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ABSTRACT. Recent work in biomolecule-metal–organic framework (MOF) composites have proven to 

be an effective strategy for the protection of proteins. However, for other biomacromolecules such as 

nucleic acids, the encapsulation into MOFs and the related characterizations are at is infancy.  We herein 

report encapsulation of complete gene-set in zeolitic imidazolate framework-8 (ZIF-8) MOFs and 

intracellular expression of the gene delivered by the MOF composites. Using a GFP plasmid (plGFP) as 

a proof-of-concept genetic macromolecule, we show successful transfection of mammalian cells with 

plGFP for up to 4 days, demonstrating the feasibility of DNA@MOF biocomposites as intracellular gene 

delivery vehicles which occurs over relatively prolonged time points where the cargo nucleic acid is 

released gradually in order to maintain sustained expression.  
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Gene therapy holds great promise in disease treatment; however, the delivery of therapeutic genes is a 

severe impediment in the overall success of this approach1-3. The efficacy of gene therapy has been greatly 

affected by the inadequacy of delivery vectors. Over 70% of the gene therapy clinical trials involve viral 

vectors and only about 11% of trials utilize non-viral delivery systems4-5. Viral therapy has been most 

effective for monogenic diseases like severe combined immune deficiency (ADA-SCID), in which disease 

pathogenesis is attributed to a single gene6. However, diseases like cancer are multifactorial polygenic 

diseases and therapeutic-loaded vectors are yet to complete Phase III trials or any large statistically 

powered Phase II trials7. Although conventional viral systems like adenoviral and lentiviral systems are 

powerful vectors with high transfection efficacy, their application in the clinical setting raises significant 

concerns of cytotoxicity, pathogenicity, non-targeted insertions, DNA carrying capacity, potential side 

effects due to small sample size of cases studied and short follow up periods8-9. Non-viral delivery systems 

are safer and less immunogenic, are relatively inexpensive to produce and have a large DNA carrying 

capacity while allowing for easy modifications to the system10. However, these carriers have several 

limitations that restrict the practical applications for the delivery of therapeutics11. Currently, the only 

non-viral delivery vehicles that are in clinical trial are lipid based nano and micro systems12. However, 

they can be unreliable for intravenous delivery as their structure can be hampered in the presence of serum; 

as a result, large aggregates are be formed7, 13. For example, one of the most commonly studied pH 

responsive polymers is poly(2-(N,N-dimethylamino)ethyl methacrylate) (pDMAEMA). But the polymer 

molecular weight, composition with DNA, synthesis methods and aggregation and haemagglutination in 

the presence of serum proteins and blood cells has resulted in numerous contradictory results14. Other 

important cationic lipids like poly(l-lysine) (PLL), one of the most often used polymers for the complexing 

and delivery of DNA, has been known to be cytotoxic and possess low capacities for maintaining DNA 

integrity and endosomal escape9. Due to such conflicting reports, up to 2017, only 0.24% of all the 

reported studies on gene therapy have been reported to investigate non-viral delivery systems15. The 

limitations arise from the inability and significant challenges in the capacity of the non-viral vectors to 

maintain the chemical and physical integrity of DNA, successful entry through the cell membrane, 
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endosomal escape prior to nuclear uptake for expression of the gene through transcription and 

translation16. Therefore, development of improved synthetic systems that allows the vector to address the 

above limitations is essential. In this study, we report the potential of self-assembled porous systems of 

metal-organic frameworks (MOFs) in their ability to function as suitable gene therapy systems for DNA 

delivery. 

MOFs are a family of porous materials with well-defined coordination geometry comprising of metal 

ions linked to organic bridging ligands17. Owing to their high loading capacity, controlled release profiles, 

biodegradability, and versatile functionality, nanoscale MOFs serve as ideal platforms for biological 

applications18-24. A particular attraction of MOFs is their ability to bio-conjugate, infiltrate and encapsulate 

biomolecules; thus MOF biocomposites can be prepared with controlled stability, release and biological 

functions25-27. Zeolitic imidazolate frameworks (ZIFs) are members of the MOF family and are made of 

zinc ions coordinated by imidazole rings to form topological isomorphs of zeolites. They have 

