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ABSTRACT
Drug delivery using metal-organic frameworks (MOF) has elicited interest in their biocompat-
ibility; however, few studies have been conducted on their stability in common buffers, cell
media, and blood proteins. In particular, the use of ZIF-8, a MOF interconnected by Zn and
methylimidazole, has been frequently employed. In this study, we tested single crystals of ZIF-8
with common laboratory buffers, cell media, and serum, and noted several issues. Buffers
containing phosphate and bicarbonate alter the appearance and composition of ZIF-8; however,
these buffers do not appear to cause cargo to leak out even when the ZIF-8 itself is displaced by
phosphates. On the other hand, serum dissolves ZIF-8, causing premature cargo release. Our
results show that ZIF-8 undergoes surface chemistry changes that may affect the interpretation of
cellular uptake and cargo release data. On the other hand, it provides a rational explanation as to
how ZIF-8 neatly dissolves in vivo.
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Introduction

Over the preceding two decades, metal-organic frame-
works (MOFs) have been proposed for a number of
industrial applications in catalysis (1, 2), and separations
(3–5) and have more recently emerged as promising
materials for biological sensing (6) and drug delivery
(7–9). The applications for drug delivery have run from
proposed systematic delivery of small molecules to the
slow release of proteins in vivo (10, 11). A significant
number of these MOFs in drug delivery have focused
on two hydrolytically stable systems based on either
zeolitic imidazole framework-8 (ZIF-8) (8, 9, 12),
a coordination polymer composed of methyl-imidazole
(HMIM) ligands bound to zinc that self-assembles into
a zeolitic topological net, or zirconium-based systems,
which use inorganic Zr6O4(OH)4 polynuclear clusters as
secondary building units typically linking benzodicar-
boxylic acid struts (13–15). While these systems are
both well-known for their hydrolytic stability, biological
milieu can be quite complex and, for in vivo or in vitro
work, a number of aqueous buffered systems are used
routinely. Of concern is that several of these buffers
contain inorganic anions that can form kinetically
trapped complexes with transition metals and MOF sta-
bility in buffers has been relatively unexplored (16). In
particular, buffers based on phosphates and bicarbonate

are fairly ubiquitous and these salts comprise
a significant portion of cell media like Dulbecco’s
Modified Eagle’s Medium (DME) as well as derivations
of that media (DMEM, EMEM, etc.). Further, serum con-
tains a substantial amount of albumin, which is a 66.5
kDa protein covered in solvent exposed thiols from
externally facing cysteine residues (17). These residues
are well known binders to metals and are a component
of metal transport in blood (18–20).

Our interest in MOFs as potential drug delivery sys-
tems has focused on slow-release of large proteins for
vaccine or therapeutic delivery by injecting the drug
either subdermally or intramuscularly (21). Our approach
has been to grow ZIF-8 non-specifically onto the surface
of the proteins (22, 23), which not only thermally stabi-
lizes the inlayed protein but also creates a ‘slow release’
mechanism for the protein to escape after implantation
while protecting the protein from biological degradation
by elevated temperatures or proteolytic enzymes (21). In
this context, the slow dissolution of the ZIF is a critical
component of drug release in that, over time, as the ZIF
dissolves, it releases proteins that were ‘biomimetically’
integrated into the framework.

Because our MOF work frequently takes us both
in vivo and in vitro, aqueous buffered solutions and
cell media are frequently employed; thus, we sought
to determine the stability of ZIF-8 in the most common
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laboratory buffer systems as well as cell media, serum,
and ‘whole cell media’ which is a mixture of cell media
and serum. Our investigation revealed that neither
phosphate nor carbonate-based buffers are innocent
and induce almost immediate morphological changes
as well as new and altered reflections in the PXRD
pattern following exposure to these buffers. Beyond
buffers, we found that serum ‘burrows’ holes into ZIF-
8 crystals, the effects of which are imperceptible by
PXRD, but cause cargo embedded in the crystalline
matrix to leak out. In the context of controlled protein
delivery via subdermal or intramuscular implantation,
neither of these issues are problematic – in contrast,
they help explain the protein release we have already
observed (21). On the other hand, in vitro cell delivery
and systemic delivery of small drugs may be compli-
cated by these observations and the experimentalist
should take care to interpret their results in light of
these issues.

