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Abstract: The intracellular delivery and functionalization of genetic molecules are the critical
roles in gene-based theranostics. In particular, the delivery of plasmid DNA with safe nonviral vectors for efficient intracellular gene expression has received increasing attentions but
remains challenging with some limitations. In this work, we employed the facile one-pot
method to encapsulate plasmid DNA into zeolitic imidazole framework-8 (ZIF-8) and ZIF-8polymer vectors via the biomimetic mineralization and co-precipitation method, respectively.
The plasmid DNA molecules were found to be well-distributed inside both types of the
nanostructures and benefited from their effective protection against the enzymatic degradation.
Moreover, with the PEI 25kD capping agent, the nanostructures exhibited enhanced loading
capacity, better pH responsive release and stronger binding affinity to plasmid DNA. From in
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vitro experiments, the cellular uptake and endosomal escape of the protected plasmid DNA
have been greatly improved with the superior ZIF-8-PEI 25kD vector, leading to successful
gene expression with high transfection efficacy that is comparable to expensive commercial
agents. Our research will provide new cost-effective avenues to develop MOF-based non-viral
vectors for efficient gene delivery and expression.

Introduction
Over the past two decades, gene therapy has shown great promises in both basic and clinical
biomedical research for treating gene-based diseases, in particular cancer therapy.[1,2]
Typically, naked nucleic acids (DNA or RNA) are too large and fragile to pass through cell
membranes and are often degraded rapidly by the serum nuclease in the blood.[3] Hence, the
development of safe and effective delivery vectors has been attractive challenge for gene
therapy. Viral vectors, including adenovirus and retrovirus, were initially employed for their
high gene expression efficiency to numerous cell lines. However, their problems with inherent
immunogenicity or insertional mutagenesis limit the therapeutic translation.[4] Recently, nonviral vectors with potential to overcome many limitations of viral vectors have received
extensive attention, particularly with respect to large loading capacity, low toxicity, and good
biocompatibility.[5] Various nanostructured non-viral vectors have been fabricated, including
organic vectors (liposomes, polymers, peptides, etc.) and inorganic vectors (silica, carbon tube,
phosphate calcium, gold, magnetite, etc.).[6,7] Despite the progresses and improvements made
in the design and desired properties of the non-viral vectors, there are still many challenges
ahead, including the toxicity of residual catalysts used in the synthesis of organic vectors, the
tedious synthesis process of inorganic vectors for nucleic acids loading, and the limited
understanding for their efficient gene expression.[8,9] Therefore, it is necessary to develop
novel non-viral vectors with facile synthetic preparation, better biocompatibility and
biodegradability, and higher expression efficacy.
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Metal-organic frameworks (MOFs), comprising of metal or cluster nodes bridged by
organic ligands, have emerged to be a promising platform in biomedical applications due to
their highly porous structures, amicable to various functionalization methods, good
biocompatibility and biodegradability.[10,11] Furthermore, MOFs could be easily grown on
different substrates (films, particles and gels) to form multifunctional complexes. Hence, one
of a rapidly growing interest in MOF-based biomaterials is on the design and synthesis of
novel biocomplexes combining MOFs with biomacromolecules.[12,13] With open porous
architectures, accessible metal or organic active sites, and good thermal and chemical stability
of MOFs, various biomacromolecules could be integrated with MOFs through three main
methods: grafting, infiltration and encapsulation.[14] In particular, the encapsulation method
via biomimetic mineralization or co-precipitation approach (also named as de novo
method),[15] that is through stimulating the growth of MOFs by utilizing the affinity of
biomacromolecules towards the metal ions and organic ligands to realize one-pot embedding
of biomacromolecules within MOFs, has attracted significant attentions for the rapid and
convenient coating strategy.[15-18]
To date, most researches on the MOF biocomplexes have been mainly focused on enzymes
or proteins conjugated with MOFs for biocatalysis and biostorage in aqueous or organic
solution.[19-22] Whereas the use of MOFs as potential non-viral vectors for intracellular
delivery of proteins, DNA or RNA is still in the preliminary stage.[23-25] Moreover, the focus
of intracellular investigations is centered on utilizing low molecule weight (MW)
oligonucleotide combined with MOF via complicated surface grafting,[26,27] which is
challenging for nucleic acids with high MW to be delivered safely and efficiently. Plasmid
DNA (pDNA) with large ropelike loop structures and high MW (above 4000 bp) have been
widely investigated to evaluate the gene transfer capacity of various types of vectors by their
gene expression.[28-30] To our knowledge, little has been explored on the pDNA encapsulation
of MOF vectors via one-pot synthesis method for intracellular gene delivery and expression.
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Herein, we aim to encapsulate large pDNA molecules, plasmid DNA expressing enhanced
green fluorescent protein (pEGFP-C1) (~4700 bp, Scheme S1, Supporting Information),[29]
within the MOF and MOF-polymer vectors via the rapid and economical one-pot method to
investigate their intracellular gene delivery and expression. Due to the low-toxicity metal ions
and imidazole linkers of the zeolitic imidazolate framework (ZIF) family of MOF, it is
frequently employed as advanced functional nanocarriers for theranostics.[31,32] As shown in
Scheme 1, we have developed an one-pot method to embed pEGFP-C1 into ZIF-8
nanostructures

