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1. DNA Nanotechnology Enters Cell Membranes

1.1 Introduction

Embedded in a unique language, deoxyribonucleic acid (DNA) carries the lion’s

share of the hereditary information in living cells. Ever since Friedrich Miescher

isolated DNA in 1869,[1] the scientific community extensively investigated its

properties and possible applications. James Watson and Francis Crick identified

the molecular structure of DNA in 1953,[2] starting the age of genetics and modern

molecular biology.

The Watson-Crick base pairing rules provide DNA with unique self-recognition

and sequence programmability, which enabled DNA and DNA-based materials

to find their applications in biomedicine, which includes drug delivery, gene si-

lencing, and diagnostics. Apart from that technologies have been developed to

evolve DNA molecules, which strongly bind a wide variety of target molecules (ap-

tamers) or exhibit catalytic activity (DNAzymes).[3, 4, 5, 6] As therapeutics, nucleic

acids inhibit either DNA or RNA expression, thereby blocking the production of

proteins related to a disease.[7] However, the clinical application of therapeutic

nucleic acids (TNAs) is still facing limitations due to unsolved challenges regard-

ing delivery. For instance, negatively charged cellular membranes act as a natural

barrier to prevent entry of foreign polyanionic nucleic acids. Once inside the cell,

DNases or RNases degrade foreign nucleic acids to prevent their integration into

the genome.[8] TNAs further have to be delivered to the correct cells with minimal

side effects to other cells.[9] When using TNAs as artificial receptors, the failed

anchoring or insertion of the DNA in the cell membrane restricts its excellent

recognition properties. These challenges potentially decrease the applicability of

DNA reporting signals from the cell or tissue.

The unique programmability gives DNA an edge over other molecules that inter-

act with membranes, such as peptides, proteins, and small molecules. In order to

realize successful insertion of DNA in the cell membrane and efficient delivery

of TNAs both in vitro and in vivo, one of the most commonly used strategies is

increasing the hydrophobicity of nucleic acids. To this end, DNA is chemically

conjugated with hydrophobic moieties, resulting in DNA amphiphiles. Efficient

and stable insertion into live cell membranes allows amphiphilic DNA conju-

2



1.2. Synthesis of DNA Amphiphiles

gates to cross cell membrane.[10, 11, 12, 13] Importantly, these DNA amphiphiles

can be modified with additional functional groups that enable specific targeting

and biocompatibility in vivo, providing them with a tremendous potential for

biomedicine.[14, 15, 16, 17]

To date, the synthesis and application of amphiphilic DNA conjugates have been

well demonstrated and reviewed.[18, 19, 20]

1.2 Synthesis of DNA Amphiphiles

A DNA amphiphile is based on hydrophilic DNA that contains a covalently con-

nected hydrophobic segment.[19] Usually, the hydrophobic moiety is a polymer or

a small molecule. The lipophilic modifications of DNA can be achieved by conju-

gation at either the 3’ or 5’, or within the DNA sequence, allowing the construction

of complex structures.[21, 22, 23, 24]

These hydrophobic moieties can be conjugated to DNA, either on a solid support

during DNA synthesis or by coupling to already synthesized DNA units in solution.

The first successful chemical synthesis of a dinucleotide was achieved in 1955.[25]

Stable deoxynucleoside phosphoramidites were introduced as synthons in 1985,

opening up the field.[26] Nowadays, solid phase synthesis (SPS) allows generating

DNA fragments of up to 200 nucleotides. This technology allows functionalization

or introduction of non-natural nucleotides.[27] The fully automated synthesis can

be precisely controlled, monitored, and is characterized by a high reproducibility.

To broaden the scope of synthesis robots by introducing special solvents, catalysts,

extreme reaction conditions or long reaction times, the automated process can be

replaced by the syringe synthesis technique or in-flask reactions to realize various

modifications of the DNA with hydrophobic units.[20]

Coupling of DNA with specific motifs in solution phase has been demonstrated

as another highly versatile strategy, which was reviewed by our group before.[19]

Solution phase synthesis is used for covalent bond formation between functional

groups such as amines[28] or thiols,[29] with groups such as carboxylic acids[30] or

maleimides.[31] However, aqueous solution coupling of DNA with hydrophobic

3



1. DNA Nanotechnology Enters Cell Membranes

molecules often results in low yields due to the solvent incompatibility of starting

materials. To overcome this limitation, we reported a conjugation protocol for cou-

pling of hydrophobic molecules to DNA with high efficiency.[32] By complexing

DNA with positively charged quaternary ammonium surfactants, we neutralized

the charge on the DNA, making it soluble in organic solvent. This organic phase

coupling technique expands the number of possibilities to generate amphiphilic

DNA hybrids.

One of the most commonly used lipids in DNA amphiphiles is cholesterol. In

addition to cholesterol or one of its derivatives, other synthetic single-chain fatty

acids,[33] steroid molecules,[34] α-tocopherol,[35] hydrophobic polymers, such as

poly(propylene oxide) (PPO),[21] or the π conjugated system porphyrin[36, 37] have

been successfully introduced to DNA (Fig. 1.1). Hence, synthetic protocols to

introduce a wide range of hydrophobic moieties into DNA at various positions

are available, allowing for the exploration of new functionalities in nanotechnol-

ogy.[38]

4



1.2. Synthesis of DNA Amphiphiles

Figure 1.1 | Selected lipid-oligonucleotide conjugates, exemplifying the variety of lipophilic residues
that can be appended to DNA. Structures of DNA conjugated with, from top to bottom, cholesterol
obtained via a 1,3-dipolar Huisgen’s cycloaddition between alkyne modified cholesterol and 5-azido-
5-deoxythymidine[39]; a single hydrocarbon chain obtained via a 1,3-dipolar Huisgen’s reaction
between alkyne modified C18 chain and 5’-azido-5’-deoxythymidine[39]; tocopherol obtained by
covalent attachment to the 5’ end of the strand[40, 41]; a single fluorocarbon chain obtained via a
Huisgen’s reaction between 5’-azide deoxythymidine and propargylated fluorocarbon chain[42];
a PPO chain obtained via a PPO phosphoramidite during SPS[21]; double hydrocarbon chains
obtained via a reaction of stearoyl chloride with 1,3-diamino-2-dydroxypropane[40],[43]; and double
fluorocarbon chains obtained by a diperfluorodecyl phosphoramidite during SPS.[44]

5



1. DNA Nanotechnology Enters Cell Membranes

1.3 Nanoscale Assemblies from DNA Amphiphiles

DNA amphiphiles can be designed to assemble into a variety of nanoscale struc-

tures. In general, nanoscale structures can be constructed “top-down” or “bottom-

up”: the bottom-up approach makes use of assembling single molecules into

nanostructures by intermolecular interactions, yielding a level of molecular con-

trol that is out of reach for a top-down strategy.

DNA amphiphiles that contain both hydrophobic moieties and nucleic acids pos-

sess advantageous features derived from DNA part as well as from the hydropho-

bic moieties combined in one molecule. The Watson-Crick base pairing rules that

govern DNA nanotechnology allow the rational design of complex nanostructures

which result in novel functions. This molecular technology is based on bottom-up

self-assembly, which was initiated by Nadrian Seeman in the early 1980s and has

been growing rapidly ever since.[45] Depending on the design, the structures can

be 1D, 2D, or 3D. In addition, single-stranded overhanging sequences in the final

structure enable further functionalization by hybridization with complementary

sequences. More detail on the assembly of DNA nanostructures and their emerg-

ing applications in areas such as biophysics, drug delivery, synthetic biology, can

be found in ref. [41],[46].

On the other hand, hydrophobic units in amphiphiles tend to microphase sep-

arate due to hydrophobic interactions.[47, 48, 49] This structural concept can be

further combined with assembly mechanisms relying on electrostatic forces,[51]

π-π stacking interactions,[51] hydrogen bonding and Van der Waals interactions.

Hence, DNA amphiphiles have the ability to self-assemble into predictable mor-

phologies (Fig. 1.2), such as spherical micelles, rods, liposomes, and bilayers.[52]

An inspiring example of engineering such morphologies was reported by Baglioni

and co-workers in 2007[53]: they synthesized nucleolipids in which the choline

headgroup of phosphatidylcholines was replaced by a nucleoside, either uridine

or adenosine. The resulting molecules had a negatively charged nucleotide group

as polar head. Depending on the length of the alkyl chains, globular micelles, flex-

ible cylindrical aggregates, or bilayers were obtained from these nucleolipids. The

shape of the amphiphile dictates the obtained structures: a short hydrophobic

6



1.3. Nanoscale Assemblies from DNA Amphiphiles

chain provides an amphiphile with a conical shape, resulting in globular micellar

aggregates, while a long alkyl chain gives a cylindrical shape that results in worm-

like micellar aggregates. The latter morphology is further modulated by improved

orientation of the bases that interact with each other.

Figure 1.2 | Schematic models of self-assembled lipids. (a) Micelles are preferentially formed by
lipids with a conical shape. (b) liposomes are composed of spherical lipid bilayers with the water
core. (c) Planar lipid bilayers are formed by lipids with a cylindrical shape. Reproduced with
permission.[52] Copyright 2014, American Chemical Society.

1.3.1 Micelles from DNA Amphiphiles

When above its critical micelle concentration, DNA amphiphiles self-assemble

into micellar systems with nanometer dimensions.[54] This occurs spontaneously

because the amphiphiles phase separate in aqueous media. Micellar structures

are composed of a hydrophobic core and a hydrophilic DNA shell.

Formation and Structure of DNA Amphiphile Micelles

DNA amphiphiles form spherical micelles with a diameter from 6.7 to 36.4 nm,

as measured by atomic force microscopy (AFM) and dynamic light scattering

(DLS).[33],[54, 55] Similar to inorganic nanoparticles,[56, 57, 58] the size of the spher-

ical micelles can be regulated by adjusting the DNA or hydrophobic segments.

AFM revealed that such micelles can deform, depending on the hydrophobic seg-

ments attached to the DNA molecules. Amphiphiles with different DNA lengths

or different lipids form micelles with tunable size, indicating a relationship be-

tween micelle size and length of the constituent segments. In this context, DNA

polymerase can be utilized to control the size of micelles: treatment of micelles

consisting of DNA-b-PPO (PPO block covalently connected to the 5’ of a 22 nt

single-stranded DNA) with the enzyme terminal deoxynucleotidyl transferase

7



1. DNA Nanotechnology Enters Cell Membranes

(TdT) increases its size from 10 to 23 nm, depending on the incubation time (Fig.

1.3a).[59] Similarly, the use of enzymes to digest and ligate nucleic acids resulted

in DNA amphiphiles containing dsDNA with molecular weights of up to three

million Daltons.[60] These strategies offer post-synthetic control over the growth

of DNA nanostructures in aqueous medium. Furthermore, the size and stability of

DNA amphiphile micelles is determined by the number of hydrophobic moieties:

increasing the number of nucleotides containing dodec-1-ynyl chains attached to

the nucleobases resulted in smaller micelles with increased stability. The position

of hydrophobic nucleotide units in the short sequences was proved to have little

influence on micelle structure and stability.[33]

Hybridization allows precise post-synthetic control over the shape of a DNA mi-

celle (Fig. 1.3b). The shape of micelles can be changed from spheres to rods by

addition of complementary single-stranded DNA to the DNA amphiphiles, form-

ing double-stranded DNA.[61] Morphology can be controlled reversibly with for

example DNA-brush amphiphiles that assemble into spherical micelles (around

25 nm) and contain a RNA nucleotide as an enzymatic cleavage site (Fig. 1.3c).[62]

Mixing spherical micelles with a DNA-based phosphodiesterase that is specific for

the DNA sequence and cuts at the RNA site, resulted in a long cylindrical structure

(>1000 nm in length). To facilitate a subsequent cylinder-to-sphere transforma-

tion, a 19-base ssDNA sequence was added, which forms a 9 nt duplex with the

truncated DNA of the cylinder shell. The reverse sphere-to-cylinder transition

was achieved again by the addition of a complementary 19-base ssDNA designed

to invade into the shorter nine-base duplex in the micelle shell. Thus, DNA is a

superb tool for encoding supramolecular structure information allowing exquisite

control over morphology of DNA amphiphiles.

8



1.3. Nanoscale Assemblies from DNA Amphiphiles

Figure 1.3 | (a) Enzymatic growth of DNA-b-PPO micelles. Reproduced from ref. 20. (b) Schematic
representation of hybridization of DNA-b-PPO micelles with different DNA molecules. (1) Base
pairing with a short complementary sequence yields micelles and maintains the overall shape of
the aggregates. (2) Hybridization with long DNA templates results in rod-like micelles. Reproduced
from ref.[61]. (c) DNAzyme induced reversible transformation of the aggregate shape of a DNA-
brush block copolymer. Reproduced from ref.[62]. (d) Schematic of the mixed micelle architecture.
Two amphiphilic block copolymers, DNA-b-PPO and PEG-b-PPO-b-PEG with the trade name
Pluronic F127, form mixed micellar structure and this micelle can be stabilized by formation of a
semi-interpenetrating network in its core. Reproduced with permission.[63] Copyright 2010, Royal
Society of Chemistry. (e) Schematic representation of the drug delivery system based on DNA
amphiphiles. (1) Targeting units (red dots) that are connected to the complementary sequence
of the micelles are hybridized to equip the nanoparticle surface with folic acid units. (2) The
anticancer drug (green dots) is loaded into the core of the micelles. Reproduced from ref.[15]. (f)
Schematic of DNA micelle-templated VC formation. Loading hydrophobic molecules (top, green)
into micelle core and hybridization of a complementary DNA connected to functional moieties
(bottom, red) to the DNA micelle. Reproduced with permission.[66] Copyright 2010, American
Chemical Society. (g) Photoinduced cross-linking of self-assembled DNA-methacrylamide-lipid
micelles. Green dot between DNA and lipid represents methacrylamide molecules which can be
crosslinked. Reproduced from ref.[65].

Our group synthesized an additional type of structure, based on a mixed hybrid
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1. DNA Nanotechnology Enters Cell Membranes

micellar architecture (Fig. 1.3d).[63] Here, DNA-b-PPO and Pluronic F127 (a

triblock copolymer with a PEG (polyethylene glycol)-b-PPO-b-PEG architecture)

were combined. In this construct, PPO from both DNA amphiphile and Pluronic

copolymer formed the core of the micelles, while DNA from DNA-b-PPO and PEG

from Pluronic were located in the corona. The resulting self-assembled structures

were finally cross-linked by forming a semi interpenetrating polymer network in

the micelle core. The PEG domain did not undermine the hybridization of DNA

and the hydrophobic core could be loaded with hydrophobic drugs. The resulting

aggregates exhibit the potential for combining block copolymers of different

nature, facile functionalization of DNA amphiphiles by hybridization and the

possibility for stabilization of such aggregates by polymer network formation

within micelle core. As a result, micelles were obtained that are stable in regard

to dilution, temperature increase and the possibility for attaching conveniently

targeting units. Likely, such a PEG corona shields the DNA backbone and improves

the biocompatibility and immune compatibility of the mixed hybrid micelles, vide

infra.

Functionalization and Features of DNA Amphiphile Micelles

DNA amphiphile micelles can be functionalized to introduce new properties. Mi-

cellar aggregation of DNA amphiphiles aligns single-stranded DNA in its corona,

which allows DNA-templated organic reactions to proceed in 3D space. Therefore,

ssDNA of the corona needs to be hybridized with sequences, which are equipped

with reactants (Fig. 1.3e).[55]

Moreover, DNA amphiphiles were functionalized to a high degree for combined

mRNA detection and gene therapy in molecular beacon micelle flares (MBMFs),

which are self-assembled diacyllipid-molecular-beacon DNA conjugates.[64] The

MBMFs showed efficient cell uptake, enhanced enzymatic stability, excellent

target selectivity, and superior biocompatibility compared to pristine DNA. Diper-

fluorodecyl DNA conjugates allow further improvement of target binding affinity

and enzymatic resistance by virtue of the physicochemical properties of fluori-

nation.[44] However, loss of integrity of micelles compromised the recognition

ability of the aptamer when interacting with cells. Therefore, the same group de-
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1.3. Nanoscale Assemblies from DNA Amphiphiles

veloped a more stable cross-linked DNA-methacrylamide-lipid micelle (X-DLM)

system (Fig. 1.3f), which incorporates a methacrylamide functionality between

the hydrophilic and hydrophobic portions of DNA-lipid amphiphiles that can

be cross-linked after self-assembly in aqueous solution.[65] This X-DLM system

offers further improved stability in the cellular environment and better specificity

regarding cell recognition.

Besides cross-linking of DNA amphiphiles, these nano-objects can be encapsu-

lated via a facile self-assembly process. Therefore, the nucleic acid micelles were

incubated with virus capsid (VC) proteins (Fig. 1.3g).[66] In this approach, the neg-

atively charged DNA particles induced capsid formation, allowing the entrapment

of oligonucleotides as a constituent part of the micellar template. The preloading

of entities in the core or by hybridization of micelles enables encapsulation of

various small molecules inside VCs, which marked a significant step forward in

chemical virology due to the flexibility of loading these protein nanocontainers

with various payloads. Thus, DNA amphiphiles form micelles that are tunable,

versatile, and allow realization of functions.

1.3.2 Liposomes from DNA Amphiphiles

Next to micelles, amphiphilic DNA molecules can be aligned to form liposomes

or bilayers, similar as indicated for conventional surfactant molecules in Fig. 1.2:

liposomes are flat bilayer sheets folded to form closed spherical objects, with

assembly structure determined by conical shape of the DNA amphiphiles.

Formation and Structure of DNA Amphiphile Liposomes

Nucleic acid functionalization of lipids allows additional control over lipid self-

assembly through specific interactions among the polar heads. As in micelles,

the hydrophobic lipid tail and hydrophilic DNA head combined determine the

phase behavior and aggregate microstructure.[53] DNA amphiphiles that form

vesicular structures can be made for example by linking poly(butadiene) cova-

lently to poly-cytidine during solid phase synthesis.[67] The resulting amphiphilic

copolymer self-assembled into 80 nm liposomes as demonstrated by TEM. By

using a functional DNA moiety as head group, one can induce more complex
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behavior: conjugation of lipid tail with a DNA sequence that forms an i-motif

renders the liposome structure pH sensitive upon acidification (Fig. 1.4a).[68] The

C-rich DNA segment undergoes a structural change from random coil ssDNA to

an i-motif structure upon acidification (pH = 5), triggering transformation of the

liposomes into an entangled 3D network. This process was reversed when the

pH was increased to 7.3. This structure allowed encapsulation of hydrophobic

molecules and a pH-triggered release, indicating that these DNA amphiphile sys-

tems can be engineered to be sensitive to external stimuli.
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Figure 1.4 | (a) Illustration of working principle of reversible pH-responsive DNAsome. At pH 7.3,
C rich DNA-PE spontaneously forms a DNAsome. When pH is lowered to 5, the i-motif structure
forms and the morphology of the DNAsome transforms to entangled 3D networks. Reproduced
from ref.[68]. (b) Schematic of the frame-guided assembly process with a DNA origami scaffold.
DNA origami cuboid with A20 sequences protruding from the surface is folded by a template
and corresponding staple strands. Then, DTDOEG dendron is anchored on DNA origami by
hybridization. When G2Cl-18 is added, hydrophobic groups on the DNA origami guide G2Cl-18
dendrons to form hetero-liposomes around the DNA frame. Reproduced from ref.[70]. (c) Size-
controlled liposome formation through a DNA scaffold. A DNA-origami ring (red) with multiple
single-stranded empty handles is constructed first. Then DNA antihandles (oligonucleotides with
complementary sequence to handle sequence that are chemically conjugated to DOPE, shown as
green curl with orange head) are hybridized to the DNA ring. Afterward, this lipid-modified ring is
mixed with extra lipid and detergent, and dialysed to allow liposome formation. After purification
and release, uniform liposomes with sizes being determined by the DNA template are generated.
Reproduced with permission.[71] (d) Schematic figure of pathogen DNA delivery to protocell by
DNA-mediated fusion. When anchoring a set of complementary DNA on a protocell and an artificial
pathogen membrane, DNA hybridization brings the two membranes in close proximity to enable
fusion. Thereby, pathogen DNA is released into the protocell. Reproduced with permission.[77] (e)
Illustration of reversible control over the assembly of liposomes. Reproduced with permission.[82]
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Templated Liposome Formation by DNA Amphiphile Assembly

Moreover, liposomes can be prepared with programmed geometry and dimen-

sions using ssDNA-modified gold nanoparticles or DNA origami as scaffolds.[69, 70]

The ssDNA on the scaffold hybridizes with corresponding DNA amphiphiles and

the resulting frame allows generation of the desired bilayer upon mixing with ad-

ditional DNA amphiphiles (Fig. 1.4b). Strikingly, a variety of liposome shapes was

obtained by templating the DNA amphiphile assembly, i.e., cuboids and dumb-

bells. In a similar way, DNA origami can be used to template liposome formation

in the interior of the origami structure. This allows size-controlled liposome for-

mation with the added feature that the origami can be removed.[71] In this case,

the inner surface of DNA origami ring is decorated with ssDNA extensions, which

can hybridize with lipid-DNA conjugates, thus acting as an exoskeleton for lipo-

some formation (Fig. 1.4c). Using this approach, a series of highly monodisperse

sub-100 nm (29, 46, 60, and 94 nm) liposomes with a variety of different lipid

compositions were produced. Thus, DNA amphiphile liposomes with desired

sizes or shapes can be synthesized using templated liposome formation method.

