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一.中文計畫摘要: 

本計劃以冷凍乾燥製程以評估陽離

子性高分子-DNA 安定性。本計劃的目
的如下：                                 
(1)探討保護劑之選擇與濃度。 
(2)保護劑之機轉及效能探討。 
(3)冷凍乾燥對基因製劑之物化特性及
細胞轉染效率之評估。 
二.英文計畫摘要: 

Mannitol, with structural similarity to 
disaccharides, is a commonly used 
excipient in freeze-dried 
biopharmaceutical formulations. However, 
the mechanism of freeze-dried 
stabilization of cationic polymer-DNA by 
mannitol and its crystallization behavior 
has yet to be elucidated. Without 
lyoprotectants added, a significant 
increase of particle aggregation and a 
dramatic decrease in transfection 
efficiency of polyethylenimine 
(PEI)-DNA complexes were observed 
after freeze-drying or freeze-thawing. 
Mannitol did provide some protecting 
effect on the retention of particle size and 
transfection efficiency of PEI-DNA 
complexes after lyophilization or 
freeze-thawing. However, the 
crystallization of mannitol negatively 
affected size stability and transfection 
efficiency of PEI-DNA complexes during 
lyophilization and freezing-thawing. 
Co-lyophilization with disaccharides 
(sucrose or trehalose) resulted in avoiding 
particle aggregation and preserving 
transfection efficiency of PEI-DNA 
complexes during lyophilization or 
freeze-thawing. As compared with 
disaccharides, co-lyophilization of 
lyoprotectants with higher molecular 
weight (polyvinyl pyrrolidone and dextran) 
resulted in higher particle aggregation and 
lower transfection efficiency of PEI-DNA 
complexes after freeze drying or 

freeze-thawing.  Disaccharides not only 
reduced the crystallization of mannitol of 
freeze-dried DNA formulations, they also 
protected stabilization of DNA during 
lyophilization or freeze-thawing. Except 
for lowing mannitol crystallinity, the 
characteristics of the excipient may 
influence the ability of the preservation of 
PEI- DNA complexes after lyophilization 
or freeze-thawing. This study also 
demonstrates that lyophilization process 
resulted in more aggregation than 
freeze-thawing.   
Key words: mannitol; DNA; 
polyethylenimine; aggregation; 
lyophilization; transfection. 
三.計畫緣由與目的: 

The utility of polyethylenimine (PEI) as 
a transfection agent presents an attractive 
method to deliver genes for therapeutic 
applications [1, 2]. PEI polymers, 
classified as non-viral vectors, are the 
most commonly used vectors in cationic 
polymer gene delivery systems. They are 
believed to provide significant buffering 
capacity over other cationic polymers, 
resulting in pH inhibition of lysosomal 
nucleases and higher transfection activity 
[3, 4]. Although much is known about the 
delivery obstacles of cationic 
polymer-based gene delivery systems, 
relatively little attention has been paid to 
the development of their pharmaceutical 
formulations for long-term stability.  
Aggregation is typically pointed as the 
major cause of the loss of transfection 
rates for cationic polymer-based gene 
delivery systems and other colloidal 
carriers stored as liquid suspensions [5-7]. 
This is due to thermodynamic instability 
of the colloidal particles. Thus, this 
intrinsic instability places a strict 
limitation on the practical application of 
this new class of DNA-based 
pharmaceuticals as liquid formulations. 
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Lyophilization, known as freeze-drying, 
is a common method used to achieve 
acceptable shelf life for 
biopharmaceuticals when the stability of 
aqueous solutions is inadequate. In the 
previous report, freeze-dried 
poly((2-dimethylamino)ethyl 
methacrylate)-DNA complexes using 
sucrose as a lyoprotectant, preserved their 
transfection rates after rehydration even 
when stored at 40 degrees C for 10 
months [5].  Also, encouraging 
stabilization investigations by 
freeze-drying were carried out on 
non-viral vectors such as nanoparticles, 
polyethylenimine, 
polyethylenimine-transferrin, peptides, 
lipids, and polyethyleneglycol-lipds [8-14]. 
Full preservation of particle size and 
transfection efficiency for cationic 
polymer gene delivery systems has been 
reported when lyoprotectants (sugars) are 
included in the freeze-dried formulations 
[9, 14, 15]. 

