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Introduction: Molecular self-assembly presents a ‘bottom-up’ approach to the fabrication of objects
specified with nanometre precision. DNA molecular structures and intermolecular interactions are
particularly amenable to the design and synthesis of complex molecular objects [1]. Particularly, the
self assembly of amphiphilic molecules constitute one of the most fundamental mechanisms for the
construction of soft condensed matter biomaterials [2]. It is, however, well known that lipids, as well as
mixtures of anionic and cationic single chain surfactants, can readily form bilayers [3,4] that can adopt
a variety of distinct geometric forms: they can fold into soft vesicles or random bilayers (the so-called
sponge phase) or form ordered stacks of flat or undulating membranes [5].

We report on a novel approach for controlling the size and morphology of DNA condensates, using
a novel synthesized dicationic lipid (DCL), with several different analogues, varying in their spacer
lengths.

Methods: Cationic liposomes were prepared from the DCL [CH3(CH2)16OOC]2Glu(CH3)2N+-
(CH2)4-N+(CH3)2Glu[COO(CH2)16CH3]2, I, using lipid hydration method for different lipid derivatives.
The complexes were prepared by quick equivolumetric mixing of the pDNA (pEGFP-N1, 4.7 kbp) solu-
tion and CL at at different charge ratios. Scanning Force Microscopy (SFM) was done using NanoScope
III-a (Digital Instruments, Santa Barbara, CA) as described elsewhere [6].

Results and discussions:We observed by SFM, DNA condensation induced by spontaneous self
assembly with cationic lipid membranes. It is shown (see Fig. 1) that the nature of condensed particles
is strongly dependent upon the individual DCL. While liposomes from DCL with short spacers tend to
form condensed units of globular and toroidal form (50–120 nm); unfolded amorphous particles with
micrometer sizes were observed for long spacer DCL’s. The formation of rods and nanodiscs has been
observed for lipids with medium spacer lenghts. In the latter case, the condensed particles were found
to stabilize through forming vertices around their outer edges, which frequently have pores. These
topological defects were hetherto observed for another Catanionic systems where nanodiscs, in an excess
of cationic component, are formed by rejection of excess charges towards the edges [7]. Besides, in such
defect-stabilized structure the only other topology to evacuate excess charges is to segregate them in
pores [8]. Moreover, producing pores in the bilayer is a way for the system to self-assemble by minimising
its curvature energy, since negative gaussian curvature is favoured at high surface charge [9–11].

Conclusions:In the present study we have demonstrated that DNA condensates with controlled size
and morphology can be obtained, using a dicationic lipid with different spacer lengths between the two
polar heads of lipid chain groups. The structural and topological transformations are mediated by the

0928-7329/04/$17.00 2004 – IOS Press and the authors. All rights reserved



208 Abstracts ESEM 2003: IV. Biochemistry

Fig. 1. AFM images for DNA condensates. Shown are different morphologies obtained using a dicationic lipid with different
spacer lengths (m) and L+/D− mass ratios (r). Toroidm = 4, r = 6 (a); globulem = 3, r = 10 (b); rodsm = 7, r = 6
(c), (d); nanodiscsm = 7, r = 6 in salt free solution (e), (f), (g); “spaghetti-like” and “beads-on-strings” structuresm = 4,
r = 2.1 respectively (h), (i). The scale bars represent 100 nm unless mentioned elsewhere.

individual characterestics of the lipid membrane. The differences in lipid membrane regidity, surface
charge, and degree of hydrophobicity work cooperatively, leading to DNA condensates in different
conformational states. Finally, it’s worth mentioning that this study could be rationalized to another
cationic surfactants which could be synthesized with different analogues.
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Introduction: Recently, there is an increasing interest in the DNA-cationic lipid macromolecular com-
plexes as a non-viral delivery system for gene therapy purposes [1,2]. Yet, detailed studies concerning the
molecular mechanisms, causing aggregate formation and its interaction with cells are still lacking. Using
atomic force microscopy (AFM), one can elucidate the structural peculiarities for the supramolecular
DNA-CL complexes, and identify some of the key parameters that are crucial for optimising gene trans-
fer [3]. In the present study, we emphasize on the structure-activity relationship of lipoplexes prepared
from a newly synthesized dicationic lipid, and characterized using AFM. The results obtained highlight
some of the structural and morphological parameters that are crucial for optimizing lipoplex-mediated
gene transfer.