Amphiphilic DNA Mediated Liposome Fusion and Assembly

Besides exclusively preparing liposomes from DNA amphiphiles, liposomes formed

from other lipids can be functionalized by nucleic acids with the help of am-

phiphilic DNA conjugates. Thereby, hydrophobic unit of DNA amphiphile pierces

into the lipid membrane. In this context, DNA amphiphiles are excellent tools for

controlled liposome fusion and formation of multiliposome assemblies.[72] For

liposome fusion, bilayers need to be brought into close proximity after which head-

groups of lipid from one liposome insert into the other, creating the basis for the

fusion pore. DNA hybridization can connects liposomes and brings them together

to initiate fusion. Using liposomes modified with double cholesterol terminated

DNA strands that were complementary to each other, Höök and co-workers re-

ported for the first time amphiphilic DNA induced fusion of lipid liposomes.[73]

Hybridization occurs in a zipper-like fashion by forcing liposomes into close con-

tact, enabling opening of the fusion pore between two liposomes. DNA-induced

fusion was more efficient with liposomes that consisted of cone shaped lipids

14



1.3. Nanoscale Assemblies from DNA Amphiphiles

such as DOPE (1,2-dioleyl-sn-glycero-3-phospho-ethanolamine) and cholesterol,

showing the importance of the geometry of those lipids for efficient fusion. In

a separate study involving DNA conjugated to 1,2-O-dioctadecyl-rac-glycerol at

either the 3’ or 5’ end, it was shown that both lipid and content mixing of the lipo-

somes took place, indicating liposome fusion.[74] The fusion kinetics depended on

the DNA sequence and the average number of lipid-DNA per liposome. Notably,

liposomes without lipid-DNA or ones presenting noncomplementary sequences

underwent lipid mixing or exchange of membrane molecules, but no content

mixing. To test the effect of membrane-membrane spacing on fusion, a series of

amphiphilic conjugates was synthesized by adding 2–24 noncomplementary nu-

cleotides at the membrane-proximal ends of the two complementary sequences.

It was found that increasing the lengths of the linkers reduced lipid and content

mixing, but increased liposome docking rates.[75] To further improve liposome

fusion, we employed DNA modified with four hydrophobic chains, which resulted

in stable incorporation of DNA into the liposomal bilayer with limited dissocia-

tion. This allowed for an efficient full fusion of the two liposome populations with

complementary sequences.[76]

Increased affinity of the hydrophobic domain of the DNA amphiphiles or stronger

mechanical coupling between the anchor and the oligonucleotides may improve

fusion further. In a striking example of the application of liposome fusion be-

tween an artificial pathogen and a protocell, as shown in Fig. 1.4d, DNA templated

docking and subsequent fusion induced by the oppositely charged membranes

resulted in gene delivery.[77] Another excellent example of DNA-programmed

membrane fusion deals with efficient intracellular protein delivery on both sus-

pended and adherent cells.[78] Thereby, DNA hybridization provides targeting and

spatiotemporal control of the fusion between protein-loaded liposomes and cell

membranes, resulting in fast release of proteins into the cytoplasm.

Docking of liposomes in the absence of fusion may lead to liposome assemblies,

which can be controlled by the design of the amphiphilic oligonucleotides. This

assembly process, to some extent, is similar to the assembly of DNA-inorganic

nanoparticle conjugates, which was initiated in the 1990s by Mirkin et al.[79] In

contrast to DNA-covered inorganic nanoparticles, the assembly of multiple lipo-
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somes received much less attention. DNA-controlled assembly of liposomes in

solution and on solid supported membranes has been reported however,[80] using

for example a lipid-DNA conjugate in which ssDNA is coupled to two lipid mem-

brane anchors at either end, with both ends inserting into the lipid membrane

while the ssDNA protrudes into the solution. Upon treatment with a complemen-

tary DNA strand, the increased stiffness of the double-stranded DNA releases

one of the anchors into the solution, which allows binding to another liposome.

Further inter-liposomal membrane anchoring occurs, which leads to aggrega-

tion of the liposomes. This process provides sharp and reproducible thermal

aggregation-disaggregation transitions. This system was proposed to have poten-

tial use in detecting biologically relevant polynucleotides. Further optimization

of the oligonucleotides and hydrophobic anchor parts allowed detection of DNA

sequences at nanomolar concentrations and enabled sensitive mismatch dis-

crimination of target sequences.[81] Next to thermal disaggregation, liposome

assemblies were disconnected into the single liposome state by means of light (Fig.

1.4e)[82]: a self-complementary ssDNA bearing a terminal switchable azobenzene

moiety was anchored on liposomes and hybridization of the DNA induced lipo-

some aggregation. Upon irradiation with UV light, the azobenzene isomerizes

from the trans to a less hydrophobic cis isomer, decreasing its anchoring efficacy

in the lipid membrane. As a result, the assembly of liposomes was destabilized.

Hence, several means of control are present to reversibly assemble and disassem-

ble multiliposome architectures aided by DNA.

1.4 Interactions of DNA Amphiphiles with Cell Membranes

The cell membrane, or plasma membrane, plays an essential role in separating the

cytoplasm from the extracellular environment, and consequently determines the

size of a cell and is involved in cellular transport, signaling and interactions.[83]

The most common components of the plasma membrane are phospholipids. An-

other major component is cholesterol, which localizes between the phospholipid

molecules and regulates membrane stiffness and stability. Other types of lipids

such as glycolipids take up a minor fraction, while membrane proteins occupy

a significant portion of the surface. The individual phospholipid molecules are
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in a dynamic state in which they rotate freely around their long axes and diffuse

laterally within each leaflet, thus providing cell membrane fluidity. The cell mem-

brane is not a homogeneously mixed lipid bilayer but displays heterogeneity of

the spatial arrangement of lipids and proteins. In some cases, even lipid rafts

may be formed. They consist of cholesterol, sphingomyelin and tightly packed

saturated phospholipids forming a liquid ordered phase, which is more stable and

less fluid than the liquid disordered phase constituting the rest of the membrane.

Here we discuss the interaction of DNA amphiphiles with cell membranes, which

provide biological applications from diagnostics to biomedicine.

1.4.1 Anchoring DNA Amphiphiles on Cell Membranes

DNA amphiphiles interact with cell membranes by hydrophobic interactions. In

model membranes, DNA amphiphiles dissociate from their micellar aggregates

and integrate in model membranes spontaneously.[54] Next to model membranes,

DNA micelles have a strong affinity toward the cell membrane. The hydropho-

bicity of the DNA amphiphile influences the anchoring on cell membranes, as

illustrated by a series of oligonucleotides conjugated to alkyl chains with either 12,

18, or 26 carbons, tested in a range of mammalian cell types.[85] A strong correla-

tion exists between lipid length and the efficiency with which the amphiphiles are

incorporated: nonfunctionalized DNA shows negligible incorporation, while for

DNA with C12 and C18 tails, an intermediate insertion efficiency is observed and

best piercing into cell membranes is detected for C26. Thereby, ssDNA strands

conjugated with fatty acid tails are in a dynamic equilibrium with the culture

medium, but when hybridized with its complementary ssDNA that is conjugated

with a fatty acid as well, the construct remains in the cell membrane.[86] Due to

double anchoring of the duplex, its interaction with membrane lipids is enhanced,

hence the construct remained incorporated into the lipid bilayer.

An alternative mechanism for interaction of amphiphilic DNA with cell mem-

branes is through receptor-mediated ligand binding. In general, two types of

receptor-mediated ligand interactions are involved: Direct and indirect ones. The

DNA segment of the amphiphile can be an aptamer, which selectively targets a
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cell membrane receptor.[12] Thus, the amphiphilic DNA attaches to the cell mem-

brane directly. Another receptor-mediated ligand interaction occurs through an

indirect pathway: The lipophilic tail of amphiphilic DNA binds to lipoproteins or

other proteins, which are subsequently recognized by the corresponding receptors

on the cell membrane. For instance, cholesterol conjugated siRNA can be bound

to lipoprotein after intravenous injection into mice.[87] The high binding affin-

ity of lipoprotein to cellular scavenger receptor SR-BI facilitates the interaction

of cholesterol-siRNA amphiphiles with the cell membrane. Similarly, octadecyl

tails of amphiphilic DNA bound with albumin and the resulting aggregate was

recognized by cell surface albumin receptors Gp18 and Gp30.[8]

1.4.2 Factors Influencing the Interaction between DNA Amphiphiles and

Cell Membranes

When investigating the interaction efficiency of DNA amphiphiles with cell mem-

branes, one key factor is the structure of the DNA in the amphiphile. Amphiphilic

DNA with long DNA sequences incorporates slower into the cell membrane than

ones with short nucleic acid chains, because longer DNA forms large micelles with

a more densely charged corona, which reduces the availability of the hydropho-

bic domain.[54] Another possibility is that longer oligonucleotides contain more

anionic phosphate groups, which are repelled by the anionic glycocalyx on cell

surfaces.[85] Next to this, the hydrophobic tail of DNA amphiphiles influences

the interaction: diacyllipids DNA have a high affinity for insertion into the cell

membrane, single chain C18 lipid DNA shows modest incorporation, while choles-

terol modified DNA exhibits the lowest affinity.[43] Related to these experiments, a

single acyl chain DNA-mediated membrane anchoring is insufficient to mediate

cell–cell adhesion, but the cell–cell interaction is achieved when diacyllipids are

used.[89] Moreover, different lipid tails show preference for various lipid domains:

In liposome membranes, diacyllipids mainly anchor to liquid or liquid-ordered

domains, while tocopherols anchor exclusively to liquid-disordered domains.

Cholesterols incorporate into membranes depending on the lipid composition

of the membrane. Thus, DNA amphiphiles show preference for lipid domains

on cell membranes.[84] Due to the fact that the lipid composition varies with cell
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type, different lipid tails can direct amphiphilic DNA to different cell types.[87]

The interaction between amphiphile and cell membrane also depends on the

amount of amphiphilic DNA. The number of amphiphilic DNA molecules that can

be anchored to the cell membrane depends on the initial concentration of DNA

amphiphile in the culture medium.[12, 85] A higher starting concentration leads to

a higher density of DNA tethering. For interactions driven by aptamer recognition,

densely packed aptamers on an amphiphilic micelle induce a multivalent effect,

which leads to higher affinity for the cellular membranes.[10]

Moreover, the cell culture medium influences the interaction of DNA amphiphiles

with the membrane. The culture medium affects the anchoring efficiency in

the decreasing order: PBS > DMEM > PBS with 10% FBS (Fetal Bovine Serum) >

DMEM with 10% FBS.[85] The components in the cell culture medium alter the

interaction between amphiphilic DNA and cell membranes. For instance, albu-

min in albumin-rich culture medium binds the lipid domain and forms a complex

that prevents amphiphilic DNA inserting into the cell membrane.[88] Hence, cell

membranes display additional features that influence their interaction with DNA

amphiphiles. It is important to consider their more complex structure compared

to model membranes when applying DNA amphiphiles in living systems.

1.4.3 Stability of the Complex between DNA Amphiphiles and Cell Mem-

branes

After binding to the cell membrane, DNA amphiphiles or their assemblies are

not static in space and time. Instead, they are in a dynamic exchange with the

medium, they can be degraded and they can be subjected to endocytosis.

All DNA amphiphiles are in equilibrium between the aqueous medium and the

cell surface. Even though a DNA sequence is connected to a long lipid tail, like C26,

it still displays characteristic re-equilibration. A gradual loss of lipid DNA on the

membrane occurs when replacing the cell culture medium.[85] This loss is a result

of adjusting a new equilibrium between DNA amphiphile on the cell membrane

and the culture medium. DNA conjugated to an alkyl chain showed a gradual

decay on the cell surface.[90] After the first hour of incubation, only < 20% loss was
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observed. However, after 2.5 h only 50% of the initial amount of DNA was present

on the cell surface. When incubated for 24 h, only a very weak signal originating

from the DNA remained. This gradual decay is temperature-dependent: surface

anchored DNA decayed to 86% of its initial concentration after 160 min at 25 °C,

while 67% of its initial concentration was left after the same time period at 37

°C.[89]

Amphiphilic DNA anchors to the outer leaflet of the cell membrane and is sub-

jected to slow endocytosis. C18 and cholesterol modified oligonucleotides are

taken up by cells via an energy-dependent mechanism rather than by passive dif-

fusion.[39] Indeed, some of the DNA amphiphiles enter cells via endocytosis, while

the majority possibly flips and translocates from the cell surface to the organelles

during membrane recycling. As micelles, amphiphilic DNA locates initially close

to the cell membrane, then disassembles and fuses with the cell membrane.[91]

This cellular uptake of a DNA amphiphile micelle represents a similar uptake

mechanism compared to other amphiphilic molecules.[54] For interactions driven

by receptor binding, endocytosis is suggested as the subsequent step after binding

of the amphiphilic DNA or amphiphilic DNA embedded lipoprotein with the

receptors. These complexes are recognized by corresponding receptors on the cell

membrane and subsequently enter cells via receptor-mediated endocytosis.[92]

1.4.4 Characteristics of DNA Amphiphiles Interacting with Cell Mem-

branes

Amphiphilic DNA and its assemblies interact efficiently with cell membranes and

hence offer a facile strategy for further manipulating the cell surface. A major

characteristic is that amphiphilic DNA allows convenient cell surface modification.

Other common strategies for presenting DNA at cell surfaces, such as expression

of a DNA binding domain of a protein at the cell surface,[93] covalent attachment

of DNA to functional groups at the membrane,[94, 95] or a DNA aptamer that binds

membrane target sites,[96] either involve complicated stepwise processes or can

only be applied to very limited membrane targets. Instead, employing amphiphilic

DNA to modify a cell surface is simple and quick. Coincubating amphiphilic

DNA with cells allows spontaneous insertion of the amphiphiles into the cell
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membrane. This process is fast and can be performed within only 3 min.[90]

Moreover, amphiphilic DNA can be anchored to different cell types, including

natural killer cells,[43] T cells,[12] and cancerous cells.[11] This quick modification

procedure results in stable anchoring of the DNA in the membrane: the majority of

diacyllipid-DNA locates on the outer leaflet and remains even after 2 h incubation

with cells at 37 °C.[89] The easily accessible DNA on the membrane is a highly

versatile technology platform in vitro and in vivo. To target cell membranes in

vivo DNA amphiphiles can be administered locally. DNA amphiphiles injected

into mice remained 72 h at the injection site, which reduced to 4 h with DNA that

does not contain a hydrophobic tail.[43] More important, compared with nucleic

acids coated on nanoparticles,[97] modifying cell membrane by amphiphilic DNA

insertion is noninvasive and does not involve inorganic components.

1.5 Applications

Hydrophobic domains within nucleic acids allow their easy incorporation into

lipid bilayers and facilitate their uptake by living cells. Here we will discuss the

biomedical functions of amphiphilic DNA structures, which can be derived from

this behavior.

1.5.1 Drug Delivery

Both amphiphilic micelle and liposome nanostructures can be exploited for drug

delivery. Until now, a number of examples have been reported demonstrating

highly efficient drug delivery with DNA amphiphiles and their assemblies in vitro

and in vivo.[12],[28],[30],[47] Our group loaded the hydrophobic anticancer drug

(Doxorubicin) into the interior of DNA-b-PPO micelles, which were taken up

through receptor-mediated endocytosis and significantly inhibited growth of

Caco-2 cancer cells. The cellular uptake of the micelles strongly depended on

the density of the recognition elements, i.e., folic acid, on the micellar surface.[15]

Moreover, DNA amphiphile micelles were very well suited for loading another

hydrophobic anticancer drug: paclitaxel.[39]

Recently, we tackled in vivo functionality of the DNA amphiphiles micelle even
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with human tissue in the context of ophthalmology for treating eye infections.[16]

Therefore, different antibiotics were loaded into the DNA amphiphile micelles

(Fig. 1.5a). Aptamers were complexed with an aminoglycoside, i.e., DNA aptamer

for Kanamycin B or RNA aptamer for Neomycin B, and subsequently conjugated

at the 3’end of the DNA amphiphiles through hybridization. Compared with

pristine drugs, the DNA amphiphile micelles showed extended residence time on

the ocular surface and improved efficiency on the cornea in vitro and in vivo. This

study highlights the potential applicability of amphiphilic DNA-based materials

in the clinic.

Figure 1.5 | (a) Schematic of DNA micelles for treating eye infections. Lipid-modified DNA strands
form micelles and were then hybridized with antibiotics loaded aptamers. Upon administration to
the eye, DNA micelles adhere to the cornea and release antibiotics to treat infections. Reproduced
with permission.[16] Copyright 2018, Elsevier. (b) Illustration of targeting cancer cells (cyan)
with aptamer-modified immune cells (red). Immune cells were equipped with lipid modified
DNA aptamer, which targets the cancer cell surface. When cancer cells are mixed with normal
cells, immune cells only recognize cancer cells by their surface anchored aptamer and then kill
cancer cells. Reproduced from ref. [12]. (c) Schematic of lipid DNA micelles as CpG carrier. Lipid
conjugated DNA forms micelle and was then hybridized with different amounts of CpG sequences
to form immunostimulatory nanoparticles (INPs) with different degree of CpG functionalization.
These INPs activated immune responses both in vitro and in vivo. Reproduced with permission.[98]

Copyright 2018, Elsevier. (d) Assembly of liposomal spherical nucleic acids by anchoring tocopherol
modified DNA to DOPC small unilamellar liposomes. Reproduced with permission.[22] Copyright
2014, American Chemical Society.

Most recently, a lipid-conjugated drug-incorporated oligonucleotide was devel-
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oped for hitchhiking with endogenous serum albumin for cancer chemother-

apy.[88] By incorporating a hydrophobic lipid tail, floxuridine homomeric oligonu-

cleotides inserted into the hydrophobic pocket of albumin to form complexes

which accumulate at the tumor site by the enhanced permeability and retention

(EPR) effect and internalize into the lysosomes of cancer cells after intravenous in-

jection. Upon enzymatic degradation, the cytotoxic floxuridine monophosphate

is released and inhibited cancer cell proliferation.

