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Abstract

Metal-organic frameworks (MOFs) are a class of crystalline materials constructed from
organic linkers and inorganic nodes. MOFs typically possess ultra-high surface areas and pore
volumes; thus, they are ideal candidates for biomedical applications. Zinc Imidazolate
Framework 8 (ZIF-8) has been widely established in the literature as a potential candidate for
on-demand drug delivery applications due to its remarkable loading capacity, stability in
physiological environments, and pH triggered controlled drug release. Using ZIF-8 for in vivo
applications requires a clear understanding of the interaction of ZIF-8 with biological tissue. In
this work, we investigated the biocompatibility of ZIF-8 towards six different cell lines
representing various body parts (kidney, skin, breast, blood, bones, and connective tissue). Our
results suggested that ZIF-8 has no significant cytotoxicity up to a threshold value of 30 pug/mL.
Above 30 pg/mL the cytotoxicity is shown to result from the effect of released Zinc ions (Zn?*)
on the mitochondrial ROS production, causing cell cycle arrest in the G2/M phase due to
irreversible DNA damage, and ultimately initiating cellular apoptosis pathways. Due to this
insight, we then encapsulated the hormone insulin into ZIF-8 and compared its drug delivery
capabilities to the aforementioned cytotoxicity values. Our results suggest that ZIF-8 is suitable
for therapeutic applications and furthermore, establish a clear understanding of the interaction
of ZIF-8 and its constituents with various cell lines including, and highlight the important

biocompatibility factors that must be considered for future in vivo testing.
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1 Introduction

Metal-organic frameworks (MOFs) are a class of porous materials that are constructed
from inorganic metal ions (or clusters) coordinated to organic ligands.[1] The modular approach
to MOF synthesis allow for precise control of their physical properties and chemical
functionality. In particular, their highly porous nature and potential to modify their pore size
and shape imbues MOFs with excellent drug loading capabilities, as a result they are promising
candidates as drug carriers.[2, 3] Multiple research groups have explored the use of MOFs in
biomedical applications.[4-8] However, most of these studies are either limited to ex vivo
applications or in vitro studies that focus solely on singular aspects of biocompatibility, e.g.
studying a singular cell line or only limiting the investigation to one-dimensional aspects such
as cell viability.

ZIF-8, constructed from 2-methylimidazole and zinc ions, [9] is chemically stable in
aqueous and basic media and has reported surface areas up to ca. 1800 m?g. These physical
properties have been exploited for application to catalysis, gas absorption and sensing
techniques.[10-13] In addition, the nano-sized pore dimensions of ZIF-8 (ca. 11.6 A) and pH-
responsive dissolution behavior (in acidic solutions)[14, 15]) have motivated investigations of
ZIF-8 in biomedical applications, especially for drug delivery in cancer therapy.[16, 17]
Multiple research groups have successfully demonstrated the high loading capacity of ZIF-8,
of small drugs and even larger biomolecules (e.g. bovine serum albumin (BSA) protein), within
the molecular framework. Additionally, the pH responsive dissolution of ZIF-8 for on-demand
drug release in cancerous environment has also been reported.[14, 18-20] However, the existing
literature on the biocompatibility of ZIF-8 and other MOF materials show is not consistent.[20-

25] For example, Vasconcelos et al. did not observe significant cytotoxicity of ZIF-8 crystals



loaded with an anti-cancer drug (i.e. doxorubicin) towards three different cell lines (NCI-H292;
HT-29; HL-60).[26] However, Horcajada et al. reported half-maximal inhibitory concentrations
(ICs0) for ZIF-8 on HelLa and J774 cells at 100 pg/mL and 25 pg/mL, respectively.[27]
Accordingly, a comprehensive framework to understand and evaluate the biocompatible
characteristics of MOFs is required, which is also essential for their therapeutic applications in
Vivo.

Biocompatibility is one of the major requirements of a material if it is to be considered
for biomedical applications.[28] Biocompatibility can be defined as the ability of a material to
perform its programmed functionality (e.g. inside the human body) without adversely affecting
the surrounding tissue or altering homeostasis.[29] The key aspect associated with
biocompatibility is the nature of the interaction between the material and human cells, and its
resulting effects. Various characteristics of both inorganic and biological entities need to be
carefully considered e.g. surface properties, hydrophobicity, protein ad-/desorption,
phagocytosis [30].

