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4. DNA Hybridization as a General Method to Enhance Nanostructure Uptake

4.1 Introduction

Nanoparticles (NPs) are promising candidates in biomedicine to selectively de-

liver chemotherapeutic drugs to tumors thereby prolonging drug circulation time

while reducing systemic toxicity and other unwanted side effects.[1] The therapeu-

tic efficiency of such drug-loaded NPs is directly coupled to their cellular uptake.

However, this uptake generally can be considered inefficient and uncontrolled

relying on the EPR effect alone.[2] The interaction of NPs with the membrane

of the target cell can be regarded as the first step of the cellular uptake process

and is largely determined by the physicochemical properties of the NPs.[3, 4, 5]

Efforts have been undertaken to adjust NP size[6],[7] and shape[8],[9],[10] to alter

the interaction parameters, yet these adjustments are not always synthetically

viable or easy to implement. In addition, a successful strategy for one NP class

is not necessarily applicable to other NP systems and hence a universal method

to enhance the cellular uptake of completely different NPs irrespective of their

physicochemical properties is highly desirable.

The cellular internalization process of NPs can be roughly divided into two distinct

events. Firstly, as mentioned above, the NPs adhere to the cell membrane and

secondly, they are internalized via energy-dependent pathways. Increasing the

NP ’s adhesion to the cell membrane is accepted as a viable strategy to enhance

internalization efficiency[6] and in previous work we have developed a liposome

delivery system relying on this method.[11] Thereby, we anchored mutually com-

plementary lipid DNA on both the cellular and the liposomal membrane. We

reasoned that DNA anchored on the cellular membrane acts as extra binding site

for the liposomes, thus locally increasing liposome adhesion and concentration,

and hence increasing internalization. As many types of NPs can be conjugated

with oligonucleotides easily, we hypothesized that this DNA hybridization-based

internalization enhancement is applicable to different NP systems, irrespective of

the NP material.

Hence, we here selected three widely employed and vastly different NP archi-

tectures: pristine DNA nanostructures, gold NPs (AuNPs), and polystyrene NPs

(PSNPs). DNA nanostructures are recognized as versatile drug carriers that can
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4.2. Results and Discussions

be structured and assembled in defined shapes by careful sequence design and

simple thermal annealing. Here, we rely on a very simple DNA tetrahedron be-

cause of its facile assembly procedure, cellular permeability, and proven poten-

tial in drug delivery.[12, 13, 14] Moreover, AuNPs were chosen that pioneered by

Mirkin and coworkers for drug delivery[15] and can be conjugated easily with

thiolated oligonucleotides spawning applications in biosensing,[16] gene regu-

lation,[17, 18, 19] and cancer treatment.[20, 21, 22] Eventually, PSNPs were selected,

which are widely investigated due to their straightforward synthesis, variety of

sizes and surface chemistry, and their colloidal stability in biological media.[23]

Including our previously published work on liposomes,[11] we thus add four DNA

hybridization-guided targeted nanostructures to the drug delivery toolbox that

can be internalized efficiently by cells pre-anchored with complementary DNA

strands.

4.2 Results and Discussions

As described in previous chapters, when DNA sequences are equipped with dodec-

1-yne-modified deoxyuridine nucleotides, the resulting lipid DNA hybrid can

self-assemble into micelles. Once these lipid DNA micelles are incubated with

phospholipid membranes, either liposomal or cellular ones, the individual lipid

DNA molecule can pierce into these membranes. Here the cellular membrane

tethered lipid DNA provides binding sites for different NP architectures.

