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Abstract  A host type non-virus gene delivery car-
rier, phenanthroline-β-cyclodextrin derivative host 
molecule, was produced which can be used as mo-
lecular probe. Interactions between DZY-1 and DNA 
were investigated by electrophoresis assay. Hind III 
enzyme inhibition assay was carried out using DNA 
condensates induced by host molecules or host- 
guest molecule complexes to explore their ability to 
inhibit enzyme digestion. Micro-structure of DNA 
condensates induced by host molecules and 
host-guest molecule complexes was observed by 
scanning electron microscope (SEM). Our work in-
dicates the delivery mechanism of DZY-1 used as a 
gene delivery carrier and also provides a method to 
design and produce non-virus gene delivery carriers. 
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Gene therapy is a common process to deliver extrin-
sic genes into target cells for further gene expression, 
for the purpose of treating diseases. A well designed 
gene delivery carrier can efficiently package and pro-
tect nucleic acid from being digested by a variety of 
enzymes in vivo and should be able to specifically lo-
cate extrinsic genes into the target organisms. So how 
to design efficient and safe gene delivery carriers be-
came the most challenging problem in cancer therapy. 
Carriers are the central technique in gene therapy re-
search, which are mainly divided into two types: virus 

carriers and non-virus carriers. Virus carriers include 
retrovirus, adenovirus, herpes simplex virus, and    
lentivirus[1,2], which have the advantage of low patho-
genic rate and high transfer rate. But as a kind of modi-
fied virus, this kind of carriers is very expensive and 
can induce severe immunoreactions and even cancer. 
This disadvantage greatly inhibits its application in 
clinic as a gene carrier. Non-virus gene delivery carriers, 
such as cationic diblock copolymer vesicles[3,4], 
polylysine peptides[5,6] and cationic lipids[7,8], have the 
advantage of low price, convenient operation, high ef-
ficiency and no immunogenicity[9－11]. They have be-
come the most promising substitutions of virus gene 
therapy carriers. 
β-cyclodextrin (β-CD) is circle olig-glucose. The 

hydrophobic cave in its column structure can combine 
with many molecules to form host-guest type super 
molecule complexes through weak interactions. Re-
cently, designing and producing new cyclodextrin de-
rivatives with functional groups as host molecules in 
super-molecule complexes, probing into the recognition 
effect between host and guest molecules, constructing 
molecule assembly in nano-scale, and investigating the 
characteristics of functional groups are always the hot 
points of chemistry, biology and pharmacy re-
searches[12,13]. In this study, we used newly synthesized 
phenanthroline-β-cyclodextrin derivatives (DZY-1) as 
host probing molecules, investigated its interactions 
with DNA and illustrated its mechanism as a gene de-
livery carrier. Our work provides a new method to de-
sign and produce non-virus gene delivery carriers. 

1  Experimental 

1.1  Materials  

β-cyclodextrin was obtained from Shanghai Reagent 
Factory, λ-DNA, and Hind Ⅲ were purchased from 
TaKaRa Biotechnology (Dalian) Co. Ltd. 1-adamanta-   
namine hydrochloride (AM) was purchased from 
ACROS Organics. TE buffer (pH 8.0) 10 mmol/L 
Tris-HCl (pH 8.0), and 1 mmol/L EDTA. TBE electro-
phoresis buffer 89 mmol/L Tris-boric acid, and 2 
nmol/L EDTA. Electrophoresis system Sub-Cell GT 
POWER/PAC3000 was purchased from BIO-RAD, and 
X-650-scanning electron microscope was purchased 
from Hitachi Ltd. The water is remove-ionic-distilled 
water. All the reagents are of the best value and 
analytical reagent. 
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1.2  Synthesis of phenanthroline-β-cyclodextrin de-
rivatives (DZY-1)[7] 

(i) Synthesis of 2-(4′-hydroxidebenzene)-imidazole- 
[5,6-f]1,10-phenanthroline (HOP).  First o-phenanthro-     
line was treated with nitric acid to make 1, 10-phenan-   
throline-5,6-ketone. Then 10-phenanthroline-5,6-ketone 
was refluxed with 4-hydroxybenzaldehyde in ammo-
nium acetate and glacial acetic acid solutions for 1 h to 
produce HOP.  

