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Zn(2-methylimidazole), (ZIF-8), as one of the important metal-organic framework (MOF) molecules, is a promising
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candidate for drug delivery due to its low-density structure, high surface area, and tunable frameworks. However, ZIF-8
exhibits a high cytotoxicity associated with its external hydrophobic surface, which significantly restricts its application in
drug delivery and other biomedical applications. Commonly used chemical functionalization methods would convert the

hydrophobic surface of ZIF-8 to hydrophilic, but the generated functional groups on its internal surface may reduce its
pore sizes or even block its pores. Herein, a surface defection strategy was applied on the external surface of ZIF-8 to
enhance its hydrophilicity without reducing or blocking the internal pores. In this approach, mechanical ball-milling was
used to incur defects on the external surface of ZIF-8, leading to unsaturated Zn-sites and N-sites which subsequently
bound H,0 molecules in an aqueous environment. Furthermore, hydroxyurea delivery and cell cytotoxicity of ZIF-8 with
and without the external surface treatment were evaluated. It was found that 5-min ball milling turned over the
hydrophobic—hydrophilic balance of ZIF-8, resulting in significantly higher cell viability without compromising its
hydroxyurea loading and release capacity. Such a simple mechanical ball-milling followed by water-treatment provides a
general technique for surface-modification of other MOF molecules, which will undoubtedly magnify their biomedical

applications.

Introduction

Metal-organic frameworks (MOFs) are a new class of nanoporous
materials that consist of metal clusters coordinated to organic
linkers *®. Due to their low-density structures, high surface areas,
and tunable frameworks, MOFs have been widely used in the fields
of gas storage, catalysis, optical and sensor technologies 12
Moreover, MOFs are versatile, biodegradable, and contain
hydrophilic—-hydrophobic internal microenvironments that are
compliant to host different molecules B These unique properties
offer MOFs great opportunity for sustained drug release
applications 1318

Among the multiple types of MOF compounds, zeolitic imidazolate
frameworks (ZIFs) are constructed with tetrahedral units formed by
one bivalent metal M** cations (usually Zn2+) and four imidazolate
anions (Im-), analogous to SiO, tetrahedra in zeolites 6,11,12,19:21
While the imidazole is an essential group of the amino acid
histidine, Zinc is the second most abundant transition metal in
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biology, and plays an important role in physiological systems. The
special chemical components of ZIFs make them especially
attractive as drug carriers. As a representative ZIF, Zn(2-
methylimidazole), (ZIF-8) possesses a sodalite zeolite-type structure
with large pores (11.6 A in diameter), which are connected by
apertures (3.4 A in diameter). Our previous publications have
revealed that bivalent cations result in a structural collapse of ZIF-8,
and even water causes a gradual change in ZIF-8 crystal structure 2
2 Because of the large pore size, high surface area, as well as its
degradability in aqueous environment, ZIF-8 has attracted much
attention for delivering both hydrophilic and hydrophobic drugs,

. . .24 S5
including 5-fluorouracil ~*, doxorubicin >, and several other drugs
26

Unfortunately, the cytotoxicity of ZIF-8 is relatively high because of
its hydrophobic nature ¥ To reduce the cytotoxicity of ZIF-8 and
increase the cell viability, the hydrophobic—hydrophilic balance of
ZIF-8 has been adjusted via surface grafting, functionalization of its
imidazolate linkers, and particle encapsulation in hydrogel spheres
2. 28 However, these complex chemical processes not only
functionalize the external surfaces of ZIF-8, but also bring changes
to its internal surface, which inevitably reduce their pore size or
even block the pores, and subsequently inhibit the diffusion of drug
molecules into the pores. Thus, the ideal modification of ZIF-8
should only convert its external surface from hydrophobicity to
hydrophilicity, without reducing or blocking its internal pores.