Accordingly, it is crucial to establish a comprehensive test scheme that determines the
biocompatibility of the as-synthesized MOFs in vitro and allows for the evaluation of cell-MOF
interactions before continuing their use in vivo. In this work, we provide a biocompatibility
framework that investigates the intracellular effect of ZIF-8 on six different cell lines upon
exposure to various concentrations and for different incubation time points. We identified a
critical concentration of ZIF-8 for the biocompatibility of all examined cell lines which
correlated to the dissolution of zinc ion (Zn?*) within the cell media. The influence of increased
Zn?* concentration was further studied with respect to intracellular biochemical pathways,
including the generation of reactive oxygen species (ROS), the cell cycle mechanism, and
apoptotic membrane disintegration. Furthermore, we identified that ZIF-8 showed significantly
reduced biomedical applicability above a particle concentration of 30 pug/mL, which is a

fundamental finding for future work on ZIF-8 for biomedical applications. Finally, we applied
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a synthesis method previously reported by Liang et al. for the incorporation of insulin (In) into
ZIF-8, resulting in a compound termed In@ZIF-8.[31] We demonstrated that the encapsulation
concentration of this biomacromolecule can easily be tuned depending on its initial stock
concentration of the guest biomolecule. Given our biocompatibility findings we conclude that
ZIF-8 is an efficient drug carrier vehicle below 30 pg/mL concentrations for sufficient

biomedical therapies, such as Diabetes I and 11.[32]

2 Materials and Methods

2.1 ZIF-8 and In@ZIF-8 synthesis.

ZIF-8 crystals were prepared by adding a solution of 0.3 g Zn(OAc)2-2H20 in 5 ml of
deionized (DI) water to a solution of 1.12g of 2-methylimidazole (2-MIM) in 5 ml of DI water.
The resulting solution was stirred at room-temperature overnight (ca. 24 hours). Then, the white
crystals generated were centrifuged and washed 3 times with ethanol before drying them at
room temperature.

In@ZIF-8 samples were synthesized by mixing the appropriate amount of insulin stock
solution (dissolved in a 160 mM aqueous solution of 2-MIM) with an equal volume of 40 mM
aqueous stock solution of Zn(OAc)2-2H20. 16 mL of each solution each were used. The initial
concentrations of insulin were 125, 250, 500, 1000, and 2000 pg/mL. After addition of the zinc
solution, and gentle shaking for few seconds, the mixtures became turbid within 1 minute, and
where left to age at room temperature on a tube rotator at 20 rpm overnight (ca. 16 hours).
Subsequently, the obtained suspension was centrifuged (4500 rpm, 5750 rcf, 20 minutes), the
supernatant removed (and used for UV-Vis analysis of the residual insulin), and washed twice
with water and twice with ethanol, centrifuging each time as above. Finally, the solids were left
to dry naturally, under a fume hood at room temperature and overnight. Yields were between
63 and 135 mg (41-76%) depending on the insulin concentration. The encapsulation efficiency

was calculated as quantitative (>99%). For the UV-Vis analysis on the solid, the In@ZIF-8



biocomposites were dissolved in 50 mM EDTA and insulin concentration was determined with

a Nanodrop at an absorption wavelength of 278 nm (Extinction coefficient: 6080 L mol™* cm

1).

2.2 Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis

Samples for SEM and EDX were prepared by cleaning a Si chip in acetone, isopropanol,
and DI water. Afterwards, a ZIF-8 suspension was added to the Si chip and dried at room
temperature. SEM and EDX images were obtained employing a Zeiss Ultra 55 and Quanta 200F
FEI, respectively. ZIF-8 samples for TEM were prepared on a carbon coated Cu TEM grid with
a mesh size of 400. TEM images were obtained with a F30 FEI Tecnai. XRD measurements
were performed on as-prepared samples and on a glass cover slip with a Bruker AXS D8
Advance equipped with a Lynxeye detector and a Cu radiation source at room temperature. The

XRD data was analyzed with the X’pert Highscore software (PANalytical).