demonstrated biocompatibility, biodegradability, protection and potential applications in antitumor 

therapy, protection of biomarkers and encapsulation of therapeutics28-29. Several MOFs, including ZIFs 

have been used to successfully deliver siRNAs and oligonucleotides and encapsulation of proteins and 

cells have also been reported30-34. However, when these approaches were used for either the biocojugation 

or loading of DNA, only short nucleotide sequences were used. Specifically, the largest nucleic acids that 

have been incorporated do not exceed 50 base-pairs35-38, which do not encompass functional genes suitable 

for gene delivery39. The short size range is severely limited to applications with DNA oligonucleotides 

and RNA interference employing siRNAs and miRNAs40. Unlike siRNAs/miRNAs which are 20-25 

nucleotides and functionally active, DNA oligonucleotides of short sequences do not possess functional 

activity within cells. Hence, the reported studies using oligonucleotides have been limited to score the real 

potential of MOFs as gene delivery vehicles which retain structural and functional activity of the cargo 

nucleic acid for gene therapy. In this study, we investigate MOFs like ZIF-8 polymorphs, made of zinc 

nodes connected by 2-methylimidazole (2mIM), as delivery systems for gene therapy by demonstrating 

the encapsulation of an entire plasmid DNA (6.5 kilo base-pairs) molecule.  
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A plasmid represents a DNA molecule that harbors intact genes on their sequences. Plasmids are 

circular, double-stranded DNA (dsDNA) sequences most commonly found in bacteria that can also be 

expressed in mammalian cells following transfection41-42. A plasmid expressing green fluorescent protein 

(plGFP) was selected as the representative plasmid for proof-of-concept study as they are extensively 

characterized, easily available and routinely used for cellular and molecular biology studies43-44. They 

carry genes that code for a green fluorescent protein (GFP). The plGFP itself is non-fluorescent, but when 

transcribed and translated within cellular machinery, express a non-toxic protein, GFP, which emits a 

strong green fluorescence under UV light.  

For the synthesis of DNA encapsulated ZIF-8 (DNA@ZIF-8), the process of biomimetic mineralization 

was followed according to the protocol published by Liang et al.45, where the presence of the biomolecule 

triggers in the formation of Zn(2mIM)2. The effect of the plGFP as biomimetic mineralization agent was 

tested using Small-Angle X-ray Scattering at Elettra synchrotron; using a stop-flow set-up the rapid 

formation of Zn(2mIM)2 particles in presence of DNA was confirmed (see Supporting XX). The obtained 

MOF bio-composites were termed plGFP@ZIF-8. Encapsulation of DNA within ZIF-8 was visualized 

using a readily available DNA dye, propidium iodide (PI). PI is a fluorescent DNA stain commonly used 

in laboratories for staining cellular DNA46-48. In the presence of exposed DNA, it intercalates between the 

DNA bases with little or no sequence preference and fluorescence is enhanced 20- to 30-fold, the 

fluorescence excitation maximum is shifted ~30–40 nm to the red and the fluorescence emission 

maximum is shifted ~15 nm to the blue. On treatment of plGFP@ZIF-8 with PI, no fluorescence signal 

was detected to denote the presence of DNA. Chelators like ethylenediaminetetraacetic acid (EDTA) are 

known to dissolve ZIF-8 45, and plGFP@ZIF-8 when treated with EDTA dissolved the ZIF-8, and a strong 

fluorescent signal from plGFP was then observed. The straightforward staining procedure indicates that 

in intact plGFP@ZIF-8, DNA was successfully shielded from the access of PI by ZIF-8 framework. To 

verify structural and functional integrity of DNA within the biocomposites system, plGFP released from 

the MOF biocomposites were transfected into mammalian cell line. Green fluorescence, i.e., GFP can be 

detected in the cells within 24 hours of transfection similar to transfection with control plGFP that were 
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not part of MOF biocomposites. The encapsulation and release mechanism of plGFP@ZIF-8 thus does 

not disrupt the functional activity of the plasmid because expression of protein occurs due to lack of 

significant damage to the plasmid structure. In order to check for cellular uptake of plGFP@ZIF-8, the 

MOF biocomposites were then transfected without prior release into the mammalian cells and treatment 

was carried out for 3.5 hours. Cellular internalization of plGFP@ZIF-8 particles were visualized at 24 

hours using correlative cryo-epifluorescence microscopy and soft X-ray cryo tomography (cryo-SXT), 

the only modality that allows imaging of whole cell samples in its native state without any chemical 

treatment or sectioning49-50. For expression of protein from plGFP@ZIF-8 system, green fluorescence in 

the cells could be recorded at 96 hours post treatment, indicating a gradual expression rather than 

immediate release and expression from the MOF biocomposites.  