In this study, a surface defection strategy is designed to specifically
target the external surface of ZIF-8 for its hydrophobic-hydrophilic
conversion. A portion of Zn-N bonds on the external surface of ZIF-8
are attacked by a mechanical force, resulting in unsaturated Zn-
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sites and N-sites, which in turn bind H,0 molecules in an aqueous
environment. Since the mechanical force can be controlled to only
marginally modify the external surface of ZIF-8, the internal pore
structure and size will be well preserved to maintain its drug
loading and release capacity. To realize this design, a simple ball-
milling approach was used to generate mechanical force to break
the Zn-N bonds on the external surface of ZIF-8 particles in a closed
system. The drug delivery capability of ZIF-8 particles with and
without defection was then evaluated by delivering a model drug,
hydroxyurea, a small hydrophilic organic molecule that has been
used in several serious diseases *>>*. The cytotoxicity of ZIF-8, with
and without defects, was also performed on human dermal
fibroblasts (hDFs), a cell type commonly used for biomaterial
cytotoxicity testing 337 |t was found that a simple 5-minute ball-
milling turned ZIF-8 from hydrophobic to hydrophilic, and
significantly improved its cell viability without compromising its
drug carriage and release capacity.

Materials and Methods

Preparation of ZIF-8 Samples

ZIF-8 was purchased from Sigma-Aldrich (St. Louis, MO). ZIF-8
particles (600 mg) were placed inside a stainless steel container
alongside three stainless steel milling balls. A SPEX 8000 Mixer/Mill
was used to ball-mill the ZIF-8 for 5 min, 10 min, and 30 min at
room temperature. The as-obtained samples were denoted as ZIF-
8-5min, ZIF-8-10min, and ZIF-8-30min, respectively.

ZIF-8 Characterization

The X-ray diffraction (XRD) was performed on ZIF-8, both pristine
and ball-milled, to detect their crystal structure. Samples with a
volume of 0.2 cm® were placed in a Scintag XDS-2000 powder
diffractometer at 45 kV and 35 mA for Cu Ka (A=1.54062 A)
radiation, with a scan speed of 1°/min and a step size of 0.03° in 26.
This analysis was performed under 1 atm at room temperature.
Crystal size was further calculated by the Scherrer equation 3,

_ K2
= BcosO

Where T is the crystal size, K is the dimensionless shape factor, A is
the X-ray wavelength, f is the full width at half maximum (FWHM),
and @ is the Bragg angle.

Surface areas of the pristine and defected ZIF-8 were measured
using a Micromeritics ASAP 2000 sorptometer with nitrogen
adsorption at liquid-nitrogen temperature (77 K). 0.1 g of each
sample was tested. Before measurement, all samples were
degassed at 200 °C for 12 hours to remove any guest molecules.
Total surface areas were calculated by the Brunauer-Emmett-Teller
(BET) model %,

The morphologies of the pristine and defected ZIF-8 were
determined by a Hitachi S-4700 field emission scanning electron
microscope (FE-SEM) (Hitachi High Technologies, Tokyo, Japan) with
an acceleration voltage of 5 kV and 12 mm working distance. Before
taking images, the samples were coated by carbon.

2 | RSC Advances, 2015, 00, 1-8

Fourier transform infrared spectroscopy (FT-IR) spectra of both
pristine and ball-milled ZIF-8 particles were obtained by using a
Perkin Elmer Spectrum One spectrometer (Shelton, CT). All samples
were dried at 120 °C under vacuum for 12 hours before
measurement.

Dynamic light scattering (DLS) was used to record particle size
distributions of ZIF-8 and defected ZIF-8 by Brookhaven BI-200SM
multiangle laser light scattering system (Brookhaven Instruments,
Holtsville, NY). These samples were exposed to ultrasonic for 15
minutes and then allowed to stand for 3 days. The parameters used
were 15 mW laser power, 90° collection angle, 25 °C surrounding
temperature, and 400 aperture. Three measurements were
collected for each sample. Particle size distribution was shown in
particle number and particle volume.