4.2.1 DNA Tetrahedron Characterization, Cellular Uptake, and Stabil-

ity

We employed four oligonucleotides (A, B, C, and D) designed to readily assemble

into a DNA tetrahedral structure by a simple annealing process (Fig. 4.1a).[24]

In these sequences, a short oligonucleotide (Table 4.1, 14 nucleotides in red)

was included to form overhangs on the final DNA tetrahedron and rendered it

accessible by introduction of an additional 7-mer poly(T) spacer. For tracking

purposes, sequence A was additionally labelled at the 5’ position with a fluo-

rophore (6-carboxyfluorescein, 6-FAM) allowing analysis of the structure’s cellular
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4. DNA Hybridization as a General Method to Enhance Nanostructure Uptake

distribution. To verify the successful formation of the DNA tetrahedron, different

assembly products were subjected to gel electrophoresis. As higher retention

is observed for structures with higher hydrodynamic volume, the programmed

assembly of all four individual participating oligonucleotides can be clearly dis-

cerned in contrast to the partial use of oligonucleotides (Fig. 4.1b). Moreover,

verification of the overhang accessibility was carried out by annealing the tetrahe-

dron with overhang-complementary strand Cr.

(a) (b)

A

B
C
D

1 2 3 4 5 6

Figure 4.1 | Characterization of DNA tetrahedron formation. (a) Schematic representation of DNA
tetrahedron folding by four oligonucleotides strands. (b) Gel electrophoresis of DNA tetrahedron
structure in 2% agarose. Lane 1: A; Lane 2: A + B; Lane 3: A + B + C; Lane 4: A + B + C + D; Lane 5: A +
B + C + D + Cr; Lane 6: Cr.

Hereafter, we investigated whether the overhang strands were also accessible for

hybridization on the cellular surface and could thereby enhance cellular uptake of

the DNA tetrahedron. Therefore, we first anchored overhang-complementary lipid

DNA CrU4T on the cellular membrane of HeLa cells by incubation for 15 min and

then carried out hybridization with the complimentary 6-FAM-modified sequence

C-FAM. C-FAM was clearly observable on the cellular membrane proving the

successful anchoring process (Fig. 4.8). Hereafter, we incubated CrU4T-anchored

cells with DNA tetrahedron solution for 15 min and subjected the samples to

confocal laser scanning microscopy (CLSM) after nucleus staining. We could

clearly observe cellular internalization of the DNA tetrahedrons when cells with

lipid DNA complementary to the overhang strand of the DNA tetrahedron were

employed (Fig. 4.2a). In contrast, cells anchored with a non-complementary lipid

DNA (U4T) showed no such uptake (Fig. 4.2b).
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4.2. Results and Discussions

(a)

(b)

Figure 4.2 | Enhanced cellular uptake of DNA tetrahedrons characterized by CLSM micrographs.
HeLa cells were incubated with 10 µM CrU4T (a) or U4T (b) for 20 min then further incubated with
DNA tetrahedron solution for 15 min and stained with Hoechst 33342. Blue: Hoechst 33342; Green:
6-FAM-labelled DNA tetrahedron. Scale bar: 25 µm.

Underlining these results, flow cytometry measurements confirmed this enhanced

DNA tetrahedron internalization. The fluorescence signal of cells involving com-

plementary DNA samples (Fig. 4.3a, red) was significantly higher than that of the

non-complementary control (Fig. 4.3a, orange) and non-treated cells (Fig. 4.3a,

blue). Quantification of the internalized DNA tetrahedron revealed an almost

100 times higher internalization of the complementary sample compared to the

non-complementary control (Fig. 4.3b).

97



4. DNA Hybridization as a General Method to Enhance Nanostructure Uptake

10
1

10
2

10
3

10
4

100

80

60

40

20

0

N
or

m
al

iz
ed

 to
 M

o
de

FITC

0

50

100

M
ed

ia
n 

F
lu

or
es

ce
nc

e

Untreated   Non-comp     comp

****

NS

  

(a) (b)

Figure 4.3 | Enhanced cellular uptake of DNA tetrahedrons characterized by flow cytometry. De-
tached HeLa cells anchored with CrU4T or U4T were incubated with DNA tetrahedron solution for
15 min. (a) Flow cytometry histogram profiles of internalized DNA tetrahedron. Blue: untreated
cells; Orange: non-complementary; Red: complementary. (b) Comparison of median fluorescence
intensity of internalized DNA tetrahedron. Error bars indicate SD from the mean (n = 3). NS, not
significant; **** P < 0.0001, one-way ANOVA.