1.5.2 Immunotherapy

Furthermore, DNA amphiphiles and their self-assembled structures find applica-

tion in immunotherapy. Surface anchoring of DNA amphiphiles directed immune

cells to their target cells: modification of natural killer (NK) cells with an ap-

tamer named KK1B10 (Fig. 1.5b) resulted in specific targeting of cancer cells, i.e.,

chronic myelogenous leukemia cell line K562. This resulted in 50% increased

killing efficiency of NK cells toward K562 cancer cells, compared with unmodified

NK cells.[12] The higher killing efficiency was likely due to the better targeting

efficiency of NK cells when the DNA aptamer amphiphile is attached. Moreover,

the selectivity of the aptamer modified NK cells was demonstrated when the target

K562 cells are mixed with an excess of nontargeted cells.

In a different approach, the immunological effects of DNA amphiphile micelles

decorated with the immune adjuvant (CpG) were studied in vivo.[98] Different

amounts of immunostimulatory adjuvants were established on the surface of

spherical micelles through simple stoichiometric incorporation (Fig. 1.5c). After

that, a full immunological assay, including phagocytosis, the expression of costim-

ulatory molecules, and the production of proinflammatory cytokines in spleen

dendritic cells (DCs) was evaluated and analyzed. As a result, dose-dependent

activation of spleen DCs by CpG-conjugated micelles was observed, which was

accompanied by the pronounced up-regulation of costimulatory molecule and

cytokine production. In addition, labeling 50% of the DNA amphiphile micelles

with the CpG segment can fully induce the activation of spleen DC. The straight-

forward functionalization by DNA duplex formation makes the DNA amphiphile

micelles a biocompatible and scalable delivery platform for immunostimulation
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and immunotherapy. Since such DNA micelles still exhibit single-stranded DNA

on the surface ready for hybridization, these sites could be easily exploited for

the incorporation of antigens to boost the generation of humoral and cellular

vaccine-specific immune responses.

1.5.3 Gene Silencing

Gene silencing offers the potential to cure certain diseases by down-regulating the

disease-causing gene expression and protein production.[8] One of the most

widely used gene silencing strategies is exogenously derived single-stranded

antisense oligonucleotides (ASOs). As discussed in the introduction part, the

intrinsic physicochemical properties of ASOs, such as negative charges, high hy-

drophilicity, and high molecular weight, prevent their efficient delivery to the

intracellular target site.[99] To this end, conjugation of hydrophobic moieties to

ASOs has been used as a safer and straightforward strategy to assist their cellu-

lar uptake.[100, 101, 102] Early studies from the 1980s used cholesteryl conjugated

oligonucleotides to inhibit HIV infections[103, 104] or targeted the intercellular

adhesion molecule-1 gene.[105] Later, hydrocarbon lipids were conjugated to

oligonucleotides to assist antisense efficiency: Barthélémy et al. proposed an

example involving lipid moieties that were connected to oligonucleotides via click

chemistry, which promoted cellular uptake.[39] As a result, the hepatitis C virus

(HCV) internal ribosome entry site (IRES)-mediated translation was effectively

suppressed. Interestingly, when the ASO was conjugated to a C18 lipid or choles-

terol unit, a dose-dependent reduction of the translation was measured in the

Huh7 cell line. More importantly, the biological activity of the oligonucleotide

was not affected by the lipid conjugation and toxicity was negligible at relevant

concentrations. In another notable example, Mirkin and coworkers synthesized

a spherical nucleic acid nanostructure, which consists of a liposomal core (30

nm) stabilized with a dense shell of tocopherol-modified DNA that intercalates

between the phospholipids and defines the liposomal structure (Fig. 1.5d).[22] By

using commercially available and FDA-approved building blocks, they demon-

strated that such monodisperse DNA-functionalized liposomes remain stable

with no change in dispersity for at least 4 days at 37 °C. This behavior is contrary
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to native nonfunctionalized liposomes, which tend to fuse and form large poly-

disperse structures under such conditions. The obtained spherical nucleic acid

architecture did not only stabilize the liposomal constructs but rapidly entered

multiple cell lines and resulted in effective gene knockdown of HER2 in SKOV-3

cells.

1.5.4 Sensing the Extra and Intracellular Environment

Tracking cell functions, metabolism, and cell–cell signaling in their native cel-

lular environment has enormous implications for cell biology and regenerative

medicine.[106] For the past few decades, molecular sensors[107, 108] or nanoparti-

cles[109] tethered on the membrane surface have been utilized to monitor such

cell activities. However, these sensors exhibit several drawbacks, such as limited

targets, a need for complicated chemical modification, allowing measurements

only under model conditions, or they do not monitor in real-time.[106] Fortunately,

as a relatively new cell surface biosensor, amphiphilic DNA outperforms other

methods in several aspects. First, aptamers can be selected via a process called

systematic evolution of ligands by exponential enrichment (SELEX) to specifically

bind to certain target molecules, such as metal ions, small organic molecules

or proteins with high affinity. Second, the straightforward functionalization of

DNA with fluorophores facilitates signal readout by means of photoluminescence.

Furthermore, hydrophobic tags permit anchoring of the biosensor to the cell

membrane. Finally and importantly, DNA hybridization or the fast response of

DNA aptamers to their targets render monitoring in real time and in situ with high

spatiotemporal resolution feasible. However, sometimes the action of aptamers is

compromised by nuclease degradation, variability of pharmacokinetics or rapid

renal filtration in native environments.[110] To overcome these limitations, their

activity or persistence under physiological conditions were optimized during

selection.[3] Another means of stabilization represents the introduction of chem-

ical modifications to decrease enzymatic digestion, and PEGylation to prolong

circulation times.[111]

So far, amphiphilic DNA has been used to monitor metal ions,[112] pH[113] and

chemical transmitters[41] in cellular environment. Another notable example is
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the measurement of formation of lipid membrane domains to monitor and un-

derstand the dynamic signaling interactions on the cell surface (Fig. 1.6a).[40]

To achieve this, a ssDNA strand named S1 was anchored to the cell membrane

via a hydrophobic lipid unit and was partially hybridized with a blocking strand

B. Similarly, a S2 strand was anchored at a second anchor site and was partially

hybridized with a walker strand W. An initiator strand can completely remove the

blocking strand from the S1 strand by a strand displacement reaction, leaving S1

free for hybridization. Because strand W from the S2 site hybridizes preferentially

with the free S1 strand, it will translocate when both sequences are in close prox-

imity. To observe this displacement, strand S1 and strand W were labeled with a

fluorescence resonance energy transfer (FRET) pair, leading to quenched fluores-

cence. The FRET efficiency becomes a measure of the lipid domain encounter rate

since the DNA amphiphiles were anchored in different lipid domains. Three lipid

tails were attached to the nucleic acid moieties, i.e., diacyllipid, cholesterol, and

tocopherol, to specifically locate DNA strands in different cellular lipid domains.

This method transduces transient encounters of nanodomains into a cumulative

cell surface fluorescence signal and thus allows to detect signaling events on live

cell membranes.
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Figure 1.6 | (a) Schematic illustration of using a DNA probe to measure the encounter rate of
lipid domains on live cell membranes. The S1 strand is anchored to the cell membrane and is
partially hybridized with a blocking strand B. Similarly, the S2 strand is anchored at a second
anchor site and partially hybridized with a walker strand W. When an initiator stand I is introduced
to the system, it removes strand B from S1, leaving S1 free for hybridization. Since the walker
strand from the S2 site has priority to hybridize with this free S1 strand over its own S2 strand, it
will translocate from the S2 site to the S1 site once both strands meet each other. Since the S1
and S2 stands are labeled with FRET dyes, once they encounter each other, the fluorescence is
quenched. Reproduced with permission.[40] (b) Working principle of switchable aptamer micelle
flares for ATP imaging inside living cells. On the left, aptamers are folded, while upon binding
the target molecule, the aptamer unfolds leading to a dequenching of fluorescence (right side).
Reproduced with permission.[91] (c) Two populations of cells exhibit anchored DNA on their
membranes. When mixed together, hybridization of membrane-embedded DNA induces cell–cell
contact. Reproduced with permission.[114] (d) Illustration of microtissues constructed by DNA
hybridization. (1) Illustration of cell adherence by DNA hybridization. One type of cell is anchored
with a particular DNA strand on the membrane. The other cell type is functionalized with the
complementary DNA strand. (2) When the two cell types are mixed, hybridization induces cell-
to-cell aggregation. (3) Formation of microtissue by DNA hybridization. Iteration of this process
allows assembling microtissues into the third dimension. Reproduced with permission.[115]
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Apart from probing the cell surface, amphiphilic DNA was utilized for imaging

and detecting intracellular parameters such as the level of ATP.[91] A switchable

aptamer-containing micelle flare allowed detection of ATP within cells (Fig. 1.6b).

This design implicated three segments with a DNA layer that folds into an aptamer

loop against ATP. The hydrophobic segment was a diacyllipid tail, with a PEG

unit as spacer between the DNA and the hydrophobic tail. A fluorophore and a

quencher were covalently attached to 3’ and 5’ ends. Once ATP is binding, the

DNA loop opens, leading to an increase of fluorescence. Due to the fact that the

micelles interacted with the cell membrane and were internalized into cells, ATP

in both membrane and cytosolic environment could be detected.

1.5.5 Cell Capture and Assembly

Similar as the DNA amphiphile mediated liposome assembly discussed before,

when tethered onto the cell membrane, the amphiphilic DNA facilitates cell cap-

ture and assembly through the specific and fast recognition properties of the

nucleic acids. The length of the DNA strands is of crucial importance for the

successful cell to cell contact by hybridization.[89] A 20-mer DNA strand on the

cell surface cannot hybridize with its complementary sequence due to steric

hindrance provided by the dense glycocalyx layer. However, a 60- and 80-mer

poly(dT) spacer inserted between the lipid anchor and the DNA recognition ele-

ment that will hybridize, significantly increases the cell adhesion to other surfaces.

Eventually, DNA-anchored on cell surfaces can be linked to surface-anchored

complementary DNA.

The accessibility of cell membranes with anchored DNA amphiphiles also facil-

itates cell assembly and microtissue formation. In one example, Bertozzi et al.

linked nonadherent Jurkat cells together by employing DNA anchored on their

surfaces (Fig. 1.6c).[114] This group found that the most important parameters

for cell assembly are the cell concentration, DNA density on the cell surface, and

DNA sequence complexity. Since the cells are attached to each other through

DNA hybridization, this process can be reversed by DNase addition or thermal

melting. This allows the construction of microtissues with defined cell composi-

tion and stoichiometry. This approach can be extended in a bottom-up strategy
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that uses a DNA-patterned substrate as a template and temporary DNA-based

cellular adhesions as synthetic linkages between cellular building blocks for tissue

engineering in 3D (Fig. 1.6d).[115] In this way, the construction of arrays of 3D cell

cultures with many tunable parameters was feasible. In the same study, template

DNA was linked to a glass slide to form DNA patterns. Then, a PDMS flow channel

was placed on top of the DNA pattern. A cell population functionalized on the

surface with complementary DNA to the template DNA was added to the flow

channel, which directed the cells to the designed 2D pattern. The formed cell

pattern could be released by enzymatic cleavage of the DNA. Embedding such

microtissues constructed from DNA in gels allows to study the influence of tissue

size, shape and composition on cell behaviors in 3D.

1.5.6 Complex DNA Nanostructures on and in the Cell Membrane

The extraordinary self-recognition and hybridization properties of DNA can be

applied for creating various programmable nanostructures.[116] An exceptional

form of DNA amphiphiles are DNA-based nanopores. DNA-based nanopores

open exciting opportunities in the field of bio-nanotechnology, as shown by their

protein-based counterparts.[117] Single-stranded nucleic acid scaffolds together

with staple strands or short oligonucleotides can fold into DNA-based nanopores.

When conjugated to hydrophobic units, the otherwise hydrophilic nanopores

insert into synthetic lipid membranes.[118, 119, 120, 121] Moreover, these nanopores

interact with biological membranes (Fig. 1.7a).[122] A notable example is a DNA

nanopore with a 2 nm opening and an outer diameter of 5.5 nm and a height of

14 nm, which contained a hydrophobic belt with 72 ethyl phosphorothioates at

the bottom of the pore to direct insertion into the cell membrane. After incubat-

ing these nanostructures with cervical cancer cells, the DNA nanopores mainly

located at the membrane and caused cell death. Nanopores that did not contain

a hydrophobic belt were mostly internalized by the cancer cells. The cytotoxic

effect of DNA-based nanopores could allow for anticancer activity, albeit for true

applications the selectivity needs to be improved.
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Figure 1.7 | (a) A membrane-spanning DNA nanopore (NP) with cytotoxic activity and three negative
control nanostructures. (1) The NP-EP pore is composed of a six-duplex bundle (blue) and a
hydrophobic belt (purple) made up of 72 ethyl phosphorothioate (EP) groups. (2) Inserting of
NP-EP pores into cellular membrane induces cell death. (3) NP-P features phosphorothioate
groups but no hydrophobic ethyl modification. (4) NP contains native phosphate groups. (5) NNP
contains EP groups but lacks three of the six strands required to generate the six-duplex bundle
nanopore. Reproduced from ref. [122]. (b) Design of the lipid-scrambling DNA nanostructure.
Reproduced with permission.[123] Copyright 2018, Nature Publishing Group. (c) Illustration of the
sequential MBB functionalization steps. Oligos (MIO) are first integrated into the cell membrane,
then bridge oligos hybridize with MIO strands followed by bridge fortifier oligo hybridization. Lastly,
membrane bound breadboard (MBB) binds to the cell membrane by hybridizing with bridge oligos.
Reproduced from ref. [124].

Apart from a cytotoxic effect, DNA nanostructures on cell membranes enable the

transport of membrane lipids. A lipid-scrambling DNA nanostructure, consisting

of only eight DNA strands, which were modified by tetraethylenglycol (TEG)-

cholesterol (Fig. 1.7b),[123] spontaneously inserts into biological membranes by

forming a toroidal pore that connects the inner and outer leaflets of the mem-

brane. The inserted nanostructure facilitates the exchange of lipid molecules

between the inner and outer bilayer leaflets rapidly equilibrating the lipid com-

position. The rate of lipid transport catalyzed by the DNA nanostructure is three
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orders of magnitude higher than that reported for lipid transport catalyzed by

natural enzymes. The stable DNA-induced toroidal lipid pore likely induces this

exceptional transport behavior. The DNA-based artificial scramblase also showed

translocation of phosphatidylserine lipids from the inner membrane leaflet to the

outer leaflet of human cancer cells.

Besides insertion, DNA-origami nanodevices can be placed onto the surface of

living cells (Fig. 1.7c).[124] The membrane can be functionalized by anchoring

DNA to the cell surface via cholesterol insertion into the membrane, followed

by binding of a bridge-oligonucleotide that partially hybridizes with this surface

DNA. The bridging oligo allows binding of the membrane-bound breadboard

(MBB) binding sites, but also offers the possibility of removal of this MBB from

another surface via a strand displacement reaction. Several cell types can be

functionalized with MBBs, including primary, endothelial, and lymphoma cells.

Furthermore, the MBB can be released from cell surfaces when a detachment

strand is added. By using DNA origami nanodevices as engineering tools, MBB

acts as a mediator for either homotypic or heterotypic cell–cell interactions, which

mimic complex biological processes on the cell membrane.

1.6 Conclusions and Perspective

DNA-based materials have exceptional properties in regard to structural design.

Compared to other building blocks like peptides, proteins, and synthetic macro-

molecules, DNA allows the bottom-up construction of complex architectures

and tuning the interaction energy between complementary DNA strands. Recent

progress in the design and functionalities of DNA amphiphiles builds on these

remarkable properties to implement DNA hybrid materials into the application ar-

eas of diagnostics and biomedicine. These efforts are enabled by well-established

protocols to synthesize amphiphilic DNA molecules and their commercial avail-

ability. Moreover, the topology and interactions of amphiphilic DNA is highly

controllable, and their aggregation behavior into superstructures such as micelles

or liposomes, but also many other geometries can be precisely adjusted. It is

possible to tune their size, switch their assembly state, and modify their surfaces
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at will through duplex formation. With their hydrophobic units, amphiphilic DNA

hybrids further provide a simple and efficient strategy for membrane modification

of living cells. This simple functionalization procedure allows further cell surface

engineering, cell assembly, and facilitates potential sensing applications.

Despite these many favorable properties of DNA amphiphiles, certain challenges

need to be overcome before translating them further toward the clinic. One of

the most critical issues is the biological stability. Although enhanced enzymatic

stability was reported for DNA amphiphile micelles,[64] it remains a challenge to

minimize nuclease degradation, especially in vivo. Next to this, upon exposure to

biological medium, amphiphilic DNA structures are encapsulated by a protein

corona,[125] which possibly shields recognition elements on the surface and com-

promises its targeting efficiency. Another big challenge represents maintaining

the solubility of amphiphilic DNA in biological media and its activity on mem-

branes. Proteins from serum, like albumin or lipoproteins, are well known to form

stable complexes with amphiphilic DNA,[126, 127] thus preventing their desired

functions. Approaches to prevent such interactions of amphiphilic DNA with

serum proteins are urgently needed for extending biomedical applications.[128]

Furthermore, amphiphilic DNA molecules in micelle assemblies are always in a

dynamic equilibrium within their environment: strong dilution after intravenous

injection might result in concentrations below the CMC, which leads to disas-

sembly of micelles and drug release before reaching the target.[129, 130] To prevent

this, the biological stability of amphiphilic DNA micelle needs to be adjusted to

the desired delivery function. It has been shown that covalent cross-linking of

the lipid DNA molecules can for example increase the stability of the assembled

nanostructures,[65] and therefore we foresee that this challenge will be overcome

in the near future.

Although the introduction of a hydrophobic segment into the nucleic acid am-

phiphiles is essential for their function, the biocompatibility and biosafety of

these hybrids should be taken into consideration, especially toward clinical trans-

lation. For example, too many lipid-DNA insertions in the membrane will lead to

cell membrane disturbance, damage, and cell death.[12],[85] Since the insertion

mechanism into membranes, which is mediated by hydrophobic interactions, is
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not specific for a given cell type, it is essential that additional features for selective

incorporation are introduced. A notable example of such an effort is labeling

the DNA amphiphiles with folic acid to target cancer cells.[15] At this stage, most

studies on the biocompatibility of DNA amphiphiles were conducted using cell

cytotoxicity evaluation, while only a few studies investigated their local or system-

atic toxicity in vivo.[16],[43] As more and more DNA amphiphiles are developed for

biomedical applications, these activities need to be extended for more compre-

hensive toxicological evaluations, such as cell membrane damage, cell signaling

interference, oxidative stress, genotoxicity, etc., which are required for predicting

long-term biosafety.

Since a lot of knowledge and control over synthesis and assembly mechanisms

of DNA amphiphiles have been gained, we are in an excellent position to explore

the unique properties of DNA amphiphiles when combined with hydrophobic

molecules. Similar as native protein clusters on cell membranes, DNA nanos-

tructures (not limited to nanopores) might act as artificial gate for intracellu-

lar/extracellular transportation, as means for cellular environment regulation and

as tool to regulate cellular signaling. From the perspective of synthetic biology, the

exciting examples of interfacing DNA amphiphiles with membranes will fuel fur-

ther activities regarding artificial cell engineering, cell assembly and novel tissue

formation.[131] Moreover, DNA amphiphiles might find potential applications in

cell-based therapy. In addition to immune cells, amphiphilic DNA nanostructure

hitchhiked on other circulatory cells merits more investigations.[132]

Taken together, DNA amphiphiles are at a stage where a large variety of nucleic

acid materials is readily available, hence several structural designs were investi-

gated in combination with living sytsems, especially addressing potential biomedi-

cal applications. We predict a further growth in this area addressing more complex

functions including the fields of oncology, vaccination and theranostics.