Drug Loading and Release

For drug loading, 10 mg of ZIF-8 samples were immersed in 100 mL
of phosphate-buffered saline (PBS) under stirring at 37 °C for 30
min. After that, 30 mg of hydroxyurea (Sigma-Aldrich) was added
into the suspension. Every 12 h, the suspension was filtered to
obtain a clear hydroxyurea solution for UV-Vis measurement. The
solid residue (ZIF-8 loaded with hydroxyurea) was diluted in 100 mL
of PBS to re-suspend the material and continue the test.

The UV-Vis was used to measure the hydroxyurea concentration in
PBS during drug adsorption and release processes. UV-Vis spectra
were recorded at room temperature with a UV-Vis spectrometer
(Shimadzu UV-2400) in the range of 200—800 nm under absorbance
mode (Supplementary Figure S1). 3.5 mL of particle suspension was
used for each sample type. PBS was used as the background
standard.

ZIF-8 Supernatant Cytotoxicity

The supernatant cytotoxicity was first used to determine if any
substances from the ZIF particles leached out during an incubation
period in an aqueous solution were harmful to cells. This helped
establish a starting point for determining if a substance was
cytotoxic. To obtain ZIF-8 supernatant, 0.2 g of the pristine ZIF-8
was placed in 10 mL PBS for 72 h at room temperature with stirring.
hDFs (ATCC, Manasass, VA) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 20% fetal bovine serum
(FBS), 20% Ham F12, 500 pM sodium ascorbate and 1%
penicillin/streptomycin (Life Technologies, Rockville, MD). The hDFs
were seeded at a density of 4,500 cells/cm? in a 96 well plate. ZIF-8
supernatant was added in five quantities to 2 mL media at 10, 20,
50, 100, and 200 pL. 6 samples per data point were used for each
level. The cells were then cultured for 24 hours. Cell viability was
analysed using an XTT assay (ATCC). Cells were grown on glass
coverslips and exposed to the same levels of supernatant as XTT
tests, cultured for 24 hours, and visualized using fluorescent
microscopy. 6 samples were used for each condition. hDFs were
fixed, blocked, and incubated with Rodamin Phalloidin (Life
Technologies) for 1 hour followed by washing and 4’, 6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) solution to stain the cell nuclei.
Images were visualized under an Olympus BX-51 fluorescence
microscope. At least 6 fields of views were imaged for each sample.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8



-5 -RSCIAdvances: |-l

Journal Name

AlE
)
SV5= s3% &=

A_J S ]188% £ 82 S8&  zZIF8
= e i
s
2
(7] .
E’ _J l o ZIF-8-5min
E

| | ZIF-8-10min

ZIF-8-30min

ARTICLE

1600

1400

1200

1000

BET surface area (m?/g)

800

ZF8  ZIF-8-5min ZIF-8-10min ZIF-8-30min

D 0.20- ——H,O-treated ZIF-8
= H,O-treated ZIF-8-5min

— H,O-treated ZIF-8-10min
H,O-treated ZIF-8-30min

0.18-
0.16—.
0.14—-
0.12-.
0.10-.

0.08

0.06 - B ) \t
0.04 - H-O-H bending

0.02

Absorbance (a.u.)

0.00

-0.02
1620

T T T v T T T J
1580 1560 1540 1520 1500

Wavenumber (cm™)

——
1600

Figure 1 Characterization of ZIF-8, ZIF-8-5min, ZIF-8-10min, and ZIF-8-30min powders. (A) XRD patterns, (B) BET surface areas, (C) FE-SEM morphology images, and (D) FT-IR
subtraction spectra of H,O-bound samples in phosphate-buffered saline (PBS). The FT-IR subtraction spectra were obtained by subtracting the IR spectrum of pristine ZIF-8 from

those of H,0-bound ZIF-8, ZIF-8-5min, ZIF-8-10min, and ZIF-8-30min.