2.3 Cell culture

Human metastatic breast cancer cells (MDA-MB-231), embryonic kidney cells (HEK 293),
keratinocyte (HaCaT), mouse embryonic fibroblast cells (NIH/3T3), and macrophage cells
(RAW 264.7) were cultivated in DMEM cell culture medium (10% FCS, 100 x Antimycoticum)
at physiological conditions. Human osteoclast cells (MG-63) were cultivated in MEM cell

culture medium (10% FCS, 100 x Antimycoticum).

2.4 MTT - cell viability assay

The cells were seeded in 96-well plates at a density of 5000 cells per well in the cell medium
DMEM containing 1% antibiotics and 10% FCS. After an incubation time of 4 hours at 37 °C
and 5 % COz the corresponding ZIF-8 and 2-MIM concentrations were added. Then the cells

were again incubated for either 72 or 120 hours at the same conditions as before. At day 3 or 5,
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the MTT assays were conducted. 0.01 ml of MTT solution (15 mg of the MTT reagent, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide in 3 ml of PBS at pH 7.4) was added
to each well. Then the cells were incubated for 4 hours, during this time, cells with an active
metabolism converted the MTT reagent to a purple colored formazan crystal. These crystals
were dissolved after the incubation in a 0.04 N HCI solution. Resulting purple colored solution
was transferred to a new, untreated 96-well plate. Finally, the absorbance was measured on a

plate reader with a test wavelength of 570 nm and a reference wavelength of 630 nm.

2.5 Atomic absorption for the measurement of Zn?* concentration

ZIF-8 crystals were dissolved in three different solutions. We used 50 mM
Ethylenediaminetetraacetic acid (EDTA) as a chelating agent for our positive control.[33]
Furthermore two phosphate-citrate buffers at pH 5 and 6 were used and finally the cell medium
DMEM at pH 7.4. After 5 days on a shaker at 150 rpm, the tubes were centrifuged and the
supernatant was transferred into a new tube for further preparation steps. For acidification, 100
pL HCI and DI water were added to each tube in order to obtain a 1:10 or 1:50 dilution, before
samples were analyzed by flame atomic absorption spectroscopy (AA240FS Varian) at a

wavelength of 213.9 nm.

2.6 Reactive oxygen species (ROS) assay

To determine the amount of ROS produced by the cells, the Fluorometric Intracellular ROS
Kit (Sigma Aldrich) was used. The cells were seeded into a black 96-well plate at a density of
18°000 cells per well and four hours later ZIF-8 suspension was added at concentrations ranging
from 0.01 mg/ml (10 pg/mL) to 0.1 mg/ml (100 pg/mL) to a final volume of 0.1 ml. After
incubation for 2 days, 0.1 ml of the ROS detection solution were added to each well. The
solution contained a fluorogenic sensor, which reacts with the ROS resulting in a fluorometric

product proportional to the amount of ROS present. Then the cells were again incubated for 30



minutes and finally the fluorescence was detected with a fluorescence multiwall plate reader at
an excitation wavelength of 640 nm, and emission wavelength of 675 nm. Fluorescence images

were obtained by epi-fluorescence inverted optical microscope (Olympus 1X-81).

2.7 PI staining and Fluorescence-activated cell sorting (FACS) for cell cycle analysis.

The cells were seeded in 6-well plates at a density of 2007000 cells per well and treated with
different concentrations of ZIF-8. After an incubation time of 3 days the cells were trypsinized,
centrifuged at 1000 rpm and 4°C, followed by washing with ice-cold PBS. Then, cells were
fixed with ice cold 100 % ethanol, which was added dropwise while gently vortexing the pellet.
Following this, the cells were stored at -20 °C until the analysis was conducted. After fixation,
the cells were centrifuged for 5 minutes at 4 °C with 1500 rpm. After that, cells were again
washed with cold PBS and finally resuspended in 500 ul of FACS buffer (38 mM Sodium
Citrate, 69 uM PI, and 2 pl of 10 ug/ul Rnase per 500 ul of the sample). Then the solution was
filtered through a cell strainer (pore diameter 50 um) and finally the fluorescence of the cells

was measured by BD LSRFortesa cell analyzer with a blue (488 nm) laser.

