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molecules, resulting in nucleic acids 
located on the surface of the carrier. [ 12,13 ]  
These nucleic acids present on the sur-
face of the carrier are susceptible to enzy-
matic degradation. [ 13 ]  New techniques to 
effi ciently deliver siRNA have been devel-
oped to generate multimeric siRNA with 
an increased charge density [ 14 ]  or to pro-
mote the self-assembly of elongated RNA 
strands into nano or microstructures. [ 7 ]  
Unfortunately, these techniques require 
the design of specifi c siRNA sequences 
or the modifi cation of siRNA that makes 
it expensive to produce even small quan-
tities of siRNA and cannot be applied to 
DNA delivery. Thus, there is a signifi cant 
need for an alternative method of gene 
delivery that can be used to deliver either 
DNA or siRNA without the limitations 
inherent in viral or nonviral gene carriers. 

 For the nano-self-assembly of DNA or 
siRNA, we have focused on the interaction 
between divalent metal ions such as Zn 2+ , 

Ca 2+ , and Mg 2+  and the phosphate groups in the nucleic acid 
backbone. This interaction forms intermolecular bridges con-
necting two or more phosphate groups, which drives the self-
assembly of the nucleic acids ( Figure    1  a). [ 15,16 ]  We hypothesized 
that the binding of these divalent metal ions to the phosphate 
backbone of DNA or siRNA could lead to the formation of a 
nanocluster, which could be internalized into cells by a variety 
of endocytosis mechanisms. The binding of the metal ions to 
the phosphate groups of the nucleic acids is reversible. The 
nanocluster of nucleic acids can be dissociated back into native 
DNA or siRNA and separate metal ions by lowering the pH 
because the structure of the nanocluster is maintained only 
within a pH range of 7.0–8.0. [ 17 ]  This dependency on the pH of 
the local environment provides a basis for the endolysosomal 
escape of the nanocluster and subsequent gene transfection. 
Consequently, this nanocluster can serve as a platform for car-
rier-free gene delivery that is free of the limitations associated 
with both viral and nonviral gene carriers.   

  2.     Results and Discussion 

  2.1.     Formation of Divalent Metal Ion/Nucleic Acid Clusters 

 We examined whether the binding of the metal ions to the 
phosphate groups in the nucleic acid backbone drives the nano-
self-assembly of DNA and siRNA. The mixtures of Zn/DNA, 
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  1.     Introduction 

 The development of nonviral gene carriers is based on one of 
the following principles: (1) electrostatic interaction, (2) encap-
sulation, and/or (3) absorption. [ 1–5 ]  Each of these three princi-
ples, however, is also associated with the limitations of polymer 
carriers. First, cationic polymers may have an excessive charge 
density that correlates with increased toxicity of the polymer. [ 6,7 ]  
Alternative methods to reduce the amount of cationic polymer 
necessary to condense DNA or siRNA might minimize or elim-
inate the toxicity associated with these polymers. [ 8 ]  Second, each 
of the methods of encapsulation is associated with one or more 
limitations: high shear stress, the exposure of nucleic acids to 
organic solvents, and extremely high temperatures. [ 9–11 ]  Third, 
gene absorption involves adsorbing or conjugating cationic 

Adv. Funct. Mater. 2015, 25, 5445–5451

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201502067


FU
LL

 P
A
P
ER

5446 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Ca/DNA, and Mg/DNA were electrophoresed to verify the for-
mation of the nanocluster. Zn 2+ , Ca 2+ , and Mg 2+  retarded the 
migration of DNA in a dose-dependent manner, meaning that 
they all led to the formation of a DNA nanocluster (Figure S1a,b 
in the Supporting Information and Figure 4a). In addition, Zn 2+  
and Mg 2+  were able to condense siRNA, whereas Ca 2+  precipi-
tated out siRNA, and the Calcium Phosphate Transfection Kit 
did not retard siRNA (Figure S1c–e, Supporting Information). 