In order to measure the Zn*"to which the cells were exposed,
inductively coupled plasma optical emission spectrometry (ICP-OES)
was performed on supernatant obtained from pristine samples, as
well as 5, 10, and 30 min ground samples, prepared in the same
manner as described above for supernatant, using a Perkin-Elmer
7000 DV (Waltham, MA). 5 mL of each solution was tested. The ICP-
OES detection limit for Zn>* was 6 ppb. 6 samples were used for
each condition, and at least 6 fields of views were imaged for each
sample.

ZIF-8 Particle Cytotoxicity

ZIF-8 particles were suspended in PBS as described above, with
both pristine and ground particles analysed. hDF cells were cultured
using the same media and at the same density for 48 hours in a 96-
well plate to establish a layer of cells to be insulted with particles.
The particle suspension was added to the media in quantities
ranging from 1 to 200 pL to 2 mL of media. This corresponded to 20

This journal is © The Royal Society of Chemistry 20xx

to 1000 pg of ZIF-8 powder added to each sample. Cells were
cultured for 24 hours after exposure. Cell viability was once again
determined using an XTT assay, with 6 samples per data point used
for each level. Lethal dose 50% (LDs), the amount of substance that
kills 50% of the test sample, was thus determined. Similar culture
conditions were used for fluorescent staining, with the cells seeded
on glass coverslips for 48 hours, and then exposed to the same
levels of particles for 24 hours. Cells were then visualized using the
fluorescent microscopy technique described above. At least 6 fields
of views were imaged for each sample.

Statistical Methods

Quoted errors and error bars correspond to sample standard error.
Beers’ approach to the propagation of random errors was used to
calculate overall standard errors for the XTT assay that took into
account random error in measurements from the experimental
group and background (blank) samples. Student’s t-test (Microsoft

RSC Advances, 2015, 00, 1-8 | 3
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Excel) was used for comparisons, and statistical significance was
accepted at P < 0.01.

Results

ZIF-8 Characterization

Powder XRD patterns were measured to evaluate the effect of
defects on the crystal structure of ZIF-8. As shown in Figure 1A, the
XRD pattern of ZIF-8 was consistent with the results reported in
literature ** °®. After ball milling, the intensities of all diffraction
peaks decreased, indicating the crystal structure of ZIF-8 was
damaged while defects were generated gradually. This was
supported by the change of average crystal sizes (calculated by the
Scherrer equation 23) of ZIF-8, which were 51.22 nm (ZIF-8), 50.11
nm (ZIF-8-5min), 49.46 nm (ZIF-8-10min), and 43.75 nm (ZIF-8-
30min). The continuous decrease in crystal size was attributed to
the chemical bond breakage on the external surface of ZIF-8 at the
beginning of ball milling, followed by the structural damage over
time. This was further supported by the results of BET surface areas
(Figure 1B) and particle size distribution (Supplementary Figure S3).
The BET surface area increased slightly in the first 5 minutes and
then decreased sharply with increasing ball-milling time (Figure 1B).
The particle size distribution showed that the particle size had a
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tighter distribution (ZIF-8-5min) and then the distribution became
wider (ZIF-8-10min and ZIF-8-30min) with increased time, while the
average particle size calculated from volume also showed a
decrease in the first 5-min and then increased in the 10 min and 30
min ball milling samples (Figure S3). In addition, no significance
difference was observed in the morphology of pristine and defected
ZIF-8 samples as observed by FE-SEM (Figure 1c).