Methods: A novel series of dicationic lipids (DCL) based on L-glutamic acid, a group of original
lipopeptides with two quarternary ammonium polar heads were synthesized with different analogues,
varying in the lenght of spacer arm between the two polar heads. The liposomes, their complexes with
DNA (pEGFP-N1), and samples for AFM measurements were prepared as described elsewhere [3].
The potential of liposomes, prepared from the DCL, for delivering functional (reporter) genes into
eukaryotic cells was examined by monitoring gene expression in different types of established cell lines,
e.g. SKOV-3, 293 and MCF-7 [4].

 a)                                     b)                                               c)

Fig. 1. a) Transfection of human kidney transformed cell line 293 with pDNA-DCL complexes: transfected cells emit green
fluorescence; b) AFM image for pDNA-DCL complexes taken after adhesion to the mica surface, shown are individual distinct
toroids obtained with DCL with short spacer; c) Aggregation of toroids and rods obtained with DCL with long spacer.

Results and discussions:We have examined some of the biophysical characteristics of the interaction
of DNA with several different cationic lipid analogues, varying in the length of the spacer arm between the
2 polar heads of lipid chain groups. The cationic lipids varied in their ability to mediate transfection, as
it was found that lipoplexes composed from DCL with short spacers showed high transfection efficiency
compared to those with long spacers (see Fig. 1(a)).
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The structural and morphological peculiarities of these lipoplexes were characterized using AFM.
Interestingly, differences were observed in the aggregation behavior of the complexes structural units:
While short spacer liposomes, exhibiting high transfection activity, form distinct compact condensed
particles in toroid form with average diameter∼ 120 nm, which are stable against aggregation (Fig. 1(b));
the formation of multimolecular aggregates (∼ 3 µm) of toroid and rod units has been noted for lipids
with long spacers.

The size of the latter complexes exceeds that of plasmid and may acquire diameters in the order of
microns. It is more likely that this fraction will be exluded from involvement in cellular transfection, as
such a size will prevent cellular uptake [5].

Concluding remarks:The stability of the unit DNA-CL complex is an important consideration in
the design or selection of cationic lipid for self-assembling DNA delivery systems. It is shown, that
liposomes from DCL with short spacer form morphologically more compact particles of the toroidal
form (∼ 120 nm) which are stable in solution (showed minimal aggregation of their DNA complexes) and
effectively transfer functional genes to cultured cellular lines, while complexes formed from long spacer
liposomes form the big, noncompact amorphous aggregates which are unnstable and do not transfer
genes in cultured cells.
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Introduction: In its genomic action, vitamin D (VD) binds to a specific receptor which is a member
of the steroid hormone receptor superfamily. The vitamin D receptor (VDR) forms heterodimers with
retinoid X receptors (RXRs), and the dimer interacts then with its cognate binding site, termed vitamin
D response element (VDRE), to affect the transcription of target genes. Recent studies have identified
novel sequence motifs for VDREs as well as novel protein-protein interactions involving the VDR. Thus,
the research on the control of gene transcription by VD reveals examples of molecular interplay between
transcriptional regulatory pathways and provides new insight into the molecular mechanism of action
of VD [1]. However, detailed studies concerning direct interaction between DNA molecules and VD
group (VD2 and VD3) are still lacking. In the present study, the self-assembly of phage T4 and plasmid
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Fig. 1. FM (a–d) and AFM (e–h) images for DNA-VD complexes a) an elongated-coil; b) coexistence of coils and globules; c)
globule; d) associated globules, note that due to a blurring effect, the apparent globule image is larger than the actual dimensions;
e) formation of pDNA networks; f) aggregation of pDNA molecules around VD micelles; g) T-4 DNA globules; h) associated
globules, see text for detailed description; the scale bars represent 1µm for FM images and 100 nm for AFM images.