 To determine which divalent metal ion would be most suit-
able for gene transfection, we compared the cellular uptake of 
DNA or siRNA clustered by each of the metal ions. Among the 
three metal ions examined, Zn 2+  was the metal ion that most 
effectively delivered DNA or siRNA into cells ( Figure    2  ). More 
importantly, the Zn/DNA cluster demonstrated the highest 
levels of gene expression in the cells tested (Figure  2 c,f). In 
addition, Zn 2+  was the only divalent metal ion that was more 
effi cient in facilitating the cellular uptake of nucleic acids than 
polyethyleneimine (PEI) 25 kDa, lipofectamine, and the Cal-
cium Phosphate Transfection Kit (Figure  2 g,h). These results 
suggest that the formation of the Zn/DNA or the Zn/siRNA 
cluster appears to be more effi cacious in facilitating gene trans-
fection than the nanoclusters formed with either Ca 2+  or Mg 2+ .   

  2.2.     Characteristics of the Zn/DNA Cluster 

 Transmission electron microscopy (TEM) demonstrated that the 
interaction of Zn 2+  with the phosphate backbone of DNA leads 
to the formation of the Zn/DNA cluster (Figure  1 b), which has 
an average size of ≈200 nm (Figure  1 c and Figure S2 in the 
Supporting Information) and a zeta potential of −12.9 ± 4.3 mV 
(pDNA: −29.6 ± 0.8 mV). The zeta potential of the Zn/DNA 
cluster is increased by the charge compensation of the DNA 
phosphate groups by Zn 2+ . 

 The kinetics of the formation of the Zn/DNA cluster dem-
onstrate that the self-assembly of DNA begins between a ZnCl 2  

concentration of 145 × 10 −3  and 293 × 10 −3   M  ( Figure    3  a). The 
fl uorescence as a result of the intercalation of EtBr into DNA is 
continuously quenched over time because EtBr does not bind 
to the compact form of DNA. The optimum ratio of NaOH to 
Zn 2+  to avoid the pH drop caused by the release of one proton 
per Zn 2+  atom/base pair during the formation of the Zn/DNA 
cluster was determined (Figure S3, Supporting Information). [ 15 ]  
Measuring the absorbance at 260 nm, where the nitrogen 
absorbs the light, in the presence of ≥366 × 10 −3   M  ZnCl 2  at a pH 
of 7.4, demonstrated a decrease in free DNA (Figure  3 b,d), while 
no difference was observed at a pH of 5.0 (Figure  3 c,d). This is 
the result of most of the nitrogen in the base pairs being con-
sumed in the binding with Zn 2+ . An assay to determine the free 
Zn 2+  content revealed that the amount of Zn 2+  present at a pH 
of 7.4 was lower than at a pH below 7.0 (Figure  3 e). Free Zn 2+  
decreased with increasing pH and reached a steady state near a 
pH of 7.4, where the Zn/DNA cluster began to form (Figure  3 f).  

 The binding of Zn 2+  with the phosphate groups in the DNA 
backbone is the process driving the self-assembly of the nano-
cluster, which in turn retards the migration of the DNA ( Figure    4  a). 
Increasing the concentration of Zn 2+  decelerates the DNA migra-
tion, resulting from the intermolecular bridges that connect each 
plasmid through the interaction of Zn 2+  and phosphate. Since the 
binding of Zn 2+  to the phosphate groups occurs only within a pH 
range of 7.0–8.0, [ 17 ]  the assembly of DNA was not observed at a pH 
of 5.0 (Figure  4 a). To verify the effects of the formation of the Zn/
DNA cluster on DNA structure, HCl was added to dissociate the 
Zn/DNA cluster. The DNA band detected at the same location as 
the native DNA indicated that the Zn 2+ /DNA binding was reversed 
at low pH, with DNA released without being cleaved as a result of 
the dissociation (Figure  4 b).   