via

the

biomimetic

mineralization

(pEGFP-C1@ZIF-8).

Besides,

functionalization of nanoparticles (NPs) with polymer is one of the most promising strategies
to improve the overall properties of NPs for efficient genetic applications.[33,34] Hence, various
polymer capping agents are combined with ZIF-8 and pEGFP-C1 to generate the pEGFPC1@ZIF-8-polymer nanostructures via one-pot co-precipitation strategy, followed by
investigating the influence of charge and molecular weight (MW) of polymer on the gene
performance. In our work, both ZIF-8 and ZIF-8-polymer systems exhibit robust coating to
pEGFP-C1 and contributed to the effective protection of pEGFP-C1 against nuclease
degradation. Significantly, with cationic capping agent of branched polyethyleneimine (PEI),
pEGFP-C1@ZIF-8-PEI 25kD nanostructures (MW of PEI ~25kD) not only exhibit higher
loading capacity, better pH responsive release and stronger binding affinity to pEGFP-C1 than
pEGFP-C1@ZIF-8 nanostructures, but also show the best performance among the ZIF-8ploymer systems, likely owing to the enhanced electrostatic interaction between the higher
MW PEI and pDNA.[35-37] From in vitro experiments, the ability of cellular uptake and
endosomal escape have been greatly improved with the superior pEGFP-C1@ZIF-8-PEI
25kD nanostructures, thus achieving successful gene expression with high transfection
efficacy in various types of cells, comparable to the expensive commercial agents.
One-pot synthesis of pEGFP-C1@ZIF-8 and pEGFP-C1@ZIF-8-PEI 25kD nanostructures
were performed via the biomimetic mineralization and co-precipitation method, respectively.
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In brief, the pEGFP-C1, labelled with green fluorescein isothiocyanate (FITC) for better
monitoring, was first mixed with an aqueous solution of 2-methylimidazole followed by
addition of Zn(NO3)2·6H2O. After standing for 15 min at room temperature, the pEGFPC1@ZIF-8 nanostructures were collected by centrifugation. From Figure 1a and c, scanning
electron microscope (SEM) image and powder X-ray diffraction (XRD) pattern show that
uniform monodisperse pEGFP-C1@ZIF-8 nanostructures are obtained via the one-pot
biomimetic mineralization synthesis with an average particle size of ~280 nm. Furthermore,
our three-dimensional (3D) reconstructed fluorescence images obtained via confocal laser
scanning microscopy (CLSM) clearly reveal that the pEGFP-C1 is well-dispersed throughout
the entire ZIF-8 nanostructures (Figure 1d and Figure S1 (Supporting Information)). In our
control experiment, nearly no fluorescence could be observed if the FITC-labelled pEGFP-C1
was mixed with the pre-formed ZIF-8 nanostructures for 15 min (Figure S2, Supporting
Information), due to the large ropelike loop structures of pEGFP-C1 making it difficult to