DNA (pDNA) with VD group, was examined in diluted aqueous solutions, in the absence and presence
of Ca2+ cations, using Fluorescence and Atomic Force Microscopy (FM and AFM, respectively).

Methods:Fluorescence images of T4 DNA molecules were observed using a Carl Zeiss microscope,
Axiovert 135 TV, equipped with a highly sensitive CCD TV camera LCL-902 HS, and were recorded on
H.D with a rate of 10 frames/s. Observations were carried out at the temperature 25◦C. Small droplets
(2 µl) of dilute solution of T4 DNA labelled by YOYO-1 in TE buffer solution in the presence/absence
of VD were placed on glass cover-slip at the stage of the FM. AFM measurements were done following
the method described elsewhere [2].

Results and discussions:To characterize the structural transition of DNA induced by vitamin D in a
quantitative manner, a series of measurements was carried out by changing the VD and Ca+2 cations
concentrations. A typical image of T4 DNA molecules, without any ligand, in a random coil state is
given in Fig. 1(a)). In aqueous solutions in the absence of VD, individual DNA chains exhibited thermal
fluctuation, i.e., intramolecular and translational Brownian motion in coil state. In contrast, after addition
of VD (0.3 mg/ml), the brownian motion for DNAs molecules was exteremely hindered (inhibited). With
the addition of Ca+2 with different ratios, discrete conformational changes from an elongated coil into
a collapsed globule took place in DNA molecules. A coexistence between coil and globule states was
observed below 10 vol % Ca+2 (Fig. 1(b)). At 10% Ca+2, most of the DNAs observed were exhibiting
the collapsed globule state (see Figs 1(c) and (g)), while a minor fraction showed the coiled state.
Associations between multiple DNAs (aggregation) took place above 15% Ca+2 (see Figs 1(d) and (h)).
At higher Ca+2 concentrations, we can hardly see any fluorescence from DNA molecules, which could
be due to DNA full coverage by VD layers.

High resolution AFM images revealed a variety of structures for DNA- Ca2+-VD complexes. While
at low VD2 concentrations, beads-on-strings strucure with the vitamin micelles attached to linearized
pDNA was the predominant structure, formation of nanocylinderical networks (pDNA coated fibres)
were obtained at rather high vitamin concentrations (Fig. 1(e)). Formation of loops around VD micelles
and subsequent flower like aggregates was monitored as an early stage in condensate formation (see
Fig. 1(f)). Surprisingly, incubation of T-4 DNA with VD3 (without any Ca2+) for 24 hours at 4◦C, gave
rise to formation of distinct globules, which associate (aggregate) in the presence of Ca2+ (see Figs 1(g)
and (h) respectively).



212 Abstracts ESEM 2003: IV. Biochemistry

In conclusion, we described a simple method for preparing DNA-VD complex in the existence of
divalent cations. The DNA-Ca2+-VD complex structure ranged from amorphous aggregates; beads-
on-strings to compact single and multiple globules (0.1–1µm), depending on vitamin nature, Ca2+

concentration and incubation time. A nucleation mechanism and flower-like aggregates are proposed as
an initial state for DNA-Ca2+ – VD complex formation. Finally, it’s worth mentioning that the present
study could have its fundamental and practical implications. Whereas from the fundamental viewpoint,
it may highlight new mechanism of regulation of the genomic action of VD; it could also practically
used as a novel approach for vitamin mediated targeted gene delivery.
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Fibrin as a carrier for chondrocytes and release systems for bioactive molecules in cartilage
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Introduction

Hydrogels are a promising scaffold material with various functions in the field of tissue engineering.
Our work is focused on using a fibrin gel as a three-dimensional carrier for chondrocytes and as a
release system for bioactive molecules in cartilage engineering for total ear reconstruction. Fibrin
is a well-investigated medical device and has been used for over 20 years in clinical and laboratory
medicine [3]. It is generally considered to be biodegradable and biocompatible. However, using a
commonly employed commercially available fibrin gel preparation kit, the fibrin hydrogel appeared
unstable, shrunk considerably during the first few days following preparation, and completely dissolved
after 3 weeks. For this reason, we investigated preparation parameters determining gel stability.