Result and discussion

As described in the supporting information and Figure
S1, we prepared ~1 µm sized ZIF-8 crystals by optimiz-
ing the final concentration of zinc acetate and HMIM
solutions. Our ZIF-8 sample purity was confirmed by
infrared spectroscopy (IR), scanning electron micro-
scopy (SEM), and powder x-ray diffraction spectroscopy
(PXRD). The crystals were not activated with organic
solvent, but they were held under dynamic vacuum to
remove excess wash water to dry them out for easier
handling. These crystals were then weighed out into
individual 15 mL falcon tubes and dispersed in different
common lab buffers, which were buffered above pH
7.4. Additionally, we tested unbuffered 0.9% saline,
which was measured to be mildly acidic from dissolved
carbon dioxide. All samples were placed on a laboratory
rotisserie to ensure proper mixing. Several buffers
investigated had minimal effect on the apparent mor-
phology of ZIF-8. Specifically, the 0.9% saline, 0.05 M
Tris, and 0.025 M HEPES buffered solutions (Figure S3)
yielded little apparent changes over 24 h by SEM while
1X PBS (phosphate buffered saline), 10X PBS, produced
mild changes after several hours. On the other hand,
within the first 10 mins, morphological changes—in
some cases, significant ones—were apparent by SEM
on ZIF-8 that had been placed in 0.1 M bicarbonate
buffer, 0.1 M KP buffer, the cell media additive DMEM,
bovine serum, and whole cell growth media, which is
typically a combination of growth medium (DMEM in
our case) with 10% serum. These morphological
changes became even more obvious over time as can
be seen in Figure 1 and continued until the end of our

24 h experiment (Figure S2). The changes observed
when incubated with DMEM—a commonly used buf-
fered cell growth medium—make sense, as these solu-
tions contain 0.665 mM phosphate and 60.6 mM
bicarbonate.

In addition to morphological analysis, all ZIF-8 sam-
ples were analysed by PXRD and EDX. Prior to this,
solutions in their respective buffers and media were
centrifuged at 4300 × g for 10 min at room tempera-
ture. The supernatant was pipetted off, its pH was
measured, and free Zn content was analysed by ICP-
MS (Table S1 and Table S2). The remaining pellet was
washed three times with water and dried under
vacuum for analysis. Changes to the bulk crystals were
obvious by PXRD for all the phosphate and bicarbonate
containing buffers and media—including DMEM.
Because DMEM contains a significant amount of bicar-
bonate salts (60.6 mM), it is not surprising that incuba-
tion in DMEM and bicarbonate show similar reflections
by PXRD—11.04°, 18.96°, and 23.92° 2θ—in addition to
the known ZIF-8 reflections (Figure 2(a)).

The 0.1 M potassium phosphate buffer (KP), on the
other hand, completely eradicated the ZIF-8 replacing it
with a different crystalline material altogether. Energy-
dispersive X-ray (EDX) spectroscopy shows the resulting
constituent crystals to likely be zinc and potassium
phosphate salts with little HMIM remaining on the sur-
face as noted by the lack of carbon or nitrogen (Figure
2(b) and S5). Considering the extensive changes with KP
buffer, we were surprised that the PBS buffered solu-
tions, which stands for ‘phosphate buffered saline’
showed markedly less changes in the PXRD spectra
(Figure S4). While the standard laboratory ‘recipe’ for
1X PBS buffer uses an order of magnitude less phos-
phate, the 10X PBS buffer has the same phosphate
concentration as 0.1 M KP buffer, yet 10X PBS buffers
affects were clearly more mild over the same period of
time as shown by PXRD (Figure S4). Tentatively, we
ascribe this to the high NaCl concentration, which
seems to suppress the release of free zinc into solution
per inductively coupled mass spectrometry (ICP-MS)
data presenting in Table S2.

Surprisingly, despite the apparent morphological
changes to crystals left in bovine serum (Figure 1(e)),
the PXRD for these samples remained largely unaf-
fected, indicating that the crystallinity of the sample
was not significantly altered (Figure 2(a)). The other
buffers that had ZIF-8 were measured by PXRD and
had no obvious changes in the spectrum, meaning
that the buffers did not change the crystal (Figure S4).
It is clear from ICP-MS data in Table S2 that serum was
dissolving and solubilizing the Zn into solution, the
most likely culprit being albumin.
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Finally, we wondered how these changes to the
crystal composition and morphology would affect
entrapped biomolecules with the assumption that
some of the buffers that cause profound changes to
morphology would lead to leaking. For the following
study, green fluorescent protein (GFP)—a 27 kDa and
barrel-shaped protein: 4.2 nm in length and 2.4 nm in
diameter (24)—was biomimetically mineralized within
ZIF-8 (Figure 3(a)) and the synthesized crystal was char-
acterized by PXRD and FTIR (Figures S6 and S7). The
crystal conditions were tuned such that the final crystal
sizes were similar to the ones created for the preceding
work as shown by DLS measurements (Figure S8) (25,
26). GFP@ZIF was individually incubated in the buffers
mentioned above and ultrapure water and aqueous
0.5M EDTA – which completely dissolves the ZIF-8 –
were used as controls. Separate samples were pelleted
at 1, 4, and 24 h by centrifugation and fluorescence
measurements of the supernatant were taken.
Surprisingly, the only significant release of protein
occurred in the serum, while in all other cases, only

