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Abstract: In this work, partially hydrolyzed thermoresponsive polyoxazoline was used for complexation with DNA. The resulting polyelectrolyte complex particles were characterized by dynamic and electrophoretic light scattering. They showed narrow size distribution and hydrodynamic
diameter of 183 ±5 nm at 65 °C. To improve stability of the system at physiological temperature,
the particles were coated with cross-linked polymer shell on their surface. A cytotoxicity study
indicated lower toxicity of the investigated systems compared to the referent polyethylenimine. In
addition, the transfection ability of the resulting vector systems was evaluated by flow cytometry.
Transfection efficiencies up to 65 % that of the referent polyethylenimine indicated the potential
of the vectors for DNA delivery.
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Introduction
Gene therapy is an approach for treating of patients with inherited or acquired diseases through
the introduction of therapeutic genes in the nuclei of
pathologically altered cells [1,2]. A critical parameter for effective gene therapy is the choice of an appropriate vector for transfection. In the recent years
polymer vectors are of great interest because they are
less hazardous, less pathogenic, and less immunogenic than the viral ones [3-6]. Typically, the negatively charged DNA interacts electrostatically with
positively charged polymers thus forming nano- or
microsized particles called polyplexes [7,8]. A wide
variety of cationic polymers have been investigated to compact and deliver DNA molecules [8,9].
Among them polyethylenimine (PEI) has been found
to exhibit the highest transfection efficiency and,
accordingly, has been referred to as the “gold standard” [10,11]. The high efficiency of PEI, however, is
compromised by its cytotoxicity [12,13]. Therefore,
the search and investigations of polymer vectors that
combine high efficiency and low toxicity is an active
research area.
Poly(2-oxazoline)s (POx) are biocompatible
pseudo-polypeptides that have received significant attention for biomedical applications in recent