  2.3.     In Vitro Transfection 

 To mimic in vitro transfection conditions, the Zn/DNA cluster 
was diluted in a physiologic buffer. The Zn/DNA cluster was 
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 Figure 1.    Schematic showing the process of formation of the Zn/DNA cluster, TEM images, and size distributions. a) Zn 2+  bound to nitrogen in DNA 
base pairs condenses DNA and interacts with the phosphate groups to assemble DNA into the Zn/DNA cluster. The Zn/DNA cluster can internalize 
into cells by a number of endocytosis mechanisms. The Zn 2+  present within the endolysosomal vesicle leads to an infl ux of counter ions and subse-
quent rupture of the vesicle. b) TEM image. c) The size distribution of the Zn/DNA cluster. The Zn/DNA cluster was prepared with 732 × 10 −3   M  ZnCl 2 .
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prepared in small volumes without NaOH or with NaOH 
to increase the pH to 7.4 and diluted into cell culture media. 
Regardless of the presence of NaOH, both conditions yielded 
the same results with regard to free DNA content and the EtBr 
fl uorescence assay (Figure S4a,b, Supporting Information). 
The cell culture media used to dilute the Zn/DNA cluster had 
enough buffering capacity to facilitate or maintain the binding 
of Zn 2+  with phosphate, demonstrating that adding NaOH is 
not necessary for in vitro transfection. 

 We investigated whether the Zn/DNA cluster could inter-
nalize into cells and transfect DNA in HEK293 cells. [ 18–20 ]  Com-
pared to naked DNA, the Zn/DNA cluster increased luciferase 
expression ≈1000-fold at a Zn 2+  concentration of ≥549 × 10 −3   M , 
by 100-fold at a Zn 2+  concentration of 366 × 10 −3   M , and tenfold 
at a Zn 2+  concentration of 183 × 10 −3   M  (Figure  4 c), without sig-
nifi cant cytotoxicity (Figure S5, Supporting Information). The 
transfection effi ciency of the Zn/DNA cluster was more than 
100× higher than PEI 1800 and more than 10× higher than 
poly-L-lysine (PLL), but tenfold lower than PEI 25 kDa. The 
Zn/DNA cluster was prepared with yoyo-labeled DNA to 
observe the cellular uptake. In the presence of ≥549 × 10 −3   M  
Zn 2+ , ≈100% of cells were yoyo-positive (Figure  4 d) and the 

fl uorescence intensities were in direct proportion to the Zn 2+  
concentration (Figure  4 e and Figure S6 in the Supporting 
Information). Although the cellular uptake of DNA delivered 
through the formation of the Zn/DNA cluster was the most 
effi cient, PEI 25 kDa showed the highest levels of gene expres-
sion (Figure  4 c–e). This could be due to strong DNA protection 
and facilitated endosomal escape by PEI. One of the advantages 
of the Zn/DNA cluster over PEI is that it can deliver genes into 
≈100% of cells, while PEI delivers genes into only 40% of the 
cell population (Figure  4 d).  

  2.4.     Mechanistic Studies 

 The detailed pathways of the internalization of the Zn/DNA 
cluster need to be defi ned because the mechanism of internali-
zation determines the intracellular processing of the Zn/DNA 
cluster and the subsequent transfection effi ciency. The DNA 
internalized into the nucleus and spread throughout the entire 
cytosol within an hour when the Zinc/DNA cluster was pre-
pared at a concentration of 732 × 10 −3   M  Zn 2+ , while the fl uores-
cence in the groups at 183 × 10 −3   M  Zn 2+  or 366 × 10 −3   M  Zn 2+  

Adv. Funct. Mater. 2015, 25, 5445–5451

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    Comparison of the divalent metal ions. FACS analysis of the cellular uptake of yoyo-labeled DNA clustered by Zn 2+ , Ca 2+ , or Mg 2+  into 
a,b) HEK293 cells or d,e) Jurkat T cells. c,f) Luciferase activity following the transfection of the Zn/DNA, the Ca/DNA, or the Mg/DNA clusters 
into c) HEK293 cells or f) A549 cells (366 × 10 −3   M  metal ions). g,h) Internalization of siRNA into HEK 293 cells delivered by the divalent metal 
ions, lipofectamine, cationic polymers, or the Calcium phosphate transfection kit. b,c,f,g,h)  #p  < 0.01 versus Ca or Mg at the same concentration, 
 *p  < 0.05 versus Ca or Mg at the same concentration.
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 Figure 4.    Confi rmation of the formation of the Zn/DNA cluster, in vitro transfection, and cellular uptake of the Zn/DNA cluster. a) The formation of 
the Zn/DNA cluster observed by gel retardation assay. b) Reversibility of the Zn/DNA cluster at low pH. a,b) The Zn/DNA clusters were prepared with 
732 × 10 −3   M  ZnCl 2 . c) Luciferase gene transfection by the Zn/DNA cluster ( *p  < 0.05 vs PLL or PEI1800). Cellular uptake of the Zn/DNA cluster deter-
mined by FACS analysis representing d) the percentage of yoyo-positive cells and e) the mean fl uorescence intensity in each of the cells ( #p  < 0.01 vs 
PLL, PEI1800, or PEI25 k;  *p  < 0.05 vs PLL, PEI1800, or PEI25 k). f) Confocal image showing the internalization of the Zn/DNA cluster prepared with 
different Zn 2+  concentrations. Cells were treated with the Zn/DNA cluster for 1 h. Scale bar: 10 µm. The Zn 2+  concentrations indicate the concentra-
tions of ZnCl 2  used to prepare the Zn/DNA cluster before the dilution (1/100) with the culture media.