bond on the surface of ZIF-8 nanostructures or penetrate into them through the small pore size
(~3.4 Å) within the short time.[38,39] The obvious difference of fluorescence also displays the
rapid and efficient features of ZIF-8 matrix to encapsulate the large pDNA inside them via
biomimetic mineralization. Moreover, the size and morphology of pEGFP-C1@ZIF-8
nanostructures could be tuned by the concentration of precursors and time. With lower
concentration and longer reaction time, spheres (~1 µm), octahedra (~3.6 µm) and stars (~4
µm) of pEGFP-C1@ZIF-8 nanostructures are found by SEM and XRD (Figure S3,
Supporting Information), which further demonstrate the distinctive character of biomimetic
mineralization method about the biomolecule-directed growth of crystallinity.[17] For the
incorporation of PEI, rhodamine-B-labelled branched PEI (red) with MW around 25 KD,
FITC-labelled pEGFP-C1 (green) and 2-methylimidazole were mixed with Zn(NO3)2·6H2O
together in an aqueous solution for 15 min. The pEGFP-C1@ZIF-8-PEI 25kD nanostructures
obtained via the one-pot co-precipitation method also exhibit uniform morphology with an
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average particle size of ~275 nm and the same crystal structure of ZIF-8 (Figure 1b and c).
Moreover, the 3D reconstructed image of green and red fluorescence matched very well (in
Figure 1e, f and g), indicating that both pEGFP-C1 and PEI 25kD are distributed
homogeneously throughout the entire nanostructures (Figure S4-S6, Supporting Information).
By adopting the same co-precipitation method, different polymers including branched PEI
10kD and branched polyethylene glycol (PEG 10kD, non-ionic polymer) also combine with
ZIF-8 and pEGFP-C1 to form pEGFP-C1@ZIF-8-PEI 10kD and pEGFP-C1@ZIF-8-PEG
10kD nanostructures, respectively (Figure S7 and S8, Supporting Information).
The loading capacity and binding affinity of vectors to nucleic acid are important factors to
achieve the desired effect of gene treatment.[29,40] The loading capacities of pEGFP-C1@ZIF8 nanostructures and pEGFP-C1@ZIF-8-PEI 25kD nanostructures were determined by
examining the concentration differences of pEGFP-C1 in the supernatant before and after
encapsulation via ultraviolet-visible (UV-Vis) absorption spectroscopy. After centrifugation to
remove the nanostructures and extracting the pEGFP-C1 from supernatant, the pEGFP-C1
maximum loading content is calculated to be ~2.5 wt% in pEGFP-C1@ZIF-8 nanostructures
and ~3.4 wt% in pEGFP-C1@ZIF-8-PEI 25kD nanostructures, respectively (Figure 2a and
Figure S9 (Supporting Information)), which is considered as the high loading capacities of
MOF-based vectors for high MW nucleic acids.[23] Compared to pEGFP-C1@ZIF-8
nanostructures,