years [14,15]. They are known as thermoresponsive
polymers that are able to undergo a reversible soluble-to-insoluble state transition in response to small
changes in temperature [14,15]. Furthermore, POx
are widely used as precursors for the synthesis of PEI
through its hydrolysis [16]. Combining the properties
of PEI and POx, a robust vector system for gene delivery can be designed. In this work, we used partially hydrolyzed POx for complexation with DNA. The
resulting nanosized complexes were characterized by
dynamic and electrophoretic light scattering. They
were stabilized by creating a cross-linked polymer
shell on their surface. A cytotoxicity investigation of
the systems was carried out on a spectrum of human
cell lines. The transfection ability of the resulting
vector systems has been evaluated by flow cytometry.
Materials and Methods
Materials
All reagents and solvents were purchased from
Sigma-Aldrich. The solvents were purified by standard procedures. Plasmid DNA containing the gene
encoding for the enhanced green fluorescent reporter protein pEGFP-N1 (4730 bp) was isolated from
glycerin culture E. coli DH5 alpha. For the preparation of the polyplexes a stock solution of 50 mg
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mL-1 in ultra-pure water (>18 MU) was used. The
poly(2-propyl-2-oxazoline)-poly(ethylenimine)
(POx-PEI) copolymer was prepared by controlled
partial hydrolysis of POx. The hydrolysis was performed in 6M HCl at 100° C and was determined
via 1H NMR spectroscopy. The molecular characteristics of polymer are as follows: Mn= 34000 g.mol-1,
Đ=1.2, PEI content =9 %.
Cell lines and culture conditions
The cell lines HL-60 (acute promyelocyte leukemia), RPMI-8226 (multiple myeloma), EJ (bladder cancer), REH (acute lymphocytic leukemia) and
HEK-293 (human embryonic kidney cells) were cultured routinely in a controlled environment: 37°C in
5% CO2 humidified atmosphere and were maintained
in RPMI-1640 medium, supplemented with 2 mM
L-glutamine and 10% fetal calf serum.
Methods
Preparation of polyplexes
The polyplex was formed by drop-wise addition
of DNA aqueous solution (50 µg.mL-1) into copolymer micellar solution (0.5 mg.mL-1) at 65 °C under vigorous stirring. The polyplex was prepared in
amine to phosphate groups ratios (N/P) of 4.
Coating procedure
To form a cross-linked polymer shell around the
polyplex particles, seeded radical polymerization
of N-isopropylacrylamide (NIPAM) was used. The
polyplex solution was heated to 65 °C under nitrogen atmosphere and vigorous stirring. NIPAM (5
mmol.L-1) and N,N-methylenbis(acrylamide) (BIS)
as a cross-linker (0.26 mmol.L-1) were dissolved in
water and the mixture was added into the polyplex
solution. After 30 min, α,α-azodiisobutyramidine (1
mmol.L-1) was introduced to initiate the copolymerization of NIPAM and BIS. The cross-linking reaction was allowed to proceed for 5 h at 70 °C.
Cytotoxicity assay
The cellular viability was assessed using the MTTdye reduction assay as described by Mosmann [17]
with slight modifications [18]. The assay is based on
the metabolic transformation of the yellow tetrazolium dye MTT to a violet formazan product via the
mitochondrial succinate dehydrogenase in viable
cells. In brief, exponentially proliferating cells were
seeded in 96-well flat-bottomed microplates (100
μl/well) at a density of 1×105 cells per ml and after
24h incubation at 37°C they were exposed to vari-
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ous concentrations of the tested compounds for 72h.
For each concentration a set of at least 8 wells were
used. After the treatment period 10μl MTT solution
(10mg/ml in PBS) aliquots were added to each well.
Thereafter the microplates were incubated for 4h at
37°C and the MTT-formazan crystals formed were
dissolved through addition of 100 μl/well 5% formic acid solution in 2-propanol. The MTT-formazan
absorption was measured using Beckman-Coulter
DTX800 multimode microplate reader at 580 nm.
Cell survival fractions were calculated as percentage
of the untreated control. In addition, IC50 values were
derived from the concentration-response curves.
Transfection experiments
The transfection efficacy of the tested POx based
polyplexes with a plasmid DNA encoding the synthesis of fluorescent protein, was monitored by flow
cytometry. For this purpose, human cell cultures with
different type and origin namely, REH (acute myeloid leukemia) and non-malignant HEK-293 (human embrional kidney cells) were treated with the
tested polyplexes at plasmid concentration of 100 ng/
ml for 24 h at 37°C. As a positive control PEI based
polyplexes were used. At the end of the incubation
period the cells were pelleted after centrifugation,
washed twice with ice cold phosphate buffer and resuspended in 500 μl phosphate buffer. So prepared
cell suspensions were analyzed by flow cytometer
FACSCantoII in order to demonstrate the synthesis
of fluorescent protein and the respective transfection.
For each sample at least 20 000 cells were analyzed.
The fluorescence of the cells treated with the tested
POx polyplexes is expressed as % relative fluorescence compered to the fluorescence of cell treated
with referent PEI polyplexes set as 100 %.
Dynamic and electrophoretic light scattering
The measurements were carried out at 65, 37 and
25ºC on a Zetasizer Nano-ZS instrument (Malvern
Instruments), equipped with a He-Ne laser (λ = 633
nm) and a non-invasive back scatter system, allowing
measurements of the scattered light at a scattering angle of 173º.
Results and Discussion
Preparation of polyplexes
Poly(2-alkyl-2-oxazoline)s are thermoresponsive polymers that exhibit a phase transition temperature in the 24-70 °C range, depending on their
molar mass as well as the length of the alkyl side
chain [14,15,19]. The POx-PEI copolymer used in
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Figure 1. Size distributions (a) and TEM micrograph (b) of polyplex formed from POx-PEI polymer and DNA at N/P
ratio of 4 coated with crosslinked PNIPAM shell.

this study displays a phase transition temperature
around 30 °C. The complexation with DNA at N/P
= 4 was carried out at 65 °C, that is, well above the
transition temperature. As seen from Figure 1a,
the polyplex particles are characterized with narrow size distribution and hydrodynamic diameter
of 183 ± 5 nm at 65 °C (solid line). As expected,
the ζ potential of the polyplex was positive due to
the excess of copolymer. However, upon decreasing temperature to below 30 °C a large instability
in the system was introduced. It was observed as
widening of particle size distribution, substantial
increase in dimensions (Dh>800 nm), and dramatic altering of the ζ potential to a negative value
(-1.9 mV).
To stabilize the particles, a cross-linked polymeric shell was constructed on the polyplex surface.
The shell was formed by seeded radical copolymerization of NIPAM and N,N-methylenbisacrylamideused as a cross-linking agent initiated by α,α-azodiisobutyroamidine. Based on previous experience
[20-22], optimal reaction conditions were selected
with regard to the reaction efficiency and reproducibility of results. Shell thickness of about 30 nm
was obtained by controlling the initiator/monomer
molar ratio. An indication for successful construction of PNIPAM shell was the slight but noticeable
increase in particle size. As evident from Figure 1a
(dash line), the hydrodynamic diameter of polyplexes at 65 °C after coating was 250 nm. The resulting
thickness of the polymer shell was 33.5 nm, calculated from the difference in hydrodynamic dimensions of the particles before and after coating, was