 Figure 3.    Confi rmation of the binding of Zn 2+  to DNA. a) Binding of Zn 2+  to DNA as observed by EtBr replacement assay. Free DNA in the presence 
of different concentrations of Zn 2+  was determined by measuring the absorbance at b) pH 7.4 or c) pH 5.0. d) Patterns representing changes in the 
free DNA content as a function of the Zn 2+  concentration at a pH of 7.4 or at a pH of 5.0 were obtained by recording the absorbance values at 260 nm. 
e) Free Zn 2+  content in the Zn/DNA cluster was determined at a pH of 7.4 or at a pH of 5.0 ( *p  < 0.05 vs pH 5.0). f) Changes in free Zn 2+  mixed with 
DNA as a function of pH.



FU
LL P

A
P
ER

5449wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was detected near the cell membrane (Figure  4 f). We investi-
gated whether the kinetics of the cellular recruitment of Zn 2+  
are correlated to those of the uptake of the Zn/DNA cluster. 
Cellular Zn 2+  content increased in a time-dependent manner, 
whereas uptake of Zn 2+  was not observed when cells were 
incubated with free ZnCl 2  ( Figure    5  a and Figure S7 in the Sup-
porting Information), indicating that the increased Zn 2+  level in 
the cells was due to the internalization of the Zn/DNA cluster. 
Moreover, treatment of naked DNA in the presence of the same 
ZnCl 2  concentration used to prepare the Zn/DNA cluster could 
not increase the gene expression (relative luminescence unit 
(RLU) without ZnCl 2 : 517.9 ± 25.0, with ZnCl 2 : 586.0 ± 58.0), 
meaning that the enhanced gene expression was due to the 
uptake of the Zn/DNA cluster, not the addition of ZnCl 2 .  

 Nonphagocytic endocytosis, in particular pinocytosis, is 
known to be the primary route of cell entry for nonviral gene 
carriers. [ 21,22 ]  Pinocytosis can be subdivided into macropinocy-
tosis, clathrin-dependent endocytosis (CDE), and clathrin-inde-
pendent endocytosis (CIE). [ 23 ]  An assessment of the contribu-
tion of each pathway to the overall mechanism of internaliza-
tion of the Zn/DNA cluster is essential for understanding the 
increased gene transfection facilitated by the Zn/DNA cluster. 
When the Zn/DNA cluster was transfected at 4 °C, the cellular 
uptake and the gene expression decreased by ≈50% compared to 
the gene expression found at 37 °C (Figure  5 b,c and Figures S8 
and S9 in the Supporting Information), demonstrating that 
endocytosis is involved in the cellular uptake of the Zn/DNA 
cluster. Confocal microscopy further verifi ed that some of the 
Zn/DNA clusters were found inside the lysosomes and that 
the Zn 2+  content in the cells increased compared to the control 
group (Figure  5 g). 