To optimize the DNA tetrahedron cellular internalization, different concentra-

tions of DNA tetrahedron solution were incubated with cells and, expectedly, the

cellular entry of DNA tetrahedrons was found to be concentration dependent

(Fig. 4.4). While cells treated with 50 µM or 5 µM DNA tetrahedron solution

exhibited strong 6-FAM fluorescence, reduction of the concentration to 0.5 µM

only revealed a faint signal on the cellular borders, and for 50 nM the 6-FAM signal

was barely detectable.

50 μM 5 μM 0.5 μM 50 nM

Figure 4.4 | Concentration-dependent DNA tetrahedron internalization characterized by CLSM
micrographs. After anchoring with 10 µM CrU4T, cells were exposed to different concentrations of
DNA tetrahedron solution for 15 min. Blue: Hoechst 33342; Green: 6-FAM labelled DNA tetrahedron.
Scale bar: 25 µm.

Subsequently, we investigated the structural integrity of the DNA tetrahedrons

98



4.2. Results and Discussions

under physiological conditions as this is a prerequisite for biomedical applica-

tions.[24],[25] 10 µL fresh and undiluted fetal bovine serum (FBS) was mixed with

80 µL Dulbecco’s modified eagle medium (DMEM) whereupon 10 µL DNA tetrahe-

dron solution (100 µM) was added. After incubation at 37 °C for different periods

of time, aliquots were taken and the DNA tetrahedron integrity was evaluated by

gel electrophoresis. It became clear that the DNA tetrahedrons remained intact for

at least 5 h and after 12 h of incubation, clear signs of degradation by endonucle-

ases contained in FBS became apparent (Fig. 4.9). This high enzymatic stability

demonstrates the potential application of DNA tetrahedrons as drug carrier as

they enter cells as fast as in 15 min. Moreover, these results suggest that the DNA

tetrahedron structures was taken up intact.

4.2.2 Cellular Uptake of Gold Nanoparticles

After we confirmed that DNA hybridization significantly enhanced the cellular

uptake of DNA nanostructures, we applied this strategy for the internalization of

AuNPs. Therefore, AuNPs with a diameter of 13 nm were synthesized according

to an established protocol[26] and their size, shape, and dispersity analyzed by

transmission electron microscopy (TEM, Fig. 4.7a). DNA-functionalization of

the AuNPs was carried out by conjugation with thiol-modified oligonucleotides

(thiol-U4T). Here, an extra 30 T spacer was included to facilitate access to the

DNA strands atop of the NP surface. The successful conjugation was confirmed

by UV-Vis absorption spectroscopy (Fig. 4.7b) where the characteristic surface

plasmon resonance (SPR) band of the AuNPs shifted from 520 nm to 525 nm,

indicating the DNA surface coverage as the dielectric constant of the AuNPs was

altered.[27] In addition, DNA surface coverage increased the size of the AuNPs by

several nm (Fig. 4.7c). By dithiothreitol (DTT) displacement, we estimated the

number of DNA strands per AuNP to ca. 100.

To track AuNP cellular uptake, dark-field microscopy was employed. Cells an-

chored with either complementary CU4T or non-complementary U4T were in-

cubated with 2.5 nM thiol-U4T-decorated AuNP solution for 18 h. In bright-field

microscopy, black spots became apparent indicating aggregation of the cellular

AuNPs due to their high density (Fig. 4.5a).[28] While when employing comple-
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mentary DNA strands, bright scattering in the dark-field microscopy revealed

a high abundance of AuNP aggregates, the utilization of non-complementary

strands as a control diminished scattering and indicated a significantly lower

cellular uptake (Fig. 4.5b) suggesting that our strategy was equally suitable for

inorganic particles in addition to pristine DNA tetrahedrons. Here, a much longer

cellular incubation of 18 h was needed for AuNP internalization, as compared

with only 15 min for DNA nanostructures. This might due to the lower parti-

cle concentration or the lower sensitivity of the detection method of dark-field

microscopy.

(a)

(b)

Bright-field Dark-field

Bright-field Dark-field

Figure 4.5 | Enhanced cellular uptake of AuNPs characterized by dark-field microscopy. HeLa
cells were incubated with 10 µM CU4T (a) or U4T (b) for 20 min then further incubated with
thiol-U4T-coated AuNP solution for 18 h. Scale bar: 25 µm.

