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Abstract

DNA nanostructures (DNs) can be designed in a controlled and programmable manner, and these 

structures are increasingly used in a variety of biomedical applications, such as the delivery of 

therapeutic agents. When exposed to biological liquids, most nanomaterials become covered by 

a protein corona, which in turn modulates their cellular uptake and the biological response they 

elicit. However, the interplay between living cells and designed DNs are still not well established. 

Namely, there are very limited studies that assess protein corona impact on DN biological activity. 

Here, we analyzed the uptake of functionalized DNs in three distinct hepatic cell lines. Our 

analysis indicates that cellular uptake is linearly dependent on the cell size. Further, we show that 

the protein corona determines the endolysosomal vesicle escape efficiency of DNs coated with an 

endosome escape peptide. Our study offers an important basis for future optimization of DNs as 

delivery systems for various biomedical applications.

Graphical Abstract

Smolková et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

nanotechnology; DNA nanotechnology; cellular uptake; protein corona; bionano interactions; 
endolysosomal escape

INTRODUCTION

In recent decades, nanoparticle (NP) vehicles have shown substantial potential in different 

biomedical applications,1–4 including the potential to change the biodistribution and 

pharmacokinetics of conventional free therapeutics.5,6 As a result, a plethora of NP 

formulations have been designed for uses like targeted drug delivery, imaging, biosensing, 

and other various biomedical and therapeutic applications.1–4,7,8 NPs designed as delivery 

vehicles were expected to solve several key persistent problems (e.g., degradation, poor 

solubility, toxicity, and incapability to cross biological barriers) of free drugs.3,4,6,9 Different 

formulations of NPs showed success in preclinical settings and clinical trials, and some 

NPs received clearance for clinical use.10,11 However, the majority of NP formulations 

possess very low success rates of clinical translation.9,12–15 Despite isolated success cases, 

NP formulations are unable to reach maximal targeting effectiveness while concomitantly 

minimizing off-target effects.16,17 Poor knowledge of the fundamental cellular mechanisms 

of NP–cell interactions substantially contributes to such shortcomings.15,17–23 To a large 

extent, our capabilities to accurately produce NPs with tightly controlled size, shape, 

and surface chemistry are still rather limited.24–26 This in turn challenges the systematic 

investigation of NP–cell interactions, resulting in poor delivery efficacy.

DNA-based structural nanotechnology27—including polyhedral cages,28,29 bundles,30 or 

the complex assemblies afforded by DNA origami31—offer unique opportunities to 

build oligonucleotide nanostructures with tightly controlled size, shape, and surface 

functionality.32–36 Such remarkable molecular control over DNA nanostructures (DNs) has 

enabled applications like nanofabrication,37–39 biosensing,40 vehicles for spatiotemporal 

release of active compounds,41 cell engineering,42–44 and drug delivery.45,46 Importantly, 

DNs have been recognized as an alternative to conventional NP-based cargos for cellular 

delivery of various content, including small molecule drugs,45,47 proteins,48 and nucleic 
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acids.49 Foreseeing potential clinical translation of DN-based applications, it is imperative 

to understand interactions between DNs and living cells in a well-defined and controlled 

manner. In fact, studies that analyze DN–cell interactions, as well as the ingestion routes 

and mechanisms of designed DNs are quite limited.50–52 For example, recent advancements 

were achieved in analyzing how the size and shape of DNs affect their cellular uptake.50,51 

Although these reports analyze how different cell lines internalize DNs, no systematic 

investigation has been undertaken to directly compare the observed effects on closely related 

cell lines.50–52 Furthermore, from the nanoparticle field it is well established that, upon 

interaction with biological fluids, NPs form a so-called protein corona.53–56 Importantly, this 

protein corona affects the physicochemical characteristics of NPs but most importantly may 

change the overall bioreactivity of the nanoparticles.53–57 To our knowledge, there are no 

studies assessing the impact of this protein corona on the biological properties and delivery 

efficiency of functionalized DNs.32 Of note, such studies may open critical insights for the 

design and optimization of DNs for their successful clinical translation.

Thus, we studied the cellular uptake and fate of functionalized DNs in three closely related 

cell lines: HepG2, Huh7, and Alexander cells. We performed a comparative analysis of 

DN uptake in those cell lines and analyzed how the presence of serum proteins affects the 

desired bioreactivity of functionalized DNs. We also explored the effect of functionalizing 

the DNs with electrostatic peptide coatings58 and incorporated an endosome escape peptide 

sequence59 for improving cytosolic delivery of the structures.

RESULTS AND DISCUSSION

In order to probe the effect of serum proteins and DN modification on their cellular 

interaction, we used a 6-helix bundle (6HB) nanostructure initially designed by Howorka 

and colleagues30 (Figure 1a). It was found that such bundles directly interact with cell 

membranes and exhibit selective interaction with distinct cell types.30,60 Additionally, the 

6HB may remodel lipid membranes and mediate the formation of nanopores.61,62 However, 

their ability to facilitate endosomal escape in living cells is unknown, and to our knowledge, 

no DN has been functionalized with an endosome escape peptide to impart this activity. 

This structure has the advantage of simplicity (being composed of only six strands), ease of 

formation through a simple annealing process, and high yield. The bundle is also a rigid and 

monomeric assembly roughly 7 × 6 nm2 in size. In addition to the bare 6HB nanostructures, 

we also explored the effect of cationic oligolysine peptide coatings, as initially reported by 

Shih and co-workers,58 to both stabilize the nanostructures to biological media conditions 

and to functionalize them with bioactive peptides. Toward this end, we synthesized a (Lys)10 

peptide (K10), as well as a peptide flanking K10 with two copies of a sequence termed 

aurein 1.2, which was found to facilitate endosomal escape (vide infra).59 The K10 and 

K10-[aurein 1.2]2 (which we termed EE) peptides were obtained by solid-phase peptide 

synthesis (see the Experimental Section, Figures S1 and S2, and Tables S1 and S2) and 

used to coat the 6HB nanostructures (Figure 1b,c). As evidenced by native agarose gel 

electrophoresis, the peptides were able to most effectively coat the nanostructures though 

electrostatic interactions at a nitrogen/phosphate (N/P) ratio of ~1 (Figure S3). It is worth 

noting that some aggregation occurs in both K10 and EE structures (Figure S3). However, 

subsequent atomic force microscopy (AFM) and dynamic laser light scattering (DLS) 
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analysis revealed that this aggregation is very minor (Figure 2a and Figure S4). We used 

AFM imaging to visualize the 6HB structures (Figure 2a) and saw that samples were 

primarily monodispersed, with a minimal amount of aggregates. DLS analysis in aqueous 

solution revealed distinct mean hydrodynamic diameters of about 15, 25, and 28 nm for 

6HB, K10, and EE (Figure S4), respectively, where we surmise that the greater diameter 

for the latter two structures corresponds to the peptide coatings. These data confirmed the 

theoretically estimated DN sizes (Figure 1).