(ii) Synthesis of mono-[6-O-(p-tolylsulfonyl)]-β- 
cyclodextrin (6-OTs-b-CD).  β-cyclodextrin in NaOH 
solution was treated with 4-toluene sulfonyl chloride in 
acetonitrile solution to make 6-OTs-β-CD.  

(iii) HOP and 6-OTs-β-CD were incubated in DMF) 
(20 mL) solution for 24 h at 80℃ to make DZY-1. The 
synthesizing process is shown in Fig. 1. 

1.3  Investigate the interactions between the host type 
non-virus gene delivery carriers (DZY-1) 

Preparing 0.06 µg/µL λ-DNA solution and 3 mg/mL 
DZY-1 solution using TE buffer. Mixing λ-DNA solu-
tion with DZY-1 solution at designed ratio in TE buffer 
for 30 min at 37℃. Mixing a certain amount of sample 
solution with loading buffer. Electrophoresis was car-
ried out using 0.5% agarose in 80 V for 100 min. The 
result of electrophoresis was observed under ul-
tra-violet light. 

1.4  Host-guest complex (DZY-1/AM）interacting with 
λ-DNA  

Preparing 0.06 µg/µL λ-DNA solution, 0.338 mg/mL 
1-adamantanamine hydrochloride (AM) solution and 3 

mg/mL DZY-1 solution using TE buffer. Mixing host 
and guest molecules at 1:1 ratio：mixing 0.338 mg/mL 
adamantanamine hydrochloride solution and 3 mg/mL 
DZY-1 solution at mole ratio 1:1 and keeping the mix-
ture at room temperature for 1 h. Combining the mix-
ture of DZY-1/adamantanamine hydrochloride with 
λ-DNA (TE solution) at 1:1 and incubating the mixture 
at 37  for 30℃  min. After used method of 1.3 for mixing 
with electrophoresis. 

1.5  DNA condensation induced by host and host-guest 
molecules and its effect to inhibit Hind III digestion  

Preparing λ-DNA/DZY-1 and λ-DNA/(DZY-1/AM) 
sample solutions according to sections 1.3 and 1.4. 
Mixing 20 µL sample solutions with 2 µL Hind Ⅲ (15 
U/L), 4 µL 10×M buffer and 14 µL distilled water to 
make sure the total volume of liquid is up to 40 µL. 
Then incubating the solution at 37℃ for 1 h. After 
used method of 1.3 for mixing with electrophoresis. 

1.6  Scanning electron microscope observation  

Preparing λ-DNA/DZY-1, and λ-DNA/(DZY-1/AM) 
sample solutions according to sections 1.3 and 1.4. 
Dipping 10 µL of two samples onto 2 cm2 mica surface, 
and then the mica surface was dried with nitrogen. Af-
ter being electroplated with gold，the samples were 
observed under scanning electron microscope.  

2  Result and discussion 

2.1  Interaction between host or host-guest gene de-
livery carrier and λ-DNA 

Interactions between λ-DNA and DZY-1, λ-DNA 
 

 
 

Fig. 1.  Synthesizing process and structures of the host type non-virus gene delivery carriers. 
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Fig. 2.  Interactions between λ-DNA and DZY-1. 