 Chlorpromazine (CPZ; CDE inhibitor) and methyl-β-
cyclodextrin (MβCD; CIE inhibitor) were used to assess which 

endocytosis pathway was the primary uptake mechanism for 
the Zn/DNA cluster. [ 24,25 ]  The presence of a CDE inhibitor or a 
CIE inhibitor is known to reduce the uptake of particles with a 
hydrodynamic diameter of ≈200 nm or ≈100 nm, respectively. [ 25 ]  
Compared to the groups without the inhibitors, the cellular 
uptake of the Zn/DNA cluster decreased to 85% in the pres-
ence of CPZ and to 30% in the presence of MβCD (Figure  5 d 
and Figure S10 in the Supporting Information). Since the copy 
number of DNA or the amount of Zn/DNA cluster present in 
the cells is in direct proportion to the mean fl uorescence inten-
sity of yoyo-dye or FluoZin-3, respectively, this result indicates 
that a lower quantity of DNA was internalized into the cells in 
the presence of the CIE inhibitor than in the presence of the 
CDE inhibitor (Figures S10 and S11, Supporting Informa-
tion). Interestingly, although a different quantity of DNA inter-
nalized in the presence of either CPZ or MβCD, the level of 
gene expression decreased by 30% in both cases (Figure  5 e and 
Figures S10 and S11 in the Supporting Information). This 
result was not due to any toxicity of the inhibitors (Figure S12, 
Supporting Information). The smaller Zn/DNA cluster 
(<100 nm) internalized more effi ciently, but its transport into 
the nucleus was not as effi cient as the larger Zn/DNA cluster 
(<200 nm). Since the smaller Zn/DNA cluster contained a 
smaller number of Zn 2+  ions, the endolysosomal concentration 
of Zn 2+  may not have been high enough to induce an infl ux of 
counter ions to rupture the vesicle. 

 TEM was conducted to investigate whether macropinocy-
tosis, direct transduction, or other pathways contributed to the 
internalization of the Zn/DNA cluster ( Figure    6  ). The TEM 
image illustrates that macropinocytosis is one of the mecha-
nisms of internalization and that the Zn/DNA cluster can escape 
the endolysosomal vesicles (Figure  6 a–e). Surface-connected 
tubular invaginations and direct transport were also observed 
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 Figure 5.    Mechanism of internalization of the Zn/DNA cluster. a) Zn 2+  content in the cells. Cells were treated either with the Zn/DNA cluster in a 
time-dependent manner or with ZnCl 2 . The concentration of ZnCl 2  was equivalent to Zn 2+  in the Zn/DNA cluster, and cells were incubated with ZnCl 2  
for 30 min. b,c) Effect of temperature on cellular uptake and gene transfection. b) The internalization of the Zn/DNA cluster and c) the transfection 
effi ciency of the Zn/DNA cluster in cells cultured at 37 °C or 4 °C ( #p  < 0.01 vs 4 °C). d,e) Cellular uptake and gene transfection of the Zn/DNA cluster 
in the presence of endocytosis inhibitors. d) Yoyo-positive cells ( #p  < 0.01 vs MβCD) and e) luciferase expression levels ( #p  < 0.01 vs MβCD or CPZ). 
f) Kinetics of Zn 2+  clearance from the cells. f) Confocal image showing colocalization of the Zn/DNA cluster with lysosomes (white arrows). Nucleus 
stained blue by DAPI, Zn 2+  detected as green by FluoZin-3, and lysosome labeled red. The Zn/DNA clusters were prepared with 732 × 10 −3   M  ZnCl 2 .
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to be involved in the internalization of the Zn/DNA cluster 
(Figure  6 f,g). These results clearly demonstrate that macropinocy-
tosis, CDE, CIE, and direct transduction all contribute to the cel-
lular uptake of the Zn/DNA cluster. It is however diffi cult to defi ne 
which of these is the primary mechanism of internalization of the 
Zn/DNA cluster and conclude that the mechanisms involved in 
the internalization of the Zn/DNA cluster into HEK293 cells can 
be broadly applied to other types of cells because the mechanism 
of nanoparticle endocytosis is specifi c to cell type.   

  2.5.     Clearance of Zn 2+  

 We studied the kinetics of the clearance of Zn 2+  from HEK293 
cells because an increase in intracellular Zn 2+  inhibits enzy-
matic activity and the sustained exposure of cells to high levels 
of Zn 2+  induces apoptosis. [ 26 ]  The content of intracellular Zn 2+  
increased continuously in the fi rst 30 min of cell incubation with 
the Zn/DNA cluster and decreased dramatically within 30 min 
following washing and additional incubation (Figure  5 f). The 
sum amount of Zn remained inside the cells and Zn secreted 
to the culture media was calculated to be almost the same as the 
quantity of Zn treated to the cells. The TEM image also showed 
that the Zn/DNA cluster disappeared at 30 min postincuba-
tion after washing the Zn/DNA cluster (Figure S13, Supporting 
Information). These results demonstrate that Zn 2+  is cleared 
rapidly from cells to maintain cellular homeostasis of Zn 2+ .   