Multiple studies have shown that various DNA nanostructures remain substantially intact in 

different physiological media and even within cells for at least 24 h.60,63–67 However, the 

stability of DNs greatly depends on multiple parameters, e.g., temperature, exposure time, 

and DN design.68 Therefore, we assessed the structural stability of DNA nanostructures in 

physiological buffer (PBS). We utilized a previously reported temperature-induced unfolding 

assay for DNs.60,69 This assay relies on measuring of the transition temperatures (the 

temperature of folding (Tf) and the temperature of melting (Tm)) by monitoring fluorescence 

resonance energy transfer (FRET) between two incorporated dyes upon heating. The 

analysis of Tf and Tm serves as a tool to reveal the local structural changes of DNA 

nanostructures in detail.60,69 When DNA nanostructures are intact the FRET pairs are 

held in close contact, leading to a high FRET efficiency.60,69 Conversely, the melting 

and disassembly of DNA nanostructures result in increased donor–acceptor distances 

and a subsequent decrease of FRET efficiency.60,69 We designed 6HB structures (Figure 

S5) containing the FRET reporter dyes (donor, 6-carboxyfluorescein; acceptor, TAMRA). 

The melting analysis revealed that the transition temperature (Tf and Tm) values were 

approximately equal in freshly prepared 6HB structures and incubated in PBS for 2 days 

(Figure 2b and Figures S6 and S7) and were approximately 51 °C. This data suggest that 

the DNA nanostructures remained stable and assembled under physiological conditions and 

buffers.

Accumulating evidence suggests that, upon intravenous injection, the majority of 

nanomaterials are ultimately sequestered by the liver; for a review, see refs 15 and 70. 

Additionally, nanomaterials have been shown to directly interact with hepatocytes and not 

only Kupffer cells (liver resident macrophages).70,71 Hence, it is crucial to study the DN 

properties that might accelerate or obstruct their uptake by hepatocytes. Surprisingly, there is 

no data on DN–hepatocyte interactions in the current literature. Hepatic cell lines of varying 

degrees of differentiation have frequently been used to model hepatocyte functions, since 

primary tissue hepatocytes cannot be readily expanded ex vivo.72,73 Thus, in this study, 

we assessed DN–cell interactions utilizing three commonly used hepatic cell lines: HepG2, 

Huh7, and Alexander cells.

To ensure that DNs do not induce any toxic effects on the cells during the experiments, 

we first analyzed the effects of different DN types on cell viability. Huh7 or HepG2 as 

well as Alexander cells cultured in medium for 24 h in the presence or absence of 6HB, or 

the K10- and EE-coated nanostructures, showed no decrease in cell viability (Figure S8a). 

Additionally, the treatment of all three cell lines with different DN types did not result 

into any noticeable morphological changes (Figure S8b,c). On the contrary, treatment with 

ethanol, used as a positive control, led to marked membrane rupture as evident by dye 
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cytosolic accumulation and massive vesicle shedding (Figure S8c). Further, we analyzed the 

uptake of differently functionalized DNs by three cell lines. To enable tracking of cellular 

uptake, one strand comprising the DNs was labeled with AlexaFluor-488. First, an end-point 

uptake study was conducted to examine and compare different DN cellular uptakes in all cell 

lines, which was characterized qualitatively and quantitatively by high-resolution spinning 

disc confocal microscopy. Incubation for 24 h with 50 nM of different types of DNs led to 

a noticeable intracellular accumulation of the nanostructures in all three cell types (Figure 

3a). DNs exhibited different internalization behaviors in different cell lines (Figure 3b). 

Alexander cells showed a significantly higher cellular uptake efficiency of DNs compared 

to Huh7 and HepG2 (Figure 3b). HepG2 were the least effective in engulfing DNs (Figure 

3b). However, we found no significant differences in the uptake of differently functionalized 

DNs within the same cell line (Figure 3b). All uptake data is presented as corrected total 

cell fluorescence (CTCF)74 of the full area of interest to average a single cell fluorescence 

measured by confocal microscopy. CTCF represents the sum of pixel intensity for a single 

image with the subtraction of average signal per pixel for a background region. The detailed 

description of CTCF calculations is presented in the Experimental Section. To ensure that 

the cell membrane-bound DNs were removed from quantification and only internalized 

DNs were considered in calculations, we performed cell membrane counterstaining and 

the 3D microscopic image analysis of the particle internalization (Figure 3a). From the 

orthogonal sections in the x–z planes, one can estimate that measurements in the x–y plane, 

performed at a z-position of about half height of the cell, enable reliable discrimination of 

the membrane-associated or intracellular DNs (Figure 3a, white and yellow arrows).

In fact, it is known that even closely related cell lines respond differently to external 

stimuli.75–77 Specifically, NP uptake may dramatically differ in distinct cell lines of 

the same lineage.78 Additionally, cell geometry and morphology have been recognized 

as important factors affecting cell behavior and intracellular trafficking.79 Given these 

factors, we further analyzed the cellular morphology of HepG2, Huh7, and Alexander 

cells. Confocal microscopy revealed that cells of different lines are distinct in size and 

morphology (Figure 3c and Figure S9a). HepG2 showed an elongated shape, whereas Huh7 

bore a cuboidal epithelial-like morphology (Figure 3c). Alexander cells had a hexagonal 

epithelial-like morphology (Figure 3c). Further, using a distinct membrane labeling dye, we 

confirmed that 24 h treatment with 50 nM of different types of DNs resulted in sufficient 

intracellular accumulation of the nanostructures in all three cell types (Figures S9b and S10).

Next, we conducted a time-course study (1, 6, and 24 h) to examine and compare DN 

cellular uptake over time. The analysis of the uptake of three types of DNs by HepG2, Huh7, 

and Alexander cells by quantitative confocal microscopy revealed that within 1 h all types of 

DNs were engulfed by all three cell lines (Figure 4a and Figure S11). However, the uptake 

process did not stop at the 1 h time point and continued up to 24 h of incubation (Figure 

4a and Figure S11). Consistent with end-point analysis (Figure 3a), a time-course study 

(Figure 4a) revealed that Alexander cells showed the highest extent of DN internalization. 

We showed above that all three cell lines are distinct in size and morphology (Figure 3c). 

