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ABSTRACT

In this study, we are reporting the structural elucidation of
doxorubicin-loaded liposomes (L-Dox) by atomic force
microscopy (AFM) in water and air. Our results showed
that liposome vesicles ruptured on the mica surface and
resulted in Dox crystals exposed outside in water, enabling
direct imaging by AFM. The height of such crystals was
determined ranging from10 nm to 30 nm by the cross-
section analysis. The first experimental proof of the hard
nature of Dox crystals was confirmed in phase image by
AFM. Consistent results were obtained in air scan when
vesicles were dried. In conclusion, Dox crystals formed
inside liposomes following encapsulation were visualized
by AFM in water and air for the first time.
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Atomic force microscopy (AFM) is a powerful imaging
technique to image and characterize nanoparticles, for
example liposomes.’? AFM has many advantages over
electron microscopy since it does not require special sample
processing and can be operated both in air and water, plus
offering three-dimensional visualization.'? AFM have been
used to elucidate liposome-based structures in air, such as
lipid-enveloped adenovirus® and functionalized QD-
liposome hybrids.* AFM imaging of liposomes under fluid
conditions is a very challenging task mainly due to their
soft nature. So far, only several studies have attempted to
image liposome vesicles in fluid, using tapping mode by
AFM.*® Very recently, two studies have pioneered to image
more complicated liposome-based delivery systems in
water, such as iron oxide-encapsulated liposomes and
action-containing liposomes in fluid, using tapping-mode
AFM.** Both studies have pointed out that the rupture of
liposomes on mica in fluid resulted in the exposure of
encapsulated entities outside.

Liposomes are one of the most-developed nanometer-scale
drug delivery systems.™ Liposomes encapsulating cytotoxic
drugs have been widely used for the treatment of various

tumors.***® Liposomes (smaller than 200 nm in mean
diameter) can preferentially accumulate in tumors in vivo
due to enhanced permeation and retention effect (EPR).***
Furthermore, the attachment of targeting ligands to the
liposome surface facilitate their cellular uptake *°, resulting
in a significant improvement in cancer therapy.

Doxil is a clinically used, FDA-approved liposomal product
against cancer. Anticancer drug Dox is loaded into
liposomses using the osmotic gradient technique, with high
loading efficiency achieved over 95%.'° Structural
elucidation of L-Dox by cryo-EM showed that Dox formed
crystal-like structures inside of liposomes.*** Since 1992,
cryo-EM has been the only technique used to visualize the
Dox crystals inside of liposomes. The formation of such
crystals has been reported due to the fact that Dox
precipitates with sulphate inside of liposomes.'” Li and co-
workers pioneered to investigate physical state of Dox
crystals inside of liposomes using cryo-EM and circular
dichroism spectra, concluding that Dox crystals account for
99% of Dox molecules loaded inside of liposomes.?’ The
formation of such crystals also lead to stable encapsulation
of Dox inside of liposomes.®® However, the physical
properties of Dox crystals have to be fully studied yet and
their residing inside of liposomes poses many difficulties.

In this study, we attempted to elucidate the structure of of
liposomes encapsulating Dox by AFM. We first optimized
the experimental conditions for both AFM in air and water
to image PEGylated liposomes without leading to fusion
between adjacent vesicles. Liposomes were deposited on
mica surface and scanned using the tapping mode by AFM
to avoid liposome damage. Our results showed that
liposome vesicle deposition onto the mica surface resulted
in Dox crystal exposure in fluid. The hard nature of Dox
crystals was clearly shown in phase images where the
height of such crystals was determined to range between
10nm to 30nm. The structure of liposomes scanned in air
showed consistent results with that of in water scan.
However, we found that the structure of liposomes in air
was more dependent on the deposition time and the drying
process applied. In conclusion, Dox crystals formed inside

NSTI-Nanotech 2010, www.nsti.org, ISBN 978-1-4398-3401-5 Vol. 1, 2010 65


mailto:bowen.tian@pharmacy.ac.uk;%20kostas.kostarelos@pharmacy.ac.uk

liposomes following encapsulation were visualized by
AFM in water and air for the first time. These optimized
conditions in our study allow the structural elucidation of
individualized liposome vesicles and indicate that AFM can
be applied as a routine technique for the structural
characterisation of soft nanoparticles such as hydrated lipid
bilayer vesicles.