the

increased

loading

capacity

of

pEGFP-C1@ZIF-8-PEI

25kD

nanostructures is attributed to the stronger electrostatic binding of the positive charged PEI
25kD and the negatively charged pEGFP-C1, as revealed by zeta potential analysis (Figure
S10a, Supporting Information). Moreover, among the various ZIF-8-polymer systems (Figure
S11a, Supporting Information), nanostructures with PEI 25kD exhibit better loading capacity
than those with PEI 10kD (~3.0 wt%) because of higher cationic charges density and degree
of branching in larger size (MW) of PEI facilitating pDNA binding;[36,37,41] while there is no
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obvious improvement in pEGFP-C1 loading content of the nanostructures co-existing with
non-ionic polymer of PEG 10kD (~2.6 wt%).
The binding affinity of pEGFP-C1 in both ZIF-8 and ZIF-8-PEI 25kD system was studied
by agarose gel electrophoresis. As shown in Figure 2b, a naked pEGFP-C1 with complete
electrophoretic shift is observed in lane 2, appearing with the high content of supercoiled form
of pEGFP-C1 as the bright main band and the other circular form as the faint minor band.[42,43]
When the weight ratio of pEGFP-C1 to vector is 1:40 in the pEGFP-C1@ZIF-8
nanostructures, there is a weak band of supercoiled pEGFP-C1 found on the agarose gel
(Figure 2b, lane 4). This shows that some of the pEGFP-C1 could not be fully bound in the
pEGFP-C1@ZIF-8 nanostructures at this loading content (~2.4 wt%) in the presence of
electric field, maybe resulting in the release of some adsorbed pDNA molecules on the surface
of MOF. The complete binding of pEGFP-C1 was observed at weight ratios larger than 1:50
(Figure 2b, lane 5, 6), showing the retention of pEGFP-C1 around the sample wells with no
release happening. In contrast, pEGFP-C1 is completely bound within the pEGFP-C1@ZIF8-PEI 25kD nanostructures at weight ratios of just over 1:35 (Figure 2b, lane 8, 9), which is
the lowest weight ratio among the ZIF-8-polymer systems (Figure S11b, Supporting
Information), pEGFP-C1@ZIF-8-PEG 10kD (over 1:50) and pEGFP-C1@ZIF-8-PEI 10kD
(over 1:40). This result reveals the enhanced binding affinity by using PEI 25kD in the system.
Note that in the control experiments, there is no fluorescence signal from pure ZIF-8 and ZIF8-polymer nanostructures (Figure 2b, lane 3, 7 and Figure S11b, lane 3, 6 (Supporting
Information)).
Furthermore, pH-responsive release behaviors of pEGFP-C1 from both types of system
were investigated by measuring the increase in green fluorescence of the FITC-labelled
pEGFP-C1 in the supernatant (Figure S10b, Supporting Information). Under neutral
physiological conditions, as shown in Figure 2c, both pEGFP-C1@ZIF-8 and pEGFPC1@ZIF-8-PEI 25kD nanostructures are stable and there is no significant release of pEGFP7

C1 (less than 5%) observed. Under acidic conditions (pH 5.5), ~55% of PEGFP-C1 is
released from the pEGFP-C1@ZIF-8 nanostructures after 30 min and achieves maximum
release (~95%) within 3 h. Due to the increased charge interaction between PEI 25kD and
pDNA molecules, the pH-dependent release profile of pEGFP-C1@ZIF-8-PEI 25kD
nanostructures is more controlled with less burst release within 30 min (~35%) and slower
release speed (~85% after 3 h). The phenomenon of less burst release and slower release
speed is also distinguished in pEGFP-C1@ZIF-8-PEI 10kD nanostructures (~40% within 30
min and ~89% after 3 h) from Figure S11c (Supporting Information), while the system
combined with PEG 10kD (~50% within 30 min and ~93% after 3 h) shows less improvement
compared with ZIF-8 system. These results demonstrate the efficient pH-responsive release of
pDNA on MOF-based vectors, one of the most desirable properties for gene delivery and
expressing system.
In addition, the protection of pDNA by vectors against enzymatic degradation is also a
very important aspect during the gene delivery process. The stabilities of pEGFP-C1 against
DNase I degradation within ZIF-8 and ZIF-8-polymer vectors were investigated based on gel
electrophoresis results. In Figure 2d, the DNA backbone is not digested with the DNase I
treatment in both pEGFP-C1@ZIF-8 nanostructures and pEGFP-C1@ZIF-8-PEI 25kD
nanostructures (lane 4, 5), while the free pEGFP-C1 is seriously cleaved leaving the weak
band of pEGFP-C1 fragments (lane 3). The pEGFP-C1 is extracted from both the DNase Itreated nanostructures (Figure 2d, lane 6, 7) and is found to be in the same form as that of free
pEGFP-C1 (Figure 2d, lane 2). The protection of pDNA against enzymatic degradation is also
evident in ZIF-8-PEG 10kD and ZIF-8-PEI 10kD system (Figure S11d, Supporting
Information), hence demonstrating the effective protection of MOF-based vectors for pDNA
molecules. Moreover, the intact pEGFP-C1 in pEGFP-C1@ZIF-8-PEI 25kD nanostructures is
calculated to ~82.3% by gel electrophoresis analysis after DNase I treatment, superior to that
in pEGFP-C1@ZIF-8 (~74.5%), pEGFP-C1@ZIF-8-PEG 10kD (~75.1%) and pEGFP8