Further, we quantitatively assessed the size differences between cell lines, revealing that the 

average area of Alexander cells is about 1700 μm2, that of Huh7 is 1100 μm2, and the of 

HepG2 is 500 μm2 (Figure 4b). It becomes evident that cell size plays a central role to many 
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cellular functions.79,80 Of note, cell size has been identified as a factor that determines the 

rate of cellular uptake of proteins, endocytic structures,81 and nanomaterials.82

Indeed, a number of studies have been conducted to reveal endocytic recognition and 

engulfment of different DNs by distinct cell types.32,50–52,83–85 In these reports, the primary 

focus of the research is how either the physiochemical parameters (e.g., mass, shape, size, 

surface functionalization) of DNs or cell phenotype modulate the average uptake of the 

nanostructures.32,50–52,83–85 However, little attention has been paid to how the cell size or 

other cellular characteristics at the single-cell level might affect DN ingestion. Of note, the 

size of a cell plays a crucial role in determining the rate of cellular uptake of materials. 

Although the correlation between cell size and uptake appears to be intuitive,78,86–89 it is 

still not established exactly how the physical parameters of a single cell govern its ability to 

uptake particles.82 Additionally, for DNA nanostructures, there is still only limited literature 

that analyzes the correlation of cell size with DNs uptake efficacy.86 The average cell sizes 

were mapped to the corresponding fluorescence of the different types of internalized DNs 

(Figure 4c). This analysis revealed a linear increase in the uptake of all three types of 

DNs with cell size (Figure 4c). Spearman rank order correlation analysis confirmed that the 

cellular uptake of DNs follows a linear relationship with the cell size (Figure 4d).

To elaborate on the key question of how the presence of serum proteins affects the desired 

endosome escape of DNs, we first wanted to cross-check whether DNs stay intact in harsh 

lysosomal conditions. Indeed, the intracellular fate of DNA nanostructures remains elusive 

and controversial.86 Some evidence suggests that DNs end up in the lysosomes, whereas 

other studies claim that DNs accumulate in the cytosolic compartments.86 In fact, all three 

types of DNs were localized in the lysosomal compartments as revealed by confocal imaging 

(Figure S12). Further, we analyzed the stability of DNs by utilizing FRET analysis. We used 

the above-mentioned 6HB structures containing the FRET reporter dyes (Figure S5). 6HB 

structures, labeled with either donor-only or acceptor-only fluorophores, served as negative 

controls. The Forster distance of the FRET reporter dyes used (6-carboxyfluorescein donor, 

TAMRA acceptor) is ~5 nm, which allows for the sensitive detection of the changes in 

FRET efficiency that occur during the structural changes (e.g., assembly/disassembly) of 

DNs.69 The validation of FRET by fluorescence microscopy revealed that all three cell 

lines, treated with a 50 nM concentration of 6HB for 24 h, showed high FRET efficiency 

compared with negative controls (Figure 5). These data indicate that DNs remained largely 

stable in lysosomal compartments for up to 24 h of incubation.

It is worth noting here that DNs are recognized as novel smart delivery platforms for 

different macromolecules and drugs.32,46,83,90 Generally, the delivery of different biological 

agents utilizing nanobased vehicles relies on the endocytic pathway as the predominant 

uptake mechanism.91,92 This process leads to the entrapment of cargo inside the endosome 

and lysosome, where the contents can be degraded by lysosomal enzymes.91,92 In order 

to bypass this problem, a number of molecules and other pharmacological agents, which 

facilitate escape the endolysosomal compartment, have been identified.91 Interestingly, 

studies that experimentally verify endolysosomal escape are usually conducted utilizing 

serum-free medium.93–96 Indeed, as is well-known from nanoparticle–cell interactions, 

the presence of proteins and their adsorption onto a NP surface dramatically affects the 
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resultant biological effects.53–56 Specifically, it has been shown that the protein corona 

substantially impairs the endolysosomal escape efficiency of different nanomaterials.97,98 

Thus, we wanted to probe whether the protein corona has any effect on the escape efficiency 

of the DN functionalized with an endolysosomal escape enhancer. Bearing in mind that 

the uptake process continues up to 24 h (Figure 4a and Figure S11), we needed to select 

an appropriate time point for endolysosomal escape assessment. It is well-established 

that serum-free cell culturing results in autophagy that dramatically biases endolysosomal 

interactions. However, short-term starvation up to 6 h of hepatic cells has incremental effect 

on autophagy, whereas 8 h and longer leads to substantial autophagic flux activation.99–101 

Therefore, 6 h represented an optimal time point to monitor endolysosomal escape without 

concomitant autophagic flux.

Recently a 13-residue peptide, termed aurein 1.2 (GLFDIIKKIAESF), was discovered 

that enhances endolysosomal escape and improved the cytosolic delivery of proteins it 

was appended to by up to ~5-fold.59,102 In fact, this peptide can disrupt endolysosomal 

membranes and in such a way trigger the escape of cargo to cytosol.59,102,103 Importantly, 

aurein facilitates endolysosomal escape without concomitant disruption of the cell 

membrane and does not exhibit cytotoxicity.59,102,103 Therefore, we used this peptide to 

electrostatically coat DNs (Figure 1c) for potential enhancement of endolysosomal escape.

One of the straightforward methods to evaluate endolysosomal escape is to use 

microscopic imaging of fluorescently labeled materials with localization to endolysosomal 

compartments.91,104,105 Confocal fluorescence microscopy is indispensable in assessing 

the colocalization of labeled macromolecular species of interest. However, such analysis 

might be substantially hampered by undesirable phototoxic effects from laser irradiation, 

especially during live-cell imaging.106,107 In order to observe undamaged living cells 

with engulfed DNs and avoid phototoxic effects from imaging, we utilized a novel 

ultrafast imaging system based on the IXplore SpinSR Olympus spinning disk confocal 

microscope.107,108 In order to track the peptide coating and the DN separately, we coated the 

DN with an 80:20 ratio of the EE peptide and K10 labeled with the pH-sensitive dye pHrodo 

Red, which dramatically increases its fluorescence in acidic pH.109 We estimate that, given 

the N/P ratio of these coatings and the number of phosphates in the DNA nanostructure, 

there are ~48 copies of the aurein 1.2 peptide per DN.