  3.     Conclusion 

 The development of a reliable and stable method of carrier-free 
gene delivery would greatly reduce the risk profi le of clinical gene 
therapy by eliminating the toxicity associated with viral vectors 
and nonviral gene carriers. This study addresses a carrier-free 
gene delivery method that can be used to deliver any type of DNA 

or siRNA without the requirement for a specifi c modifi cation in 
the nucleic acids or complicated steps to prepare dense particles. 
We have proven our hypothesis that the interaction between diva-
lent metal ions and the phosphate backbone of DNA or siRNA 
drives the formation of a nano-self-assembly of DNA or siRNA, 
which can internalize into cells. Zn 2+  is the most optimal metal 
ion for the formation of the nanocluster among those tested in 
this study. The Zn/DNA or the Zn/siRNA cluster can deliver 
DNA or siRNA, respectively, without the requirement for a gene 
carrier, a specifi c modifi cation in the nucleic acids, or compli-
cated steps to prepare dense particles. We have demonstrated 
that DNA clustered by Zn 2+  internalizes into cells by a number 
of endocytosis mechanisms and escapes the endosome due to 
the increased concentration of Zn 2+  present, meaning that the 
Zn/DNA cluster allows the effi cient and homogeneous delivery 
of a large copy number of nucleic acids into cells. Although it 
has been clearly demonstrated that this nanocluster is capable of 
facilitating DNA expression or siRNA uptake in a variety of cell 
types, gene knockdown by siRNA delivery through the formation 
of the Zn/siRNA cluster remains a future challenge.  

  4.     Experimental Section 
  Materials : ZnCl 2 , CaCl 2 , MgCl 2 , CPZ, MβCD, MTT, PLL, and PEI 

were purchased from Sigma-Aldrich (St. Louis, MO). A plasmid 
DNA expressing luciferase and a luciferase assay kit were obtained 
from Promega (Madison, WI). Cy5.5-labeled noncoding siRNA was 
synthesized by the Nucleic Acid Core Facility at the University of Utah 
(Salt Lake City, UT). The Calcium Phosphate Transfection Kit, all cell 
culture supplies, FluoZin-3, and pHrodo dye were purchased from Life 
Technologies (Invitrogen, Grand Island, NY). 

  Preparation and Characterization of the Nanocluster : Ten micrograms 
of DNA or siRNA was mixed with different concentrations of ZnCl 2 , 
CaCl 2 , or MgCl 2 , and the pH of the mixture was adjusted to 7.4 by 
adding predetermined amounts of NaOH. The mixture of DNA or siRNA 
and each of the metal ions was incubated for 20 min to formulate the 

 Figure 6.    TEM images showing modes of internalization of the Zn/DNA cluster into HEK293 cells. a) Formation of macropinosomes ruffl es the cell 
surface into open cups followed by b) ruffl e closure, c) cup closure, and d) the intracellular vesicles. Ruffl e closure and cup closure are defi ned as a 
circular cup of plasma membrane and the separation of the macropinosome from the plasma membrane, respectively. Arrows indicate a) locations of 
the Zn/DNA cluster near the cell membrane and b,d) the Zn/DNA cluster in endolysosomal vesicles. e) The rupture of endolysosomal vesicles. Arrows 
indicate the endolysosomal vesicles, which contain the Zn/DNA cluster, being destroyed. Other mechanisms of internalization of the Zn/DNA cluster, 
including f) surface-connected tubular invaginations and g) direct transport. h) Control.
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nanocluster. The nanocluster was further diluted in phosphate buffered 
saline (PBS) or cell culture media before use. Retarded migration of DNA 
or siRNA resulting from the formation of the nanocluster was confi rmed 
by agarose gel electrophoresis. The formation of the Zn/DNA clusters 
was confi rmed by TEM (JEOL JEM-1400 Plus). The size distribution and 
the zeta potential of the Zn/DNA cluster were determined by dynamic 
light scattering (Malvern Zetasizer Nano-ZS; Malvern Instruments) with 
three parallel measurements. 