C1@ZIF-8-PEI 10kD nanostructures (~79.3% ), displaying the best protection with positive
PEI 25kD in the system.
To realize the successful intracellular gene delivery and superior expression, cytotoxicity,
cellular uptake and endosomal escape are the essential factors for optimization. The
cytotoxicity of ZIF-8 and ZIF-8-polymer system were first examined by incubation with
Michigan Cancer Foundation-7 (MCF-7) cells on different concentrations for 48h (Figure S12,
Supporting Information). Compared to the native MCF-7 group, there is no measurable
impact found in all nanostructures below dosing level of 140 µg mL-1, indicating their good
biocompatibility. Due to the negative influence of PEI on cytotoxicity,[44] the cellular
viabilities of both pEGFP-C1@ZIF-8-PEI nanostructures are slightly lower than those of
pEGFP-C1@ZIF-8 nanostructures and pEGFP-C1@ZIF-8-PEG 10kD nanostructures, but still
maintain up to 85% at 140 µg mL-1 in pEGFP-C1@ZIF-8-PEI 25kD nanostructures after 48 h,
satisfying well for gene delivery and expression.[40]
To access the cellular uptake of nanostructures, FITC-labelled pEGFP-C1@ZIF-8 and
pEGFP-C1@ZIF-8-PEI 25kD nanostructures (120 µg mL-1) were incubated with MCF-7 cells
for 3h and evaluated by flow cytometry and confocal microscopy. As shown in Figure 3a,
compared with little signal of free pEGFP-C1, there are many bright green fluorescence close
to the nuclei (blue) of the MCF-7 cells in both the pEGFP-C1@ZIF-8 and pEGFP-C1@ZIF8-PEI 25kD group, indicating their rapid internalization into the cells (Figure 3a).
Impressively, the fluorescent intensity and range of pEGFP-C1@ZIF-8-PEI 25kD group are
better than that of pEGFP-C1@ZIF-8 group, implying more efficient cellular uptake in the
former. The same results can also be seen from the median fluorescent intensity (MFI) of the
different cellular populations treated with different groups (Figure 3b). There is a clear
increase in the MFI of both the pEGFP-C1@ZIF-8 and pEGFP-C1@ZIF-8-PEI 25kD group,
which are much higher than that of free pEGFP-C1 group. The quantitative analysis of
cellular uptake calculated from flow cytometry revealed that pEGFP-C1@ZIF-8-PEI 25kD
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nanostructures could occupy almost 100% of MCF-7 cells after 3h. While the cellular uptake
of pEGFP-C1@ZIF-8 nanostructures was lower at ~85% (Figure 3c) and free pEGFP-1
registered nearly no cellular uptake of less than 3%. Compared with pEGFP-C1@ZIF-8
nanostructures, the reason of enhanced cellular uptake by pEGFP-C1@ZIF-8-PEI 25kD
nanostructures is attributed to the better interaction with the negatively charged cell
membrane by the increased positive charge (Figure S10a, Supporting Information) which
facilitates binding and internalization of the nanostructures.[45] For the similar reason, closing
to ~100% uptake of MCF-7 cell lines after 3 h is also observed by pEGFP-C1@ZIF-8-PEI
10kD nanostructures, while there is less enhancement by pEGFP-C1@ZIF-8-PEG 10kD
nanostructures (Figure S13, Supporting Information).
The investigations on endo-/lysosomal escape associated with both systems were further
explored by intracellular FITC-labelled pEGFP-C1 trafficking monitored by confocal
microscopy. Firstly, MCF-7 cell lines were used to incubate with FITC-labelled pEGFPC1@ZIF-8 and pEGFP-C1@ZIF-8-PEI 25kD nanostructures (120 µg mL-1) for 3 h and 12 h
with blue nuclei and red endo-/lysosome. After 3 h of incubation, as shown in Figure 4a and b,
there is a clear overlapping between the red fluorescence from the endo-/lysosome and green
fluorescence from the nanostructures, indicating that both nanostructures could localize in the
endo-/lysosome after internalizing into MCF-7 cell. In particular, the red signal of pEGFPC1@ZIF-8-PEI 25kD nanostructures is stronger than that of pEGFP-C1@ZIF-8
nanostructures (Figure 4a3 and b3), which is mainly attributed to the higher intracellular