DNs with green fluorescence-labeled DNA and LysoTracker Blue DND-22 staining 

were used to monitor the nanostructures and endo-/lysosomes, respectively, by confocal 

microscopy. Indeed, aurein 1.2-decorated DNs in serum-free medium were able to escape 

from the endosomes/lysosomes and be released into the cytoplasm in all three cell lines 

after 6 h of treatment (Figure 6 and Figure S11). Specifically, a large amount of plain/

uncoated DNs (the 6HB) accumulated in endo-/lysosomes at 6 h, while the colocalization 

of EE-coated DNs with endo-/lysosomes was markedly lower in all three cell lines (Figure 

6a,d,g). Additionally, the Pearson’s correlation coefficient of EE-coated DN colocalization 

with endo-/lysosomes was below 0.5 in all three cell lines (Figure 6b,e,h). These results 

suggested that a great portion of EE-coated DNs efficiently escaped from endo-/lysosomes. 

Further, the Pearson’s correlation coefficient of DNA colocalization with pHrodo was below 
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0.5 for the EE-DNs in all three cell lines (Figure 6c,f,i), suggesting that the peptide coating 

was probably removed from the DNA construct after endolysosomal escape.

By contrast, in the presence of serum the endolysosomal escape of EE-DNs was diminished 

in all three cell lines (Figure 6a,d,g). In the presence of serum, the Pearson’s correlation 

coefficient of EE-DN colocalization with endo-/lysosomes was substantially higher than 

0.5 in all three cell lines (Figure 6b,e,h). Moreover, there was no statistically significant 

difference in colocalization with endo-/lysosomes between the plain 6HB-DNs and EE-DNs 

(Figure 6b,e,h). These results suggest that, in the presence of serum, the EE-DNs stayed 

in endo-/lysosomal vesicles during the test period. Interestingly, the Pearson’s correlation 

coefficient of EE-DN DNA colocalization with pHrodo was higher than 0.5 in all three cell 

lines (Figure 6c,f,i). These results imply that the DNA construct and aurein 1.2 peptide in 

the EE-DN sample did not dissociate when DNs were added to serum-containing medium.

Aurein 1.2 is a derivative of so-called antimicrobial peptides,59 which penetrate membranes 

utilizing electrostatic interactions followed by the displacement of lipids and alteration 

of membrane structure.110 It was postulated that in this way antimicrobial peptides 

may enhance endolysosomal escape.59,91 To verify the specificity of aurein 1.2 as an 

endolysosomal escape enhancer, we decorated DNs with the short, highly charged peptide 

deca-lysine (K10). This peptide was also labeled with pHrodo Red. In fact, in neither serum-

free nor serum-containing medium were K10-decorated DNs able to induce any noticeable 

endolysosomal escape (Figure 6). Additionally, we created DNA bundles decorated with 

scrambled aurein 1.2 sequence, which was composed of the same amino acids but in a 

random order not expected to facilitate endolysosomal escape. In fact, those DNA bundles 

were unable to induce any noticeable endolysosomal escape either in the presence or 

absence of serum (Figures S13 and S14). Our data support previous findings that the 

effectiveness of aurein 1.2 is highly dependent on its sequence, and even closely related 

peptides cannot enhance endolysosomal escape to a similar extent.59

By analogy with NPs, where a protein corona is quickly formed within 1 h upon injection 

to biological media,53,54 we hypothesized that DNs would follow a similar pattern. Thus, 

to confirm the protein corona formation, we analyzed protein adsorption to the surface of 

DNs. We incubated all three types of DN either in serum-containing medium or serum-free 

buffer for 2 h. After incubation, DNs were collected by centrifugation, washed with PBS 

buffer, and subjected to 1D sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and Coomassie staining for the total proteins detached from the structures 

(Figure 7a). Indeed, DNs incubated in HBSS did not carry any proteins (Figure 7a). By 

contrast, clear protein bands were eluted from DNs incubated in serum-containing medium 

(Figure 7a). In fact, SDS-PAGE and Coomassie staining require denaturing conditions for 

the analysis. Further, we wanted to confirm and monitor protein adsorption while the DNs 

are immersed in the solution utilizing in situ methodology. Thus, we used fluorescence 

correlation spectroscopy (FCS), a widely used method enabling precise measurements of the 

increase in hydrodynamic radius of the particle upon corona formation.111 The increasing 

particle size resulting from protein adsorption was assessed by measuring the increase 

in diffusion time.111 In fact, a 60 min incubation of DNs in serum-containing medium 

led to a statistically significant increase of the diffusion time, reflected by a shift of the 
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autocorrelation curve (Figure 7b,c). Of note, the diffusion time reflects the size of particles; 

the longer the time the larger the particles,111 but the hydrodynamic radius calculated from 

FCS measurements can only be taken as an estimate and its value depends on the chosen 

assumptions. This is why Figure 7b shows less processed results in the form of mean 

diffusion times. If we estimate the sizes on the basis of our calibration measurements and 

assumption of ideally spherical particles the diameter of all DNs is 15–28 nm, while the 

thickness of the protein corona is 2.2 ± 0.8, 1.7 ± 1.1, and 2.1 ± 1.4 nm, for K10, 6HB, and 

EE, respectively. DNs that were incubated in HBSS buffer showed no signs of the increase 

of diffusion time and subsequently the size of particles (Figure 7b,c). Thus, FCS data 

confirmed the results from Coomassie staining (Figure 7a) and imply that, upon incubation 

of DNs in serum-containing medium, a protein corona is formed.

CONCLUSION

In summary, in this study, we performed a comparative investigation of the cellular 

uptake of differently functionalized DNs in distinct but closely related human hepatic 

cancer cell lines. The three cell types examined (Alexander, HepG2, and Huh7) showed 

different internalization efficiency. Overall, our study reveals that the extent of DN 

internalization and the kinetics of uptake may grossly differ between distinct cell lines, 

even between phenotypically related cells. The analysis clearly shows that the efficiency 

of DN engulfment by cells is strongly associated with the cell size. Additionally, we 

demonstrated that modifying DNs with a dense coating of the peptide aurein 1.2 can 

facilitate endolysosomal escape, which has been a key challenge for the application of 

DNs in cell delivery studies. We revealed that DNs rapidly form a protein corona when 

exposed to serum-containing medium and that this protein corona dramatically reduces the 

endolysosomal escape efficiency of aurein 1.2-decorated DNs.

Foreseeing the use of DNA nanotechnology in therapeutic applications, our presented 

results provide a foundation and design strategies for the rational optimization of DN-based 

delivery vehicles.

EXPERIMENTAL SECTION

Materials.

The following fluorescent probes were used. To visualize the plasma membrane in confocal 

imaging, we used the following plasma membrane stains: CellMask Green (Cat. No. 