The choice of lyoprotectant is crucial 
for the protection of non-viral complexes 
during freeze-drying. Among 
lyoprotectants tested, disaccharides hold 
superior protective ability during 
freeze-drying of non-viral complexes [10, 
13, 16]. It was suggested that particle 
isolation during the freezing step is 
necessary for structural stabilization by 
disaccharides [17]. On the contrary, there 
are some reports of negative and 
controversial effects of mannitol 
crystallinity on stability of non-viral 
complexes as a freeze-dried excipient [10, 
13, 16, 17]. Mannitol is a commonly used 
lyoprotectant in biopharmaceutical 
formulations during lyophilization [18, 
19]. Unlike disaccharides, the reasons for 
the widespread use of mannitol include its 
tendency to crystallize results in an 
elegant cake structure, its high eutectic 
melting temperature with ice promotes 

efficient freeze-drying, and its chemical 
stability which resists hydrolysis at 
extreme pH [20]. The crystallization of 
mannitol during freeze-drying brings 
about various anhydrous polymorphs (α, β, 
and δ) and their mixtures depending on 
different formulations and processing 
conditions [21]. Mannitol crystallinity has 
negatively affected stability of proteins 
and lipid-DNA as a freeze-dried excipient 
[16, 22, 23]. The increase in particle size 
or a concurrent decrease in the 
transfection efficiency of non-viral 
complexes was monitored after 
lyophilization of mannitol [10, 13, 16, 17]. 
However, in other studies, the transfection 
efficiency of freeze-dried PEI-DNA was 
fully recovered in the presence of 
mannitol [14, 15]. In another approach, 
crystallization of mannitol during freezing 
may be able to spatially separate 
lipid-DNA complexes and attenuate 
particle interactions to some significant 
degree [17]. The mechanism of 
freeze-dried stabilization of cationic 
polymer-DNA by mannitol and its 
crystallization behavior has yet to be 
elucidated. Despite predictable difficulties 
associated with using mannitol as a 
freeze-dried excipient, it is worthwhile to 
explore this formulation alternative for 
situations where disaccharides are 
unsuitable. 

The aim of this study was to 
systematically evaluate the protective 
effect of mannitol on the aggregation 
behavior of PEI-DNA complexes during 
lyophilization or freeze-thawing. The 
mannitol crystallinity in freeze-dried 
formulations was analyzed by a powder 
X-ray diffractometer. The analysis of the 
aggregation behavior of PEI-DNA 
complexes after lyophilization or 
freeze-thawing has been investigated by 
light scattering measurements and in vitro 
transfection assay. The results allow us to 
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gain some additional insight into the 
aggregation mechanism of cationic 
polymer-based gene delivery systems 
during freeze-drying. 
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四.結果與討論: 

To circumvent the aggregation issue 
raised by various thermal stresses, the 
influence of lyophilization and 
freeze-thawing on the particle size 
changes of PEI-DNA complexes without a 
lyoprotectant was first studied. As shown 
in Figure1, freeze-thawing of PEI-DNA 
complexes without a lyoprotectant 
resulted in a remarkable increase in mean 
particle size (500 nm, Figure 1A) and 
polydispersity index (0.451, Figure 1B) 
compared with freshly prepared 
complexes (mean particle size = 145 nm; 
polydispersity index = 0.201; control). 
This indicates that a mild aggregation of 
PEI-DNA complexes was observed after 
freeze-thawing even without sufficient 
time for particle collision. Also, 
freeze-thawing of PEI-DNA complexes 
without additives resulted in a significant 
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loss in transfection efficiency as compared 
with freshly prepared complexes (control, 
Figure 1C). Furthermore, lyophilization of 
PEI-DNA complexes without a 
lyoprotectant resulted in formation of 
larger aggregates and a further decrease in 
transfection efficiency than complexes 
after freeze-thawing (Figure 1). Except for 
the freezing step, the drying process of 
lyophilization also contributes to this 
drastic size increase and transfection 
decrease of PEI-DNA complexes without 
a lyoprotectant. The results are consistent 
with other studies indicating that 
transfection efficiencies of cationic 
polymer gene delivery systems 
lyophilized without additives are 
dramatically reduced after rehydration [8, 
9]. 

Having evaluated the amount of 
aggregation during lyophilization and 
freeze-thawing, PEI-DNA complexes in 
the presence of mannitol as a 
lyoprotectant were tested to assess its 
protection properties. As illustrated in 
Figure 2A and 2B, either after 
freeze-thawing or lyophilization, the mean 
particle size and polydispersity index of 
PEI-DNA complexes containing mannitol 
from 1 to 10 % w/v were significant 
higher than freshly prepared complexes. 
Mannitol did provide some protecting 
effect on the retention of particle size of 
PEI-DNA complexes after lyophilization 
or freeze-thawing; as compared with 
complexes without a lyoprotectant (Figure 
1). Also, lyophilization process resulted in 
more aggregation than freeze-thawing as 
they have been shown in Figure 1. The 
protective effect on the retention of 
particle size by mannitol leveled off at 
concentrations of more than 5% during 
lyophilization and freeze-thawing. In the 
addition of mannitol from 1 to 10 % w/v, 
PEI-DNA complexes after lyophilization 
and freeze-thawing lost approximately 