Within these gels an insulin-sensitive chondrocyte culture was established for evaluating controlled
release of bioactive molecules from microparticles, using insulin as a potent cartilage-effective model
drug [2]. Insulin is a polypeptide, is homologous to parts of the IGF-I molecule, and binds to the IGF
receptor, though with 100-fold lower affinity than IGF-I. Within this study, we tested the effect of insulin
released from lipid microparticles on chondrocytes grown in a fibrin gel.

Methods

Fibrin gel development:Fibrin gels principally consist of fibrinogen that is cross-linked by thrombin
in CaCl2-buffer after a few seconds [1]. We modified the concentration of fibrinogen, CaCl2, and the pH
and tested the appearance and the stability of the resultant gels in culture medium for 3 weeks.
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Table 1
Gel appearance and stability in culture medium; effect of fibrinogen concentration

Components Variation Appearance
Fibrinogen after gelling after 1 week after 3 weeks

commercial fibrin glue – turbid, some contraction turbid, some dissolution dissolved
Sigma Fibrinogen and 12.5 mg/ml turbid, some contraction turbid, some dissolution dissolved
Thrombin 5U/ml, 25 mg/ml turbid, some contraction turbid, some dissolution almost completely dissolved
40mM CaCl2, pH 7.0 50 mg/ml transparent stable, transparent stable, transparent

100 mg/ml transparent stable, transparent stable, transparent
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Fig. 1. Effects of insulin in medium and insulin-loaded lipid microparticles on GAG fraction of gels cultured for 5 weeks.
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Fig. 2. Effects of insulin in medium and insulin-loaded lipid microparticles on collagen fraction of gels cultured for 5 weeks.

Cell culture: Freshly isolated bovine femoral chondrocytes were resuspended in a fibrinogen solution;
subsequently gels were prepared in a 5 mm diameter glass ring according to the results obtained in the
fibrin gel development (1.5× 106 cells per 0.5 ml gel). The fibrin was allowed to gel for 1 hour at 37◦C
before removing the glass ring and covering the gel with 4 ml culture medium. Medium was exchanged
3 times per week. For control cultures medium containing 5% FBS was used, one experimental group
received medium containing 5% FBS and 2.5µg/ml insulin. In the third group lipid microparticles
loaded with insulin for controlled release were introduced into the gel together with the cell suspension
before gelling, medium contained only 5% FBS. The constructs were cultured in 12-well-plates and
harvested after 2 and 5 weeks, respectively.
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(A) control, 5% FBS (B) 5% FBS + insulin in medium 
(C) 5% FBS + insulin-loaded lipid

microparticles 

Fig. 3. Histological cross-sections of 5-week gels grown in culture medium with (A) 5% FBS, (B) 5% FBS with 2.5µg/ml
insulin in medium, and (C) 5% FBS with insulin-loaded lipid microparticles. Sections were stained red for glycosaminoglycans
(GAG) with safranin-O (x 100).

Results

Variation of fibrin concentration resulted in gels of distinctly different appearance (Table 1). Only a
gel with a fibrin concentration higher than 50 mg/ml was at least stable for three weeks. With regard to
CaCl2 and pH, only a concentration higher than 40 mM CaCl2 and a pH between 6.8 and 9, respectively,
result in stable gels (data not shown). In general, all gels that were turbid after preparation shrunk during
the first few days and large parts dissolved within three weeks, i.e., an inappropriate period of time for
long-term cell culture. In contrast, all transparent gels appeared stable and maintained their shape during
the experiment. Based on the results from gel development, for cell culture experiments a preparation of
100 mg/ml fibrinogen dissolved in 10000KIE/ml aprotinin solution at 37◦C mixed with the same volume
of thrombin 5 U/ml in 40 mM CaCl2-buffer was used. These gels have been stable in cell culture for 9
months up to now.

Primary chondrocytes in the fibrin gel cultured in medium with 5% FBS (control group) maintained
a round shape throughout the study and produced extracellular matrix containing GAG and collagen
(Figs 1 and 2). Addition of insulin in the medium resulted in a distinct increase of GAG and collagen
fraction in the gel (Figs 1 and 2). The GAG fraction of gels cultured in the presence of insulin-loaded
lipid microparticles was slightly higher than that of control gels, but did not reach the amount produced
in the presence of insulin in medium. However, as compared to the control, collagen fractions were
increased by insulin-loaded particles to the same degree as by insulin exogenously added to the medium.
(The generally low values for GAG and collagen fraction are attributed to the relatively low cell density
within the gels; higher values are expected with increased cell/volume ratio.)