C37608, Thermo Fisher Scientific), CellMask Orange (Cat. No. C10045, Thermo Fisher 

Scientific), or CellBrite Blue (Cat. No. 30024, Biotium). Nuclei were counterstained with 

Hoechst 33342 (Cat. No. H3570, Thermo Fisher Scientific). Lysosomes were labeled with 

lysosomal marker LysoTracker Blue DND-22 (Cat. No. L7525, Thermo Fisher Scientific). 

The optimal incubation time for each probe was determined experimentally.

Fabrication and Characterization of DNs.

All oligonucleotides were obtained from Integrated DNA Technologies (Coralville, Iowa) 

and purified using 14% urea-based denaturing polyacrylamide gel electrophoresis (PAGE). 

One strand was labeled with AlexaFluor-488 for imaging in the agarose gels and in 
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microscopy experiments. Each strand was added to a mixture at 10 μM in 1x tris-acetic 

acid-EDTA (TAE) buffer with 12.5 mM MgCl2 and annealed from 95 to 4 °C over 2 h. The 

successful formation of the 6-helix bundle was confirmed using agarose gel electrophoresis. 

DN size was characterized utilizing a Zetasizer Nano (Malvern Instruments). DNs were 

dispersed in PBS, pH 7.4.

Atomic Force Microscopy.

AFM images were captured on a Bruker Multimode 8 system with Nanoscope V controller 

in a ScanAsyst in Fluid mode with ScanAsyst-Fluid+ AFM probes (Bruker, k ~ 0.7 N/m, tip 

radius <10 nm). Two microliters of sample was deposited on freshly cleaved mica followed 

by the addition of 48 μL of 1x TAE with 12.5 mM Mg2+ for 2 min. One mM NiCl2 buffer 

can be used to enhance the adsorption of DNA nanostructures on the mica surface.

DNs Stability Assay with Melting Profile Analysis.

The melting transitions of the DNA nanostructures were assessed using previously published 

methodology60,69 utilizing a MX3005P real-time thermocycler (Stratagene). The DNs were 

assembled containing FRET reporter dyes [6-carboxyfluorescein (FAM) donor and TAMRA 

acceptor] pairs (folded at 1 μM in 1x TAE with 12.5 mM Mg2+). The DNA constructs 

were diluted into the stated buffer systems to give a final DNA concentration of 0.15 μM 

(total volume of 300 μL) in eight-well optical tube strips (Agilent, 100 μL per tube). Optical 

quality sealing tape (Agilent) was placed on top to prevent evaporation. The samples were 

heated from 25 to 80 °C at a rate of 0.5 °C per min. The efficiency of energy transfer (E) 

was determined at each temperature according to E(T) = 1 – IDA(T)/ID(T), where IDA and ID 

are, respectively, the fluorescence intensities of the FRET donor (FAM) in the presence and 

absence of the FRET acceptor (TAMRA). All experiments were repeated in three replicates 

to ensure reproducibility. The melting temperature was determined from taking the first 

derivative of the donor fluorescence profile.

Peptide Synthesis and Characterization.

All peptides were synthesized on a CEM Liberty Blue using a Rink amide resin via standard 

Fmoc-based solid phase peptide synthesis. Briefly, 0.5 M diisopropylcarbodiimide was used 

as an activator, 1 M oxyma with 0.1 M diisopropylethylamine was used as an activator 

base, and 20% piperidine was used as a deprotecting agent. The peptide was cleaved 

from the resin using a solution of 95% trifluoroacetic acid with 2.5% triisopropylsilane 

and 2.5% water, followed by ether precipitation. Following pellet suspension, the crude 

peptide was purified on a reverse phase HPLC instrument (Waters), using a gradient of 

0—100% acetonitrile with 0.1% TFA. Pure fractions were identified using MALDI-TOF 

mass spectrometry (Bruker Microflex) with α-cyano-4-hydroxycinnamic acid as a matrix. 

The K10-cysteine was labeled with a maleimide-C2-pHrodo Red by addition of the dye (10 

equiv) in PBS pH 7.

DN Coating and Characterization.

The DNs (1 μM) were mixed with the desired K10-containing peptide at a 1:1 N/P ratio 

and incubated at room temperature for a minimum of 2 h. All coated DNs used for cell 
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experiments utilized the pHrodo-labeled K10 at 20 mol % of the total K10 concentration. 

All coated DNs run on agarose gels utilized the fluorescein labeled K10 at 20 mol % of the 

total K10 concentration. In order to determine the optimal N/P ratio for complete coating of 

the DNs, the structures were electrophoresed using 1.5% agarose gels at 65 V for 60 min 

and imaged using the fluorescein labeled K10.

Cell Culture.

In this study, we utilized well-established cellular models of hepatic cells, namely, the 

human hepatoblastoma HepG2 cell line (American Type Culture Collection, ATCC) 

and the human hepatocellular carcinoma cell lines Alexander (PLC/PRF/5, ATCC) and 

Huh7 (Japanese Collection of Research Bioresources, JCRB). We used standard culturing 

media composition, i.e., EMEM medium (ATCC) supplemented with 10% fetal bovine 

serum (FBS, Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher 

Scientific).8,74,107,112,113 Mycoplasma testing, using the MycoAlert mycoplasma detection 

kit (LT07-418, Lonza, Basel, Switzerland), was performed routinely. Cells were grown in a 

humidified 5% CO2 atmosphere at 37 °C. Once per week, fresh cell culture medium was 

added.8,74,107,112,113

Cell Viability Assay.

The potential toxicity of synthesized DNs was assessed using a well-established alamarBlue 

viability assay (Thermo Fisher Scientific).8,74,107,112,113 The technique is based on the 

cleavage of resazurin to resorufin by undamaged live cells. This cleavage leads to 

an increase of the overall alamarBlue color intensity.8,74,107,112,113 Subsequently, the 

percentage of metabolically active cells in the culture was calculated on the basis of the 

absorbance. We assessed cell viability via the alamarBlue assay according to guidelines of 

the manufacturer and our previously established treatment protocol.8,112 In short, distinct 

cell lines were grown in 96-well plates at a density of 10 000 cells per well and incubated 

with different concentrations of DNs for 24 h. Afterward, the alamarBlue reagent was 

supplemented to each well, and plates were incubated for 2 h at 37 °C. The TECAN 

microplate reader SpectraFluor Plus (TECAN, Mannedorf, Switzerland) was utilized to 

detect the absorbance of the alamarBlue reagent at 570 nm. Readings were done in triplicate, 

with three independent experiments performed for each measurement. Furthermore, we 

analyzed DN interference with the assay reagent and verified that the nanostructures do not 

react with alamarBlue (data not shown).

Cellular Uptake Analysis.