65% to 75% of their ability to transfect 
cells (Figure 2C). Despite mannitol has 
the potential to form hydrogen bonding 
with DNA and replace water, our findings 
indicate that mannitol crystallization 
negatively affected size stability and 
transfection efficiency of PEI-DNA 
complexes during lyophilization and 
freeze-thawing, consistent with recent 
studies of PEI-DNA or other carrier 
systems [10, 14, 17]. Further concentrated 
components in the unfrozen fraction 
induced by phase separation of mannitol 
from PEI-DNA complexes is responsible 
for the extensive aggregation during 
lyophilization and freeze-thawing, as also 
observed in previous study of lipid-DNA 
complexes [16].   

To evaluate the effect between the 
mannitol crystallinity and aggregation 
behavior of PEI-DNA complexes, 
combinations of disaccharides and 
mannitol were next studied for reducing 
the degree of crystallinity of mannitol 
during lyophilization. It is widely 
acknowledged that disaccharides hold 
superior protective ability during 
freeze-drying of polymer-DNA complexes 
[5, 8, 9]. However, the disadvantages of 
disaccharides as stabilizers are their 
chemical instability at low or high pH and 
longer lyophilization cycle to prevent the 
cake from collapsing. Combinations of 
disaccharides and mannitol have been 
demonstrated as additives for the 
freeze-drying and spray freeze-drying of 
proteins [24, 25]. It was proposed that 
water substitution and excipient 
vitrification are necessary for structural 
stabilization [26, 27]. The resulting cakes 
or powders enclose both an amorphous 
disaccharide phase for protein stability 
and crystalline mannitol to avoid 
breakdown or improve powder properties 
[24, 25]. Also, the relative concentration 
threshold above which crystalline 



 
 
 
 
 
 
 
 
 
 
 
 

     

 7

mannitol is observed is 30 % w/w in a 
mannitol-disaccharides system after 
freeze-drying [21]. As shown in Figure 3a, 
the diffraction peaks of the freeze-dried 
5% w/v mannitol powders containing 
PEI-DNA complexes indicate the beta and 
delta polymorph were mainly formed, and 
consistence with the reference 
diffractogram of the previous study [21]. 
With the addition of sucrose or trehalose 
from 1 to 3 % w/v at total 5% w/v, 
mannitol crystallinity was reduced as 
illustrated by the decreased intensity at the 
corresponding peaks in the XRD pattern 
of the freeze-dried powders containing 
PEI-DNA complexes (data not shown). 
When the concentration of sucrose or 
trehalose to mannitol was 4/1 w/w, XRD 
patterns led to amorphous structures as 
illustrated by the broad halo and lack of 
resolved reflections (Figure 3b and 3c). 
Figure 4A and 4B shows the effect of 
reducing mannitol crystallinity by adding 
sucrose or trehalose on the retention of 
particle size of PEI-DNA complexes after 
lyophilization or freeze-thawing. When 
the concentration of sucrose or trehalose 
increased from 1 to 4 % w/v at total 5% 
w/v, the aggregation of PEI-DNA 
complexes attenuated after lyophilization 
or freeze-thawing. As the concentration of 
sucrose was 2 % w/v or above at total 5% 
w/v, the particle size and polydispersity 
index of PEI-DNA complexes after 
lyophilization were comparable to freshly 
prepared complexes. At the concentration 
of sucrose = 1 % w/v at total 5% w/v, the 
aggregation of PEI-DNA complexes was 
less dramatic than full mannitol 
formulations after lyophilization or 
freeze-thawing (Figure 2A and 2B). 
Lyophilization of PEI-DNA complexes 
containing 1 % w/v sucrose produced 
higher particle aggregation than prepared 
by freeze-thawing. However, 
lyophilization was comparable to 

freeze-thawing for avoiding particle 
aggregation when the concentration of 
sucrose was above 1 % w/v. 
Co-lyophilization with trehalose showed 
similar effect on the retention of particle 
size of PEI-DNA complexes after 
lyophilization or freeze-thawing, except 
only 1 % w/v of trehalose was able to 
maintain complex size. Also, the addition 
of sucrose or trehalose above 1 % w/v 
allowed fully recovery of the transfection 
efficiency of PEI-DNA complexes after 
lyophilization or freeze-thawing (Figure 
4C). Therefore, disaccharides play the 
crucial role on the stabilization of DNA 
during lyophilization or freeze-thawing, as 
they have been shown to do so for 
proteins [25]. Disaccharides not only 
reduced the crystallization of mannitol of 
freeze-dried DNA formulations, they also 
provide the protective effect on the 
stabilization of DNA during lyophilization 
or freeze-thawing.  This may result from 
both their bulking ability and through 
direct hydrogen bonding to the surface of 
DNA complexes, as indicated in other 
studies [16, 17]. 