The hydrophobicity/hydrophilicity of pristine and defected ZIF-8
samples was investigated by using FT-IR spectrometry. After treated
in PBS, which was used as drug loading medium, the H-O-H bending
groups in the range of 1620 to 1490 em™ appeared in the FT-IR
spectra of all the defected ZIF-8 samples, indicating H,0 was bound
in these particles (Figure 1D). The bands of pristine ZIF-8 were
consistent with our previous publication 2 The FT-IR subtraction
spectra of defected ZIF-8 were calculated by subtracting the IR
spectrum of ZIF-8 from those of defected ZIF-8 samples. With the
increase of defects, the content of H-O-H bending groups in ZIF-8
firstly increased from 75.7% (ZIF-8-5min) to 100% (ZIF-8-10min) and
then to 107.2% (ZIF-8-30min), suggesting that the hydrophilicity of
ZIF-8 firstly increased and then remained almost unchanged after
10 min ball-milling.
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Figure 2 Drug loading and release profile in ZIF-8, ZIF-8-5min, ZIF-8-10min, and ZIF-8-30min powders. (A) FT-IR spectra of ZIF-8, hydroxyurea, and hydroxyurea loaded ZIF-8.
(B) Adsorption profile of hydroxyurea over 24h. (C) Release profile of hydroxyurea over 60h. (D) Percentage of hydroxyurea released at different times.

4 | RSC Advances, 2015, 00, 1-8

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



Page56f8—

ZIF-8 Uptake and Release of Drug Hydroxyurea

FT-IR spectrometry was used to obtain the absorption features of
pristine and defected ZIF-8 samples before and after drug
adsorption. After hydroxyurea adsorption, all the ZIF-8 samples
loaded with hydroxyurea displayed peaks of H—-N-H stretching
(3415cm'1), H-N—H bending (1632 cm'l), and N-C-N bending (807
cm'l), which are typical absorption features of hydroxyurea (Figure
2A) *® These spectra indicated that hydroxyurea had been
incorporated in the particles. UV-Vis spectra of filtrates at different
time points were collected to evaluate the concentration change of
hydroxyurea in filtrates during the adsorption and desorption
processes. Figure 2B showed that the hydroxyurea loaded in all
samples gradually increased and reached a maximal amount around
12 h, while the cumulative amounts of hydroxyurea adsorbed in
different samples (26.1 mg, 25.6 mg, 22.2 mg, and 16.9 mg for
pristine, ZIF-8-5min, ZIF-8-10min, and ZIF-8-30min samples,
respectively) decreased with the increase of defects (Figure 2B).
Furthermore, the ZIF-8-5min samples displayed exactly the same
trend of drug loading as the pristine samples over the entire 60 h of
drug absorption period. There were no significant differences
between the amounts of loaded drugs for all time points. The drug
release curves of ZIF-8-5min samples almost overlapped with that
of the pristine samples, both in total amount (Figure 2C) and
release rate (Figure 2D) over 60h. Whereas the ZIF-8-10min and ZIF-
8-30min samples exhibited significantly lower amounts of
hydroxyurea released (Figure 2D) and a slightly slower release rate
during the 60 h period (Figure 2D).

Supernatant Cytotoxicity Tests

hDFs were exposed to supernatant extracted from pristine and 5,
10, and 30 min defected ZIF-8 samples (3 samples each), with only
pristine particles shown, to evaluate their cell viability using an XTT
assay. The cell viability as a percentage of the PBS control can be
seen in Figure 3A. The two dashed lines on the graph represent the
control upper and lower standard deviation. For each condition, as
high as 200 pL of supernatant was added in each cell culture
sample, the cell viability was not different from the control samples
for the pristine supernatant, with similar values exhibited in all
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Figure 3 The cytotoxicity assay for supernatant extracted from ZIF-8 particles. (A) Cell
viability of hDFs cultured with supplementary ZIF-8 supernatant at different
concentrations. Even at the highest concentration, the cell viability was not significantly
different from the PBS control. Cell viability was measured using an XTT assay. (B) Cell
morphology of hDFs after exposure to 200 pL of ZIF-8 supernatant and control. Red: F-
actin; Blue: cell nuclei. Scale bar: 200 um.

defected ZIF-8 samples (data not shown). The supernatant
containing free Zn** did not induce cytotoxicity in the hDFs, with the
levels of Zn** shown in Supplementary Figure S2 as determined by
ICP-OES. Zn levels shown in Figure S2 ranged from 300 to 600 ppm
in the PBS supernatant, and this was diluted 20X leading to levels of
15 to 30 ppm. PBS itself contained 35 ppm Zn, similar to the Zn
content in cell culture media. Therefore, the Zn*" released from the
ZIF-8 particles to the supernatant was minimal.