Figure 1. Schematic of synthesis of plasmid plGFP @ ZIF-8 based on biomimetic mineralization (A); Small-

Angle X-ray Scattering (SAXS) patterns of pure ZIF-8 (black) and biomimetically mineralised plGFP@ ZIF-

8 (purple).  Inset: 2D representation of SAXS patterns of the composite materials (B); Scanning electron 

microscopy image of pure ZIF-8 (C) and plGFP@ZIF-8 (D), scale bars 1 µm. 
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In a typical experiment, DNA (0.34 pM plGFP) was added to aqueous solutions of 2mIM (160 mM) 

followed by zinc acetate (40 mM) at room temperatures (Figure 1A). The clear solution became cloudy 

and turbid within 10-15 seconds, and following incubation of 10 or 120 minutes, the solution was 

centrifuged at 10,000 rcf for 10 minutes. The supernatant was kept aside for further analysis and the pellet 

was washed with ethanol to recover the plGFP plasmid-loaded ZIF-8 particles. Small angle X-ray 

scattering (SAXS) studies on the recovered pellet indicated identical crystalline phases between the pellet 

particles and conventionally synthesized ZIF-8 MOFs with matching indices (Figure 1B). Scanning 

electron microscopy (SEM) studies showed that the plGFP@ZIF-8 had similar morphology to 

conventionally synthesized pure ZIF-8 (Figure 1C, D).  

Centrifuging pure DNA dissolved in water at 10,000 rcf does not form a pellet or precipitate DNA. To 

confirm that the DNA did not stay in the supernatant during plGFP@ZIF-8 synthesis, both the supernatant 

and the EDTA treated pellet were run on a 1% agarose gel electrophoresis (Figure 2A). A distinct band 

was visible in the pellet lane which is similar in intensity to the control naked DNA. However, only a very 

faint band could be seen in case of the supernatant. This demonstrates that only a minor amount of DNA 

Figure 2. Agarose gel electrophoresis of plGFP@ZIF-8. Left-right: DNA Hyperladder 1, naked DNA (0.34 

pM), post synthesis pellet, supernatant (A). Fluorescence emission spectra of DNA – Labeling with PI - plGFP 

(1), plGFP@ZIF-8 (2), plGFP@ZIF-8 synthesis solution supernatant (3), plGFP@ZIF-8 with EDTA treatment 

(4) and ZIF-8 precursors without DNA (5) (B). 

C 

D 

A B 
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(9%) is present in the supernatant and almost 90% DNA quantity is present with the MOF crystals in the 

pellet.  

 PI was employed to further assess the encapsulation of the plasmid DNA. Following synthesis, the 

pellet was treated with 1 μg ml-1 PI. Pure DNA on treatment with PI gives a peak at 617 nm which is the 

emission maxima of PI bound DNA (Figure 2B, black). This peak is absent in PI treated plGFP@ZIF-8 

(pellet, blue) as well as supernatant (green). However, when the MOF particles are dissolved by using 

EDTA (20 mM), the fluorescence signal peak can be easily detected (as shown by the red curve in Figure 

2). This indicates that DNA was encapsulated inside ZIF-8; when PI is added to it, the dye is unable to 

access or bind DNA as it would have if the DNA had been surface conjugated and leads to the absence of 

emission maxima of PI-DNA in the pellet. On addition of EDTA to the pellet, the ZIF-8 dissolves due to 

chelation of the zinc ions by EDTA30, and DNA is released which is then free to interact and bind with 

the dye, showing fluorescence spectra with peak at 617nm.  