Reference

1) Spyratou, E.; Mourelatou, E. A.; Makropoulou,
M.; Demetzos, C. Expert Opinion on Drug Delivery 2009,
6, 305-317.

(2) Ruozi, B.; Tosi, G.; Leo, E.; Vandelli, M. A.
Talanta 2007, 73, 12-22.

3) Singh, R.; Tian, B. W.; Kostarelos, K. Faseb
Journal 2008, 22, 3389-3402.

(@) All-Jamal, W. T.; Al-Jamal, K. T.; Tian, B,
Cakebread, A.; Halket, J. M.; Kostarelos, K. Molecular
Pharmaceutics 2009, 6, 520-530.

(5) Solletti, J. M.; Botreau, M.; Sommer, F.; Brunat,
W. L.; Kasas, S.; Duc, T. M.; Celio, M. R. Langmuir 1996,
12, 5379-5386.

(6) Ruozi, B.; Tosi, G.; Forni, F.; Fresta, M.; Vandelli,
M. A. European Journal of Pharmaceutical Sciences 2005,
25, 81-89.

@) Thomson, N. H.; Collin, I.; Davies, M. C.; Palin,
K.; Parkins, D.; Roberts, C. J.; Tendler, S. J. B.; Williams,
P. M. Langmuir 2000, 16, 4813-4818.

(8) Liang, X. M.; Mao, G. Z.; Ng, K. Y. S. Journal of
Colloid and Interface Science 2004, 278, 53-62.

9 Li, S. L.; Palmer, A. F. Langmuir 2004, 20, 7917-
7925.

(10) Dagata, J. A.; Farkas, N.; Dennis, C. L.; Shull, R.
D.; Hackley, V. A.; Yang, C.; Pirollo, K. F.; Chang, E. H.
Nanotechnology 2008, 19, -.

(11) Torchilin, V. P. Nature Reviews Drug Discovery
2005, 4, 145-160.

(12) T Al-Jamal, W.; Kostarelos, K. Nanomedicine
2007, 2, 85-98.

(13) Torchilin, V. P. AAPS J 2007, 9, E128-47.

(14) Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.;
Hori, K. Journal of Controlled Release 2000, 65, 271-284.
(15) Kirpotin, D. B.; Drummond, D. C.; Shao, Y.;
Shalaby, M. R.; Hong, K. L.; Nielsen, U. B.; Marks, J. D.;
Benz, C. C.; Park, J. W. Cancer Research 2006, 66, 6732-
6740.

(16) Haran, G.; Cohen, R.; Bar, L. K.; Barenholz, Y.
Biochimica Et Biophysica Acta 1993, 1151, 201-215.

@an Lasic, D. D.; Frederik, P. M.; Stuart, M. C. A;;
Barenholz, Y.; Mcintosh, T. J. Febs Letters 1992, 312, 255-
258.

(18) Lasic, D. D. Nature 1996, 381, 630-630.

(19) Lengyel, J. S.; Milne, J. L. S.; Subramaniam, S.
Nanomedicine 2008, 3, 125-131.

(20) Li, X. G.; Hirsh, D. J.; Cabral-Lilly, D.; Zirkel, A.;
Gruner, S. M.; Janoff, A. S.; Perkins, W. R. Biochimica Et
Biophysica Acta-Biomembranes 1998, 1415, 23-40.

66 NSTI-Nanotech 2010, www.nsti.org, ISBN 978-1-4398-3401-5 Vol. 1, 2010