2.8 Live/Dead cell staining

Cells were seeded at a density of 5000 cells per well in a 96-well plate. After an incubation
time of 4 hours ZIF-8 crystals were added at concentrations ranging from 10 to 100 pg/mL.
Then the cells were incubated at 37 °C and 5% CO: for 3 days. Afterwards, 3 ul of the dye
mixture (LIVE/DEAD BacLight; Thermofisher) was added to each well. The dye mixture
consisted of 3.34 mM SYTO 9 dye and 20 mM propidium iodide combined at equal volumes.
Fluorescence images were obtained by epi-fluorescence inverted optical microscope (Olympus

IX-81).



3 Results and Discussion
3.1 Synthesis and Characterization
ZIF-8 crystals were synthesized following the one-pot synthesis method (Fig. 1a)
reported by Yaghi et al.[34] Zinc acetate (Zn(OAc)z2) and 2-methylimidazole (2-MIm) were
both dissolved in 5 ml of deionized water and vigorously stirred. After a reaction time of 24 h,
the resultant crystals were harvested and washed multiple times in ethanol followed by
centrifugation (see the Supporting Information (SI) fo further details). As shown in Fig. 1 b-c,
scanning-electron microscopy (SEM) and transmission electron microscopy (TEM) images of
the resulting structures indicate the formation of rhombic dodecahedral crystals with an average
diameter of 1.1 um (Fig. 1d), which corresponds to the average size of biomedically relevant
ZIF-8 encapsulating biomacromolecules, as previously reported by Liang et al.[31]. As
expected, Energy-dispersive X-ray (EDX) spectroscopy maps confirm the presence of Zn (Fig.
1f), C (Fig. 1g), and N (Fig. 1h) elements uniformly distributed throughout each crystal.
Furthermore, X-ray diffraction (XRD) measurements confirmed the characteristic peaks (7.3°,
10.4°,12.8°,14.8°,16.5°,18.1°, 22.2°, 24.6°, 25.6°, 26.7°, 29.8°, 31.5°, 32.5°) of dodecahedral

ZIF-8.[35]

3.2 Influence of ZIF-8 on cell viability
In order to establish a biocompatibility framework to assess the effectiveness of ZIF-8
crystals for biomedical applications, we used six different cell lines from various tissues (see
Table 1). We note that each cell line is specialized for the specific function in their organ and,
hence, vary in their phenotypic pattern and consequently in their interaction with their
environment.[36, 37]
In the first step, we assessed the influence of various ZIF-8 concentrations (0 — 100
pug/mL) on the cell viability and proliferation response of all six cell lines using the “gold

standard” MTT assay.[38] This assay depends on the reduction activity of intracellular,
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mitochondrial dehydrogenases of alive cells that convert the added tetrazolium compound into
a water insoluble formazan crystal.[39] Eventually, the amount of crystal formation
(determined by absorbance spectroscopy) corresponds to the viability of the present cell culture.
Fig. 2a and Fig. 2b, show the cell viability values of all cell lines after 72 hours and 120 hours,
respectively. From the results, we can conclude that ZIF-8 concentrations of up to 30 pg/mL
cause only a low reduction of cell viability to approximately 80% compared to the control.
However, higher concentrations of ZIF-8 crystals lead to a significant cell viability drop to
almost 10% for both 75 and 100 pug/mL. Furthermore, the results after 72 and 120 hours show
no evident variation, suggesting that the incubation time is not a pivotal factor for the reduction
in cell viability.

Calculating the corresponding half-maximal inhibitory concentration, 1Cso, and the
more sensitive 1C20 measure in Fig. 2c allowed us to assess the susceptibility of each cell line
towards increased ZIF-8 concentration. Here, the 1C20 and 1Cso, describe for each cell line, the
critical ZIF-8 concentration that reduces cell viability by 20% and 50%, respectively. The
results show that 3T3, RAW 264.7, and MG-63 cell lines show the highest sensitivity towards
low ZIF-8 concentrations, with a 20% cell viability reduction at only 20-25 pg/mL. In contrast,
MB-231 cancer cells displayed the highest resistance towards ZIF-8 crystals, where more than
50 pg/mL was necessary to reduce the cell viability by 20%. However, the results do not
provide a comprehensive answer to the biocompatibility of ZIF-8, since the MTT assay solely
assesses the cell metabolic activity and does not allow for conclusions on cell cytotoxicity. At
this stage we can conclude that ZIF-8 crystals show a concentration dependent inhibition of
cellular metabolism and proliferation above a critical concentration of around 30 pg/mL of pure
ZIF-8 for non-cancerous cell lines.