in good agreement with the theoretical value. The
stabilization effect of the cross-linked polymer shell
was immediately seen upon decreasing temperature
(Figure 1a, dot line): the size dispersity was not
affected and only slight increase in particle dimensions due to swelling of the shell was detected. The
morphology of the resulting vector system was visualized by TEM. A representative micrograph of
polyplex coated with cross-linked PNIPAM shell is
shown in Figure 1b: a feature of the particles is their
irregular spherical shape with a distinctive well-defined shell.
Cytotoxicity study
The cytotoxicity of partially hydrolyzed thermoresponsive polyoxaziline and its non-coated or coated polyplexes with plasmid DNA was evaluated in
a panel of human tumor cell lines with distinct cell
types and origin, namely HL-60 (acute promyelocyte
leukemia), RPMI-8226 (multiple myeloma) and EJ
(bladder cancer) and compared with cytotoxicity of
the referent PEI. Following 72 h exposure, the POxPEI copolymer exerted prominent concentration-dependent decrease of the cellular viability in the tested
cell lines, causing considerable eradication of viable
cells at concentrations exceeding 40 mM (Figure
2a). The equieffective IC50 values were derived using non-linear regression (curve-fit) analysis and are
shown in Figure 2b. It is noteworthy that in comparison with the referent PEI, POx is characterized with
lower cytotoxic potential. Thus, the POx-PEI copolymer had ca 20 % higher IC50 values in HL-60 and
RPMI-8226 cells, as compared to the PEI.
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Figure 2. Cytotoxic activity (a) and IC50 values (b) of POx and PEI polymers against a panel of human cell lines: HL60; RPMI-8226; EJ after 72 h exposure. Data represent the arithmetic mean ± sd from 8 independent experiments.

The study of cytotoxicity of free copolymers was
followed by monitoring the cytotoxic potential of
the derived non-coated and coated polyplexes with
DNA. Concentration-effect curves of are shown on
Figure 3.
As evident from the results, the formation of
complexes with the DNA is followed by a considerable reduction of cytotoxicity, thus, even at the
highest tested concentrations, the inhibition of cell
proliferation was less than 30% as compared to the
untreated control. The coating of polyplexes with
PNIPAM is accompanied by additional reduction in
their cytotoxicity potential. After 72 hours of treatment with the coated polyplexes the inhibition of
cell viability was less than 20% compared to cells
of the control group.
Transfection study
The transfection efficacy of the prepared vector systems was evaluated on two human cell lines
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non-malignant HEK-293 (human kidney embryonal cells) and malignant REH (acute leukemia)
by flow cytometry. Branched PEI was used as a
standard transfection agent. Figure 4 shows the
percentages of the transfected cells after treatment with the test polyplexes either non-coated or
coated with PNIPAM shell. Evident from the presented results, the non-coated polyplexes showed
app. 65% transfection efficiency as compared with
referent PEI vector. In contrast, the coated counterparts are characterized with lower transfection
efficacy - about 45% as compared with PEI vector.
Probably the lower transfection efficiency is due to
the polymer shell, requiring a longer time for degradation and internalization into the cells. However, the results clearly show that despite their lower
transfection the coated polyplexes are potential
vectors for successful transfer of pEGFP-N1 into
HEK 293 and REH cells.
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Figure 3. Cytotoxic activity of non-coated and coated POx-PEI polyplexes against a panel of human cell lines: HL-60;
RPMI-8226; EJ after 72 h exposure. Data represent the arithmetic mean ± sd from 8 independent experiments.
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Figure 4. Transfection efficiency of non-coated and coated POx-PEI polyplexes at N/P ratio of 4 expressed as % relative to fluorescence of PEI-polyplexes taken as 100%. HEK-293 (human embryonic kidney cells) and REH (acute lymphocytic leukemia).

Conclusions
A partially hydrolyzed thermoresponsive polyoxaziline (POx-PEI) was used for elaboration of polymer vectors of plasmid DNA. The resulting polyplex particles were characterized with a small size
and narrow size distribution suitable for systemic
delivery. Additional stabilization was achieved by
coating them with cross-linked polymer shell. The
investigated polyplexes showed significantly lower
cytotoxicity compared to the standard PEI vectors.
Furthermore, they exhibit transfection efficacy of
65% comparable to that of the referent transfection
reagent. On this ground it can be concluded that the
investigated POx based polyplexes are potential platforms for successful DNA delivery.
Acknowledgements: Financial support from DFNI
T02/7 is gratefully acknowledged.
References
1. M i l l e r DA. Human gene therapy comes of
age. Nature 1992; 375: 455-460.
2. Ve r m a IM, Weitzman MD. Gene therapy:
Twenty-first century medicine. Annu Rev Biochem 2005; 74: 711-738.
3. L u o D, Saltzman W. Synthetic DNA Delivery
Systems. Nature Biotechnology 2000; 18: 33–37.
4. K a b a n o v AV, Kabanov VA. DNA Complexes with Polycations for the Delivery of Genetic
Material into Cells. Bioconjug. Chem. 1995; 6:
7-20.
5. W o n g S, Pelet J, Putnam D. Polymer Systems
for Gene delivery—Past, present, and future.
Prog.Polym. Sci. 2007; 32: 799–837.