The cell morphology was observed by staining F-actin (a
cytoskeletal protein) and cell nuclei. For all investigated conditions,
the hDFs displayed good structural integrity and appeared healthy.
This was shown in Figure 3B, after the cells were exposed to 200 pL
supernatant for 24 h.

Direct Contact Particle Cytotoxicity

After it was demonstrated that hDF cells were not affected by

ZIF-8-5min

ZIF-8-10 min

ZIF-8-30 min

Figure 4 The direct contact cytotoxicity assay for ZIF-8, ZIF-8-5min, ZIF-8-10min, and ZIF-8-30min powders. (A) Cell viability of hDFs cultured with supplementary particle
suspensions at different concentration. LD50 is represented by lines the same color corresponding to the condition. Ground 5, 10, and 30 min had no significant difference
between LD50 values. Trend lines (dashed lines) were added to guide the eye. (B) Cell morphology of hDFs after exposure to 5 pL of different particle suspension. Red: F-actin;
Blue: cell nuclei. Scale bar: 200 um.
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supernatant taken from ZIF-8 particles and consequential exposure
to Zn2+, direct contact was investigated. In initial experiments
particle suspension of pristine ZIF-8 was added to samples. This was
shown to be extremely cytotoxic, with very few living cells
remaining after exposure.

Due to the fact that pristine particles exhibited a very poor
interaction with the cells, processed particles were of interest. The
particles were evaluated at the same levels as the pristine after 5,
10, and 30 min ball milling. This processing resulted in a dramatic
increase in viability of hDF cells, as shown in Figure 4A. The LDs, for
pristine particles was 40 pg of suspended particles per sample,
whereas the ground particles’ LDso ranged from 180 to 240 ug of
suspended particles per sample and were not significantly different
among the ball-milling times. The pristine and all ball milling
samples were then visualized using fluorescent microscopy and
stained for F-actin (red) and cell nuclei (blue) after exposure to 100
pg of suspended particles per sample and are shown in Figure 4B.
Good cell morphology and viability was seen in all ball-milled
groups. This stands in stark contrast to the pristine material, which
killed almost all cells present in the environment.

Discussion

The drug adsorption and desorption was dominated by the
interaction between the drug molecules and the drug carrier.
During the drug adsorption process, the host-guest interaction
controlled the drug diffusion through the porous structure 4“1 The
adsorption of hydroxyurea on pristine ZIF-8 was mainly controlled
by the van der Waals forces generated physisorption. Since the
most vulnerable bond in a MOF molecule was the one between an

Journal Name
inorganic cluster and an organic ligand 269,23, 40, the Zn-N bonds
were broken after ball-milling, leading to unsaturated Zn-sites and
N-sites. When placed in PBS for drug adsorption, these unsaturated
Zn-sites and N-sites of defected ZIF-8 were re-saturated by H,0
molecules 9, turning the hydrophobic particles external surface into
a hydrophilic one (Scheme 1). Our previous density functional
theory (DFT) calculation has proven that H,O molecules are bound
to unsaturated Zn-sites of ZIF-8 through their oxygen atoms with
binding energy of 80.5 kl/moL, and the hydrogen atoms of H,0
molecules are bound to the unsaturated N-sites of ZIF-8 with
binding energy of 31.7 kJ/mol. The two energies are both much
higher than the binding energy of physisorption (usually less than
10 kI/mol), thus the unsaturated sites were preferentially re-
saturated by H,0 in PBS 3,

The ZIF-8-5min particles were ground smaller (Supplementary
Figure S3), leading to a slightly increased surface area compared
with their pristine counterparts (Figure 1B). The particles were also
marginally damaged, turning their exterior surfaces hydrophilic
(Figure 1D). However, the internal surfaces of ZIF-8 crystals were
well preserved. The diffusion mechanism of hydroxyurea into and
out of the pores of ZIF-8 was thus not affected by the external
surface changes of the particles. Hence, the hydroxyurea loading
and release capacity was only minimally compromised (Figure 2B
and 2C). Whereas the long time ball milling (10-30 min) severely
damaged the crystal as well as pore structure of ZIF-8, which
explained the dramatically decreased surface area (Figure 1B) and
the significantly lowered amount of loaded drugs (Figure 2B).