3.3 Zn-ion release and its influence on the cell cycle
Next, we elucidated the factors accounting for the concentration dependent reduction of cell

viability. In general, this must be due to either, or both, of the two constituents of ZIF-8 crystals,
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Zn?* or 2-MIm. The constituent 2-MIm has already been thoroughly investigated and was found
to have no significant toxicological influence in in vivo rat studies.[40] In order to confirm these
results in our test setting, we also investigated the biocompatibility of 2-MIM on RAW 264.7
and 3T3 cells at various concentrations. The results shown in Fig. A.1 indicate no significant
influence on cell viability, even up to concentrations of 50 pg/mL. Previous studies have shown
high chemical stability of ZIF-8 at neutral pH but dissolution in acidic environments.[14, 41]
To assess the stability of ZIF-8 crystals in cell media at physiological conditions (pH 7.4), we
incubated different concentrations of ZIF-8 for 5 days and determined the release of Zn?* by
atomic absorption spectroscopy (AAS). Fig. 3a, shows an almost linear relationship between
ZIF-8 concentration and Zn?* present in the supernatant. Interestingly, at a concentration of 30
ug/mL of ZIF-8 crystals, the amount of Zn?* released was found to be around 3-5 pg/mL, a
value that corresponds to the average homeostatic Zn?* concentration reported in the literature,
i.e. 3-6.4 pg/mL in the human blood.[42, 43]

Zn?* ijons are one of the essential trace elements responsible for multiple catalytic,
structural, and regulatory functions in the human body.[44, 45] Yet, increased intracellular Zn?*
concentrations have been shown to inhibit the Krebs cycle associated with enzymes (e.g.
glycerol-3-phosphate dehydrogenase), induce permeability transition of the mitochondrial
membrane, and inhibit the mitochondrial bci cytochrome complex, leading to an augmented
production and accumulation of reactive oxygen species (ROS).[46-49] Increased ROS
generation by MOFs containing other metallic nodes (i.e. Fe, Cr, and Al ions) has previously
been reported by Yu et al. as well as Horcajada et al.[24, 50] Consequently, we expected that
an increase of ZIF-8 crystals in the cell cultures will increase Zn?* concentration, causing an
increment of intracellular ROS species due to above-mentioned effects. Hence, we measured
the ROS generation in all six cell lines upon exposure to ZIF-8 concentrations between 0 — 100
pg/mL as shown in Fig. 3b. An increase in ZIF-8 up to 50 pg/mL resulted in a 50 to 80 %

increase of ROS in the cells compared to the untreated cell culture. In order to illustrate the
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dependency of ROS production on ZIF-8 concentration, we used the cell line with the lowest
ROS generation (MG-63) and observed a significant increase in fluorescence signal, illustrating
elevated ROS generation (Fig. A.2). During all ROS experiments, we excluded the results from
the cell cultures treated with 75 and 100 pg/mL, since the resulting cell density was too low to
obtain a significant signal for comparison. ROS species are well known genotoxic agents
causing DNA damage via the oxidation of DNA base pairs.[51, 52] Augmented intracellular
levels of ROS cause the arrest of the cell cycle at the G2/M checkpoint, a necessary step for
DNA repair mechanism.[53] If ROS levels are above a certain threshold, DNA repair is no
longer possible, and cellular apoptosis pathways are eventually induced.[54] Our previous
results confirmed the increased ROS production upon elevated ZIF-8 concentrations. Next, we
tested if the enhanced ROS concentrations induced severe DNA damage in each of the six
different cell lines. After 3 days of exposure to various concentrations of ZIF-8, the cells were
harvested, fixed and stained by propidium iodide (P1).[55] The nuclear PI stain binds to the
DNA and allows for DNA quantification. Here, cells in the S-phase are expected to have a
higher DNA content in comparison to the G1 phase, and, subsequently, cells in the G2 phase
have approximately double the amount of DNA in G1 (see Fig. A.3 a). Results in Fig. 3c,
provide an overview of cells exposed to ZIF-8 concentrations between 0 and 30 pg/mL in the
respective cell cycle stage. In all cases, no significant differences in cell cycle distribution
between the control (0 pg/mL) and 10 pg/mL ZIF-8 concentration were observed. Hence, at
this concentration ZIF-8 appears to have a negligible effect on intracellular DNA damage.
However, at higher concentrations the number of cells ub tge G2/M phase increased
significantly (p < 0.001) in five cell line (except RAW 264.7), indicating the anticipated G2/M
cell cycle arrest (Fig. A.4).
3.4 Cytotoxicity of ZIF-8
Previous studies by Wulf et al. have shown that in case of severe DNA damage a