6. M i n t z e r M, Simanek E. Nonviral Vectors for
Gene Delivery. Chem. Rev. 2009; 109: 259–302.
7. d e I l a r d u y a CT, Sun Y, Düzgünes N. Gene
delivery by lipoplexes and polyplexes. European Journal of Pharmaceutical Sciences 2010; 40:
159–170,
8. D e S m e d t SC, Demeester J, Hennink WE.
Cationic Polymer Based Gene Delivery Systems.
Pharm. Res. 2000; 17: 113-126.
9. P a r k TG, Jeong JH, Kim SW. Current status of
polymeric gene delivery systems. Adv. Drug Deliv. Rev. 2006; 58: 467– 486.
10. L u n g w i t z U, Breunig M, Blunk T, Göpferich
A. Polyethylenimine-based non-viral gene delivery systems. Eur. J. Pharm. Biopharm. 2005; 60:
247–266.
11. P a t n a i k S, Gupta KC. Novel polyethylenimine-derived nanoparticles for in vivo gene delivery. Expert Opin. Drug Deliv. 2013; 10: 215-228.
12. L v H, Zhang S, Wang B, Cui S, Yan. J. Toxicity
of cationic lipids and cationic polymers in gene delivery. J. Controlled Release 2006; 114: 100–109.
13. Z h a n g S, Xu Y, Wang B, Qiao W, Liu D, Li Z.
Cationic compounds used in lipoplexes and polyplexes for gene delivery. J. Controlled Release
2004; 100: 165–180.
14. A d a m s N, Schubert US, Poly(2-oxazolines) in
biological and biomedical application contexts.
Advanced Drug Delivery Reviews 2007; 59:
1504–1520.
15. H o o g e n b o o m R, Poly(2-oxazoline)s: A Polymer Class with Numerous Potential Applications.
Angew. Chem. Int. Ed. 2009; 48: 7978 – 7994.

8

PHARMACIA, vol. 63, No. 2/2016

16. L a m b e r m o u n t - T h i j s HM, van der Woerdt FS, Baumgaertel A, Bonami L, Du Prez
FE, Schubert US, Hoogenboom R. Linear
Poly(ethylene imine)s by Acidic Hydrolysis of
Poly(2-oxazoline)s: Kinetic Screening, Thermal
Properties, and Temperature-Induced Solubility
Transitions. Macromolecules 2010; 43: 927–933.
17. M o s m a n n T., 1983. Rapid colorimetric assay
for cellular growth and survival: application to
proliferation and cytotoxicity assays. Journal of
immunological methods 65, 55-63.
18. K o n s t a n t i n o v SM, Eibl, H., Berger, M.R.,
1999. BCR-ABL influences the antileukaemic
efficacy of alkylphosphocholines. British journal
of haematology 107, 365-380.
19. A s e y e v V, Tenhu H, Winnik FM. Non-ionic Thermoresponsive Polymers in Water. Adv
Polym Sci 2011; 242: 29–89.



Corresponding author
Faculty of Pharmacy, Medical University of Sofia
2 Dunav str., 1000, Sofia, Bulgaria
Tel: +35929236528
E-mail: dmomekova@yahoo.com

Ts. Ivanova, E. Haladjova, M. Mees, D. Momekova...

20. D i m i t r o v IV, Petrova EB, Kozarova RG,
Apostolova MD, Tsvetanov ChB. A mild and
versatile approach for DNA encapsulation. Soft
Matter 2011; 7: 8002-8004.
21. H a l a d j o v a E, Rangelov S, Tsvetanov ChB,
Pispas S. DNA encapsulation via nanotemplates
from cationic block copolymer micelles. Soft
Matter 2012; 8: 2884-89.
22. P e t r o v PD, Ivanova NI, Apostolova MD,
Tsvetanov ChB. Biodegradable polymer network
encapsulated polyplex for DNA delivery. RSC
Advances 2013; 3: 3508-3511.
23. T r z e b i c k a B, Haladjova E, Otulakowski Ł.,
Oleszko N, Wałach W, Libera M, Rangelov S,
Dworak A. Hybrid nanoparticles obtained from
mixed mesoglobules. Polymer 2015; 68: 65-73.