The different GAG fractions were also reflected in histological sections of the fibrin-cell constructs,
stained red with safranin-O (Fig. 3). The cells were encircled by an area containing extracellular matrix.
Compared to controls (Fig. 3(A)), these regions were larger and more heavily stained in the constructs
with insulin in the medium (Fig. 3(B)) as well as with insulin in lipid microparticles (Fig. 3(C)). Cells
with extracellular matrix were homogeneously distributed throughout the whole construct for all groups.

Conclusions

For the use of fibrin as a scaffold material, in many tissue engineering applications long-term stability
is crucial. By varying preparation parameters, we produced a three-dimensional fibrin gel that has
been stable in cell culture for 9 months up to the present and allows for suspension of chondrocytes,
thereby maintaining their round morphology and phenotypic expression of glycosaminoglycan and
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collagen. Within these gels we established a chondrocyte culture that is sensitive to insulin as a
model for bioactive molecules. Insulin released from lipid microparticles was demonstrated to improve
chondrocyte extracellular matrix production. Future studies will further explore the effects of different
protein loading and release kinetics from microparticles. The fibrin gels are intended to be specifically
investigated in combination with polymeric scaffolds for the use in total ear reconstruction.
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Introduction: As in vitro maintenance of primary hepatocytes is difficult the availability of liver cells
is limited. Improvement of the expansion of hepatocytes in cell culture would provide a new source of
liver cells for several downstream applications. It has been shown for some human somatic cells that the
reconstitution of telomerase only resulted in infinite proliferation without oncogenic transformation [2].
Thus, as an initial model, we tried to stimulate the proliferation of porcine hepatocytes by ectopic
expression of the gene for the human catalytic subunit of telomerase reverse transcriptase (hTERT).

Materials and methods:For isolation of hepatocytes liver lobes of young male pigs were perfused
with L15 Leiboviz medium for removing blood after total hepatectomy. The lobes were first washed with
calcium free Krebs Ringer buffer followed by perfusion with Krebs Ringer-HEPES buffer containing
calcium and 0.025% collagenase type 1. Hepatocytes were separated from the disintegrated lobe by
gentle agitation. The resulting cell suspension was washed by centrifugation three times at 50 g at 4◦C.
The final cell pellet was resuspended in ME medium to a density of 1× 107 cells per ml. 3× 105 cells
per ml were plated onto 75 cm2 tissue culture dishes coated with collagen and then cultured in particular
supplemented WE medium. In each experiment 2.25× 106 cells were transfected with hTERT cloned
in an eukaryotic expression plasmid using Metafectene (Biontex) as transfection solution. TRAP assays
were performed as described previously by Fiedler et al. [1]. The conditions of RT-PCR analysis are
available on demand from the author.

Results:In two of four independent approaches the lifespan of porcine hepatocytes could be extended
by ectopic expression of hTERT. These hTERT transfected cells still proliferate after 8 months under
specific culturing selection, whereas the non transfected control cells stopped proliferation and died
in the meanwhile. Investigation of the telomerase activity by TRAP assay revealed that telomerase is
active only in the transfected cells. Furthermore, expression of hTERT in these telomerase active cells
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was confirmed by RT-PCR. The hepatocytic character, the oncogenic potential, the karyotype and the
telomere lengths of the cells are currently under investigation.

Discussion: The two cell lines established by ectopic expression of hTERT in primary porcine
hepatocytes show indefinite proliferation capacity and seem to be immortal so far. Thus, in these cells
limited in vitro lifespan of primary cultured hepatocytes was obviously overcome by telomerization. The
generation of immortalized porcine hepatocytes by ectopic expression of telomerase without oncogenic
transformation will be useful as anex vivoanimal model for hepatic gene therapy and further in vitro
studies, but it may also be a first step to the development of human bioartifical liver devices.
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