In addition to disaccharides, 
co-lyophilization of polyvinyl pyrrolidone 
and dextran with mannitol was also 
performed to further study the effect of 
reducing mannitol crystallinity for the 
stabilization of PEI-DNA complexes after 
lyophilization or freeze-thawing. The 
selection of polyvinyl pyrrolidone and 
dextran as protective additives is based on 
their ability to inhibit mannitol 
crystallization from frozen solutions [20, 
24]. Similarly to disaccharides, the XRD 
spectra showed fully amorphous structure 
and no signs of crystalline mannitol when 
the concentration of polyvinyl pyrrolidone 
or dextran to mannitol was 4/1 w/w at 
total 5% w/v (Figure 5). As illustrated in 
Figure 6, by reducing mannitol 
crystallinity, a moderate increase in 
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particle aggregation was still observed 
with adding polyvinyl pyrrolidone and 
dextran after freeze drying or 
freeze-thawing. Again, particle size was 
better preserved after freeze-thawing as 
compared with lyophilization. Moreover, 
compared with disaccharides, transfection 
efficiencies were not completely 
preserved after lyophilization or 
freeze-thawing. Also, the recovery of 
particle size did not correlate well with 
transfection efficiencies after 
lyophilization or freeze-thawing. 
Therefore, except for mannitol 
crystallinity, the characteristics of the 
excipient may influence the ability of the 
preservation of PEI- DNA complexes after 
lyophilization or freeze-thawing. These 
results are consistent with recent studies 
that show different cryoformulation 
medium may affect stability of lipid-DNA 
complexes [16, 17]. The lyoprotectants 
with higher molecular weight (polyvinyl 
pyrrolidone and dextran) are not capable 
of fully preventing particle aggregation as 
compared with sucrose and trehalose. It 
appears that interactions between 
lyoprotectants with higher molecular 
weight and DNA complexes might not be 
enough to fully stabilize DNA after 
lyophilization or freeze-thawing. Due to 
their steric restrictions, the lyoprotectants 
with higher molecular weight do not 
effectively bond to DNA. Our results are 
consistent with the hypothesis of water 
replacement in preserving transfection 
efficiencies of lipid-DNA complexes 
during lyophilization [17]. 
Figure 1  The influence of lyophilization 
and freeze-thawing on the particle size (A), 
polydispersity index (B), and transfection 
efficiencies (C) of PEI-DNA complexes 
without a lyoprotectant. Control samples 
represent freshly prepared complexes 
prior to lyophilization or freeze-thawing. 
Data are given as means ± standard 

deviation of single measurements on 
triplicate samples. 
Figure 2  Effect of mannitol 
concentration on the retention of particle 
size (A), polydispersity index (B), and 
transfection efficiencies (C) of PEI-DNA 
complexes during lyophilization and 
freeze-thawing. Data are given as means ± 
standard deviation of single measurements 
on triplicate samples. 
Figure 3  Powder X-ray diffraction 
patterns of freeze-dried PEI-DNA 
complexes. The lyoprotectant 
formulations for each experiment are 
illustrated as following: (a) mannitol: 5% 
w/v; (b) mannitol: 1% w/v; trehalose: 4% 
w/v; (c) mannitol: 1% w/v; sucrose: 4% 
w/v. 
Figure 4  Effect of reducing mannitol 
crystallinity by adding sucrose or 
trehalose on the retention of particle size 
(A), polydispersity index (B), and 
transfection efficiencies (C) of PEI-DNA 
complexes during lyophilization and 
freeze-thawing. Data are given as means ± 
standard deviation of single measurements 
on triplicate samples.   
Figure 5  Powder X-ray diffraction 
patterns of freeze-dried PEI-DNA 
complexes.  The lyoprotectant 
formulations for each experiment are 
illustrated as following: (a) mannitol: 5% 
w/v; (b) mannitol: 1% w/v; polyvinyl 
pyrrolidone: 4% w/v; (c) mannitol: 1% 
w/v; dextran: 4% w/v. 
Figure 6  Effect of reducing mannitol 
crystallinity by adding polyvinyl 
pyrrolidone  or dextran on the retention 
of particle size (A), polydispersity index 
(B), and transfection efficiencies (C) of 
PEI-DNA complexes during 
lyophilization and freeze-thawing. Data 
are given as means ± standard deviation of 
single measurements on triplicate 
samples. 
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