In order to prove the encapsulated plasmid DNA remains functionally intact, transfection assays were 

carried out with the released plasmids. Human epithelial cells from prostate cancer (PC-3) were 

transfected with pure plGFP plasmids and plGFP@ZIF-8 with 10 and 120 minutes of incubation with 

precursors during synthesis. The cells were fixed and stained with Hoechst 3342 dye 24 hours post 

transfection and imaged on a confocal laser scanning microscope (CLSM) (Figure 3). Fluorescence from 

is present only when the plasmid has been transcribed and translated to express the green fluorescent 

protein inside the cells. Any significant damage to the plasmid structure will not allow the protein to be 

efficiently expressed and consequently, the cells will not show fluorescence. Untreated cells do not show 

any green fluorescence (Figure 3A). However, cells transfected with pure plGFP (Figure 3B), plGFP 

released from ZIF-8 with 120 (Figure 3C) and 10 (Figure 3D) minutes of incubation during synthesis 

showed fluorescence. This indicates that the DNA does not undergo substantial damage during the 

encapsulation process that can negatively impact its functional activity and thus, remains functionally 

intact.  
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For evaluating the gene delivery capacity of plGFP@ZIF-8 and their impact on cellular viability, 

transfection assays and MTT viability assays were carried out with pure and biomimetically mineralized 

ZIF-8 washed in water and exposed to PC-3 cells for a period of 3.5 hours. Following which treatment 

media was replaced and transfection and viability results were recorded (Figure 4A-D). The plGFP@ZIF-

8 transfected cells were fixed and stained with nuclear stain Hoechst 33342 dye at 24, 48, 72 and 96 hours 

post transfection and imaged on a CLSM. A further control treatment involved co-transfection with pure 

ZIF-8 and plGFP. No green fluorescence is detected from either untreated cells (Figure 4A) or ZIF-8 and 

plGFP co-transfected cells (Figure 4B), however, green fluorescence from plGFP@ZIF-8 treated cells 

start becoming significant from the 96 hour time point (Figure 4C), prior to which no significant 

fluorescence signal could be detected. It is clear that cellular transfection with DNA@ZIF-8 occurs over 

Figure 3. DNA remains functionally intact – Untreated PC-3 cells (A), Cells transfected with plGFP (B), Cells 

transfected with plGFP previously encapsulated in ZIF-8 synthesized with 120 (C) and 10 (D) minute 

incubation periods. All transfections allowed to occur for 24 hours with a concentration of 500 ng DNA. Blue 

– cell population as seen by Hoechst 33342 nuclear stain. Green – fluorescence due to protein expression from 

plGFP, scale bar 100µm. 
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a prolonged time as compared to regular transfection. This could possibly be due to endosome mediated 

uptake or macropinocytosis where ZIF-8 is gradually broken down in the acidic environment within the 

cell to cause sufficient degradation for release of plasmid. As the gene expression becomes pronounced 

gradually over time by 96 hours, the DNA is not instantaneously exposed to the cellular machinery on 

delivery. It is postulated that although ZIF-8 starts releasing around 50% DNA by 72 hours (Figure S4), 

parts of dispersing ZIF-8 might remain associated with the plasmid, presumably by hydrogen bonds, and 

dissociate slowly (Figure 4G). The regulatory portion of the plasmid on the DNA sequence are the 

promoter regions. Promoter sequences are responsible for activating the enzyme RNA polymerase and 

several transcription factors, which in turn are responsible for transcribing the coding DNA sequence into 

an mRNA sequence51. Further downstream processing results in the translation of mRNA into proteins, 

leading to successful expression of the genetic element. The RNA polymerase enzyme forms a large 

multiprotein complex of more than 500 kDA around the DNA fragment at the start of transcription. If 

transcription has been activated, the enzyme machinery is capable of knocking off or dislodging remaining 

ZIF-8 fragments on the DNA and hastening ZIF-8 degradation. However, if the ZIF-8 fragments mask 

the promoter or transcription start sites, the polymerase complex is unable to access DNA to activate 

transcription and expression is achieved only when ZIF-8 is completely removed from the DNA. 