a very small release occurred close to the lower limit
of detection. The exact amount of GFP released from
the crystals can be found in Table S3 (Figures 3(b) and
S9). The observed marginal release of GFP from ZIF-8
incubated in KP, DMEM and 0.1 M bicarbonate with the
observed changes in morphology and crystal composi-
tion, suggests a double displacement reaction between
salts in solution with the ZIF-8 that proceeds with one
component—either the ZIF-8 or the salt—always
remaining in the solid phase. In other words, even at
very small scales, the salt exchange reaction appears to
be completely heterogeneous. On the other hand, the
GFP leaking from serum is attributable to the fact that,
unlike the salts, the Zn is solubilized by serum proteins,
thus the ZIF is literally dissolving into solution. This is
corroborated by ICP-MS data that shows the superna-
tant obtained from serum had half the zinc concentra-
tion of the supernatant from an EDTA solution, which
fully dissolves the ZIF-8. This dissolving of ZIF-8 by
blood proteins causes approximately 40% of the GPF
to be released within 24 h.

Figure 1. (Colour online) Time-resolved SEM micrographs of ZIF-8 incubated in (a) water pH 7.8, (b) 0.1 M bicarbonate buffer (pH
9.5), (c) 0.1 M KP buffer (pH 7.4), (d) DMEM (pH 7.6), and (e) serum (bovine serum, pH 7.9). At each time point, an aliquot of the ZIF-
8 was taken and washed three times with water, dried, and imaged by SEM. (Scale bar: 1 µm.)
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Conclusion

This study shows that ZIF-8 is not stable in certain
buffers, even though they are all above pH 7, and
that PXRD and electron microscopy studies are both
needed together to fully demonstrate this. We have
summarized our results to indicate the buffer and cell
prep formulations that are ‘compatible’, ‘should be
used with caution’, and ‘not compatible’ with ZIF-8 in
Table 1. The stability seems to be a competition
between the coordination bonds of zinc and 2-methy-
limidazole against strong inorganic and proteinaceous
zinc binders, which include bicarbonate and phos-
phate and—surprisingly—serum proteins as well.
That said, only serum seems to degrade ZIF-8 in such
a way that allows significant quantities of GFP to
escape. These experiments provide insight on the
importance of buffer choice for in vitro and in vivo
studies, storage, and drug delivery formulation.

Further, we are beginning to understand how ZIF-8
fully dissolves at physiological pH in vivo and it is clear
that blood proteins, will play an important component.

Figure 2. (Colour online) (a) PXRD and (b) EDX of ZIF-8 after
24 h of incubation with water, 0.1 M bicarbonate buffer, 0.1 M
KP buffer, DMEM, and serum (superscript 1 are L shell electrons
and superscript 2 are k shell electrons).

Figure 3. (Colour online) An SEMmicrograph of (a) GFP@ZIF (scale
bar: 1 µm) and time resolved fluorescence study showing (b) the
release of GFP from ZIF after 1, 4, and 24 h incubation with water,
0.1 M bicarbonate buffer, 0.1 M KP buffer, DMEM, serum, and EDTA
as a control.

Table 1. Buffer compatibility chart. compatible, caution
not compatible.
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We caution that these effects may change when using
different sized proteins and we are not sure how trans-
latable these results are to Zr-based MOFs; however, it
is worth pointing out that, under mimicked physiologi-
cal conditions, the Zr MOF UiO-66 seems to show ana-
logous behaviour (27).

Finally, the changes in surface chemistry from the
interactions with cell media clearly suggest that cells are
likely not interacting with the surface of ZIF-8 – rather,
they are interacting with a complicated surface of differ-
ent formed salts and plasma proteins, this surface compo-
sition and morphology clearly depends upon incubation
time and cell media choice. Consequently, we recom-
mend experimental controls that include—as appropri-
ate—cell media, buffers, and common plasma proteins to
demonstrate morphological and chemical stability for
projects that use MOFs for in vitro and in vivo applications.
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