uptake of pEGFP-C1@ZIF-8-PEI 25kD nanostructures leading to the higher number of endo/lysosome.[46] After 12 h of incubation with no gene expression yet (Figure S14, Supporting
Information), there are increased green fluorescent intensities from FITC-labelled pEGFP-C1
inside cells and larger overlapped range with the nuclei-specific blue fluorescence (Figure 4c2,
c4 and d2, d4) in both groups, while the red fluorescence becomes weaker due to the
reduction of lysosome inside the cells caused by escape of the nanostructures (Figure 4c3 and
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d3).[46] These data clearly indicate that ZIF-8 and ZIF-8-PEI 25kD vectors could deliver the
pEGFP-C1 into cells organelles efficiently via endocytic pathway and further release them
into the nuclei depending on the good ability of escape from the endo-/lysosome via proton
sponge effect,[44,47-49] which is the vital factor to avoid the intracellular degradation of pDNA
and trigger the gene expression successfully.
Furthermore, through z-axis scanning at different sections by CLSM (Figure S15,
Supporting Information), 3D reconstructed models based on the intracellular fluorescence
intensity of blue, green and red markers were applied to reveal the 3D distribution of the
nanostructures inside the cells and to compare their lysosome escape ability after 12h
incubation via 3D colocalization analysis, more reasonable and precise manner than 2D
projections.[50,51] In Figure S15g1 and g2 (Supporting Information), the green fluorescence
overlapping with red fluorescence surrounds and encapsulates the blue ones in three
dimension, clearly showing that the pEGFP-C1 could be positioned and released inside the
entire structure of cells via the delivery of ZIF-8 or ZIF-8-PEI 25kD vectors. After
simplifying the fluorescence to balls based on the central intensity of every signal group
(Figure 4e, f and Figure S15h1, h2 (Supporting Information)), it is clear that the locations of
the green balls are mismatch with the red ones to some extent, which implies that the
nanostructures could successfully escape from endo-/lysosome and release pEGFP-C1 into
cytoplasm. Based on the calculated data via the 3D Pearson’s Correlation Coefficient (PCC)
calculation with 0 for no overlap to 100% for complete colocalization (Figure S16c,
Supporting Information), it was found that the PCC of pEGFP-C1@ZIF-8-PEI 25kD group
between green and red fluorescence is ~47.3%, less than that of pEGFP-C1@ZIF-8 group
with ~65.7%. The lower level of colocalization confirms that pEGFP-C1@ZIF-8-PEI 25kD
nanostructures possess better capability than pEGFP-C1@ZIF-8 nanostructures to escape
from the endo-/lysosome and release pEGFP-C1 intracellularly, which is possibly attributed to
the enhanced proton sponge effect with the co-existing of PEI 25kD in the nanostructures.[52]
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The nanostructures combined with PEI 25kD also exhibit better performance of endo/lysosome escape than those of with PEI 10kD (~52.1%), illustrating the stronger proton
sponge effect with higher MW of PEI.[36,53] And there is no obvious effect of nanostructures
combined with non-ionic PEG 10kD (~62.2%).
Based on the excellent performance of ZIF-8 based vectors to encapsulate, deliver and
release pEGFP-C1 inside cells, the transfection efficacy of gene expression was ultimately
investigated by mixing the MCF-7 cells with ZIF-8 and ZIF-8-polymer systems to express
green fluorescence after successful transfection and analyzed by CLSM and flow cytometry.
We first examined the transfection efficacy of all the nanostructures incubated with
precultured MCF-7 cells in serum containing culture medium for 48 h. As shown in Figure
S17 (Supporting Information), both ZIF-8 and ZIF-8-polymer systems exhibit good
performance for gene expression, in particular the ZIF-8-PEI 25kD nanostructures with the
highest transfection efficacy thanks to the above mentioned advantages of co-existing PEI