4.2.3 Cellular Uptake of Polystyrene Nanoparticles

Finally, we investigated the cellular internalization of DNA-functionalized PSNPs.

For this purpose, streptavidin coated PSNPs (d = 100 nm, Fig. 4.10a) labelled

with the fluorophore rhodamine B were first conjugated with biotin DNA (biotin-

U4T) by selective streptavidin-biotin binding. The successful conjugation was

confirmed by the increase of surface zeta potential (Fig. 4.10b). Hereafter, the

DNA-decorated PSNPs were incubated with lipid DNA-anchored cells for 15 min.
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Comparable to the DNA tetrahedrons and AuNPs, PSNPs were taken up more effi-

ciently when the lipid DNA on the cellular membrane was complementary to that

of the PSNPs (Fig. 4.6a) as opposed to the mismatched, non-complementary case

(Fig. 4.6b) highlighting the successful application of this strategy for synthetic

polymeric nanostructures.

Figure 4.6 | Enhanced cellular uptake of PSNPs characterized by CLSM micrographs. HeLa cells
were incubated with 10 µM CU4T (a) or U4T (b) for 20 min then further incubated with biotin-U4T
conjugated PSNPs for 15 min and stained with Hoechst 33342. Blue: Hoechst 33342; Red: PSNPs
labelled with rhodamine B. Scale bar: 25 µm.

4.3 Conclusions

Here, we presented an efficient method to enhance the cellular internalization

of pristine DNA, inorganic, and polymer nanostructures. By modifying the NP

surface and cellular membrane with respectively complementary oligonucleotide

sequences, cellular entry of NPs was greatly enhanced with high specificity. In-

cluding our previous studies,[11] we thus investigated four nano-sized potential

drug carrier systems including liposomes, DNA tetrahedrons, AuNPs, and PSNPs

suggesting that our DNA hybridization-based strategy is universally applicable

to enhance the internalization of functionalizable nanostructures in vitro. While

specific use of this method in vivo might be limited by the lack of binding selectiv-

ity of the lipid DNA to membranes of different cell types, particularly with view on
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healthy and cancerous cells, we argue that selective in vitro delivery methods, e.g.

for gene transfection, are equally important. Moreover, the selective decoration

of, e.g., only cancer cellular membranes with lipid DNA in the vicinity of other

cellular membranes can be tackled by using alkaline phosphatase-selective lipid

DNA[29] or specific aptamer binding.[30] We hence believe that our internalization

enhancement strategy for nanostructures will contribute to future challenges in

drug delivery and nanomedicine.

4.4 Experimental Section

4.4.1 Materials

All chemicals and reagents purchased from commercial suppliers were used

without further purification, unless noted. All DNA without lipid modification

was purchased from biomers. HAuCl4, sodium citrate, and DTT were purchased

from Sigma Aldrich. Streptavidin coated PSNPs (micromer®-redF) were obtained

from micromod Partikeltechnologie GmbH. Hoechst 33342 was acquired from

Thermo Fisher Scientific. µ-Slide 8 well was purchased from ibidi. HeLa cell line

was obtained from ATCC.

4.4.2 DNA Used

Lipid DNA was synthesized and characterized as described in Chapter 2. Se-

quences of lipid DNA used in this chapter are listed in Table 4.1.
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4.4. Experimental Section

Name Sequence (5’ to 3’)

A
6-FAM-GCGGATTCGTCTGCTTT TTT T ACA TTC CTA AGT C
TGAAACAT TAC AGC TTG CTA CAC GAG AAG AGC CGC CAT
AGT A

B
GCGGATTCGTCTGCTTT TTT T TAT CAC CAG GCA GTTGAC
AGT GTA GCA AGC TGT AAT AGA TGC GAG GGT CCA ATA C

C
GCGGATTCGTCTGCTTT TTT T TCA ACT GCC TGG TGATAA
AAC GAC ACT ACG TGG GAA TCT ACT ATG GCG GCT CTT C

D
GCGGATTCGTCTGCTTT TTT T TTC AGA CTT AGG AATGTG
CTT CCC ACG TAG TGT CGT TTG TAT TGG ACC CTC GCA T

CrU4T GCAGACGAATCCGCUUUU

U4T UUUUGCGGATTCGTCTGC

CU4T UUUUGCAGACGAATCCGC

Cr GCAGACGAATCCGC

C-FAM 6-FAM-GCGGATTCGTCTGC

thiol-U4T
thiol C6-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGGAT
TCGTCTGC

biotin-U4T
biotin-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGGATT
CGTCTGC

