also confirmed 

that the cholesterol-modified nanobundles are non-toxic, as de-

termined using a metabolic assay (Figure S9). These findings 

are different to the limited cytotoxicity of DNA bundles carry-

ing another hydrophobic anchor composed of ethyl-phos-

phorothioates on the DNA backbone.77 

 

 

Figure 8. Lipid anchor effect on cellular interaction. A single 

cholesterol anchor is sufficient to enhance cellular interaction by 

approximately 4-fold compared to a non-modified structural ana-

logue. Two additional lipid-anchors further enhance cellular inter-

action from 6 to 10-fold over NB-0C, marking cholesterol moieties 

as a viable route to augment nanoparticle-cell association.  

 

Conclusions  

DNA nanostructures are a powerful tool-set for cell biology and 

biomedicine. To enhance the interaction with bilayer mem-

branes, DNA nanostructures have been equipped with lipid an-

chors and used for a variety of applications such as to 

shape50,54,57,78 or puncture bilayers55,60,64,79-81 for bio-sensing,82-85 

to attain controlled drug release,55 to probe membrane interac-

tion forces,86 or to alter membrane composition.87 Yet, lipid-

modified DNA nanostructures have not been examined with 

cells to explore uptake and internalization. Biological mem-

branes are more complex given their multicomponent lipid 

composition as well as the presence of many peripheral or inte-

gral membrane proteins.  

This report provides a novel insight by using an archetypal 

DNA nanostructure with stoichiometrically and position-con-

trolled cholesterol modifications to study uptake and internali-

zation. The study offers an detailed account  how cholesterol 

tags influence  the extent of binding, internalization, and bind-

ing kinetics of DNA nanobundles.74 Nanobundles with three 
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cholesterols increased cell association by up to 10-fold com-

pared to unmodified bundles (Figure 8). The enhancement was 

strikingly more than 1000-fold in comparison to flexible 

ssDNA. Exploring the kinetics revealed an initial rapid binding 

followed by efficient endocytosis within 24 h. As serendipitous  

finding, an enhancing effect of serum protein on nanobundle 

cell binding but not uptake was observed.  

NB-3C was preferentially internalized by cells. This nanobun-

lde can also span synthetic lipid bilayers as opposed to NB-1C 

that just tethers to membranes.53,54 However, due to the chemi-

cal and structural complexity of biological cell membranes, one 

cannot deduce that NB-3C did punctured also these bilayers. 

Future research may explore uptake and trafficking pathways, 

as well as endosomal fate of the DNA nanobundles in relation 

to their behavior in different media conditions. The intracellular 

delivery of DNA and proteins is an increasingly attractive 

topic,88,89 and endosomal release can be achieved using a variety 

of chemical agents, though some levels of toxicity could also be 

observed.88,90 DNA nanostructures may avoid such disad-

vantages30 similar to peptide-based nanostructure that capture 

and condense nucleic acids.91,92 The DNA nanobundle used in 

our study may represent another route for endosomal release. 

As the bundle can puncture the membrane with a hollow lu-

men,55 the channel may support the endosomal escape of small 

molecule cargo such as drugs. In more general terms, the route 

of lipid-mediated enhancement of cell binding may also be ex-

panded to other DNA nanostructures. In conclusions, this study 

can help design DNA nanostructures for controlled binding to 

and trafficking into cells for biological and biomedical applica-

tions.     

                                                                 .                                                                      

Materials and Methods 

DNA Nanobundle Preparation: The six-duplex nanobundles were 

prepared following established protocols55 and were used within a 

few h from folding. Agarose and SDS-PAGE were used to validate 

nanobundle folding (Figures S1). Sequences of component DNA 

strands along with 2D DNA maps of the DNA pores have been pub-

lished.55 

 

Cell Culture: HeLa cells were grown in DMEM medium (Invitro-

gen) supplemented with 10% heat inactivated FBS (Gibco), 10 

µg/mL gentamicin and 0.25 µg/mL amphotericin B (Invitrogen) at 

37oC in humidified air containing 5% CO2. 