The biocompatibility of ZIF is important for its drug delivery
applications. ZIF particles are of particular interest due to their

ZIF-8 particle Defected ZIF-8 H,O bound defected
particle ZIF-8 particle
Imidazole
Cross section of Zn H,O H,O bound defected

ZIF-8 crystal unit

ZIF-8 unit

Scheme 1. Schematic illustration of the proposed mechanism of the introduction and defects and breakage of bonds, leading to unsaturated Zn-sites and N-sites. These bonds,

in turn, will bind H,0 in aqueous environment.
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ability to release their molecules using a pH trigger * hDFs were
cultured to determine the cytotoxic effect of ZIF-8 particles, with
supernatant tests to determine chemical interactions and direct
contact to investigate both chemical and physical interactions.
Three variables in the environment might influence the cell viability:
1. Zn** ions released from the particles; 2. ZIF-8 particle size and
morphology; 3. the hydrophobic—hydrophilic balance of the
external surface of ZIF-8. The Zn”* ions in the environment
appeared to be of no concern, as their low concentration was
comparable to that of the cell culture media, and they were also
buffered by proteins existing in cell culture media . The reasoning
was further proven by hDFs cultured in the particle supernatant,
which showed no decrease of cell viability (Figure 3). The particle
morphology was not a factor either, because no significance change
was observed in the particle morphology before and after ball-
milling. As to the particle size, after ball-milling, the ZIF-8 particle
distribution ranged from 185 um (ground 10 min) to 7718 um
(ground 5 min), which was even more broader than the pristine ZIF-
8 particles (323 um to 2291 pm). This result indicated that the
particle size within this range was not a major factor that affected
the cytotoxicity, because pristine ZIF-8 particles exhibited
unexpectedly high levels of cytotoxicity, whereas all the defected
particles had greatly improved viability ratios (Figure 4).

The lowered cytotoxicity was thus attributed to the enhanced
hydrophilicity of ZIF-8 after ball-milling. Cytotoxicity was reported
to strongly depend on the hydrophobic-hydrophilic balance of
MOFs, and hydrophilic groups showed a low cytotoxicity z, ZIF-8,
which was stable in PBS, was hydrophobic which may lead to
relative high cytotoxicity, as had been shown in several studies 42,43
and our results (Figure 4). The ball milling, independent of milling
time from 5 to 30 minutes, turned all the defected samples to
hydrophilic, giving rise to significantly improved cell viability in all
the direct contact cell cultures (Figure 4).

Conclusions

In summary, a surface defection approach, as simple as 5-min
ball-milling, was applied to break a portion of Zn-N bonds on
the external surface of ZIF-8. The resulted unsaturated Zn-sites
and N-sites bound H,O molecules in an agueous environment,
converting the external surface of the ZIF-8 into hydrophilic
while preserving the structure and chemistry of internal pores.
The hydrophobic-hydrophilic conversion of the external
surface of ZIF-8 significantly increased cells’ tolerance for the
particles without compromising their drug loading and delivery
capacity. This simple surface defection strategy could be
applied to other MOF molecules. Although different MOF
molecules have varying structure stabilities, the modification
method could be correspondingly adjusted by optimizing the
ball-milling time and speed, and by tuning the ball size. This
external surface defection strategy will undoubtedly enhance
the drug delivery as well as other biomedical applications of
MOF molecules.
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