Table 4.1 | Sequences and modifications of DNA used in this chapter. Sequences in red are free
overhangs of DNA tetrahedron. U represents dodecyne modified deoxyuridine nucleotide.

4.4.3 Cell Culture

HeLa cells were maintained in DMEM growth medium supplemented with 10%

FBS and 1% penicillin-streptomycin and cultured at 37 °C with 5% CO2 and 100%

humidity.
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4.4.4 Formation of DNA Tetrahedron Structures

To form DNA tetrahedrons, oligonucleotides A, B, C, and D were mixed in equimo-

lar ratio in TM buffer (10 mM Tris-HCl, pH 8.0, 50 mM MgCl2) at 100 µM, then

heated and held at 95 °C for 5 min, then quickly cooled to 4 °C in 1 min. DNA

tetrahedrons were freshly prepared before use.

4.4.5 AuNPs Synthesis, Conjugation and Characterization

Briefly, 225 mL of 1 mM HAuCl4 (88.61 mg) in Milli-Q water was placed into a

round bottom two-neck flask. Then the solution was heated to reflux. Afterwards,

25 mL of 38.8 mM sodium citrate (285 mg) was quickly added and allowed to

reflux for 30 min with strong agitation. Subsequently, heating was stopped and

the system was cooled down to room temperature under stirring. Concentration

of AuNPs solution was determined by absorption at 520 nm with a correspondent

extinction coefficient of 2.33×108 M−1cm−1.

To conjugate thiol-U4T to the AuNP surface, 300 µL AuNP solution (33.3 µM)

was mixed with 12 µL thiol-U4T (200 µM in Milli-Q water) for 10 min at room

temperature. Then 108.3 µL 100 mM Tris buffer (pH = 3) was quickly added and

incubated at room temperature for 60 min. After that, the solution was subjected

to 30 min centrifugation (15000 rpm, 4 °C). Then supernatant was removed, and

AuNP pellet was rinsed three times with PBS buffer to remove any unconjugated

thiol-U4T. Finally, AuNP pellet was re-dispersed in 1 mL PBS buffer.

To quantify the amount of thiol-U4T on AuNPs surface, 5 µL AuNPs solution was

diluted with 90 µL Milli-Q water and then mixed with 5 µL DTT solution (1M in

Milli-Q water). After incubation at 60 °C for 1 hour, the solution was centrifuged

for 30 min (15000 rpm, 4 °C) and UV-vis absorbance of the supernatant at 260 nm

was measured to calculate the amount of thiol-U4T conjugated on AuNPs surface.

For TEM measurements, 5 µL AuNPs solution was deposited on a glow-discharged

holey carbon coated grid and dried overnight. The morphology was recorded by

Libra 120 Transmission Electron Microscope (Carl Zeiss, Germany) with 120 kV

accelerating voltage.
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4.4. Experimental Section

For DLS measurements, AuNPs solutions (with or without thiol-U4T conjuga-

tion) were filtered with a 0.45 µm syringe filter and measured by Zetasizer Ultra

(Malvern Panalytical) at 25 °C and the diameters were averaged from number

distributions of three measurements.

(a)

(c)

(b)
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Figure 4.7 | Characterization of AuNPs. (a) Representative TEM image showing the diameter and
spherical morphology of AuNPs. (b) UV-Vis absorption spectra of AuNPs before and after DNA
conjugation; Black: before; red: after. (c) DLS histogram comparison between bare AuNPs and DNA
conjugated AuNPs.