1.7 Thesis Motivation and Overview

DNA is more than a carrier of genetic information: it is a highly versatile structural

motif for the assembly of nanostructures, giving rise to a wide range of functional-

33



1. DNA Nanotechnology Enters Cell Membranes

ities. The structure programmability and predictability is the main advantage of

DNA over peptides, proteins, and small molecules. DNA amphiphiles in which

DNA is covalently bound to synthetic hydrophobic moieties allow interactions

of DNA nanostructures with artificial lipid bilayers and cell membranes. These

structures have seen rapid growth with great potential for medical applications.

In Chapter 2, interaction of amphiphilic DNA with liposome membranes was

first addressed. Anchoring to liposome membrane showed a liposome compo-

sition independent manner. Under the tested condition, nearly half of input

amphiphilic DNA can be incorporated to the outer membrane leaflet and allows

full access to hybridization. In the second part of this chapter, amphiphilic DNA

interaction with cell membrane was investigated. It was found that amphiphilic

DNA can anchor to the cell membrane due to its hydrophobic interaction with

cell membrane lipids, regardless of cell types. This type incorporation was quite

stable up to several hours.

Safety and efficacy, two significant parameters in drug administration, can be

improved by site-specific delivery approaches. DNA poses the features of great

specificity and high programmability. Thus, in Chapter 3, DNA hybridization

recognition mechanism was employed to enable a fast, efficient, and targeted

liposome delivery system. For this purpose, lipid-terminated DNA was inserted in

both liposome and cell membranes by simple mixing of the components. Cellular

accumulation of cargo encapsulated in the liposomal core was substantially en-

hanced when the DNA sequence on the cell was complementary to that on the

liposome. Additionally, in mixed cell populations, liposomes discriminate targets

by their complementary DNA sequences. Exposure of cells to low temperature

and endocytosis inhibitors suggests a caveolae-dependent endocytosis uptake

pathway. Mechanistically, hybridization between DNA strands spatially traps

liposomes and cell membranes in close proximity, consequently increases the

local liposome concentration, and thereby enhances cellular uptake of liposomes

and their payloads. This programmable delivery system might contribute to new

applications in molecular biology and drug delivery.

After confirming that cellular membrane anchored DNA can be used as artifi-
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cial cell surface receptors to enhance specific liposome delivery, we expanded

liposomes to other drug carriers in Chapter 4. DNA tetrahedron, a simple DNA

nanostructure, was tailed with free overhangs that can hybridize with cell mem-

brane anchored DNA. After incubation with surface anchored cells, a significant

internalization of these DNA tetrahedron was observed, much higher than those

that can not hybridize. Moreover, the DNA mediated internalization of DNA func-

tionalized gold and polystyrene nanoparticles was studied.

The outstanding feature of DNA is not only its programmable scaffolding proper-

ties but the fact that its biological activity can be exploited as well. CpG oligodeoxy-

nucleotide is such a functional DNA. It targets Toll-like receptor 9 of dendritic

cells. Here in Chapter 5, immunostimulatory nanoparticles were synthesized by

hybridizing CpG to micelles or liposomes formed from amphiphilic DNA. Admin-

istration of these immunostimulatory soft nanoparticles in vivo together with

hard core (gold) nanoparticles resulted in distinct spleen dendritic cell activation.

Immunostimulatory micelles can effectively promote activation while liposome

and gold nanoparticle showed negligible or no effect.
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2. Amphiphilic DNA Anchoring to Membranes

2.1 Introduction

The biological membrane, known as plasma membrane, separates the cell cytosol

from the extracellular environment. The basic building block of the mammalian

cell membrane is a semi permeable lipid bilayer. Phospholipids, composed of a

polar head with phosphate group and two hydrophobic fatty acid tails, contribute

as a major part to the membrane. They form a bilayer by assembling hydrophobic

tails together while their hydrophilic heads facing either cytosol or extracellular

fluid. Most of the phospholipids of the cell membrane are unsaturated. Choles-

terol, another lipid component, is embedded between phospholipid molecules

and regulates membrane stiffness and stability. Although the cell membrane is

a closed, non leaky bilayer system, the individual phospholipid molecules are

dynamic and mobile. They move freely in two dimensions, providing cell mem-

brane with the fluidity. Cell membrane is not just a homogeneous unsaturated

lipid bilayer. It also has certain lipids enriched domains called lipid raft. Choles-

terol, sphingomyelin and tightly packed saturated phospholipids form these lipid

rafts and they are more stable and less fluid than the rest of membrane.[1] When

embedded with specific membrane proteins, these lipid rafts are essential for

cellular functions such as signal transduction and endocytosis. Apart from lipids,

cell membrane contains many proteins. These proteins make up about half of

the cellular membrane by mass and are responsible for many membrane func-

tions, like cell signaling,[2] cell-cell interactions and nutrient transportation.[3, 4]

Some of the lipids, proteins and other membrane constituents recycle between

the plasma membrane and intracellular endocytic compartments[5, 6] or between

different cells within the body by extracellular vesicles, known as exosomes.

Similar with the cell membrane, liposome is a small synthetic spherical structure

with an aqueous lumen sealed by a bilayer membrane. Its bilayer can be con-

structed from phospholipids and cholesterol, similar as a biological membrane.

The composition of liposome bilayer determines its rigidity. Unsaturated phos-

phatidylcholine species (for instance, DOPC and DOPE) are more fluidic thus less

stable as compared with saturated phospholipids with long acyl chains (DPPC as

an example) which forms a rigid and rather impermeable bilayer structure.[7] Li-

posomes have been long used in the clinic as nanocarriers for drug delivery, due to
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2.1. Introduction

their biocompatibility, self-assembly property and high drug loading capacity.[8]

Up to date, many liposome based products are available on the market for clinical

application, e.g., Doxil®, Ambisome®, Onivyde™, etc.[9]. To further improve their

colloidal stability and in vivo circulation time, conventional liposomes are then

PEGylated by adding 5 mol% PEG-lipid to the total lipid content.[10, 11] Moreover,

liposome membrane can be easily modified with many ligands, for instance DNA,

peptides or other small molecules (Fig. 2.1).[12] As being highly programmable

and functional, DNA is a quite attractive membrane modification. The most sim-

ple way to modify liposome surfaces with DNA is to anchor amphiphilic DNA to its

bilayer by hydrophobic interaction between hydrophobic part of the amphiphilic

DNA and membrane lipids.[13, 14, 15, 16, 17]

Previous reports of our group showed that dodec-1-yne-modified deoxyuridine

nucleotides could be incorporated into common DNA sequences[18] and the re-

sulting lipid DNA could be anchored to phospholipid-based liposome (DOPC,

DOPE, cholesterol) membrane in a straightforward manner[19]. Therefore, as

an extension of this work, we here explored the ability of lipid DNA anchoring

to different formulations of liposomes, namely, liposome made from unsatu-

rated phospholipids (DOPC:DOPE:cholesterol = 2:1:1), saturated phospholipids

(DPPC:cholesterol = 2:1) and their PEGylated form. Besides this, we further chal-

lenged to anchor lipid DNA to a more complicated bilayer system: the cell mem-

brane. To anchor DNA to membranes, oligonucleotides were conjugated with

either four (U4T23, U4T) or six (U6T) lipid modified deoxyuridine nucleotides.

Their sequences and the complementary sequences are detailed in Table 2.1 and

Fig. 2.2a.
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2. Amphiphilic DNA Anchoring to Membranes

Figure 2.1 | Schematic illustration of liposome surface modification.[12] (a) Conventional liposome
made of phospholipids; (b) PEGylated liposome contains a layer of polyethylene glycol (PEG) at the
surface; (c) Targeted liposome contains a specific targeting ligand; (d) Multi-functional liposome.

2.2 Results and Discussions

2.2.1 Lipid DNA Anchoring to Liposome Membrane

To prove anchoring of lipid DNA to liposomal membranes, fluorescence resonance

energy transfer (FRET) method established in previous work[19] was employed.

Lipid DNA (U4T) was first anchored to the liposome membrane (incorporated

with a fluorophore as an acceptor dye) and then hybridized with its complemen-

tary strand labeled with a donor dye. Hybridization should bring the donor and

the acceptor dye close enough to initiate FRET, as illustrated in Fig. 2.2b, (1).
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2.2. Results and Discussions

Name Sequence (5’ to 3’) Modification

U4T23 UUUUTTTGGGGGTTGAGGCTAAGCCGA 3-FAM

U4T UUUUGCGGATTCGTCTGC None

U6T UUUUUUGCGGATTCGTCTGC None

CU4T FAM GCAGACGAATCCGC 5-FAM

CU4T ATTO488 GCAGACGAATCCGC 3-ATTO488

Table 2.1 | Sequences and modifications of lipid DNA used in this chapter.

Figure 2.2 | (a) Schematic illustration of lipid DNA used in this chapter. U represents dodecyne
modified deoxyuridine nucleotide. The green star symbolizes fluorophore-modified DNA strands.
(b) Schematic illustration of lipid DNA anchoring proof and its quantification on liposomal mem-
brane. (1) FRET between a donor dye (green dot) and an acceptor dye (red dot) occurred on
liposome membrane upon hybridization of lipid DNA with its complementary strand. (2) Lipid
DNA quantification on liposome membrane after dialysis purification.

For quantification of membrane anchored lipid DNA, after dialysis of free unhy-

bridized strands, fluorescence intensity of the liposome solution was recorded

and compared with a calibration curve of free complementary strand to calculate

the membrane anchored lipid DNA and its hybridization efficiency, see Fig. 2.2b,

(2).
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2. Amphiphilic DNA Anchoring to Membranes

Lipid DNA Anchoring to Unsaturated Liposome

To prove the anchoring of U4T to the membrane of liposome made of unsaturated

phospholipids, U4T was first anchored to the liposome (DOPC:DOPE:rhodamine-

DHPE:cholesterol = 2:1:0.09:1, d = 100 nm). To do this, dried U4T was mixed with

phospholipids in ethanol. After solvent evaporation, freeze-drying cycles and size

reduction by extrusion, U4T anchored liposomes were prepared. The resulting

liposomes were hybridized with a complementary DNA modified with ATTO488

at the 3’ end (CU4T ATTO488). The hybridization of U4T and CU4T ATTO488

brought ATTO488 in close contact to rhodamine, initiating FRET. Upon lysis of the

liposomes with 0.3% Triton X-100, the distance between ATTO488 and rhodamine

increased, consequently decreasing the FRET efficiency, and hence proving the

successful strand hybridization on the liposome surface (Fig. 2.3a). In addition, a

gradual decrease of liposome surface zeta potential (Fig. 2.13b) was indicative of

successful U4T anchoring and hybridization. We subsequently quantified DNA

anchoring efficiency to the liposomal membrane by hybridizing U4T-anchored

liposomes with CU4T FAM. After dialysis and removal of the non-hybridized

components, FAM fluorescence intensity of the liposome in comparison with

the calibration curve of free CU4T FAM allowed us to calculate the amount of

CU4T FAM in the liposome solution (Fig. 2.3b). This amount corresponds to

roughly half of the U4T initially employed in the functionalization process and is

an expected value, as we suppose that lipid DNA also anchored to the inner leaflet

of the liposome membrane, inaccessible to CU4T FAM hybridization. Based on

Eq. 2.1 and 2.2, ca. 500 strands are estimated to be on each liposome surface.
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2.2. Results and Discussions

Figure 2.3 | Lipid DNA anchoring to unsaturated liposomal membrane. (a) FRET efficiency of
ATTO488 and rhodamine occurred on liposome. After adding 0.3% Triton X-100, FRET efficiency
decreased. D: maximum emission wavelength of donor dye ATTO488; A: maximum emission
wavelength of acceptor dye rhodamine. Black curve: before Triton X-100 addition; red curve: after
Triton X-100 addition. (b) Fluorescence intensity of CU4T FAM in liposome solution after dialysis of
free CU4T FAM. Black curve: relative fluorescence intensity of U4T anchored liposome solution.
Red curve: relative fluorescence intensity of non U4T anchored control liposome solution. Inset
graph is the calibration curve of free CU4T FAM. Black: curve plotted from experimental data; red:
fitted curve.

Lipid DNA Anchoring to Saturated Liposome

After confirming that U4T is able to anchor to unsaturated liposomes, we further

tried to anchor it to a saturated liposome composition (DPPC:cholesterol = 2:1)

with less membrane fluidity. Again, FRET of ATTO488 and rhodamine was used

to prove anchoring. Quite unexpectedly, we noticed a very weak FRET signal

as compared with that of unsaturated liposomes. After lysis with Triton X-100,

instead of decreasing, acceptor rhodamine fluorescence intensity increased two

fold (Fig. 2.4a). To address the reason for this behavior, rhodamine-DHPE in-

corporated liposomes wihout U4T anchoring were prepared and only negligible

rhodamin signal was observed. However, after Triton X-100 treatment, its signal

significantly increased up to 10 times (Fig. 2.4b). This measurement indicated

that rhodamine-DHPE incorporated into DPPC liposome domains, thus its flu-

orescence was quenched due to the high local concentration. Because of this

quenching effect, rhodamine-DHPE is not a suitable acceptor for DPPC liposomes.

Therefore, another lipophilic fluorophore, Nile red was employed as the acceptor.

After Triton X-100 lysis, decrease of Nile red signal and a large shift of its emission
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2. Amphiphilic DNA Anchoring to Membranes

peak was noticed (Fig. 2.4c). Whereas this is considered as an effect induced by

Triton X-100, not by the FRET process, as this was also seen from a bare liposome

with only Nile red embedded (Fig. 2.4d). We reasoned that Triton X-100 changes

the environment of Nile red by which its fluorescence is strongly influenced. Be-

sides, an increase of ATTO488 emission signal was seen, but it was decreased for

the control liposome without U4T anchoring (Fig. 2.4e). This is an indication

for the occurrence of FRET because after Triton X-100 addition, the liposomes

disassembled and FRET from ATTO488 to Nile red disappeared, thus emission of

ATTO488 itself increased which is not sensitive to the environmental polarity. In

control liposomes, since there was no FRET, only decrease of ATTO488 could be

seen as a result of sample dilution by Triton X-100. Although it is not easy to probe

lipid DNA anchoring to saturated liposome by the FRET method, the direct quan-

tification method by measuring fluorescent intensity of its complementary DNA

could definitely imply its successful anchoring and hybridization. Thus, anchored

U4T was quantified by hybridizing with CU4T FAM and a half anchoring to outer

leaflet and full hybridization was also detected (Fig. 2.4f), as for the unsaturated

liposome.
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2.2. Results and Discussions

Figure 2.4 | Lipid DNA anchoring to DPPC liposomal membrane. (a) FRET phenomenon of ATTO488
and rhodamine on DPPC liposome. After adding 0.3% Triton X-100, rhodamine signal increased.
D: maximum emission wavelength of donor dye ATTO488; A: maximum emission wavelength of
acceptor dye rhodamine. Black curve: before Triton X-100 addition; red curve: after Triton X-100
addition. (b) rhodamine-DHPE signal change after DPPC liposome lysis. After 0.3% Triton X-100,
rhodamine signal significantly increased. Black curve: before Triton X-100 addition; red curve:
after Triton X-100 addition. (c) FRET phenomenon of ATTO488 and Nile red on DPPC liposome.
D: maximum emission wavelength of donor dye ATTO488; A: maximum emission wavelength of
acceptor dye Nile red. Black curve: before Triton X-100 addition; red curve: after Triton X-100
addition. (d) Decrease of Nile red signal and shift of its emission wavelength after adding 0.3%
Triton X-100 to Nile red embedded DPPC liposome. (e) Excitation of Nile red incorporated DPPC
liposome with no U4T anchoring. Black curve: before Triton X-100 addition; red curve: after Triton
X-100 addition. (f) Fluorescence intensity of CU4T FAM in liposome solution after dialysis of free
CU4T FAM. Black curve: relative fluorescence intensity of U4T anchored liposome solution. Red
curve: relative fluorescence intensity of non U4T anchored control liposome solution. Inset graph
is the calibration curve of free CU4T FAM. Black: curve plotted from experimental data; red: fitted
curve.
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Lipid DNA Anchoring to PEGylated Liposome

For therapeutic applications, liposomes are widely formulated with additional 5%

PEG-lipid as PEGylation increases its circulation time and improves the enhanced

permeation retention (EPR) effect. Thus, here we tested whether lipid DNA could

also anchor to PEGylated liposomes with the hybridization method as shown

above. The signal of CU4T FAM in U4T anchored liposome solution was extremely

high whereas it was hardly detectable for the non-anchored control liposome in

both PEGylated non-saturated (Fig. 2.5a) and saturated liposomes (Fig. 2.5b).

Quantification of CU4T FAM signals indicated that PEG layer had no effect on

U4T anchoring in these liposomes.

Figure 2.5 | Lipid DNA anchoring on PEGylated liposomal membrane. Fluorescence intensity
of CU4T FAM from the liposome solution after dialysis of free CU4T FAM. Black curve: relative
fluorescence intensity of U4T anchored liposome solution. Red curve: relative fluorescence intensity
of non U4T anchored control liposome solution. Inset graph is the calibration curve of free CU4T
FAM. Black: curve plotted from experimental data; red: fitted curve. (a) Unsaturated liposome (b)
Saturated liposome.

2.2.2 Lipid DNA Anchoring to Cell Membrane

Since lipid DNA can be anchored to a variety of liposome membranes, we fur-

ther challenged the system to tether to a more complicated membrane: cellular

membranes. To do this, we incubated HeLa cells with a micellar solution of FAM-

modified lipid DNA (U4T23) for 20 min and analyzed cells by flow cytometry after

sufficient washing. To rule out nonspecific cellular adsorption and internaliza-

54



2.2. Results and Discussions

tion of the lipid DNA, a control DNA sequence without lipid tail (CU4T FAM)

was measured in addition. Analysis of the FAM emission signal clearly indicated

that cells incubated with U4T23 (Fig. 2.6a, orange) showed significantly higher

fluorescence intensity as compared to CU4T FAM treated control (Fig. 2.6a, blue)

or untreated cells (Fig. 2.6a, red). This significant signal difference highlights the

strong and selective interaction of lipid DNA with the cell surface. To evaluate the

hybridization feasibility of surface anchored lipid DNA, U4T anchored cells were

exposed to CU4T FAM. Flow cytometry data showed that only cells incubated

with both U4T and CU4T FAM showed an increased fluorescence signal (Fig. 2.6b,

orange). In stark contrast, untreated cells (Fig. 2.6b, red) and those incubated

only with CU4T FAM in the absence of the U4T anchors (Fig. 2.6b, blue), revealed

considerably lower fluorescence, eliminating nonspecific cellular adsorption or in-

ternalization of the CU4T FAM itself as source for the increased signal. Successful

anchoring of lipid DNA to another cell line, MDA-MB-468 proved our anchoring

method quite universal for cellular membrane modification (Fig. 2.14).
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2. Amphiphilic DNA Anchoring to Membranes

Figure 2.6 | Characterization of lipid DNA anchoring to cell membrane. (a) Top: schematic illus-
tration of anchoring U4T23 on HeLa cells. Bottom: flow cytometry analysis of U4T23 anchoring.
HeLa cells were incubated with U4T23 for 20 min before flow cytometry measurement. As a control,
cells were also incubated with CU4T FAM for 20 min. Red: untreated control cells; Blue: cells with
CU4T FAM; Orange: cells with U4T23. (b) Top: schematic illustration of hybridization of U4T on
HeLa cells. Bottom: flow cytometry analysis of U4T hybridization on HeLa cells. HeLa cells were
incubated with or without U4T for 20 min, then CU4T FAM was added and after an incubation
period of 15 min, flow cytometry measurements were performed. Red: untreated control cells; Blue:
cells without U4T; Orange: cells with U4T.