 

and (DZY-1/AM), and λ-DNA and AM were character-
ized by electrophoresis assay (Fig. 2). Based on the 
image of Fig. 2, we conclude that: 1) In λ-DNA/DZY-1 
system (lanes 2－4), when the concentration of DZY-1 
increased to a certain degree，the DNA lane was de-
layed, because DNA condensation was induced so that 
the molecular weight of DNA condensates increased 
and large complexes of DZY-1/λ-DNA were formed 
(lane 4). 2) In λ-DNA/(DZY-1/AM) system (lanes 6－
10), electrophoresis result also shows that in relatively 
low (DZY-1/AM) concentration, DNA condensation 
could be induced and large super-molecule complexes 
of DNA/(DZY-1/AM) formed; in relatively high 
(DZY-1/AM) concentration, the complex was so large 
that some DNA samples were still in the loading holes 
(lanes 8－10), which shows that guest molecule-AM 
enhanced the interaction between DZY-1 and λ-DNA.  
3) In λ-DNA/AM system (lanes 12－16), the lanes 
were almost in an aclinic line. 

The image of electrophoresis shows that in λ- 
DNA/DZY-1 and λ-DNA/(DZY-1/AM) systems, super 
molecule complexes were formed because of interac-
tions between DZY-1 and λ-DNA, and guest molecules 
can enhance such interactions, however guest mole-
cules alone can not induce DNA condensation. The 
result indicates that DZY-1 has the potential to become 
a host type non-virus gene delivery carrier, which not 
only can interact with DNA to form complexes of con-
densate but also can cooperate with its guest molecules 
to induce DNA condensate and form super molecule 
complexes. 

To further research the mechanism of DNA conden-
sation induced by DZY-1, the authors used Argus Lab 

software to simulation of their interaction and combi-
nation model in Fig. 3. Fig. 3(a) is the ball-and-stick 
model of interaction between DZY-1 with DNA; Fig. 
3(b) is interaction between ball-and-stick model of 
DZY-1 and ball-heap model of DNA. 

From the simulation result we conclude that the 
mechanism of DNA condensation in λ-DNA/DZY-1 
system is mainly because the probe molecules of 
DZY-1 (HOP) insert into DNA double helix and induce 
DNA condensation and form DZY-1/λ-DNA complexes. 
However, in λ-DNA/（DZY-1/AM） system, when guest 
molecules—AM were mixed with DZY-1 at ratio of 
1:1, AM insert into the hydrophobic cavities of host 
molecules, which will fully expose the probing mole-
cules of DZY-1, enhance the interactions between 
probing molecules and DNA and finally promote con-
densation of DNA. So we conclude that DZY-1 is a 
host type gene delivery carrier with probing molecules. 
Further molecule dynamic research about this is proc-
essing in our lab. 

2.2  Host or host-guest type gene delivery carrier in-
ducing DNA condensation and its effect to inhibit Hind 
III digestion 

To further probe the stability of DNA condensates 
induced by DZY-1, we used Hind III, which can digest 
λ-DNA, to investigate the ability of DNA condensate in 
λ-DNA/DZY-1 system to inhibit the digestion of Hind 
III. The result is shown in Fig. 4. 

Based on Fig. 4, we conclude that: 1) in λ-DNA/ 
DZY-1 system (lanes 1－3), with the concentration of 
DZY-1 increasing, the corresponding DNA bands 
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Fig. 3.  Interaction of DZY-1 with DNA model simulation. (a) Ball-and-stick model; (b) ball-and-stick model of DZY-1 with ball heap model of   
DNA. 
 

 
 

Fig. 4.  λ-DNA/DZY-1 super-molecule complex inhibiting Hind III digestion. 
 

showed more trend of lagging. This is because when 
DZY-1 inserts into DNA structure, DNA molecules will 
be condensed into DNA/DZY-1 complexes with large 
molecule weight. 2) Corresponding Hind III digestion 
experiment was performed in lanes 5－7. When the 
sample had no DZY-1, DNA was digested into 4 bands 
of different molecule weights (lane 5). When the con-
centration of DZY-1 increased, the digested bands de-
creased and even disappeared, which indicated that 
with the increasing of DZY-1, DNA condensation was 

enhanced and the condensates inhibited Hind III diges-
tion. Our result shows that on one hand, the probing 
molecule in DZY-1 can induce DNA condensation, on 
the other hand, DZY-1 can protect extrinsic gene from 
enzyme digestion during gene delivery and thereby 
promote gene delivery efficiency. 