25kD. Therefore, the pEGFP-C1@ZIF-8 and pEGFP-C1@ZIF-8-PEI 25kD groups were
further chosen to investigate the transfection behavior in details, in comparison with the “gold
standard” commercial agent Lipofectamine-2000. According to our cytotoxicity studies, three
dosages of both nanostructures (80, 100 and 120 µg mL-1) were incubated with precultured
MCF-7 cells in serum containing culture medium. After 48h transfection, the transfection
efficacy shows the dose-dependent behavior in both pEGFP-C1@ZIF-8 and pEGFPC1@ZIF-8-PEI 25kD group (Figure 5a), in which the pEGFP-C1@ZIF-8-PEI 25kD
nanostructures affords a higher transfection efficacy above ~10% in every dosage. The same
results could also be observed from the confocal images in Figure 5b. After successful
transfection, all the groups show obvious green fluorescence expression of MCF-7 cells and
the number of transfected cell population gradually increases with the increment of the
concentration of nanostructures. Impressively, pEGFP-C1@ZIF-8-PEI 25kD nanostructures
could reach as high as ~90% transfection efficacy at 120 µg mL-1 that is comparable to that of
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Lipofectamine-2000 (~91%) but possessing the huge advantages of being much cheaper and
easier to prepare. In addition, the transfection function of both nanostructures is compared
with the commercial agents (Figure S18, Supporting Information) and applied to other types
of cells, including cancer cells and normal cells (Figure S19, Supporting Information),
demonstrating their universal and efficient transfection potential in gene therapy.
Finally, the stability of transfection efficacy was further explored by incubating MCF-7
cells with the agents before and after DNase I treatment. As shown in Figure 5c, there is only
a slight decline in transfection efficacy of both nanostructure groups at the three dosages after
DNase I treatment. In fact, the transfection efficacy of pEGFP-C1@ZIF-8-PEI 25kD
nanostructures could still reached as high as ~85% at 120 µg mL-1. In contrast, the
transfection efficacy of Lipofectamine-2000 falls off dramatically from ~91% to ~30%.
Correspondingly, there is a slight reduction of green fluorescence expression in both pEGFPC1@ZIF-8 and pEGFP-C1@ZIF-8-PEI 25kD group after DNase I treatment, but significantly
less than the level in the Lipofectamine-2000 group (Figure 5d). The above results highlight
that pEGFP-C1 could be well protected and delivered by MOF-based vectors, and transfect
cells with high transfection efficacy.
In conclusion, we have developed the one-pot facile strategy to encapsulate large pDNA
molecules into MOF and MOF-polymer systems via the biomimetic mineralization and coprecipitation method, respectively. It is found that pDNA molecules could be well distributed
throughout the nanostructures and benefited from effective protection against the enzymatic
degradation. Both systems with good capability to load, release and protect pDNA show the
efficient performance for intracellular gene delivery and expression. Impressively, in the
MOF-polymer system, great improvement is achieved with functionalization of the
nanostructures by higher MW cationic polymer (PEI 25kD), which enhances the electrostatic
binding of pDNA for better cellular uptake and endo-/lysosomal escape and thus leads to the
remarkable performance in gene expression. This work not only offers a rapid, convenient and
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economical way to load gene molecules in general nanostructures for effective intracellular
transportation and expression, but also opens a new avenue to develop MOF-based non-viral
vectors for various gene therapies, such as RNA silencing, DNA vaccines and immunotoxin
treatment.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Scheme 1. Schematic representation for synthesis of pEGFP-C1@ZIF-8 nanostructures and
pEGFP-C1@ZIF-8-polymer