Homogeneous cell membrane distribution of CU4T was unambiguously con-

firmed by confocal laser scanning microscopy (CLSM), revealing that U4T was

uniformly located on the cell membrane and accessible for hybridization (Fig.

2.7).
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Figure 2.7 | CLSM micrograph of CU4T FAM distribution on U4T anchored HeLa cell membrane.
CU4T FAM was incubated with U4T anchored HeLa for 15 min. Scale bar: 40 µm.

Moreover, to demonstrate the hydrophobic interaction strength of the lipophilic

tails in lipid DNA and the cellular phospholipid layer, lipid DNA anchoring stability

was recorded over time. Therefore, cells were incubated with U4T for different

periods of time at 4 °C and hybridized with CU4T FAM afterwards. Subsequent

flow cytometry analysis indicated the relative remaining amount of U4T on the

cell membrane. Evidently, U4T anchorage was very stable on the cell surface

for up to 3 h and there was a minor decrease after 4 h incubation (Fig. 2.8a).

As low temperature decrease cell viability, thus a longer incubation time period

was performed at 37 °C. Surprisingly, even up to 15 h, there was no obvious loss

of anchored U4T. The significantly reduced signals for the measurement after

24 h possibly stem from lipid DNA degradation by nucleases in the cell growth

medium, cell proliferation, or spontaneous turnover of membrane lipids (Fig.

2.8b). To study whether increasing lipid DNA hydrophobicity has an effect on

its membrane stability, lipid DNA with six modified deoxyuridine nucleotides

(U6T) was synthesized and incubated with cells at 4 °C and 37 °C for the same

periods of time as U4T. U6T showed a more stable anchoring than U4T after 4 h

incubation at 4 °C (Fig. 2.8c). Quite surprisingly, when incubated with cells at 37

°C, a decrease of stability was noticed (Fig. 2.8d). This might be an effect of higher

cellular toxicity of U6T as compared to U4T (data not shown).
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2. Amphiphilic DNA Anchoring to Membranes

Figure 2.8 | Characterization of lipid DNA membrane anchoring stability. Seeded HeLa cells were
incubated with lipid DNA for 15 min, 1 h, 2 h, 3 h or 4 h at 4 °C or incubated for 15 min, 1 h, 4
h, 15 h, or 24 h at 37 °C. Afterwards, each sample was incubated with CU4T FAM for 15 min and
subsequently subjected to flow cytometry and CU4T FAM signal was compared. (a) U4T at 4 °C; (b)
U4T at 37 °C; (c) U6T at 4 °C; (d) U6T at 37 °C.

Lipid DNA Cellular Toxicity

For any biological application, cellular toxicity is of significant importance and

has to be tested before any further steps. Therefore, the effect of the U4T anchor

on HeLa cell over 48 h was tested. Fig. 2.9 indicated that toxicity of U4T is concen-

tration dependent and at up to 10 µM, its effect on cell viability is moderate.
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Figure 2.9 | Characterization of toxicity of lipid DNA anchoring to cell membrane. Seeded HeLa
cells were incubated with varied concentration of U4T for 48 hours at 37 °C. Afterwards, cell viability
was evaluated with XTT assay. Error bars indicate SD of the mean (n = 3).

2.3 Conclusion

Amphiphilic DNA spontaneously inserts into membranes. The driving force is the

hydrophobic interactions of the aliphatic chains of nucleobase and the hydropho-

bic part of the membrane. The nucleic acid moieties of membrane-anchored

amphiphilic DNA are free to hybridize with their complementary molecules from

the aqueous environment. Hydrophobic moieties of these amphiphilic DNA can

be cholesterol molecules[20, 21], single hydrocarbon chains[22, 23] or double hydro-

carbon chains[24, 25]. This study here demonstrated that amphiphilic DNA with

four hydrocarbon chains can anchor to both saturated (DOPC:DOPE:cholesterol

= 2:1:1) and unsaturated liposome membrane (DPPC:cholesterol = 2:1), even

to PEGylated formulations. Quantification of these membrane anchored lipid

DNA revealed that almost half of input lipid DNA locates in the outer leaflet of

liposome and is full accessible to its complementary sequence. It was also ob-

served by confocal microscopy that lipid DNA homogeneously anchors to the

cell membrane and this anchoring is applicable to several cell lines. Over time

test of cellular membrane lipid DNA reveals a high anchoring stability for several

hours. When increasing the hydrophobicity of lipid DNA by adding two more

hydrocarbon chains, its membrane anchoring stability is further improved but

cellular biocompatibility is compromised.
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2.4 Experimental Section

2.4.1 Materials

All chemicals and reagents purchased from commercial suppliers were used with-

out further purification unless noted. 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethano

lamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2k),

cholesterol (plant derived) and polycarbonate membranes with diameter of 100

nm were acquired from Avanti Polar lipids. Nile red, Triton X-100 was purchased

from Sigma Aldrich. Sephadex G-25 column PD-10 was from GE Healthcare. Dul-

becco’s Modified Eagle Medium (DMEM), fetal bovine serum, and PBS were pur-

chased from Lonza. Lissamine™ Rhodamine B 1,2-Dihexadecanoyl-sn-Glycero-

3-Phosphoethanolamine, Triethylammonium salt (rhodamine DHPE), phenol

red free DMEM, Penicillin/streptomycin and Trypsin were acquired from Thermo

Fisher Scientific. µ-Slide 8 well was obtained from ibidi. HeLa and MDA-MB-

468 cell lines and XTT cell proliferation assay kit were purchased from ATCC.

All oligonucleotides without lipid modification were purchased from biomers

purified by HPLC.
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2.4. Experimental Section

Figure 2.10 | Structures of lipids used in this chapter.

2.4.2 Lipid DNA Synthesis and Characterization

Figure 2.11 | Synthetic steps of lipid-DNA. a: C12H12, Palladium-tetrakis(triphenylphosphine), CuI,
DIPA, DMF, RT; b: 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite, DIPEA, CH2Cl2, RT; c:
DNA synthesizer; d: purification.

5-(dodec-1-ynyl) deoxyuracil and 5-(dodec-1-ynyl) deoxyuracil phosphoramidite

(Fig. 2.11) were synthesized as reported previously.[18] Then the modified uracil
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2. Amphiphilic DNA Anchoring to Membranes

phosphoramidite (0.15 M) was dissolved in acetonitrile, in the presence of 3Å molec-

ular sieves, and the prepared solution was directly connected to a DNA synthesizer

(ÄKTA OligoPilot Plus, GE Healthcare (Uppsala, Sweden)). Oligonucleotides were

synthesized on a 50 µmol scale using standard β-cyanoethylphosphoramidite

coupling chemistry. Deprotection and cleavage from the PS support was car-

ried out by incubation in concentrated aqueous ammonium hydroxide solution

overnight at 65 °C. Following deprotection, the oligonucleotides were purified by

reverse-phase chromatography, using a C15 RESOURCE RPC 3 mL reverse phase

column (GE Healthcare) through a custom gradient elution (A: triethylammo-

nium acetate (TEAAc, 100 mM) and MeCN (5%), B: TEAAc (100 mM) and MeCN

(65%)). Fractions were desalted using centrifugal dialysis membranes (MWCO

3000 g·mol−1). For FAM modification, 5’-fluorescein phosphoramidite (Glen Re-

search) was dissolved in MeCN according to manufacturer’s recommendation;

functionalization was performed using standard β-cyanoethylphosphoramidite

coupling chemistry. Oligonucleotide concentrations were determined by UV

absorbance using extinction coefficients. Finally, the identity and purity of the

oligonucleotides was confirmed by MALDI-TOF mass spectrometry (Fig. 2.12).
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Figure 2.12 | MALDI-TOF mass spectra of lipid-DNA used in the experiments. (a) U4T23 (calcd.:
9314 g·mol−1, found: 9451 g·mol−1), (b) U4T (calcd.: 6033 g·mol−1, found: 6096 g·mol−1), (c) U6T
(calcd.: 6915 g·mol−1, found: 6976 g·mol−1)

2.4.3 Liposome Preparation

31.23 nmol of U4T in MQ was dried by lyophilisation in a 10 mL glass vial. Then

248 µL mixture of DOPC, DOPE, cholesterol (2:1:1, 10.08 mM) in ethanol or 369

µL mixture of DPPC and cholesterol (2:1, 6.77 mM) in ethanol was added to

U4T dry layer. The molar ratio of liposome lipids (cholesterol is not included)

with U4T is 80. Ethanol was evaporated by a dry N2 stream. Dried lipid films

were then re-hydrated with PBS buffer. Lipid emulsions were sonicated for 5

min, then subjected to 5 freeze-thaw cycles and 21 times extrusion through a 100

nm polycarbonate membrane by a Mini Extruder (Avanti Polar lipids) at room

temperature.
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2.4.4 FRET Assay

For FRET analysis of U4T anchoring to DOPC DOPE liposomes, 3% Rhodamine-

DHPE was included in the liposome compositions. For FRET analysis of U4T

anchoring to DPPC liposome, 3% of Nile red was included in the liposome com-

positions. Then CU4T ATTO488 was added to the liposome solution at equivalent

amount of outside U4T and hybridized using a thermal gradient (40 °C, 15 min;

-1 °C per min utill 4 °C). Afterwards, free CU4T ATTO488 was removed by dialy-

sis (Slide-A-Lyzer™ Dialysis Cassettes, 100k) and the emission spectra of CU4T

ATTO488 and Rhodamine-DHPE were measured by SpectraMax M3 (Molecu-

lar Devices) plate reader. To disassemble the liposomes, 0.3% Triton X-100 was

added to the liposome solution and the emission spectra of CU4T ATTO488 and

Rhodamine-DHPE was recorded again.

2.4.5 Surface Anchored U4T Quantification

To quantify the amount of lipid DNA on liposome membrane, liposomes with

or without U4T anchoring were prepared as described above. CU4T FAM (6.25

nmol) was added to liposome solution (100 µL) to allow overnight hybridization.

Unhybridized free CU4T FAM molecules were removed by dialysis. Then puri-

fied liposome solution was diluted with PBS and its fluorescence intensity was

measured. Fluorescence intensity of a series free CU4T FAM concentrations was

also measured resulting in a calibration curve. Then CU4T concentration in the

liposome solution was calculated based on this calibration curve.

2.4.6 Calculation of U4T on Liposome

The number of lipids per liposome Ntotal is estimated as outlined below:

Ntotal = 4π

(
d
2

)2 +
(

d
2 −h

)2

α
(2.1)

where d is the diameter of the liposome (outer surface), h is the thickness of the

bilayer about 5 nm and α is the lipid head group area. For phosphatidylcholine, α
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is about 0.71 nm2. For unilamellar liposomes, it can be simplified as

Ntotal = 17.69×
[(

d

2

)2

+
(

d

2
−h

)2]
(2.2)

For liposomes with a diameter of 100 nm, Ntotal is estimated to be 8×104. For lipid

DNA and lipid ratio of 80, there are roughly 500 lipid DNA molecules outside per

liposome.

2.4.7 Characterization of Lipid DNA Anchored Liposome

To characterize liposomes, DOPC DOPE liposomes were used as a representative

liposome composition. Liposomes were prepared as described at a concentra-

tion of 5 mM and diluted to 50 µM with PBS and measured with dynamic light

scattering and a diameter of 100 nm by intensity was found. As an additional

method to show U4T anchoring and membrane hybridization, zeta potential of

bare liposomes, U4T anchored liposomes and CU4T ATTO488 hybridized U4T

liposomes was measured.

Figure 2.13 | Characterization of liposome. (a) Size distribution of preprared liposome; (b) Zeta
potential of different liposome. bare: DOPC DOPE liposome; U4T: DOPC DOPE liposome anchored
with U4T; Hyb-U4T: U4T liposome hybridized with CU4T ATTO488.

2.4.8 Cell Culture

HeLa cells were maintained in DMEM supplemented with fetal bovine serum

(10%) and penicillin/streptomycin (1%) and cultured at 37 °C with 5% CO2 and

100% humidity.
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2.4.9 Evaluation of Toxicity

All samples were sterilized by 0.22 µm syringe filter before cell experiments. HeLa

cells were seeded in a 96 well plate at a density of 1×104 per well overnight. Then

U4T in PBS solution was added to fresh medium at varied concentrations (in

triplicate) then replaced old medium in well plate. After 48 hours, medium was

removed and 50 µL of XTT solution pre-mixed with PMS was added to each well.

Afterwards, the plate was incubated for 2 hours at 37 °C. Absorbance at 450 nm

and 630 nm was recorded.

2.4.10 Anchoring Lipid DNA to Cell Membrane

Confocal Microscopy Sample Preparation: For U4T anchoring, 300 µL HeLa cells

were seeded at µ-Slide 8 well overnight and incubated with U4T (4 µM) for 20 min

then with CU4T FAM for 15 min. Cells were rinsed with PBS 3 times and replaced

with phenol red free DMEM. Imaging was performed on a confocal laser scanning

microscope (STP8, Leica) and analyzed by ImageJ.

Flow Cytometry Measurements: For U4T23 anchoring, cells detached to a single

cell suspension (105 mL−1) were incubated with U4T23 (2 µM) for 20 min. For

hybridization experiments on the cell surfaces, after incubation with U4T (4 µM)

for 20 min, cells were further incubated with CU4T FAM (4 µM) for 15 min to allow

hybridization between U4T on cells and CU4T FAM in solution. After incubation

and 3 times rinsing with PBS buffer, cells were measured with the flow cytometer

(BD Accuri™ C6, DB Biosciences) with 1×104 events collected.

2.4.11 Lipid DNA Stability on Cell Membrane

To test lipid DNA anchoring stability on cell membranes, HeLa cells were seeded

at 12 well plate at a density of 1×105 overnight. Next day, cells were incubated with

U4T or U6T (4 µM) for 15 min, 1 h, 4 h, 15 h, and 24 h at 37 °C. After the desired

incubation time, cells were incubated with CU4T FAM (4 µM) for 15 min at 37 °C

to allow hybridization. For 4 °C experiments, cells were incubated with U4T or

U6T (4 µM) for 15 min, 1 h, 2 h, 3 h, and 4 h at 4 °C then hybridized with CU4T

FAM (4 µM) for 15 min at 4 °C. After hybridization, cells were washed 3 times with
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PBS and detached before they were subjected to flow cytometry measurements

with 10000 events collected.

2.4.12 Hybridization on MDA-MB-468 cell

MDA-MB-468 cells were seeded in 12 well plate and incubated with U4T for

20 mins. After sufficient rinsing with PBS buffer, CU4T FAM was added and

hybridization was allowed at 37 °C for 15 min. Cells were then detached, rinsed

and subjected to flow cytometry measurement.

Figure 2.14 | Flow cytometry analysis of DNA hybridization on MDA-MB-468 cells. Red: untreated
control cells; Blue: cells without U4T; Orange: cells with U4T.
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3. Fast, Efficient, and Targeted Liposome Delivery Mediated by DNA

3.1 Introduction

Many exogenous compounds, e.g., disease related therapeutic drugs,[1, 2, 3] metabo-

lites,[4, 5] or imaging agents,[6, 7] are solely functional in vitro or in vivo once effec-

tively delivered to the interior of cells in adequate amounts. Hence, insufficient

cellular accumulation often is a criterion for exclusion of drugs for biological and

therapeutic applications. Generally, the delivery pathway is predetermined by

the drug’s physicochemical properties. This implies that hydrophilic drugs are

usually prevented from entering cells freely due to the lipophilic character of

cellular membrane[8] and most proteins cannot diffuse into the cell owed to their

large hydrodynamic radius.[9] In addition to insufficient delivery, free drugs also

possess undesired systemic side effects when they distribute freely throughout

the body.[10] One method to circumvent these limitations is to load drugs into

nanosized carriers to facilitate their transport to the desired site with high effi-

ciency by the enhanced permeability and retention (EPR) effect.[10] In this regard,

liposomes are the most frequently investigated nanocarrier due to their biocom-

patibility, ability for self-assembly, high drug loading capacity, and a wide range of

physicochemical and biophysical properties that can be tailored to control their

pharmacological characteristics.[11] Targeting ligands, e.g., small molecules such

as folic acid,[12, 13, 14] antibodies,[15, 16] or DNA aptamers,[17, 18] can be conjugated

to liposomes to further facilitate their cellular recognition and uptake capabilities.

Most notably, neutral liposomes were elegantly designed for enhanced cellular

uptake by anchoring coiled-coil peptides that locally trap the liposome in the

vicinity of the cell membrane eventually releasing cargo upon internalization with

high affinity.[19] However, this approach is inherently limited by its low recognition

selectivity based on the nonspecific coiled-coil peptide interactions. Moreover,

their chemical and physical instability further impedes the application of peptides

in drug delivery. Biomacromolecular DNA outperforms peptides in these aspects,

as it is programmable based on Watson–Crick base pairing and chemical modifi-

cations allow endowing it with notably high biological stability. Amphiphilic lipid

DNA consists of DNA conjugated to a hydrophobic motif, either a small molecule

such as cholesterol,[20] long hydrocarbon lipids,[21] or polymers.[22] These lipid

DNA strands can be anchored to membranes, thus rendering their application in
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cellular surface engineering,[23] drug delivery,[24] cellular dynamic event detec-

tion,[25, 26] and cell assembly[21, 27] possible.

Based on the high specificity and membrane insertion capability of lipid DNA,

we here report a new and efficient targeted liposome delivery method mediated

by DNA hybridization recognition (Fig. 3.1). Two complementary single DNA

strands were anchored on either the cellular or the liposomal membrane. Hy-

bridization between these two strands locally trapped liposomes and cells in each

other’s vicinity, enabling the internalization and delivery of the cargo.

Figure 3.1 | (a) Schematic illustration of cellular liposome internalization by DNA hybridization. (1)
Liposome and cell are approaching each other; (2) Liposome is tethered to cell membrane by DNA
hybridization of complementary strands; (3) Cellular endocytosis trafficking and liposome cargo
(red dots) diffusion. (b) Schematic illustration of DNA strands used in this chapter. U represents
dodecyne modified deoxyuridine nucleotide.

3.2 Results and Discussions

3.2.1 Enhanced Cellular Uptake by DNA Hybridization

As lipid DNA could be stably and accessibly grafted to both liposomal and cellular

membrane as seen from Chapter 2, we were intrigued whether these DNA anchors

could be exploited to steer the cellular internalization process once hybridized

with the complementary DNA on a carrier liposome surface. To investigate this,

cells pre-anchored with CU4T were incubated for 15 min with U4T-modified
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liposomes labeled with 1% NBD-DHPE. Notably, CLSM (Fig. 3.2a) reveals signifi-

cant internalization of the liposome, whereas U4T-modified liposomes incubated

with non-complementary U4T-grafted cells, or non-modified liposome incubated

with non-modified cells, did not show detectable cellular uptake. This suggests

hybridization-promoted cellular uptake of liposomes. Further flow cytometric

measurements (Fig. 3.2b) corresponded well with this enhanced uptake and anal-

ysis of the median fluorescence of the liposomes demonstrated 18 times higher

uptake as compared with the non-hybridized control(Fig. 3.2c).

Figure 3.2 | Demonstration of enhanced liposome delivery by DNA hybridization. Liposome
composition: DOPC:DOPE:NBD-DHPE:cholesterol = 2:1:0.03:1. Hybridized: cell surface equipped
with CU4T, liposome surface anchored with U4T; Non-hybridized: cell surface anchored with
U4T, liposome surface anchored with U4T; Pure liposome: neither cell nor liposome surfaces were
anchored with lipid DNA. (a) Enhanced liposome delivery visualized by CLSM. Blue: Hoechst 33342;
Green: NBD. Scale bar: 50 µm. (b) Enhanced liposome delivery by flow cytometry. Blue: hybridized;
Red: non-hybridized; Orange: pure liposome; Green: untreated cell. (c) Comparison of median
fluorescence intensity of internalized NBD liposomes. Error bars indicate SD from the mean (n = 3).