4.4.6 Confocal Microscopy Measurements

To confirm anchoring and hybridization of CrU4T on cellular membrane, HeLa

cells were seeded in a µ-Slide 8 well at a density of 6×104 per well and grown for

24 h. Then 5 µM CrU4T was added to the cells and incubated for 20 min. After

rinsing three times with PBS buffer, cells were further incubated with 5 µM C-FAM

for 15 min. Images was acquired on a confocal laser scanning microscope (STP8,

Leica) and analysed by ImageJ.
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Figure 4.8 | CLSM micrograph of C-FAM distribution on CrU4T anchored HeLa membranes. C-FAM
incubation time with CrU4T anchored HeLa was 15 min. Green: C-FAM. Scale bar: 40 µm.

For enhanced DNA tetrahedron and PSNPs delivery, HeLa cells were seeded

in a µ-Slide 8 well at a density of 6×104 per well and grown for 24 h. Then,

10 µM lipid DNA was added to cells and incubated for 20 min. After rinsing

with PBS, cells were further incubated with 300 µL DNA tetrahedron (33 µM)

or PSNPs (0.39 mg·mL−1) for 15 min. Afterwards, cells were rinsed and stained

with Hoechst 33342 before replacing medium with phenol red free DMEM for

confocal imaging. For concentration dependent study of DNA tetrahedrons, after

anchoring with 10 µM CrU4T, cells were replaced with fresh growth medium with

different concentrations of DNA tetrahedron solution and incubated for 15 min.

4.4.7 Flow Cytometry Measurements

Detached HeLa cells at a density of 6×105 mL−1 were incubated with 10µM CrU4T

or U4T for 20 min. After rinsing, cells were further incubated with 33 µM DNA

tetrahedron solution for 15 min. Afterwards, cells were rinsed, and the medium

was replaced by PBS buffer. Cells were then measured on a BD FACS Canto II

with 10,000 events per sample collected. For quantification, median fluorescence

intensity was analyzed by FlowJo software.

4.4.8 DNA Tetrahedron Nanostructure Degradation in Cell Media

10 µL fresh undiluted FBS was added to 80 µL DMEM. To this solution, 10 µL DNA

tetrahedron solution (100 µM) was added. After incubation at 37 °C for 1, 2, 5, 12,

and 24 h, 6 µL aliquot were taken from each sample and run on 2% agarose gel at

100 V for 30 min.
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4.4. Experimental Section

Figure 4.9 | Electrophoretic analysis of the DNA tetrahedral nanostructure stability in cell culture
media for different periods of time.

4.4.9 PSNPs Conjugation and Characterization

200 µL streptavidin coated polystyrene (rodamine B labelled) particle solution (10

mg·mL−1) was mixed with 800µL binding buffer. To this mixture, 16µL biotin-U4T

(200µM) was added and then shaken at 400 rpm for 1 h at room temperature. After

shaking, extra 500 µL PBS buffer was added and then the solution was subjected

for dialysis for two days (slide-A-Lyzer dialysis cassettes, 20k MW) to remove any

unconjugated free biotin-U4T. Finally, PSNPs solution was characterized by DLS

and zeta potential measurement.

Figure 4.10 | Characterization of PSNPs. (a) DLS histogram of PSNPs. (b) Zeta potential of PSNPs
before and after thiol-U4T conjugation.

4.4.10 Dark-field Imaging

Sterilized cover slips were added to a 12 well plate and aseptically coated with 500

µL of 50 µg·mL−1 collagen solution. After 1 h incubation at room temperature,

the collagen solution was removed, and wells were rinsed with sterile PBS for
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three times. After that, 500 µL HeLa cell suspension at a density of 1×105 mL−1

was added to each well. After 48 h seeding, old culture medium was replaced

with 500 µL CU4T (10 µM) or U4T (10 µM) for 20 min incubation. Afterwards,

each well was rinsed and 400 µL AuNP solution (2.5 nM) was added. After 18 h of

incubation, cells were rinsed with PBS buffer and subjected to dark-field imaging

(Zeiss Axioplan 2). 20× objective lens was used to collect scattered light from

samples to produce dark-field images.
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