  Confi rmation of the Zn/DNA Binding : The condensation of DNA by 
the binding of Zn 2+  to phosphates was verifi ed by an EtBr exclusion 
assay. To determine the initial fl uorescence, the mixture of 10 µg DNA 
and EtBr was incubated for 15 min and the intensity was recorded. ZnCl 2  
was added to the mixture at the predetermined concentration and the 
fl uorescence quenching was observed continuously over time. Free 
DNA was determined by scanning absorbance values in the presence 
of different concentrations of ZnCl 2 . Free Zn 2+  content was calculated by 
using FluoZin-3 according to the manufacturer’s instructions. 

  Cell Culture : HEK293, Jurkat T, and A549 cells were maintained 
according to the protocols provided by the ATCC. Jurkat T cells and A549 
cells were chosen to normalize the transfection effi ciency of the Zn/DNA 
cluster because Jurkat T cell is widely accepted as a diffi cult-to-transfect 
cell line and A549 is a commonly used cancer cell line in gene transfection 
studies. [ 27,28 ]  HEK293 cells were used in most of the luciferase transfection 
experiments, the mechanistic studies, and the TEM observations because 
this cell line has been extensively used as a test tool for gene transfection 
for over 25 years and retains machinery for most of the post-translational 
modifi cation and generating functional, mature proteins originated from 
both mammalian and nonmammalian genes. [ 29,30 ]  

  Transfection and Cellular Uptake : Ten micrograms of DNA labeled with 
the yoyo-dye or 10 µg Cy5.5-labeled siRNA was processed to form the 
Zn/DNA or the Zn/siRNA cluster with different concentrations of ZnCl 2 . 
HEK293, Jurkat T, and A549 cells treated with the Zn/DNA or the Zn/
siRNA cluster for 30 min were prepared for fl ow cytometry (FACSCanto, 
BD Bioscience; Heidelberg, Germany) and confocal microscopy (Nikon 
A1R Confocal Microscope). For the in vitro transfection, the Zn/DNA 
cluster was prepared with DNA encoding luciferase. Each well of 24-well 
plate received 1 µg DNA or 1 µg siRNA. The cells treated with the Zn/
DNA cluster prepared at different concentrations of Zn, the DNA/PLL 
polyplex prepared at a 1/4 weight ratio, the DNA/PEI1800 polyplex 
prepared at a 1/8 weight ratio, or the DNA/PEI25k prepared at a 1/1 
weight ratio were incubated for 48 h, and the luciferase activity in the 
cell lysates was determined according to the manufacturer’s protocol. 
An 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay was performed to determine the cell viability. 

  Mechanistic Studies : HEK293 cells were preincubated with 17 × 10 −3   M  
CPZ or 2.5 × 10 −3   M  MβCD 6 h prior to the treatment of the Zn/DNA 
cluster. The Zn/DNA cluster was prepared with 20 µg DNA in the 
presence of 366 × 10 −3   M  ZnCl and further diluted down to 1/100 by 
adding cell culture media containing 1 × 10 7  cells. After 30 min of 
incubation, cells were washed thoroughly and fi xed immediately. To 
demonstrate the dissociation of the Zn/DNA cluster, the cells were 
incubated for an additional 30 min after the washing, followed by fi xing. 
The cells were then processed for analysis and observation by TEM. 

  Zn Clearance : The Zn/DNA cluster was prepared with 20 µg DNA in 
the presence of 366 × 10 −3   M  ZnCl, and the Zn/DNA cluster containing 
1 µg DNA was transfected to each well of 24-well plate containing 4 × 10 4  
HEK293 cells on the day after the cell seeding. The fi nal volume of the 
Zn/DNA cluster treated was 20% of the culture media. To determine 
the intracellular or extracellular concentrations of free Zn at different 
time points, cell lysates and cell culture media were collected at the 
predetermined time points. The levels of free Zn were determined by 
using FluoZin-3 according to the manufacturer’s instruction.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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