To elucidate the uptake mechanism, we encapsulated two water-soluble dyes,

calcein and propidium iodide (PI), into the liposomes showing fast and enhanced

intercellular uptake (Fig. 3.12). Subsequently, to reveal uptake kinetics, a time-

dependent examination was performed. After anchoring with CU4T, cells were

incubated with U4T liposomes and investigated at different time points. Liposome

uptake started after 2 min and with increasing incubation time, larger quantities
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of liposomes were internalized, whereas non-hybridized liposome controls did

not show any visible uptake even after 30 min (Fig. 3.3).

Figure 3.3 | CLSM micrographs of liposome (DOPC:DOPE:NBD-DHPE:cholesterol = 2:1:0.03:1)
internalization by cells at 2 min, 5 min, 15 min, and 30 min. Hybridized: cell surface anchored
with CU4T, liposome surface anchored with U4T; Non-hybridized: cell surface anchored with U4T,
liposome surface anchored with U4T. Green: NBD. Scale bar: 50 µm.

3.2.2 Specific Delivery by DNA Hybridization

Having confirmed that DNA hybridization could promote cellular uptake of the

liposomes, the propensity for this mechanism to succeed in a more complex envi-

ronment was explored. Therefore, cells were separately seeded in a bottomless

chamber fixed to a Petri dish bottom and incubated with either U4T or LR. Then,

the chamber was removed and all cells were exposed to a mixture of U4T-anchored

NBD liposome and LR-anchored ATTO655 liposomes, resulting in the successful

delivery of different liposomes to different cell populations (Fig. 3.4).
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Figure 3.4 | Dual targeting of liposome to adherent cells. Top: schematic illustration of experiments.
Bottom: CLSM micrographs of cells after dual targeting with liposome. Cells treated with U4T and
LR were incubated with a mixed NBD liposome (DOPC:DOPE:NBD-DHPE:cholesterol = 2:1:0.03:1)
solution and ATTO655 liposome (DOPC:DOPE:ATTO655-DOPE:cholesterol = 2:1:0.03:1) solution.
(a) Brightfield image shows two separated cell populations; (b) ATTO655; (c) NBD; (d) Overlay of
ATTO655 and NBD. Scale bar: 500 µm.

To additionally prove the working concept in cell suspensions, two populations of

trypsinized cells were employed. One population was pre-anchored with CU4T,

while the other population was pre-anchored with LR and stained with Hoechst

33342. After sufficient washing, the two cell populations were mixed. Liposomes

pre-anchored with U4T were incubated with this mixed cell population. By spe-

cific recognition of U4T with CU4T, liposomes only docked on CU4T cells, but

not on LR-grafted cells (Fig. 3.5a, b). Even more challenging, a mixed liposome

solution with either U4T or LR was incubated with mixed cell populations bearing

either CU4T or CLR (stained with Hoechst 33342). Notably, the assigned liposomes

docked on the targeted cell surfaces (Fig. 3.5c, d).
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Figure 3.5 | CLSM micrographs of targeted delivery of liposomes to cells. (a) Schematic illustration of
single liposome population delivery. (b) CLSM images of single liposome population delivery. Lipo-
somes (DOPC:DOPE:NBD-DHPE:cholesterol = 2:1:0.03:1) anchored with U4T were incubated with a
mixed cell population anchored with CU4T or LR (labeled with Hoechst 33342). Blue: Hoechst 33342;
Green: NBD. (c) Schematic illustration of dual liposome population delivery. (d) CLSM images of
dual liposome population delivery. U4T anchored liposomes (DOPC:DOPE:NBD-DHPE:cholesterol
= 2:1:0.03:1) and LR anchored liposome (DOPC:DOPE:ATTO655-DOPE:cholesterol = 2:1:0.03:1)
were incubated with a mixed cell population anchored with CU4T or CLR (labeled with Hoechst
33342). Blue: Hoechst 33342; Green: NBD; Red: ATTO655. Scale bar: 25 µm.

3.2.3 Mechanism of Liposome Cellular Uptake

Generally, internalization of nanostructures proceeds via membrane fusion, macr-

opinocytosis, or receptor-mediated endocytosis. However, the punctuate inter-

cellular distribution we observe for our liposomes (Fig. 3.2a) differs considerably

from the liposome cell fusion mechanism suggested for a comparable lipid DNA-

based system that was developed simultaneously to our work.[28] By applying

various conditions and inhibitors, we thus strived to exclude certain uptake path-

ways and shine light on the prevalent internalization mode. We excluded uptake

via membrane fusion by performing low temperature internalization inhibition

experiments, since fusion processes are widely temperature independent.[28, 29, 30]

For this purpose, cells anchored with CU4T were ice-cooled and then incubated

with U4T liposomes for 15 min in the cold. NBD fluorescence from the lipo-

somes was found mainly on the cell membrane (Fig. 3.6) hinting towards a largely

energy-dependent active uptake process, as opposed to the passive fusion uptake.
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Furthermore, the extent of macropinocytosis was evaluated by incubating cells

with the macropinocytosis marker rhodamine B-dextran 70 kDa and negligible sig-

nal was detected (Fig. 3.13), suggesting a minor contribution of macropinocytosis

in liposome uptake via the DNA hybridization process.

Figure 3.6 | CLSM micrographs of cellular uptake of liposome (DOPC:DOPE:NBD-DHPE:cholesterol
= 2:1:0.03:1) at low temperature. (a) Hoechst 33342; (b) NBD; (c) Overly of Hoechst 33342 and NBD.
Scale bar: 25 µm.

Since membrane fusion and macropinocytosis were excluded, it was likely that

cells internalized liposomes by receptor-mediated endocytosis. Two well-studied

examples for this are clathrin- and caveolae-dependent endocytosis (Fig. 3.7).

The clathrin-dependent pathway is initiated when clathrin, together with other

cytosolic proteins, cluster on the inner leaflet of the plasma membrane. This

results in a ‘clathrin-coated pit’. After detachment and uncoating, cargo-filled

vesicles traffic further within the cell.[31] Concomitantly, caveolae are flask-shaped

membrane invaginations. Upon binding with specific ligands, caveolae can bud

from the membrane and are internalized.[32],[33] Both clathrin- and caveolae-

dependent endocytosis can be inhibited by their corresponding chemical in-

hibitors. Chlorpromazine was established to block clathrin-dependent endocyto-

sis by translocating clathrin and its adaptor protein from the cell surface to the

endosomes.[34] Alongside, methyl-β-cyclodextrin was reported to remove choles-

terol essential for caveolae formation out of the plasma membrane thus inhibiting

caveolae-dependent endocytosis.[35] Moreover, cell surface receptor scavengers

were reported to mediate endocytosis of oligonucleotide modified gold nanoparti-

cles[36, 37] or DNA nanostructures,[38] which can be inhibited by polyinosinic acid

(poly I) competitively binding these scavenger receptors. To determine which

endocytosis pathway was involved in this DNA hybridization induced uptake and
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whether scavenger receptors play a role, differences in liposome uptake efficiency

after cell treatment with the corresponding inhibitors were examined. Therefore,

cells were first grafted with CU4T, then incubated with different inhibitors, fol-

lowed by incubation with NBD-labelled liposomes in the presence of inhibitors.

The resulting NBD fluorescence intensity was quantified by flow cytometry and

displayed as signal normalized to untreated controls (Fig. 3.8). It clearly shows

that treatment with methyl-β-cyclodextrin greatly decreased the liposome uptake,

indicating that caveolae-mediated endocytosis was the dominant liposome inter-

nalization pathway. Poly I inhibition reduced liposome uptake, suggesting that

HeLa cells rely on scavenger receptors to internalize oligonucleotide-modified

liposomes.

Figure 3.7 | Pathways of entry into cells.[33] Substances can enter cells by phagocytosis,
macropinocytosis, clathrin-dependent endocytosis, caveolin-dependent endocytosis and clathrin-
or caveolin- independent pathways.
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Figure 3.8 | Cellular liposome internalization efficiency after treatment with different inhibitors.
CU4T anchored cells were pretreated with inhibitors for 15 min before incubation with U4T-
anchored liposome (DOPC:DOPE:NBD-DHPE:cholesterol = 2:1:0.03:1) in inhibitor solutions. Per-
centage of median fluorescence intensity of internalized liposome is displayed. Control: untreated
cell; Chlorp: cells pretreated with 200 µM chlorpromazine; Poly I: cells pretreated with 50 µg·mL−1

poly I. Met: cells pretreated with 12.5 mg·mL−1 methyl-β-cyclodextrin. Error bars indicate SD from
the mean (n = 3).

3.2.4 After Endocytosis

To characterize liposome cargo fate after caveolae-mediated endocytosis, the

liposome membrane was labeled with a fluorescent lipid (Marina Blue-DHPE)

and the aqueous core was labeled with a hydrophilic cargo dye (calcein) at a

self-quenching concentration visualizing liposomal integrity and cargo release

after internalization. The delivery location depends on its respective polarity and

hence solubility of the cargo molecule. While we expected hydrophobic Marina

Blue-DHPE to be delivered via the hydrophobic regions of the cell, e.g. lysosome

membrane, we hypothesized that hydrophilic calcein would be released into the

hydrophilic regions of the cell, e.g. lysosome lumen or cytosol. Additionally, cellu-

lar lysosomes were stained by Lyso-tracker Red, since most endocytosis events

co-locate with the lysosome. CLSM (Fig. 3.9) clearly showed that after 15 min

uptake, the majority of Marina Blue overlaid with calcein, indicative of intact

liposomes in this timeframe. In addition, there was no evidence of co-localization

of liposomes with the lysosome. Most probably at this time point, the liposomes

were located in the endocytic vesicles. After 2 h incubation, minor separation

of Marina Blue and calcein signals suggested beginning disassembly of the lipo-

somes. Additionally, a considerable overlap of the liposomes and lysosome was
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identified, suggesting that the liposomes had reached the lysosome at this point.

After 4 h incubation, self-quenched calcein was evenly distributed within the

cytosol with a brighter signal while Marina Blue was still located in the lysosome.

All the above results suggest the following mechanism for uptake and fate of the

liposomes: when the liposomes get in contact with the cell membrane, they attach

by hybridization through Watson-Crick base pairing between complementary

strands anchored on the cell- and on the liposome surface. Upon residing on the

cell membrane, the liposomes are taken up by the cells via a caveolae-mediated

endocytic pathway. Once reaching the lysosome, the liposomes disassemble and

their cargo is released.

Figure 3.9 | CLSM micrographs of liposome delivery after different time points. U4T anchored
liposome (DOPC:DOPE:Marine Blue-DHPE:cholesterol = 2:1:0.03:1) was loaded with calcein then
incubated with CU4T anchored cells for 15 min, 2 h, and 4 h. Afterwards, lysosomes were stained
with Lyso-Tracker Red. Blue: Marine Blue; Green: calcein; Red: Lyso-Tracker Red. Scale bar: 50 µm.

3.2.5 Cellular Toxicity

High cell viability and regular proliferative capacity are prerequisites for a success-

ful cargo delivery system and hence cellular toxicity tests were performed on cells

treated with CU4T and the complementary U4T liposomes. The results indicated

that cell viability after treatment was acceptable (Fig. 3.10).
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Figure 3.10 | Cell viability of liposome delivery system. Control: untreated cell; Pure: neither cell
nor liposome surfaces were anchored with lipid DNA. Non-hybrid: cell surface anchored with U4T,
liposome surface anchored with U4T; Hybrid: cell surface anchored with CU4T, liposome surface
anchored with U4T. Error bars indicate SD of the mean (n = 3).

3.3 Conclusion

Here, we employed artificial DNA receptors as recognition motifs to target, lo-

cally trap, and thus enrich lipid DNA-grafted liposomes in the vicinity of cells

functionalized with the complementary lipid DNA strand. By CLSM and flow

cytometric measurements, we demonstrated that the principle working mecha-

nism of this technique was neither caused by nonspecific cellular adsorption nor

internalization, but only by DNA hybridization. Most notably, we demonstrated

selective addressability of specific cells with specific liposomes in a complex cell-

liposome population highlighting the intrinsic advantages of DNA-hybridization

over other targeting techniques reported in the literatures.[13, 29, 39] Various fluores-

cent marker molecules were loaded as drug model compounds to these liposomes

and their uptake pathways and kinetics were investigated. Thoroughly analyzing

the uptake pathway by varying uptake conditions and applying inhibitors, we elu-

cidated that cells internalized liposomes most efficiently by caveolae-dependent

endocytosis. This result is in stark contrast to a system developed in parallel to

our work, where a comparable lipid DNA recognition motif was found to pro-

mote liposome-cell fusion instead.[28] The authors of this work rely on choles-

terol units tethered to the DNA with a hydrophilic tetraethylene glycol spacer.

We hypothesize that the cholesterol units destabilize the lipid bilayer and the
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hydrophilic spacer increases binding flexibility, both facilitating a fusion pro-

cess.[40] In contrast, our liposomes anchored with aliphatic chains conjugated

directly to the DNA might be more stable and rigid, hence favoring the endocytic

pathway. As liposomes delivered their cargo mainly to the lysosome, we believe

that this release system is a promising candidate for the targeted treatment of

lysosome-related diseases,[41] such as metabolic illnesses and lysosome storage

disorders.[42] Moreover, this delivery mechanism enhanced by DNA hybridization

can be expanded towards more complex structures, e.g. nanoparticles or DNA

nanostructures.[43, 44]

3.4 Experimental Section

3.4.1 Materials

All chemicals and reagents purchased from commercial suppliers were used

without further purification unless noted. ATTO655-DOPE was purchased from

ATTO-TEC. Calcein, Triton X-100, chlorpromazine, methyl-β-cyclodextrin, and

polyinosinic acid were purchased from Sigma Aldrich. Propidium iodide was from

BioLegend. Phenol red free DMEM, Hoechst 33342, LysoTracker® Red DND-99,

Alexa 647-transferrin from human serum, Alexa 647-Cholera toxin subunit B,

and Rhodamine B-neutral dextran 70k MW were acquired from Thermo Fisher

Scientific. Culture-insert 2 well chamber frame were purchased from ibidi. All

oligonucleotides without lipid modification were purchased from biomers.

3.4.2 DNA Used

Lipid DNA was synthesized as described in Chapter 2 and the successful synthesis

was confirmed by MALDI-TOF mass spectrometry ( Fig. 3.11). Sequences of used

lipid DNA in this chapter are listed in Table 3.1.

83



3. Fast, Efficient, and Targeted Liposome Delivery Mediated by DNA

Name Sequence (5’ to 3’)

U4T18 UUUUGCGGATTCGTCTGC

CU4T UUUUGCGGATTCGTCTGC

LR UUUUACCACCTACATCAC

CLR UUUUGTGATGTAGGTGGT

Table 3.1 | Sequences of lipid DNA in this chapter.
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Figure 3.11 | MALDI-TOF mass spectra of lipid-DNA used in the experiments. (a) CU4T (calcd.:
6020 g·mol−1, found: 6082 g·mol−1), (b) LR (calcd.: 5900 g·mol−1, found: 6022 g·mol−1) and (c)
CLR (calcd.: 6153 g·mol−1, found: 6245 g·mol−1).
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3.4.3 Confocal Microscopy Sample Preparation

For enhanced NBD liposome uptake, HeLa cells (2·105 mL−1, 300 µL) were seeded

at µ-Slide 8 well for overnight culture. Then incubated with CU4T (10 µM) for 20

min and followed with 15 min incubation with NBD labelled liposome (0.8 mM)

pre-anchored with U4T. Before taking images, cells were stained with Hoechst

33342 (5 µg·mL−1) in phenol red free DMEM for 20 min.

For single targeting experiments in the suspension cell, HeLa cells were detached

and incubated in serum free DMEM with either CU4T (10 µM) or LR (10 µM) with

4·105 mL−1 densities for 20 min. After rinsing with PBS, LR cells were incubated

with Hoechst 33342 in culture medium for 20 min while CU4T cells were not. After

washing, the two cell populations were mixed and incubated for 15 min with NBD

liposomes pre-anchored with U4T.

For dual targeting experiments in the suspension cell, detached cells were incu-

bated in serum free DMEM medium with either CU4T (10µM) or CLR (10µM) with

4·105 mL−1 densities for 20 min. After rinsing with PBS, LR cells were incubated

with Hoechst 33342 in culture medium for 20 min while CU4T cells did not. After

washing, the two cell populations were combined and incubated for 15 min with

a mixer of NBD liposomes (DOPC:DOPE:NBD-DHPE:cholesterol = 2:1:0.03:1) pre-

anchored with U4T and ATTO655 liposomes (DOPC:DOPE:ATTO655-DOPE:choles

terol = 2:1:0.03:1) anchored with LR.

For calcein delivery experiments, cellular incubation with CU4T was the same as

described above. Then calcein (80 mM) loaded and U4T anchored liposome solu-

tion (1% Marina Blue-DHPE incorporated) were incubated with cells for 15 min, 2

h, and 4 h, respectively. After culturing, cells were rinsed with PBS for several times

and further incubated with Lyso-Tracker Red (100 nM) for 30 min followed by

another washing step. Then fresh phenol red free DMEM was introduced before

imaging.
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3.4.4 Flow Cytometry Measurements

For enhanced NBD liposome uptake, 500 µL HeLa cells (6·105) were incubated

with 10 µM CU4T for 20 min, then NBD labelled liposome (0.8 mM) pre-anchored

with U4T were added for 15 min incubation. After PBS rinsing, cells were mea-

sured.

For endocytosis inhibitor treatments, 500 µL cells (6·105) pre-anchored with CU4T

were incubated in culture medium with endocytosis inhibitor chlorpromazine

(40 µM) or methyl-β-cyclodextrin (12.5 mg·mL−1) for 15 min. After rinsing, cells

were suspended in new culture medium containing corresponding inhibitor, then

U4T anchored liposomes were added and incubated with cells for further 15 min.

After several times washing with PBS buffer, cells were measured. Flow cytometry

measurement data were presented as median ± standard deviation (n = 3).

3.4.5 Uptake of Calcein and PI Loaded Liposomes

Liposome lipids and U4T dry layer were rehydrated with calcein (80 mM) or PI (1.5

mM) in PBS. After encapsulation, free calcein or PI were removed from liposome

solution by PD-10 column and stored at 4 °C before use. HeLa cells were incubated

with CU4T for 20 min, then calcein or PI loaded U4T liposome were added for 15

min incubation. After rinse and staining with Hoechst 33342, cells were imaged

by confocal microscopy.
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Figure 3.12 | CLSM micrographs of enhanced uptake of calcein and PI loaded liposome. Hybridized:
cell surface anchored with CU4T, liposome surface anchored with U4T; Non-hybridized: cell surface
anchored with U4T, liposome surface anchored with U4T. (a) Uptake of calcein loaded liposome.
Blue: Hoechst 33342, green: calcein. (b) Uptake of PI loaded liposome. Blue: Hoechst 33342, red: PI.
Scale bar: 50 µm.

3.4.6 Proliferation Assay

HeLa cells were seeded at a density of 104 per well in triplicate in 96 well plates

and grown over night at 37 °C, 5% CO2. Either U4T or CU4T in serum free DMEM

were added and incubated for 20 min; afterwards U4T modified liposomes in

serum free medium were added and further incubated for 15 min. After washing,

new complete DMEM media was introduced for further 24 h culturing. Then cell

viability was determined by XTT as recommended by the manufacturer ATCC.