nanostructures

via

biomimetic

mineralization

and

precipitation method, respectively, and their cellular delivery and expression process.
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co-

Figure 1. Characterization of nanostructures. SEM images of a) pEGFP-C1@ZIF-8
nanostructures and b) pEGFP-C1@ZIF-8-PEI 25kD nanostructures (Insets is the statistical
data about their sizes). c) XRD patterns of pEGFP-C1@ZIF-8 nanostructures, pEGFPC1@ZIF-8-PEI 25kD nanostructures and simulated ZIF-8 crystals. d) 3D reconstructed image
of pEGFP-C1@ZIF-8 nanostructures based on green fluorescence of FITC-labelled pEGFPC1 by layer-by-layer scanning of CLSM along the z-axis position. 3D reconstructed image of
pEGFP-C1@ZIF-8-PEI 25kD nanostructures based on e) green fluorescence of FITC-labelled
pEGFP-C1, f) red fluorescence of rhodamine-B-labelled PEI 25kD and g) their merged
fluorescence by layer-by-layer scanning of CLSM along the z-axis position. (FITC-labelled
pEGFP-C1: λex = 494 nm, λem = 520 nm; rhodamine-B-labelled PEI 25kD: λex = 562 nm, λem
= 583 nm).
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Figure 2. Loading, release, binding affinity and protection of vectors to pEGFP-C1. a) UV-vis
spectra of (A) the original solution of pEGFP-C1 before encapsulation and the residual
pEGFP-C1 in supernatant after encapsulated by (B) ZIF-8 nanostructures and (C) ZIF-8-PEI
25kD nanostructures. b) Agarose gel shifts of pEGFP-C1@ZIF-8 nanostructures and pEGFPC1@ZIF-8-PEI 25kD nanostructures at different pEGFP-C1/vectors weight ratios. c) pHdependent release of FITC-labelled pEGFP-C1 from pEGFP-C1@ZIF-8 nanostructures and
pEGFP-C1@ZIF-8-PEI 25kD nanostructures at different pH values. d) Agarose gel shifts for
DNase I protection assay.
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Figure 3. Cellular uptake analysis of nanostructures in MCF-7 cells. a) CLSM images of
cellular uptake of free pEGFP-C1, pEGFP-C1@ ZIF-8 nanostructures and pEGFP-C1@ ZIF8-PEI 25kD nanostructures after 3h. Flow cytometry analysis of b) cellular uptake and c)
corresponding positive cell percentage with free pEGFP-C1 and both nanostructures. Scale
bar: 100 µm. (FITC-labelled pEGFP-C1 with green fluorescence, nuclei stained by Hoechst
33342 with blue fluorescence).
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Figure 4. Endo-/lysosome escape analysis of nanostructures in MCF-7 cells. CLSM images
of MCF-7 cells after incubation with pEGFP-C1@ZIF-8 nanostructures for a) 3 h and c) 12 h,
and with pEGFP-C1@ZIF-8-PEI 25kD nanostructures for b) 3 h and d) 12 h. 3D
reconstructed structure of e) pEGFP-C1@ZIF-8 group and f) pEGFP-C1@ZIF-8-PEI 25kD
group based on intracellular fluorescence intensity of blue, green and red markers by layer-bylayer scanning of CLSM along the z-axis position after 12 h incubation. Scale bar: 50 µm.
(FITC-labelled pEGFP-C1 with green fluorescence, nuclei stained by Hoechst 33342 with
blue fluorescence and endo-/lysosomes stained by lysotracker Deep red with red fluorescence).
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Figure 5. Transfection efficacy assay. a) Transfection efficacy of pEGFP-C1@ZIF-8
nanostructures and pEGFP-C1@ZIF-8-PEI 25kD nanostructures at different concentrations
determined by flow cytometry. Lipofectamine-2000 was used as the positive control. b)
Representative CLSM images of pEGFP-C1 expression in MCF-7 cells incubated with both
structures at different concentrations. c) Transfection efficacy comparation and d)
corresponding CLSM images of Lipofectamine-2000 and both nanostructures (120 µg mL-1)
without and with DNase I treatment. *p < 0.05 indicates a significant difference compared to
Lipfectamine-2000 group. #p < 0.05 indicates a significant difference between DNase I
treatment and without DNase I treatment. Scale bar: 50 µm.
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