 

FACS Analysis on Cell Interaction of DNA Nanobundles: HeLa 

cells were pre-cultured and used within 24 h after seeding onto 48-

well plates at a density of 25,000 cells per well. Nanobundle stock 

solutions with a final concentration of 0.1, 1, 10 and 100 nM were 

prepared with Gibco opti-MEM. Prior to sample loading, the cell 

growth medium (DMEM, 10% FBS) was aspirated from each well 

followed by washing thrice with pre-warmed PBS buffer. All sam-

ples were pre-warmed to 37 °C prior to incubation with cells. Sam-

ples were then pipetted into wells in triplicate. After 3 h incubation 

with nanobundles, samples were aspirated followed by washing 

twice with PBS. Cells were then trypsinized with TrypLE (Gibco), 

followed by trypsin inactivation and re-suspension with DMEM and 

transferal to a 96-well plate. At least 3,000 cells were analyzed for 

each sample using a FACS Flex-S flow cytometer. Consistent gating 

based on cell size and granularity (forward and side scatter) was used 

to select viable single cells for analysis. Median fluorescence inten-

sity (MFI) was calculated for each sample by averaging after back-

ground subtraction. 

 

Enzyme-digestion and FACS analysis: Cells were prepared in the 

same manner as for the concentration assay with the exception that 

DMEM 10% FBS was used as incubating medium. Cells were incu-

bated with nanobundles 100 nM concentration for the desired time 

duration, followed by 3x washing with pre-warmed PBS and then 

exposure to DNase (I) at a final concentration of 10 U/mL for 1 h. In 

parallel, control non-enzyme treated cells were incubated with 

DMEM. Enzyme-treated and non-treated groups were aspirated and 

washed thrice with PBS, 1X followed by trypsinisation and prepara-

tion for FACS analysis following the same procedure as used in the 

concentration assay. 

 

Fluorescence Microscopy for Nanobundle Binding. HeLa cells 

were used 24 h after seeding into 8-well Ibidi glass chambers at a 

density of 25,000 cells per well. Nanobundle solutions were pre-

pared in the same manner as for FACS experiments and used at a 

final concentration of 100 nM in opti-MEM reduced serum medium 

(without FBS supplementation). NB-3C was tagged with 

AlexaFluor-647 via incorporation of a modified component strand 

with the fluorophore placed at the 5’ end of one oligonucleotide as 

described.93 HeLa cells were washed 3 x with pre-warmed PBS, 1X 

followed by incubation with nanobundles and imaged after the de-

scribed durations. Images were collected using an Olympus inverted 

confocal microscope using an oil immersion 60x objective lens. La-

ser line 633 was used for Alexafluor647 excitation, with appropriate 

band-pass filters.  

 

Microscopic Analysis of Enzyme-Treated Cells: Nanobundles 

were incubated with HeLa cells following the same method as used 

for the localization experiments, with the exception that NB-1C was 

tagged with 6FAM and co-incubated alongside NB-3C at final con-

centrations of 100 nM. For enzymatic digestion of membrane sur-

face-associated nanobundles, DNase(I) enzyme was prepared in the 

same method as with FACS experiments and incubated with cells 

after washing twice with PBS, 1X.  Laser lines 633 and 488 were 

used for AF647 and 6FAM excitation respectively.  

 

Fluorescence Microscopy for Nanobundle Localisation. Nano-

bundle preparation and incubation was carried out with the same 

method as with previous microscopy experiments. For endosomal 

staining, nanobundle (NB-3C) samples were aspirated off after the 

desired incubation duration, washed twice with PBS, 1X and incu-

bated for 1 h with LysoTracker Red DND-99 (Thermo Fisher). 

LysoTracker was prepared to a final concentration of 100 nM in phe-

nol containing DMEM. LysoTracker containing solution was aspi-

rated off prior to imaging, followed by washing thrice with PBS, 1X 

and re-incubation in opti-MEM for imaging. Images were collected 

using an Olympus inverted confocal microscope using an oil immer-

sion 60x objective lens. Laser lines 633 and 559 were used for 

AF647 and LysoTracker excitation, respectively, using appropriate 

band-pass filters. 

 

Cell viability assay. NB-3C nanobundle samples were prepared at a 

final concentration of 500, 250, 125 and 60 nM by diluting in 

DMEM + 10% FBS. Required volumes of PBS were added to each 

DMEM-nanobundle sample to ensure consistent PBS concentration 

across the assay. As nanobundles were assembled in PBS, the same 

buffer was selected for use as negative control. Cells were grown to 

confluence and then seeded into a 96-well plate at a density of 

10,000 cells per well. NB-3C samples were incubated with cells for 

1 h, followed by washing thrice with PBS, and re-incubation with 

DMEM+10% FBS. After 24 h, fluorescence was measured using Al-

amar Blue metabolic activity assay following manufacturer protocol. 

Data was collected using a Fluorostar Omega plate reader (BMG 

Labtech).  
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