We utilized confocal microscopy to assess the cellular uptake of DNs. To analyze 

intracellular DN distribution, cells were cultured in 6-channel μ-Slides (Ibidi, Martinsried) 

and treated with different concentrations of fluorescently labeled DNs for 1, 6, and 24 

h. Then, cells were fixed with 4% paraformaldehyde (VWR) and stained with CellBrite 

Blue (Biotium) plasma membrane stain. Labeled cells were visualized using spinning disk 

confocal microscopy IXplore SpinSR (Olympus, Tokyo, Japan) according to our verified 

protocols.8,74,107,112,113 For live cell imaging, the cell membrane was labeled with a 

CellMask Orange (Thermo Fisher Scientific) plasma membrane stain. We performed dual-

color imaging of confocal cross sections at about half the cell height for the quantitative 
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assessment of DN intracellular distribution. From the image of the stained membrane, binary 

masks were extracted that enabled the definition of the membrane-associated regions and 

the cytosolic space. The corresponding image of the cell membrane was converted into 

a mask of the cell in all imaged confocal planes. By applying this mask to the relevant 

image of DNs, the engulfed particles can be discriminated. The intracellular DNs were 

measured as the corrected total cell fluorescence (CTCF) of the full area of interest, i.e., 

intracellular region bordered by cell membrane mask. We used a published methodology 

to define the net average CTCF intensity for each image.114 The CTCF was calculated by 

following formula: CTCF = integrated density – (area of selected cell × mean fluorescence 

of background readings). The mean fluorescence of the background was defined as an 

image area without fluorescent objects. CTCF was determined as the sum of pixel intensity 

for a single image with the subtracted average signal per pixel for a region selected as 

the background, according to our previously published methodology.8,74,107,112,113 Image 

quantifications were performed using ImageJ software (NIH).

Analysis of DN Stability in Cells by FRET Imaging.

An Olympus confocal imaging system (Olympus, Tokyo, Japan), described below, was used 

for FRET measurements. Cells were grown in 6-channel μ-Slides (Ibidi, Martinsried) and 

incubated with 6HB-containing FRET reporter dyes [6-carboxyfluorescein (FAM) donor 

and TAMRA acceptor] at a 50 nM concentration for 24 h. For imaging, the FAM cells 

were excited with the 488 nm laser and fluorescence was collected with a BA510-550 

filter (Olympus), whereas the FRET-signal was detected with a BA575IF filter (Olympus). 

To image TAMRA, we utilized the 561 nm excitation laser while emission was detected 

using a BA575IF filter (Olympus). Confocal FRET analysis was performed as described 

in the “FRET and colocalization analyzer – Users guide”.115 6HBs containing either 6-

carboxyfluorescein (FAM) donor or TAMRA acceptor only were used as negative controls.

DN–Protein Interaction.

DNs at 50 nM concentration were incubated either in HBSS, or in EMEM medium (ATCC) 

supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) for 2 h at 37 

°C. Centrifugation was utilized to collect the particles. To remove any remaining unbound 

proteins, DNs were washed extensively with PBS. The samples were centrifuged for 15 

min at 15 000g followed by pellet resuspension in PBS. The washing with PBS was 

performed three times to eliminate all the molecules not bound to DNs. According to the 

literature,116 such methodology has been shown to be effective for the isolation of particle–

protein corona complexes. Indeed, the main aim of this work was not the most accurate 

possible determination of the protein corona composition but rather the demonstration that 

the formation of protein corona occurs. The process of elution and denaturation in sample 

loading buffer was used to detach proteins associated with the particles. Afterward, proteins 

were separated by gel electrophoresis (1D SDS-PAGE). Full cell culture EMEM medium 

supplemented with 10% fetal bovine serum was utilized as a control. Gels were stained with 

Coomassie blue (AppliChem).
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Protein Corona Analysis Using Fluorescence Correlation Spectroscopy.

To test for the formation of protein corona on the particles their diffusivity was measured 

using fluorescence correlation spectroscopy (FCS). The method is based on the analysis 

of the fluorescence intensity fluctuations resulting from a diffusion of diluted fluorescent 

particles through a small volume (~1 fL) from which the signal is collected. The signal is 

autocorrelated and fitted to a 3D free diffusion model to get the mean diffusion time, τD 

(see refs 111 and 117 for details). Under the assumption of reasonably unchanged shape 

of the particles, this parameter is proportional to the hydrodynamic radius of the particles 

according to the Stokes–Einstein equation. Therefore, the increase of τD, can be interpreted 

as an enlargement of the particles, e.g., due to protein corona formation.

FCS data acquisition was carried out by utilizing an inverted confocal fluorescence 

microscope, Olympus IX71 (Olympus, Hamburg, Germany), equipped with single-photon 

counting unit MicroTime 200 (PicoQuant, Berlin, Germany). An excitation of 470 nm was 

achieved with a diode laser (LDH-P-C-470; PicoQuant, Berlin, Germany) operating at 20 

MHz. A water immersion objective (1.2 NA, 60×, Olympus) was utilized to visualize a 

sample. The fluorescence signal was collected through the main dichroic mirror (Z473/635, 

Chroma, Rockingham, VT), a 50 μm pinhole, and guided to the single photon avalanche 

diode using 515/50 band-pass filter (Chroma). All FCS data acquisitions were carried out 

at 25 °C in 8-well μ-Slides (Ibidi, Gräfelfing, Germany). Due to particle adsorption to the 

glass, we utilized plastic bottom μ-Slides, which showed resistance to adsorption. Atto 488 

(Atto-tec, Siegen, Germany) dye was used as a reference for calibration measurements.

The measured data were fitted utilizing a standard 3D diffusion model implemented in 

Symphotime 64 software (PicoQuant, Berlin, Germany). Fluorescence decay data were used 

to correct for the noise. On the basis of the intensity histogram, a small fraction of particles 

with the highest intensity (>99.8% threshold) was excluded from the analysis as possible 

aggregates. Mean diffusion times obtained from the fitting of the data from three separate 

experiments were used to calculate the average diffusion time; the weighted-average based 

on the error of the fitting was used.

High-Resolution Spinning Disk Confocal Microscopy.

In order to be able to reveal clear subcellular details of DNs localization, we utilized a 

novel IXplore SpinSR Olympus high-resolution imaging system (Olympus, Tokyo, Japan). 