Data were presented as mean ± standard deviation (n = 3).
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3.4.7 Specific Delivery

For dual targeting experiments of adherent cells, cells were separately seeded in

culture insert 2 well chamber fixed at a bottom of a Petri dish. After overnight

culture, U4T (10 µM) or LR (10 µM) in culture medium were incubated with cells

in different chambers for 20 min. After washing several times, the chamber frame

was removed and a mixer of NBD liposome pre-anchored with U4T and ATTO655

liposome pre-anchored with LR were incubated with cells for 15 min. After several

washing steps, cells were imaged.

3.4.8 Liposome Uptake at Low Temperature

To study the effect of temperature on cellular uptake of liposomes, cells pre-

anchored with CU4T were put on ice for 1 h, and then new medium with NBD

labelled liposome pre-anchored with U4T was added and incubated on ice for 15

min, then stained with Hoechst 33342 on ice and sufficiently rinsed with cold PBS

before confocal imaging.

3.4.9 Macropinocytosis of HeLa Cells

Macropinocytosis of HeLa cells was demonstrated with macropinocytosis marker

rhodamine B-dextran (70 kDa). Cells were seeded overnight and incubated with

rhodamine B-dextran 70 kDa (1 mg·mL−1) for 15 min. After sufficient rinsing, cells

were imaged under confocal microscopy.

Figure 3.13 | CLSM micrographs of cellular uptake of rhodamine B-dextran (70 kDa). (a) Brightfield;
(b) Rhodamine B; (c) Overlay; Scale bar: 50 µm.
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3.4.10 Proof of Endocytosis Inhibition

To prove endocytosis inhibitors that do block certain endocytosis pathways,

specific endocytosis markers were used. Cells pre-anchored with CU4T were

incubated with culture medium containing 200 µM chlorpromazine or 12.5

mg·mL−1 methyl-β-cyclodextrin for 15 min. After rinsing, Alexa 647-transferrin

(25 µg·mL−1) in 200 µM chlorpromazine or Alexa 647-cholera toxin subunit B (5

µg·mL−1) in 12.5 mg·mL−1 methyl-β-cyclodextrin were added and incubated with

cells for further 15 min. Then the medium was removed and 300 µL new medium

with inhibitors were added for imaging.

Figure 3.14 | CLSM micrographs of transferrin and cholera toxin subunit B cellular uptake. (a)
Transferrin uptake. Top: transferrin uptake after cells were incubated with only medium. Bottom:
transferrin uptake after cells were treated with 200 µM chlorpromazine. (b) Cholera toxin subunit B
uptake. Top: cholera toxin subunit B uptake after cells were incubated with only medium. Bottom:
cholera toxin subunit B uptake after cells were treated with 12.5 mg ·mL−1 methyl-β-cyclodextrin.
Scale bar: 50 µm.
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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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(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).
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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
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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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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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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)

10 100

0

2

4

6

8

10

12  AuNPs
 AuNPs with DNA

Diameter (nm)

N
um

be
r 

(%
)

Wavelength(nm)
A

bs
or

ba
nc

e

350 400 450 500 550 600 650 700
0.0

0.5

1.0

1.5

2.0

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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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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5. the Core of Immunostimulatory Nanoparticle Makes a Difference

5.1 Introduction

Immunotherapy exploits natural defensive mechanisms available in the body to

fight cancer, for example, by targeting cells and biomolecules to facilitate and/or

redirect the immune response towards the malignant process.[1] Unmethylated

cytosine-phosphate-guanine (CpG) motifs, frequently present in bacteria and

virus DNA, are long recognized as being able to activate mammalian immune

cells, such as dendritic cells (DCs), macrophages, B cells etc. This activation is

depending on its interactions with Toll-like receptor 9 (TLR9)[2, 3] followed by

production of proinflammatory cytokines (interleukin (IL)-6, IL-12, IFNs, TNF-

α) and upregulation of major histocompatibility complexs and co-stimulatory

molecules, like CD80, CD86 and CD40. As CpG activates both innate and adap-

tive immune response, synthetic CpG oligodeoxynucleotides (CpG ODN) holds

tremendous promise as an immunotheraputic reagent for treatment of many dis-

eases, including cancers, allergies and infectious diseases.[4] Nevertheless, CpG

ODN has to enter intracellular vesicles to function well because TLR9 receptors

are exclusively expressed on the endoplasmic reticulum, endosomes, lysosomes

etc.[5] Electrostatic repulsion is believed to limit the cellular uptake efficiency of

free CpG ODN since cell surfaces are also negatively charged.[6] Short retention

time in the body due to relatively small size further limited application of free

CpG ODN. To address these problems, various nanoparticles (NPs) have been

used as their delivery carrier. It was found that NPs can increase DNase-resistant

property of CpG ODN,[7, 8] prolongs its in vivo retention time,[9] decreases the

administered amount as a result of enhanced internalization efficiency,[10] and

permits a sustained release of CpG ODN over a long period of time.[11]

Among these NPs, gold nanoparticles (AuNPs), micelles and liposomes are heavily

investigated. AuNPs are attractive CpG ODN carrier because they are biocom-

patible and their synthesis[12] and surface DNA conjugation methods have been

well established.[13, 14] Thiolated DNA can form a densely packed DNA shell

around AuNPs hence they are more resistant to DNase degradation.[7] Micelles

are typically in the size range of several tens of nanometer with narrow distribu-

tion, allowing them to penetrate tissue efficiently thus quantifying them as good

nanocarrier for drug delivery.[15] DNA with hydrophobic tail, termed lipid DNA,
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can easily form micelle structures by self-assembly.[16] By incorporating the CpG

segment, lipid DNA could be used to deliver CpG ODN for in vitro activation,[17]

in vivo spleen dendritic cell activation[18, 19] and tumour inhibition.[20] Similar

as micelles, liposomes possess properties like easy synthesis, low immunogenic-

ity and high biocompatibility[21]. The conventional way of loading CpG ODNs

is to encapsulate them inside cationic liposome.[22] Novel methods have been

exploited to load CpG ODN on liposome membrane by either chemical conjuga-

tion to liposome lipids[23] or anchoring them to the liposome membrane by the

hydrophobic effect.[24, 25]

Particle size is a key structural feature for immunostimulatory response.[26] It

has been suggested that NPs with different sizes reach antigen presenting cells

via different routes. Small sized NPs migrate to and accumulate in lymph nodes

where immune cells are heavily populated. Whereas, large nanocarriers are more

difficult to infiltrate lymph nodes and perhaps more likely to be captured by

phagocytes elsewhere.[27] Moreover, NPs composed of different materials can

i.e. generate different stimulation of the immune response.[28] Above mentioned

CpG ODN nanocarriers, AuNPs, micelles and liposomes, possess distinct chemi-

cal and physical properties. Thus we hypothesize that they may exhibit specific

immunostimulatory activity as opposed to the suggestion that these NPs are

similar irrespective of core material.[24] To test this hypothesis, in this study, we

synthesized CpG ODN coated NPs, namely, sub-10 nm micelle, 13 nm AuNPs

and 100 nm liposomes. CpG ODN 1826 was linked to AuNPs surface by thiol

conjugation. As for micelle and liposome, on the grounds of established methods

in our group, CpG ODN 1826 can be conveniently hybridized to NPs surfaces.

After administered to mice, they were internalized by endocytosis and their in

vivo DCs activation was evaluated and compared (Fig. 5.1).

113



5. the Core of Immunostimulatory Nanoparticle Makes a Difference

Figure 5.1 | Schematic illustration of in vivo immunomodulatory NP delivery. Different formulations
of immunomodulatory NP are administered to mice intraperitoneally. Upon reaching dendritic cells
in spleen, interaction of CpG ODN on NP surfaces with TLR9 inside endosomal vesicles transduces
a series of activation signals followed by cytokines release.

5.2 Results and Discussions

5.2.1 Nanoparticle Characterization

A previous reports from our group showed that alkyl modified DNA could form

micelles and trigger robust immune response.[18] Hence, here we used the same

method to synthesize immunostimulatory micelles. Micelles were prepared by

dissolving lipid DNA (U4T) in PBS buffer at a concentration above its critical

micelle concentration. TEM measurements (Fig. 5.2a) evidenced their structure

formation. Immunostimulatory micelles were further prepared by hybridizing

U4T micelles with their complementary sequence extended with the CpG segment

(eCpG). An increase of particle size (Fig. 5.2b) and surface negative net charge

(Fig. 5.2c) proved the successful hybridization of eCpG and thus the formation of
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immunostimulatory micelles.

Figure 5.2 | Characterization of micelle nanoparticles. (a) TEM image of U4T micelles. (b) DLS
histogram of U4T micelles. Grey: U4T micelles; Red: U4T micelles hybridized with eCpG; (c) Zeta
potential of micelle NPs. U4T: U4T micelles; eCpG: U4T micelles hybridized with eCpG.

Next, the preparation of AuNPs coated with the CpG motif is described. Citrate

capped AuNPs with a diameter of 13 nm were synthesized as reported.[29] UV-

Vis absorption spectra of synthesized AuNPs showed a characteristic surface

plasmon resonance at 520 nm for the 13 nm sized particles (Fig. 5.3a). DLS

revealed a diameter of 15 nm ± 2 nm (Fig. 5.3b). TEM results (Fig. 5.3c) confirmed

the spherical shape of synthesized AuNPs. Immunostimulatory AuNPs were

obtained by conjugating thiol modified CpG (thiol-CpG) to their surface with

a 20 thymine (T) nucleotides spacer. The increase of surface zeta potential of

AuNPs[30, 31] suggested the replacement of sodium citrate by thiol-CpG (Fig. 5.3d).

Each particle was estimated to host 100 thiol-CpG strands as quantified by DTT

displacement.
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Figure 5.3 | Characterization of AuNPs. (a) UV-Vis absorption spectra of AuNPs; (b) DLS histogram
of AuNPs; (c) TEM image of AuNPs; (d) Zeta potential of AuNPs. Bare: AuNPs; eCpG: AuNPs after
conjugation with thiol-CpG.

To prepare immunostimulatory liposomes, U4T was first anchored to 100 nm

liposome (Fig. 5.4a) membranes and was then hybridized with eCpG. Gradual

decrease of liposome surface zeta potential (Fig. 5.4b) was indicative of success-

ful U4T anchoring and eCpG hybridization. To quantify surface CpG content,

fluorophore labelled eCpG (ATTO590- eCpG) was hybridized with U4T liposomes.

Liposomes anchored with a non-hybridized lipid DNA (CLR) was included as a

control to exclude any nonspecific interactions of ATTO590-eCpG with liposomes.

After purification from excess strands, U4T liposomes exhibited a significant

amount of ATTO590-eCpG as compared with the CLR control (Fig. 5.4c). A

comparison with the calibration curve of free ATTO590-eCpG (Fig. 5.4c, inset)

indicated an almost full hybridization efficiency.
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Figure 5.4 | Characterization of liposome NPs. (a) DLS histogram of the liposome; (b) Zeta po-
tential of the liposome. Bare: liposome only; U4T: U4T anchored liposome; eCpG: U4T liposome
hybridized with eCpG; (c) Quantification of hybridized ATTO590-eCpG on liposomal membrane.
Black curve: U4T liposome incubated with ATTO590-eCpG; Red curve: CLR liposome incubated
with ATTO590-eCpG. Inset: calibration curve of ATTO590-eCpG in PBS buffer. Black: experimental
data; Red: fitted data.

5.2.2 Activation of DCs in Vivo

To determine if different formulations of NPs have different effects on the immune

response, NPs were intraperitoneally (i.p.) injected to the 6-week-old C57BL/6

mice. After 18 h, lineage−CD11c+ cells in live leukocytes were identified as spleen

DCs (Fig. 5.5a). Administration of CpG loaded micelles led to increase in the

number of the spleen DCs (Fig. 5.5b) and robust DCs activation as evidenced by

elevated surface expression of CD40, CD80 and CD86 (Fig. 5.5c). The injection

of liposomes with CpG increased the expression of CD80 compared to free CpG

control. Whereas for AuNPs, the level of CD40 and CD86 was lower than that of

free CpG control.
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Figure 5.5 | Spleen DCs activation in vivo after administration of immunostimulatory NPs. Three
different CpG NPs (AuNPs, liposome and micelle) were injected i.p. to C57BL/6 mice with 100 µL
eCpG (40.8 µM) doses and waited for 18 h. (a) Definition and the percentage of spleen DCs, defined
as lineage−CD11c+ in live leukocyte population, was analysed by flow cytometry. (b) Absolute
number of the lineage−CD11c+ cells within live cells. (c) Expression levels of CD40, CD80 and
CD86 on spleen DCs were measured by flow cytometry. The mean fluorescence intensity (MFI) of
the related antibody is shown. Mean ± SEM (n = 6). * p < 0.05; ** p < 0.01 by Student’s t test. Data
are representative of six independent samples (n = 6, total two independent experiments).

Another aspect of DCs activation is the secretion of pro-inflammatory cytokines.

Therefore, we further determined their production by measuring serum concen-

tration after 18 h immunostimulatory NPs injection. Consistent with surface ac-

tivation markers, immunostimulatory micelles induced larger production of TNF-

α and IL-6 as compared to free CpG ODN. In the same context, liposomes showed

less production of these cytokines and AuNPs treatment resulted in no detectable

amount (Fig. 5.6).

Distinct surface CpG density might be one possibility why these different NPs ex-

hibited varied immunostimulatory response. Surface crowding of CpG on AuNPs

was the highest (0.19 molecules /nm2) as compared with that on the liposomes

(0.01 molecules /nm2) and micelle structures (0.07 molecules /nm2). Crowded

CpG molecules on AuNPs might give rise to insufficient binding of CpG with TLR9

receptor after entering endosome. Although a 18-T sequence was employed as

spacer between CpG segment and AuNP surface, the steric hindrance of CpG was
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Figure 5.6 | Serum concentration of pro-inflammatory cytokines promoted by immunostimulatory
NPs. Cytokines were measured after 18 h injection. (a) TNF-α concentration in serum; (b) IL-6
concentration in serum.

probably still too high to achieve binding to the receptors. A more flexible TEG[32]

or PEG[24] spacer might be needed to provide greater flexibility and mobility of the

protruding CpG strands on AuNPs surface. Another difference between the AuNPs

and liposomes as well as CpG micelles is the liberation of the CpG motif from the

nanocarrier. It is anticipated that the covalent attachment of CpG sequence to

the AuNPs surface prevents uptake of the nucleic acid while the lipid DNA-CpG

hybrid can disintegrate easier and uptake into dendritic cells might be enhanced

by interaction with the cell surface. In previous chapters, it was shown that DNA

micelles disintegrate and lipid DNA molecules pierce into the membrane of cells.

Although there are in vitro reports demonstrating immunostimulation (TNF-α

secretion) of AuNPs with CpG motifs and a 15 nucleotides spacer,[33] in vivo

application of the carriers might be more complex than the in vitro situation.

Another explanation for the different immunostimulatory response might be

the different targeting ability to lymph nodes where immune cells locate. As

suggested by Liu et al., CpG micelle structure can fall apart upon interaction

with serum proteins after in vivo injection.[20] The exposed hydrophobic part

could be trapped by serum albumin and then target CpG molecules to lymph

nodes where CpG motifs could trigger immune response. This disassembly and

trapping by albumin should not be the case for liposome NPs as we noticed very

strong anchoring of lipid DNA to liposome membranes over several days under

dialysis. The stable interaction between hydrophobic segment of lipid DNA and

membranes composed of phosphate lipids is also true in cell culture medium
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as a very slow loss of membrane anchored lipid DNA was noticed.[34] The exact

mechanism of why different immunostimulatory NPs showed different immune

triggering ability still needs further study.

5.3 Conclusion

In this study, we synthesized different nanoparticles and coated CpG ODN on

their surfaces. Administration of these immunostimulatory NPs in vivo resulted

in different spleen dendritic cells activation. Immunostimulatory micelles can

effectively promote activation while liposomes and gold nanoparticles showed

negligible or no effects. These data suggested that the core material has to be

taken into consideration when choosing an antigen carrier.

5.4 Experimental Section

5.4.1 Materials

Unless otherwise noted, all chemicals and reagents were purchased from commer-

cial suppliers and were used without further purification. 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),

cholesterol (plant derived) and polycarbonate membranes with diameter of 100

nm were purchased from Avanti Polar lipids. HAuCl4, sodium citrate, dithiothre-

itol (DTT) and Histopaque®-1077 were purchased from Sigma Aldrich. Fetal

bovine serum and PBS were received from Gibco. Antibody CD40 (3/23), CD80

(16-10A1) and CD86 (GL-1) were received from eBioscience™. DAPI and ELISA

kit were purchased from BioLegend Inc. All oligonucleotides without lipid mod-

ification were purchased from biomers. They were obtained as HPLC purified

samples.

5.4.2 Mice

C57BL/6 mice were obtained from Orient Bio (South Korea). Mice were housed

under pathogen free environment and used under appropriate institutional guide-

lines.
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5.4.3 DNA Used

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

sequences and other oligonucleotides used in this work are listed in Table 5.1 .

Name Sequence (5´ to 3´)

U4T UUUUGCGGATTCGTCTGC

CLR UUUUGTGATGTAGGTGGT

thiol-CpG T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*
T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T-thiol C6

eCpG T*C*C*A* *G*A*C*G*T*T*C*C*T*G*A*C*G*T*T*
GCAGACGAATCCGC

ATTO590-eCpG ATTO590-TCCATGACGTTCCTGACGTTGCAGACGAATCCGC

CpG T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T

Table 5.1 | Details of DNA sequences used in this chapter. U represents dodecyne modified de-
oxyuridine nucleotide. * represents phosphorothioate (PS) modified nucleotide.

5.4.4 Micelle Preparation and Characterization

U4T was dispersed in PBS at a concentration of 40.8 µM in low binding eppendorf

tubes and eCpG was added at equivalent amount and hybridized using a thermal

gradient (90 °C, 30 min; -1 °C/min utill 25 °C).

5.4.5 AuNPs Preparation and Characterization

Briefly, 225 mL of 1 mM HAuCl4 (88.61 mg) in Milli-Q water was loaded 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 corresponding
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extinction coefficient of 2.33×108 M−1cm−1.

To conjugate thiol-CpG to AuNPs surface, 300 µL AuNPs solution was mixed

with 40 µL thiol-CpG (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 further 60 min. After that, the solution was subjected to

30 min centrifugation at 15000 rpm. Supernatant was removed and fresh PBS

buffer was added. Afterwards, the AuNP pellet was rinsed 3 times to remove any

unconjugated thiol-CpG. After purification, the AuNP pellet was re-dispersed in

1 mL PBS buffer. To quantify the amount of thiol-CpG on the AuNPs surface, 5

µL AuNPs solution was diluted with 90 µL Milli-Q water and then mixed with 5

µL DTT solution (1 M in Milli-Q water). After incubation at 60 °C for 1 hour, the

solution was centrifuged again for 30 min at 15000 rpm and the absorbance of

supernatant at 260 nm wavelength was measured to quantify conjugated thiol-

CpG sequences. Roughly 100 strands of thiol-CpG were conjugated to the surface

of each AuNP. Final concentration of thiol-CpG in AuNPs solution was adjusted to

40.8 µM with PBS buffer for animal injection.

5.4.6 Liposome Preparation and Quantification

For quantification of eCpG that was loaded to the liposome surface, 400 µL a

mixture of DOPC, DOPE and cholesterol (2:1:1) in ethanol (DOPC and DOPE

total concentration is 10.08 mM) was mixed with 32.9 nmol dry U4T. The molar

ratio between liposome lipids (DOPC and DOPE) and U4T was 123. Ethanol

were evaporated by a dry N2 stream. Dried lipid film was rehydrated with PBS.