caspase-dependent apoptosis pathway is activated by the cells in the G2/M phase to prevent
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further mutagenesis.[51] This phenomenon explains the discrepancy shown for RAW 264.7
cells, where a concentration of 30 pg/mL induced significant apoptosis pathways after only
three days, excluding cells previously undergoing the G2/M arrest. Similar effects have been
observed for all cell lines exposed to higher ZIF-8 concentrations. A majority of cells exhibited
significantly reduced DNA/PI intensity, indicating the induced apoptosis pathways (Fig. A.2 b-
c). To validate an increased cell death in our culture, we conducted a live/dead staining assay.
Commercially available dyes SYTO 9 and PI allowed us to discriminate between intact and
dead (cell membrane compromised) cells. SYTO 9 is a membrane-permeable green fluorescent
dye indicating alive cells, and Pl is a membrane-impermeable red dye. Fig. 4 shows
fluorescence microscopy image series (SYTO 9 — Live; Pl — dead; SYTO 9/ Pl — live/ded) of
MG-63 cells increasing ZIF-8 concentration. From the overlay images (live/dead) it is clearly
visible that an increment of ZIF-8 crystals leads to an increased amount of dead (red) cells.
Above 30 pg/mL, fluorescence microscopy images show a reduction in cell density which

indicates an increased number of already compromised apoptotic cells.

3.5 Biomedical potential of ZIF-8

Previous literature highlighted the intriguing properties of ZIF-8 for biomedical
therapies by various encapsulation strategies of biomacromolecules.[31, 56, 57] Here, we
considered insulin as an effective therapeutic agent, because of the importance for the
homeostasis of glucose. Indeed an imbalance of insulin can ultimately lead to diabetes.[58]
Thus, we used a one-pot synthesis method to incorporate insulin into ZIF-8 to form In@ZIF-8
(Fig. 5 a). Maximum encapsulation was achieved with an initial concentration of 2000 pg/mL
insulin, resulting in a loading of up to a 20.73 weight percentage (wt%). Our results demonstrate
that the amount of encapsulated insulin can be varied depending on the initial insulin
concentration in the reaction mixture (Fig. 5 b). Conventional therapy for Type | and 11 diabetes

requires an approximate daily dose of 0.5 IU/kg/day (1 1U of insulin = 0.035 mg).[32]
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Assuming an average body weight of 70 kg, a patient would be required to administer 35 IU or
1.2 mg of insulin per day. Based upon the encapsulation efficiency of insulin in ZIF-8, a
treatment of a disease such as diabetes would require ca. 6 mg of In@ZIF-8 in the body (i.e.
approximately 1.2 pg/mL of In@ZIF-8), which is significantly below the threshold of 30

pg/mL of pure ZIF-8 (see Appendix section for detailed analysis)[59].

4  Conclusion

In this work, we propose a comprehensive framework to evaluate the biocompatibility
of MOF crystals. We investigated the interaction of ZIF-8 with six different cell lines and
derived a mechanism of interactions leading to cell toxicity. First, we identified a global
influence of ZIF-8 concentration on cell viability. This effect was attributed to the detected
release of Zn?* into the cell media. Interestingly, only ZIF-8 concentrations above 30 pg/mL or
Zn?* concentrations above 4 pg/mL induced a significant reduction in cell viability. These
macroscopic observations suggest an indirect, concentration dependent bio-(in)-compatibility
of ZIF-8 through the release of Zn?*. To verify this hypothesis, the influence of Zn?* on
intracellular apoptosis pathways was investigated. We confirmed that an increase in Zn?*
correlates with an increase in ROS generation, which leads to a cell cycle arrest in G2/M phase
and ultimately activates apoptosis pathways in all investigated cell lines.