We further investigated the Hind III inhibition effect 
of super-molecule complexes induced by host-guest 
type gene delivery carriers. Its electrophoresis image is 
shown in Fig. 5. 
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Fig. 5.  Enzyme digestion inhibited by host-guest molecules and DNA complexes. 
 
Based on Fig. 5, we conclude that in λ-DNA/DZY-1 

system, when the concentration ratio was 1:450, diges-
tion still existed (lane 5), however in λ-DNA/(DZY-1- 
AM) system, when the ratio was higher than 1:100, no 
digestion existed. We conclude that DZY-1 can be used 
as host type non-virus gene delivery carriers with 
probing molecules. The probing molecules can induce 
extrinsic DNA condensation and the β-cyclodextrin 
structure in host molecules can carry guest molecules 
(drugs or active components) and combine DNA to 
form super-molecule complexes. Guest molecules en-
hanced the formation of complexes, promoted DNA 
condensation and finally enhanced the inhibition effect 
of super-molecule complexes to Hind III enzyme. DNA 
condensation induced by certain concentration of 
DZY-1 can inhibit enzyme digestion. So DZY-1 can 
protect extrinsic gene from enzyme digestion during 
gene delivery and thereby promote gene delivery effi-
ciency. 

2.3  Observation of host and host-guest type gene de-
livery carriers interacting with DNA through SEM 

We used SEM to observe the structures of complexes 
which were formed when host and host-guest type gene 
delivery carriers interacted with DNA. In λ-DNA/ 
DZY-1 and λ-DNA/DZY-(AM) systems, the corre-
sponding concentration ratio of DNA to carriers was 
1:300. The reaction time is 30 min. The SEM image of 
the structure of complexes is shown in Fig. 6.  

From the SEM image we conclude that in λ-DNA/ 
DZY-1 system, DZY-1 interacted with λ-DNA to form  

 
 
Fig. 6.  SEM images of interactions between DZY-1 and λ-DNA. (a) 
λ-DNA /DZY-1 system; (b) λ-DNA/(DZY-1/AM) system. 
 
condensates with circular and toroid structures and their 
diameters were from 200 to 400 nm (Fig. 6(a)); how-
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ever, in λ-DNA/ (DZY-1/AM) system, the diameters of 
circular and toroid structures, which were formed due 
to the interactions between λ-DNA and (DZY-1/AM), 
are over 600 nm (Fig. 6(b)). 

We suspect that when gene delivery carriers interact 
with DNA, the shapes and structures of DNA conden-
sates vary with the concentration of carriers and react-
ing time. This is important to investigating the mecha-
nism of DNA package, gene delivery and gene therapy 
in vivo. Related structure research about DNA conden-
sate induced by host and host-guest gene delivery car-
riers with SEM and AFM, gene delivery research and 
gene express research in cells are under performance in 
our lab. 

3  Conclusion  
A host type non-virus gene delivery carrier with 

probing molecule was synthesized. Interactions be-
tween DZY-1 and DNA were characterized with elec-
trophoresis assay. Experiment result indicates that the 
probing molecules can induce extrinsic DNA condensa-
tion and the β-cyclodextrin structure in host molecules 
can carry guest molecules (drugs or active components) 
and combine DNA to form super-molecule complexes. 
Guest molecules enhanced the formation of complexes. 
Super-molecule complexes formed at certain concen-
tration can inhibit enzyme digestion. This proves that 
the host type non-virus gene delivery carrier can on one 
hand induce DNA condensation; on the other hand pro-
tect condensed DNA from enzyme digestion, which 
will greatly promote gene delivery efficiency. The ex-
periment provides a new method for designing and pro-
ducing non-virus gene delivery carriers. 
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