Afterwards, lipid emulsions were sonicated for 5 min, then subjected to 5 freeze-

thaw cycles and 21 times extrusion through a 100 nm polycarbonate membrane

by a Mini Extruder (Avanti Polar lipids). As a control, liposome anchored with

CLR sequence was also prepared. After extrusion, 100 µL U4T liposome and

100 µL CLR liposome was respectively mixed with 4.08 µL ATTO590-eCpG (1

mM) and hybridized using a thermal gradient (40 °C, 30 min; -1 °C/min utill 4

°C). After hybridization, liposomes were transferred to Vivaspin column (viva

6, 300k Mw cutoff) and rinsed for 3 times with PBS buffer to remove any non

hybridized ATTO590-eCpG from liposome solutions. Then 4 mL PBS was added
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to each liposome solution and the fluorescence intensity of liposome solution was

recorded (SpectraMax® M3 Multi-Mode Microplate Reader). Calibration curve of

ATTO590-eCpG was plotted by measuring the fluorescence intensity of different

concentration of ATTO590-eCpG in PBS buffer. The amount of ATTO590-eCpG

in liposome solution was derived from its calibration curve and compared with

input amount to calculate the hybridization efficiency.

For animal experiments, eCpG was added to the liposome solution to hybridize

with all anchored U4T and the final concentration of eCpG in the solution was

adjusted to 40.8 µM with PBS buffer.

5.4.7 TEM Measurement

5 µL AuNPs or U4T micelles solution was deposited on a glow-discharged holey

carbon coated grid. The excess of solution was blotted off with a filter paper. For

micelle solution, the grid was further stained with 2% uranyl acetate solution.

After drying overnight, samples were examined using a Libra 120 Transmission

Electron Microscope (Carl Zeiss, Germany) with 120 kV accelerating voltage.

5.4.8 DLS Measurement

Nanoparticle solutions were filtered by 0.45 µm syringe filters and their size were

measured by Zetasizer Ultra (Malvern Panalytical) at 25 °C and diameters were

averaged from number distribution by three measurements.

5.4.9 Zeta Potential Measurement

500 µL nanoparticle solution in PBS was added to zeta cell and measured by

Zetasizer Ultra (Malvern Panalytical) at 25 °C and surface Zeta potential was

averaged from three measurements.

5.4.10 Surface Coverage Calculation

The number of lipids per liposome Ntotal was estimated as outlined below:
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Ntotal = 4π

(
d
2

)2 +
(

d
2 −h

)2

α
(5.1)

where d is the diameter of the liposome (outer surface), h is the thickness of the

bilayer about 5 nm, and α is the lipid head group area. For phosphatidylcholine,

α is about 0.71 nm2. For unilamellar liposomes, it can be simplified as

Ntotal = 17.69×
[(

d

2

)2

+
(

d

2
−h

)2]
(5.2)

For liposomes with a diameter of 100 nm, Ntotal is estimated to be 8x104. For U4T

and lipid ratio of 122.5, there are 327 U4T molecules on each liposome surface.

Thus, there are 327 eCpG motifs on average on the surface of each liposome at a

density of 0.01nm−2.

The CpG coverage of per AuNPs is roughly 100 CpG strands. Thus the surface

density is 0.19 nm−2 .

Aggregation number of micelles was estimated[35] to be 23. Thus the surface

density is 0.07 nm−2.

5.4.11 in Vivo Treatment

6 week old mice were injected with 100 µL nanoparticle solution intraperitoneally.

The mice were then sacrificed 18 h after injection.

5.4.12 Analysis of Spleen DCs

Spleens were cut into small fragments and digested with 2% FBS containing

collagenase IV for 20 min at room temperature. Digested cells were centrifuged

and the pellet was re-suspended in 5 mL Histopaque®-1077. An additional 5 mL

of Histopaque®-1077 was upper layered below, and FBS was layered above the cell

suspension, which was then centrifuged at 1700 g for 10 min. The light density

fraction (<1.077 g/cm3) was collected and incubated for 20 min with the following

FITC-conjugated monoclonal antibodies (mABs) for lineage staining: anti-CD3

(17A2), anti-Thy1.1 (OX-7), anti-B220 (RA3-6B2), anti-Gr-1 (RB68C5), anti-CD49b
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(DX5), and anti-TER-119 (TER-119). The lineage−CD11c+ cells in live leukocytes

were defined as spleen DCs. Analysis was carried out on a Novocyte instrument

(ACEA Bioscience, San Diego, CA, USA).

5.4.13 Flow Cytometry Analysis

Cells were washed with PBS containing 0.5% bovine serum albumin, pre-incubated

for 15 min with unlabelled isotype control ABs, and then labelled with fluores-

cently labelled ABs by incubation on ice for 30 min followed by washing with

PBS. Cells were analysed on a Novocyte instrument (ACEA Bioscience, San Diego,

CA, USA) and with NovoExpress software (ACEA Bioscience, San Diego, CA, USA).

Cellular debris was excluded from the analysis by forward- and side-scatter gat-

ing. Dead cells were further excluded by DAPI staining and gating on the DAPI-

negative population. As a control for nonspecific staining, isotype-matched irrele-

vant mABs were used.

5.4.14 ELISA

TNF-α and IL-6 concentration in serum were measured by using standard en-

zyme linked immunosorbent assay (ELISA, BioLgend, San Diego, CA, USA) kit in

triplicate.

5.4.15 Statistical Analysis

All the date from nanoparticle characterization are expressed as the mean ±
standard deviation (SD). All the data from animal experiments are expressed

as the mean ± standard error of the mean (SEM). The statistical significance

of differences between experimental groups was calculated using analysis of

variance with a Bonferroni post-test or an unpaired Student’s t-test. All p-values <

0.05 were considered significant. All the data from animal experiments are the

mean ± SEM. *p < 0.05, **p < 0.01 versus PBS group.
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Summary

Breakthroughs in lipid DNA, DNA conjugated with hydrophobic moieties, have

established it as a versatile functional material in many different fields. The in-

terplay between unique structural and chemical properties of nucleic acids and

hydrophobicity enables lipid DNA with novel functionalities and broadens its

application in the field of nanotechnology, diagnostics and biomedicine. In Chap-

ter 1, current state of the DNA amphiphiles synthesis and their assembly into

nanostructures were summarized. Next, an overview on the interaction of these

DNA amphiphiles with membranes was provided, detailing on the driving forces

and the stability of this interaction. Moreover, the interaction with cell surfaces in

respect to therapeutics, biological sensing, and cell membrane engineering was

highlighted. Finally, the challenges and outlook on this promising class of DNA

hybrid materials were addressed.

In Chapter 2, lipid DNA, dodec-1-yne-modified deoxyuridine nucleotides incor-

porated into common DNA sequences, was synthesized and its interaction with

both liposomal and cellular membrane was presented. Förster resonance en-

ergy transfer method proved that this lipid DNA was able to anchor in liposomal

membranes, either in unsaturated (DOPC:DOPE:cholesterol = 2:1:1) or saturated

liposome (DPPC:cholesterol = 2:1) formulations. This method also indicated

that liposomal membrane anchored lipid DNA is accessible to DNA hybridiza-

tion. Even when 5% PEG was incorporated into liposome composition, lipid DNA

was still successfully anchored and hybridized with its complementary strand

with high efficiency. After confirming the capability of lipid DNA anchoring in

liposomal membranes, we further challenged the system to anchor to cellular

membranes. After a short incubation with HeLa cells, lipid DNA quickly pierced

into cellular membranes and the membrane anchored DNA again was accessible

to hybridization with its complementary strands, as indicated by flow cytometry

measurements. Confocal fluorescence microscopy images showed that comple-
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mentary strands of lipid DNA were homogenously distributed on the cellular

membrane. Again this proved that the lipid DNA was anchored in the membrane.

We also measured the anchoring stability and found that lipid DNA stably incorpo-

rated into the membrane for several hours. When increasing the hydrophobicity

of lipid DNA by adding more modified nucleotides, its membrane anchoring sta-

bility was increased. These findings suggested possible applications of lipid DNA

in biomedicine, thus we were prompted to evaluate its cellular biocompatibility.

We found that the toxicity of lipid DNA was concentration dependent and at 10

uM concentration, its toxicity was acceptable.

In Chapter 3, a fast, efficient and targeted liposome delivery system controlled by

DNA hybridization was presented. We anchored cells and liposomes with lipid

DNA respectively, and then incubated them together for only 15 mins. When lipid

DNA on liposomal membrane was complementary to that on cellular membrane,

cellular internalization of liposomes was increased 18 times as compared with the

non-hybridized control, as quantified by flow cytometry. The following dynamic

study indicated that liposomes entered cells as quickly as in 5 min while for the

non-hybridized control, no obvious uptake could be detected even after 30 min.

Due to the high specificity of DNA hybridization, we found liposome could be only

delivered to cells whose membrane was pre-labeled with complementary lipid

DNA strands. When two types of liposomes were mixed with two populations of

cells, precise recognition by DNA hybridization directed liposomes to the targeted

cells. The mechanism of liposome delivery was also investigated. Liposome up-

take was significantly reduced when internalization experiments were conducted

at low temperature. This indicated an energy-dependent internalization process.

Further treating cells with different endocytosis inhibitors showed that caveolae-

mediated endocytosis was the dominant liposome internalization pathway and

scavenger receptors also assisted the cellular uptake. Finally, cellular track of

liposome and its cargo revealed liposome fate after internalization as follows:

liposomes first accumulate on cellular membranes by DNA hybridization. With

the help of caveolae and scavenger receptors, surface tethered liposome enter

cellular endosome. Once reaching the lysosome, liposomes are degraded, and its

cargo is released.
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After confirming that DNA hybridization could promote liposome attachment

to the cellular membrane and enhance cellular internalization, we further ex-

plored to generalize this method from liposomes to other types of nanoparticles.

Therefore, in Chapter 4, a simple DNA nanostructure, i.e. a DNA tetrahedron,

was tailed with free overhangs. When incubated with HeLa cells pre-anchored

with lipid DNA, a significant amount of cellular DNA tetrahedron was observed

while for non-hybridized controls, no obvious internalization was detected. Flow

cytometry results conformed this enhanced uptake, which was as high as 100

times. Moreover, it was found that the internalization of DNA tetrahedron was

concentration dependent. A time series of incubation of DNA tetrahedron with

growth medium indicated its structural stability, meaning that it is stable up to

5 hours. We also synthesized 13 nm AuNPs conjugated with oligonucleotides

on the surface. Similar as for the DNA tetrahedron, AuNPs internalization was

increased with the help of surface DNA hybridization, as confirmed by dark-field

microscopy. To further confirm this DNA hybridization method could be applied

as a general way to increase nanoparticle internalization, another type of nanopar-

ticle, i.e. polystyrene nanoparticles, was also modified with free oligonucleotides

and its cellular internalization was studied. We found that DNA hybridization

could promote cellular uptake of this type of nanoparticle as well.

Apart from inserting its hydrophobic tail into membranes, the DNA segment of

lipid DNA can be designed to be bio-functional. In Chapter 5, lipid DNA with CpG

sequence was synthesized. It can either self-assembly into nano-sized micelle to

form an immunostimulatory micelle or insert into liposomal membranes to rep-

resent an immunostimulatory liposome. To compare their immunostimulatory

effects with conventional nanoparticles, 13 nm AuNPs with CpG sequence conju-

gated was also synthesized. These three types of nanoparticles were injected into

mice and their dendritic cells activation ability was evaluated. It was found that

immunostimulatory micelles performed best and could effectively promote im-

mune activation, as indicated by elevated expression of co-stimulatory molecules

and secretion of pro-inflammatory cytokines.
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Samenvatting

Doorbraken in lipide-DNA, DNA geconjugeerd met hydrofobe eenheden, hebben

het bewezen als een veelzijdig functioneel materiaal op veel verschillende gebie-

den. Het samenspel tussen unieke structurele en chemische eigenschappen van

nucleïnezuren en hydrofobiciteit maakt lipide-DNA met nieuwe functionaliteiten

mogelijk en verbreedt de toepassing ervan op het gebied van nanotechnologie,

diagnostiek en biomedische geneeskunde. In hoofdstuk 1 werden de huidige

staat van DNA-amfifielen synthese en hun assemblage in nanostructuren samen-

gevat. Vervolgens werd een overzicht van de interactie tussen DNA-amfifielen en

membranen gegeven, met details over de drijvende krachten en de stabiliteit van

deze interactie. Bovendien werd de interactie met celoppervlakken met betrek-

king tot therapeutica, biologische detectie en celmembraantechniek benadrukt.

Ten slotte werden de uitdagingen en vooruitzichten voor deze veelbelovende

klasse van DNA-hybride materialen aangepakt.

In hoofdstuk 2 werd lipide-DNA gesynthetiseerd, 1-dodeceen-gemodificeerde

deoxyuridine-nucleotiden opgenomen in standaard DNA-sequenties, en zijn in-

teractie met zowel liposomale als cellulaire membranen werd gepresenteerd. De

Förster resonantie-energieoverdracht methode bewees dat dit lipide-DNA zich in

liposomale membranen kon ankeren, hetzij in onverzadigde (DOPC:DOPE:cholest-

erol = 2:1:1) of verzadigde (DPPC:cholesterol = 2:1) liposoom formuleringen. Deze

methode gaf ook aan dat liposomaal-membraan verankerd lipide-DNA toegan-

kelijk is voor DNA-hybridisatie. Zelfs wanneer 5% PEG werd opgenomen in de

liposoom samenstelling, was lipide-DNA nog steeds met succes verankerd en met

hoge efficiënte gehybridiseerd met zijn complementaire streng. Na bevestiging

van het vermogen van lipide-DNA om in te verankeren liposomale membranen,

daagden we het systeem verder uit om zich in cellulaire membranen te veran-

keren. Na een korte incubatie met HeLa-cellen drong lipide-DNA snel door in

cellulaire membranen en was het membraan-verankerde DNA opnieuw toegan-
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kelijk voor hybridisatie met zijn complementaire streng, zoals aangegeven door

flowcytometrie metingen. Confocale fluorescentiemicroscopie beelden toonden

aan dat complementaire strengen van het lipide-DNA homogeen op het cellu-

laire membraan waren verdeeld. Dit bewees opnieuw dat het lipide-DNA in het

membraan was verankerd. We hebben ook de verankeringsstabiliteit gemeten

en vastgesteld dat lipide-DNA gedurende enkele uren stabiel in het membraan

is opgenomen. Bij het verhogen van de hydrofobiciteit van het lipide-DNA door

het toevoegen van meer gemodificeerde nucleotiden, werd de stabiliteit van de

membraanverankering verhoogd. Deze bevindingen suggereerden mogelijke

toepassingen van lipide-DNA in biomedische geneesmiddelen, dus werd ons

gevraagd de cellulaire biocompatibiliteit ervan te evalueren. We bevonden dat

de toxiciteit van lipide-DNA concentratieafhankelijk was, en bij een concentratie

van 10 uM was de toxiciteit ervan acceptabel.

In hoofdstuk 3 werd een snel, efficiënt en gericht liposoomafgiftesysteem gepre-

senteerd dat werd aangestuurd door DNA-hybridisatie. We hebben cellen en lipo-

somen apart verankerd met lipide-DNA, en vervolgens samen gedurende slechts

15 minuten geïncubeerd. Wanneer lipide-DNA op het liposomale membraan

complementair was aan dat op het cellulaire membraan, was cellulaire internali-

satie van liposomen 18 keer verhoogd in vergelijking met de niet-gehybridiseerde

controle, zoals gekwantificeerd door flowcytometrie. De daarop volgende dyna-

mische studie gaf aan dat liposomen zo snel als in 5 minuten in cellen binnen-

gingen, terwijl voor de niet-gehybridiseerde controle zelfs na 30 minuten geen

duidelijke opname kon worden gedetecteerd. Vanwege de hoge specificiteit van

DNA-hybridisatie vonden we dat liposomen alleen konden worden afgegeven aan

cellen waarvan het membraan vooraf was gelabeld met complementaire lipide-

DNA strengen. Wanneer twee soorten liposomen werden gemengd met twee

populaties van cellen, richtte nauwkeurige herkenning door DNA-hybridisatie

liposomen op de beoogde cellen. Het mechanisme van liposoomafgifte werd

ook onderzocht. De opname van liposomen was significant verminderd wanneer

internalisatie-experimenten werden uitgevoerd bij lage temperatuur. Dit duidde

op een energie-afhankelijk internalisatieproces. Verdere behandeling van cellen

met verschillende endocytose-remmers toonde aan dat caveolae-medieerde endo-
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cytose de dominante liposoom-internalisatieroute was en scavenger receptoren

ook bijdraagden aan de cellulaire opname. Ten slotte onthulde het cellulaire spoor

van liposomen en zijn lading het liposoom lot na internalisatie als volgt: liposo-

men accumuleren eerst op cellulaire membranen door DNA-hybridisatie. Met

behulp van caveolae en scavenger receptoren komt het vastgebonden liposoom

het cellulaire endosoom binnen. Zodra het lysosoom is bereikt, worden liposomen

afgebroken en wordt de lading vrijgegeven. Nadat we hadden bevestigd dat DNA-

hybridisatie liposoomhechting aan het celmembraan kon bevorderen en cellulaire

internalisatie kon verbeteren, hebben we verder onderzocht om deze methode te

veralgemenen van liposomen naar andere soorten nanodeeltjes. Daarom werd in

hoofdstuk 4 een eenvoudige DNA-nanostructuur, d.w.z. een DNA-tetraëder, be-

kleed met vrije overhangen. Wanneer geïncubeerd met HeLa-cellen welke vooraf

verankerd waren met lipide-DNA, werd een significante hoeveelheid cellulair

DNA-tetraëder waargenomen terwijl voor niet-gehybridiseerde controles geen

duidelijke internalisatie werd gedetecteerd. Flowcytometrie resultaten kwamen

overeen met deze verbeterde opname, die wel 100 keer zo hoog was. Bovendien

werd bevonden dat de internalisatie van DNA-tetraëder concentratieafhankelijk

was. Een incubatie-tijdreeks van DNA-tetraëder met groeimedium gaf de struc-

turele stabiliteit aan, wat betekent dat het stabiel is tot 5 uur. We hebben ook 13

nm AuNP’s geconjugeerd met oligonucleotiden op het oppervlak gesynthetiseerd.

Net als voor de DNA-tetraëder, werd de AuNP-internalisatie verhoogd met behulp

van oppervlakte DNA-hybridisatie, zoals bevestigd door donkerveldmicroscopie.

Om verder te bevestigen dat deze DNA-hybridisatiemethode zou kunnen worden

toegepast als een algemene manier om de opname van nanodeeltjes te verhogen,

werd een ander type nanodeeltje, d.w.z. polystyreen nanodeeltjes, ook gemo-

dificeerd met vrije oligonucleotiden en werd de cellulaire internalisatie ervan

bestudeerd. We hebben ontdekt dat DNA-hybridisatie ook de opname van dit

type nanodeeltjes in de cel kan bevorderen.

Afgezien van het inbrengen van zijn hydrofobe-einde in membranen, kan het

DNA-segment van lipide-DNA worden ontworpen om biologisch functioneel te

zijn. In hoofdstuk 5 werd lipide-DNA met een CpG-sequentie gesynthetiseerd.

Het kan ofwel zelfassembleren in nano-formaat micellen om een immunosti-
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mulerende micel te vormen, of zich in liposomale membranen voegen om een

immunostimulerend liposoom te vertegenwoordigen. Om hun immunostimu-

lerende effecten te vergelijken met conventionele nanodeeltjes, werden 13 nm

AuNP’s met geconjugeerde CpG-sequenties ook gesynthetiseerd. Deze drie soor-

ten nanodeeltjes werden in muizen geïnjecteerd en hun dendritische celactive-

ringsvermogen werd geëvalueerd. Er werd bevonden dat immunostimulerende

micellen het beste presteerden en effectief immuunactivatie konden bevorderen,

zoals aangegeven door verhoogde expressie van co-stimulerende moleculen en

secretie van ontstekingsbevorderende cytokinen.
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