This work is highly relevant for the evaluation of suitability of MOFs as advanced
biomedical devices. Our results suggest a threshold concentration for ZIF-8 of 30 pg/mL, which
determines its biocompatibility characteristics. Low ZIF-8 concentrations (below 30 pg/mL),
showed biocompatible results, since the zinc ions released and present in the cell media did not
exceed homeostatic conditions. Higher concentrations of ZIF-8 had significant effects on the
cellular metabolism and apoptotic pathways.

The high loading capability of ZIF-8 for the therapeutic insulin molecule investigated,

demonstrated the unique drug delivery properties of ZIF-8. Our results showed that 1.2 pg/mL
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of In@ZIF-8 with an insulin loading of ca. 21% in weight is capable of delivering the necessary
0.5 1U/kg/day of insulin, sufficient for current-state of the art treatment of type I and Il diabetes,
and significantly below the cytotoxicity threshold of 30 pg/mL. Clearly, the suitability of ZIF-
8 for biomedical purposes should be evaluated separately for each specific application. Future
therapeutic in vivo trials using ZIF-8 as a drug carrier should focus on a critical concentration

value significantly below 30 pg/mL.
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crystals prepared together with their particle size distribution shown in (d). From (f) to (h) EDX
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nitrogen element. (i) XRD spectra with the respective peaks compared to literature.[35]
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Table 1: Overview of cell lines used in this study and their origin.

Cell line Origin Tissue Morphology
HEK-293 Human embryo Kidney Epithelial
MDA-MB-231 Human Metastatic breast Epithelial
HaCaT Human Keratinocyte Epithelial
RAW 264.7 Mouse Ascite Macrophage
NIH/3T3 Mouse embryo Fibroblast Fibroblast
MG-63 Human Bone Fibroblast
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1. Estimation of the daily intake of insulin@ZIF-8 for type Il diabete patients

Initial data:
e ZIF-8 threshold = 30 pg/ml (that is 30 mg/L in water)
e Weight percentage of insulin in insulin@ZIF-8 composite at the maximum concentration of
insulin used = 20.73 %
Average density of blood = 1.025 g/L
Average body weight = 70 kg
Average blood content in human =5 L
Needed intake for a type Il diabetes patient = 0.5 1U/kg/day
100 1U = 3.5 mg of insulin

Calculation:
1) 1 mg composite = 0.2073 mg Insulin + 0.7927 mg ZIF-8

Insulin tio = 0.2073mg 0.2615
7IF-8 % T 07927 mg ~

3) 30 mg ZIF-8 - 30 - 0.2615 = 7.84 mg Insulin — 37.84 mg composite (= 38 mg)

For a 70 kg patient:

4 22™9 051570 kg = 1.225 mg insulin/d

) T g =1 mg insulin/day
L.225mg 37.84mg = 5.91 ite/day (=6 d
784 myg .84 mg = 5.91 mg composite/day (= 6 mg/day)

For a diabetes Il patient of 70 kg in weight, ca. 6 mg of insulin@ZIF-8 are needed on a daily
basis. As follows, this amount is well below the 30 pg/mL threshold for ZIF-8 (that is the ~38
mg threshold for the insulin@ZIF-8 biocomposite):

591 mg

) 751

= 1.18 mg/L blood = 1.18 ppm < 37.84 ppm threshold
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Fig. A.1 — MTT cell viability of Raw 264.7 and 3T3 cells after 5 days exposure to various

amounts of 2-MIM.
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Fig. A.2 — Fluorescence images detecting ROS production in MG-63 cells at different ZIF-8

concentrations.
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Fig. A.3 — Fluorescence activated cell sorting analysis for MG-63 cells after three days

incubation with (a) 0 pg/mL, (b) 30 pg/mL, and (c) 100 pg/mL of ZIF-8.
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Fig. A.4 — Cell cycle analysis of six different cell lines, indicating cell population present in the

G2 / M stage at different ZIF-8 concentrations.
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