We utilized 6-channel μ-Slides (Ibidi, Martinsried) for cell seeding. Afterward, cells were 

treated with different concentrations of fluorescently labeled DNs. Then cells were stained 

for CellBrite Blue or LysoTracker Blue DND-22. The imaging system consists of the 

following units: an inverted microscope (IX83; Olympus, Tokyo, Japan) and a spinning 

disc confocal unit (CSUW1-T2S SD; Yokogawa, Musashino, Japan). Fluorescence data 

for image reconstruction were collected via either a 100× silicone immersion objective 

(UPLSAPO100XS NA 1.35 WD 0.2 silicone lens, Olympus, Tokyo, Japan) or a 20× 

objective (LUCPLFLN20XPH NA 0.45 air lens, Olympus, Tokyo, Japan). The following 

lasers were used to excite fluorophores: 405 nm laser diode (50 mW), 488 nm laser diode 

(100 mW), and 561 nm laser diode (100 mW). Confocal images were acquired at a 2048 × 

2048-pixel resolution. The fluorescent images were collected by appropriate emission filters 
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(BA420-460; BA575IF; BA510-550; Olympus, Tokyo, Japan) and captured concurrently 

by two digital CMOS cameras ORCA-Flash4.0 V3 (Hamamatsu, Hamamatsu City, Japan). 

Fluorescence confocal images were acquired using software cellSens (Olympus, Tokyo, 

Japan). Quantitative image analysis was performed by selecting randomly ~5–10 visual 

fields per each sample, using the same setting parameters (i.e., spinning disk speed, 

laser power, and offset gain). ImageJ software (NIH) was used for image processing, 

quantification, and 3D reconstruction.

Image Quantification.

To measure cell size, cells were stained with CellMask Green (Thermo Fisher Scientific) 

plasma membrane stain. Nuclei were counterstained with Hoechst 33342 (Thermo Fisher 

Scientific). Spinning disk confocal microscopy IXplore SpinSR (Olympus, Tokyo, Japan) 

was used to acquire images of the labeled cells. The analysis of DN uptake is described 

above in the Cellular Uptake Analysis section.

To analyze the endolysosomal escape of DNs colocalization analysis was performed. 

Cells were incubated with different types of DNs (at 50 nM concentration) for 6 h 

either in full medium (10% FBS EMEM) or in serum-free medium (0% FBS EMEM). 

After incubation, cells were labeled with lysosomal marker LysoTracker Blue DND-22 

(Thermo Fisher Scientific). Stained cells were analyzed using the confocal system described 

above. Fluorescence images were acquired by software cellSens (Olympus, Tokyo, Japan). 

In order to quantitatively assess colocalization, we calculated the Pearson correlation 

coefficient. To robustly analyze overall association between two fluorescent probes, it is 

well-established to calculate the Pearson correlation coefficient,118,119 which defines pixel-

by-pixel correlation by representing mean-normalized to values from −1 (anticorrelation) 

to +1 (correlation).118,119 The Pearson correlation coefficient for fluorophore pairs (either 

DNA–lysosomes or DNA–pHrodo) was calculated using the Coloc 2 tool available in 

ImageJ.120

Statistical Analysis.

Cellular viability was analyzed and represented as mean ± SEM. The ANOVA analysis 

with subsequent Newman–Keuls test was utilized to assess the statistical significance of 

differences between the groups. MaxStat Pro 3.6 software (MaxStat Software, Cleverns, 

Germany) was used to perform all statistical analyses. Differences were considered 

statistically significant at (*) P < 0.05. Correlation analysis between the cell size and cellular 

uptake of DNs was done utilizing Spearman rank order correlation. Correlation coefficients 

and P values were calculated using SigmaPlot 13 software (Systat Software, Inc.).

Fluorescence microscopy analysis (namely, the analysis of cell size and uptake and 

colocalization of DNA–lysosomes or DNA–pHrodo) was subjected to quantitative 

assessment in accordance with rigorously defined guidelines.121 Guidance for quantitative 

confocal microscopy was employed to perform a quantitative assessment in accordance with 

previous publications.122,123 Quantitative microscopy analysis was carried out using images 

from three independent experiments. Each microscopy experiment included 10 randomly 

selected fields from each sample. The determination of sample size was performed in 
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accordance with a previously published statistical methodology.124 Accordingly, the sample 

size for 95% confidence level and 0.9 statistical power was calculated as n = 30. Therefore, 

we analyzed at least 30 randomly selected cells for statistically relevant fluorescence 

microscopy image quantification.

Overall, a statistical methodology published previously in ref 124 was used to determine the 

sample size, assuming 95% confidence level and 0.9 statistical power.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and functionalization of DNA nanostructures. (a) Strand diagram showing the six 

oligonucleotides that comprise the six-helix bundle (6HB) DN. (b) Schematics of the two 

peptides used for coating DNs in this study: a decalysine (“K10”) peptide in blue and 

K10 flanked by two copies of the aurein 1.2 endolysosomal escape (“EE”) peptide. (c) 

Schematics of the DNs coated with either the K10 peptide (left) or an 80:20 mixture of 

EE/K10 (right).
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Figure 2. 
Analysis of the stability of DNA nanostructures. (a) AFM characterization of the 6HB DN. 

(b) Overlay of the normalized FRET efficiency plots corresponding to cooling (black) and 

heating cycles (red) that reveals the reversible assembly and disassembly of the structure. 

6HB was incubated for either 0 or 48 h in phosphate buffered saline (PBS), followed by 

determining the temperature of folding (Tf) and the temperature of melting (Tm) via melting 

profile analysis. Values are representative from three independent repeats.
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Figure 3. 
Uptake of different DNs by three distinct hepatic cell lines. (a) Alexander, HepG2, and 

Huh7 cell lines were treated with a 50 nM concentration of different fluorescently labeled 

(green fluorescence) DNs for 24 h. After treatment, cells were stained using CellMask 

Orange (Thermo Fisher Scientific) plasma membrane stain. Stained cells were imaged using 

spinning disk confocal microscopy IXplore SpinSR (Olympus, Tokyo, Japan). 3D rendering 

orthogonal projections were done using ImageJ software (NIH). Representative images 

from three independent experiments are presented. White arrows indicate internalized DNs; 
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yellow arrows show DNs attached to the membrane surface; and green arrows depict 

extracellular DNs. (b) Quantification of DNs uptake. Cells were treated and imaged as in 

(a). The intracellular DNs were measured as corrected total cell fluorescence (CTCF) of the 

full area of interest using ImageJ software (NIH). Data are expressed out of at least three 

independent experiments (n = 30 cells). (**) P < 0.01 and (***) P < 0.001 denote significant 

differences. (c) Assessment of cell size and morphology in Huh7, HepG2, and Alexander 

cells. Cells were stained with CellMask Green (Thermo Fisher Scientific) plasma membrane 

stain. Nuclei were counterstained with Hoechst 33342 (Thermo Fisher Scientific). Stained 

cells were imaged using spinning disk confocal microscopy IXplore SpinSR (Olympus, 

Tokyo, Japan). Representative images out of three independent experiments are presented. 