 plGFP@ZIF-8 also did not show any long-term cellular toxicity up to 96 hours. Effect on cellular 

toxicity was determined using MTT assays in which 82% and 96% viabilities were obtained for 

DNA@ZIF-8 transfected cells at 24 and 96 hours respectively (Figure 4D). The internalization of 

plGFP@ZIF-8 in PC-3 cells was further studied using correlative cryo-epifluorescence microscopy and 

cryo-SXT, the only imaging modality that allows imaging of 3D maps of vitrified whole-cell samples in 

its native state, thus circumventing chemical treatment or sectioning. The use of soft X-rays (with 

wavelengths in the range of the water window, i.e., 2.3–4.4 nm), provides the possibility to obtain high 

contrast images from unstained biological samples52. We were thus able to visualize the presence of 

plGFP@ZIF-8 at 24 hours within cytoplasm and endocytic organelles of PC-3 cells in physiological 

conditions with minimal radiation damage (Figure 4E-F). 
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Figure 4. Delivery potential, effect on viability and intracellular detection; PC-3 incubated with plGFP@ZIF-

8 for 3.5 hours – Untreated PC-3 cells (A), pure ZIF-8 and plGFP co-transfected PC-3 (B) and plGFP@ZIF-8 

transfected PC-3 (C) cells at 96 hours; cellular viability of PC-3 cells in the presence of plGFP@ZIF-8 and pure 

ZIF-8 (D) at 24 and 96 hours. All transfections carried out with a concentration of 500 ng DNA, Blue – cell 

population as seen by Hoechst 33342 nuclear stain. Green – fluorescence due to protein expression from plGFP, 

scale bar 100 µm. Overlay image of cryo-epifluorescence acidic organelles signal (red) and cryo-Soft X-ray 

projection images mosaic (E). The area squared in yellow corresponds to the tomogram section shown in (F). 

Cryo-SXT three-dimensional tomogram section through XY plane, the yellow arrow head points to an 

endocytic organelle containing densities compatible with ZIF-8 MOFs and the red arrow heads point to high 

intracytoplasmic densities compatible with ZIF-8 MOFs (F). Scale bars: 10 m (E), 2 m (F). Schematic of 

proposed gene expression mechanism on cellular delivery of plGFP@ZIF-8. Gene expression is visualized as 

green fluorescence produced in the cells (G). 

E F 

G 
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In conclusion, we demonstrate a rapid and efficient method to utilize MOFs for carrying large size 

intact gene sets like plasmid vectors; the encapsulated plasmid retains its functional activity while 

displaying intracellular delivery potential. Visualizing encapsulation by MOFs using PI staining is easy 

to use, and cost-effective as compared to other techniques of qualitative polymerase chain reaction (qPCR) 

amplifications and transmission electron microscopy (TEM) imaging; overcoming shortcomings like 

lengthy sample preparation where DNA elements need to be labeled with heavy atoms prior to 

encapsulation (TEM) and size limitations and optimization sensitivities of qPCR assays53. Furthermore, 

in the field of gene therapy, a major concern for current non-viral vectors like plasmids is that the delivery 

method can often lead to reduced efficient expression due to damage of plasmid DNA backbones. Thus, 

the genetic expression of plGFP shown in this study utilizing ZIF-8-based MOFs as delivery systems 

demonstrates the ability of MOFs to maintain the chemical and physical integrity of DNA by conserving 

its function. The retention of functional activity, intracellular delivery and expression of encapsulated 

gene occurs over relatively prolonged time periods without cytotoxicity. This has huge potential in the 

field of gene therapy where delivery system itself should be non-toxic and in cases where a sustained 

expression over time is required instead of burst release of therapeutic load. The utilization of water 

washed plGFP@ZIF-8 for cellular expression and gene delivery could also have an impact on the uptake 

and efficiency. It is postulated that separate polymorphs of plGFP@ZIF-8 can result on washing with 

water in place of ethanol, and tailoring of synthesis conditions to deliver the therapeutic gene in 

accordance to the requirements of individual cases forms the basis of our future studies. It is expected that 

this approach will result in a controlled gene delivery agent that protects and maintains functional activity 

of DNA and affords customized expression of genes leading to specifically designed persistence of 

therapeutic levels in vivo. 
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