3D rendering orthogonal projections were done using ImageJ software (NIH).
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Figure 4. 
Uptake kinetics assessment of different DNs. (a) Alexander, HepG2, and Huh7 cell lines 

were treated with a 50 nM concentration of different DNs for 1, 6, and 24 h. After 

treatment, cells were fixed with 4% paraformaldehyde (VWR) and labeled with CellBrite 

Blue (Biotium) plasma membrane stain. Stained cells were imaged using spinning disk 

confocal microscopy IXplore SpinSR (Olympus, Tokyo, Japan). The intracellular DNs were 

measured as corrected total cell fluorescence (CTCF) of the full area of interest using 

ImageJ software (NIH). Data are expressed out of at least three independent experiments 

(n = 28–34 cells). (b) Assessment of cell size in Huh7, HepG2, and Alexander cells. 

Cells were stained with CellMask Green (Thermo Fisher Scientific) plasma membrane 

stain. Nuclei were counterstained with Hoechst 33342 (Thermo Fisher Scientific). Stained 

cells were imaged using spinning disk confocal microscopy IXplore SpinSR (Olympus, 

Tokyo, Japan). The average cell area was measured using ImageJ software (NIH) and is 

presented as means of n = 30 cells. (***) p < 0.001 denotes significant differences. (c) Cell-

size-dependent DNs uptake. The intracellular DNs presented as CTCF after 24 h treatment 

with 50 nM concentration of different DNs were plotted versus corresponding cell size. (d) 

Linear correlation between cell size and DNs uptake. Each black point represents confocal 

microscopy-measured single-cell DN uptake plotted against corresponding cell size. The 

Smolková et al. Page 27

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



uptake is expressed as CTCF after 24 h treatment with 50 nM concentration of different 

DNs. Correlation coefficients and P values were calculated using SigmaPlot 13 software 

(Systat Software, Inc.).
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Figure 5. 
FRET microscopy images of Alexander, HepG2, and Huh7 cells treated with 6HB labeled 

with FRET reporter dyes (6-carboxyfluorescein donor and TAMRA acceptor). Images 

of the three detection channels (donor, acceptor, and FRET) are shown. The calculated 

colocalization diagram and colocalized FRET index after the subtraction of spectral bleed-

through. Alexander, HepG2, and Huh7 cells were treated with a 50 nM concentration of 

6HB labeled with FRET reporter dyes for 24 h. Nuclei were counterstained with Hoechst 

33342 (Thermo Fisher Scientific). Confocal images were taken and analyzed for FRET 
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using the “FRET and colocalization analyzer” ImageJ plug-in.115 “Colocalized FRET 

index” images present the calculated amount of FRET for each pixel in the FRET channel. 

The ImageJ plug-in color codes the relative FRET efficiency ranging from blue (none 

FRET efficiency) to red-yellow (high FRET efficiency). The “Colocalization diagram” plots 

display pixel colocalization as well as color coded FRET efficiency in a 2D plot.
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Figure 6. 
Colocalization analysis of different DNs. (a–c) Huh7 cells were treated with different types 

of DNs (at 50 nM concentration) for 6 h either in full medium (10% FBS EMEM) or in 

serum-free medium (0% FBS EMEM). After incubation, cells were labeled with lysosomal 

marker LysoTracker Blue DND-22 (Thermo Fisher Scientific). Stained cells were imaged 

using spinning disk confocal microscopy IXplore SpinSR (Olympus, Tokyo, Japan). The 

Pearson’s correlation coefficient for fluorophore pairs either (b) DNA–Lysosomes or (c) 

DNA–pHrodo was calculated using the Coloc 2 tool available in ImageJ software (NIH) 
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and is presented as means of n = 30 cells. (***) P < 0.001 denotes significant differences. 

(d–f) HepG2 cells were treated with different types of DNs (at 50 nM concentration) 

for 6 h either in full medium (10% FBS EMEM) or in serum-free medium (0% FBS 

EMEM). After incubation, cells were labeled with lysosomal marker LysoTracker Blue 

DND-22 (Thermo Fisher Scientific). Stained cells were imaged using spinning disk confocal 

microscopy IXplore SpinSR (Olympus, Tokyo, Japan). The Pearson’s correlation coefficient 

for fluorophore pairs eithers (e) DNA–Lysosome or (f) DNA–pHrodo was calculated using 

the Coloc 2 tool available in ImageJ software (NIH) and is presented as means of n = 30 

cells. (***) P < 0.001 denotes significant differences. (g–i) Alexander cells were treated with 

different types of DNs (at 50 nM concentration) for 6 h either in full medium (10% FBS 

EMEM) or in serum-free medium (0% FBS EMEM). After incubation cells were labeled 

with lysosomal marker LysoTracker Blue DND-22 (Thermo Fisher Scientific). Stained 

cells were imaged using spinning disk confocal microscopy IXplore SpinSR (Olympus, 

Tokyo, Japan). The Pearson’s correlation coefficient for fluorophore pairs either (h) DNA–

Lysosomes or (i) DNA–pHrodo was calculated using the Coloc 2 tool available in ImageJ 

software (NIH) and is presented as means of n = 30 cells. (***) P < 0.001 denotes 

significant differences.
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Figure 7. 
DN–protein interaction. (a) Different types of DNs at concentration 50 nM were incubated 

either in HBSS or in EMEM medium (ATCC) supplemented with 10% fetal bovine serum 

(FBS, Thermo Fisher Scientific) for 2 h at 37 °C. The DNs were centrifuged and washed 

with PBS. Elution and denaturation in sample loading buffer was used to detach proteins 

associated with the particles. Afterward, proteins were separated by gel electrophoresis. Gels 

were stained with Coomassie blue (AppliChem). (b and c) Analysis of the protein corona 

on the particles assessed by Fluorescence Correlation Spectroscopy (FCS). Different types 

of DNs were incubated either in HBSS, or in EMEM medium (ATCC) supplemented with 

10% fetal bovine serum (FBS, Thermo Fisher Scientific), and the mean diffusion time was 

measured by FCS. (b) Table summarizing diffusion times of different DNs incubated in 

different buffer conditions in milliseconds. The data are presented as mean ± SE, n = 3. The 

mean diffusion time is given in milliseconds (ms). (c) Examples of autocorrelation curves 

obtained for the diffusion of fluorescently labeled particles in EMEM medium supplemented 

with 10% fetal bovine serum. The measurements were performed immediately after adding 

the particles to the medium and after 60 min after addition.
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