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Antibodies @ MOFs: An In Vitro Protective Coating for
Preparation and Storage of Biopharmaceuticals
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Zhenjie Zhang, Michael J. Zaworotko, Peng Cheng, Shenggian Ma,* and Yao Chen*

Antibodies have emerged as a fast-growing category of biopharmaceuticals that
have been widely applied in scientific research, medical diagnosis, and disease
treatment. However, many antibodies and other biopharmaceuticals display
inferior biophysical properties, such as low stability and a propensity to undergo
aggregation. Enhancing the stability of biopharmaceuticals is essential for their
wide applications. Here, a facile in vitro protective coating strategy based on
metal-organic frameworks (MOFs) is proposed to efficiently protect antibodies
against perturbation environments and quickly recover them from the MOFs
before usage, which avoids introducing protective additives into the body, which
may cause biosafety risks. The protected antibodies exhibit extraordinary thermal,
chemical, and mechanical stabilities, and they can survive for long-term
storage (>3 weeks) under severe temperature variation (4 <> 50 °C) at a fast
ramp rate (25 °C min~'). More importantly, the encapsulated antibodies can be
easily released as quickly as 10 s with high efficiency (=100%) to completely
remove the MOFs before use. This study paves a new avenue for the facile
preparation and storage of biopharmaceuticals represented by antibodies
under ambient or perturbation conditions, which may greatly broaden and
promote the applications of both MOFs and biopharmaceuticals.
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Biopharmaceuticals!!!  have  emerged
as significant tools in the treatment
of a broad spectrum of diseases.’l For
instance, antibodies are essential immu-
noglobulin molecules that become a
fast-growing category of therapeutic
proteins,®l and widely applied in scien-
tific research and clinical treatment.*-¢
However, many  biopharmaceuticals
suffer from problems such as inferior
biophysical stability and propensity in
aggregation or degradation.”#l Tempera-
ture alteration, mechanical force impact,
chemical reagent corrosion, and other
perturbation environments can cause the
degradation of therapeutic proteins, and
lead to adverse impact on the efficacy.!
Thus, biopharmaceuticals are usually
required to be maintained under tightly
regulated conditions (e.g., 4 °C refrigera-
tion). Meanwhile, for preparation, trans-
portation, or storage purpose, a variety
of approaches such as isothermal vitrifi-
cation® and lyophilization!'!l are com-
monly required with additives (e.g., glycerin, trehalose, and
bull serum albumin (BSA)) to stabilize proteins.l'2l However,
these regulated conditions and complicated processes tre-
mendously raise the cost and introduce extra biosafety risks
for the applications of biopharmaceuticals. For example, vit-
rification and lyophilization of protein with sugars may cause
aggregation or unpredictable immunogenicity due to the lack
of control of sugar crystallization.l'¥] Although polymers have
been proposed as additives to enhance thermal stability of
proteins, problems such as separation difficulty and pos-
sible immunological risks still remain. Therefore, developing
facile and efficient strategies to stabilize biopharmaceuticals is
urgently demanded.

Emerging as a new class of crystalline solid-state mate-
rials,*®)  metal-organic frameworks (MOFs) feature high
porosity, tunable pore size and facilely tailored function-
ality.l'®171 These merits make MOFs hold promise for many
applications including catalysis,®2% gas storage,?'?? sen-
sors,1?>?4 and functional devices.”>?% Although recent studies
revealed MOFs’ great potential in biomedical applications,?’-3%
the development of MOFs as biomedical materials is still in
its infancy with many challenges to be addressed.?'? Some
primary concerns have been recognized to be the biocompat-
ibilities of MOFs. Traditionally, the encapsulated proteins must
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Scheme 1. Schematic illustration of in vitro protective coating strategy for antibody preparation and applications.

enter the body accompanied by their carriers due to the great
separation difficulty and possible adverse impact on biomole-
cules’ activities during the removal of materials. However,
materials may introduce biocompatibility issues and immuno-
logical risks. To circumvent those above, herein, we developed
a facile strategy as a potential new formulation method for
biopharmaceuticals as represented by antibodies. This in vitro
protective coating strategy can quickly encapsulate and release
antibodies with high efficiency using various MOFs platforms,
which can be employed to protect biopharmaceuticals without
introducing the additives (MOFs) into body thereby avoiding
potential biocompatibility risks (Scheme 1). To demonstrate the
generality of our strategy, two prototypical zeolite imidazolate
frameworks (ZIF-90 and ZIF-8) were used as representative
MOFs in this study. ZIF-90 and ZIF-8 both exhibit excellent
ability to immobilize a wide range of guest molecules (e.g.,
nanoparticle, drugs, enzymes, etc.).?*37] Moreover, they can
be degraded to release the incorporated guest molecules under
mild conditions. These features together with the outstanding
biocompatibility (e.g., low cytotoxicity) and exceptional water
stability make ZIF-90 and ZIF-8 perfect platforms to accommo-
date biopharmaceuticals.

Several antibodies were used as the model molecules in
this study. Two thoroughly researched antibodies, Human
immunoglobulin G (IgG) polyclonal antibody (H-IgG) and
Goat anti BSA IgG polyclonal antibody (G-IgG), were selected
to represent polyclonal antibodies. H-IgG is a kind of mixture
of human antibodies purified from human serum. It was used
here to study the influence on antibody’s structure during
the MOF encapsulation process because it is one of the most
abundant antibodies both in blood and body fluids (75%-80%
of total serum antibodies). G-IgG from goat serum have
active binding to BSA for easy assessment of its activity (e.g.,
enzyme-linked immunosorbent assay (ELISA) assay) and thus
was used to verify MOFs’ impact on antibody’s activity. In
addition, a marketed monoclonal antibody, adalimumab (Ada),
was also used in this study to further proof the universality of
our strategy. Adalimumab is a tumor necrosis factor (TNF)-
inhibiting, anti-inflammatory, biologic medication, which was
one of the first approved human monoclonal antibodies for
therapeutic applications. This study provides a new MOF-
based strategy to stabilize biopharmaceuticals for their facile
preparation and storage without introducing biocompatibility
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risks, and bridges the gap between the developed MOFs mate-
rials and their practical biomedical applications.

MOFs are reported to form porous shells that can encapsu-
late biomolecules via self-assembly under mild conditions.3!
We selected ZIF-90 and ZIF-8 as representative materials and
first investigated their encapsulation of antibodies (H-IgG
and G-IgG). The encapsulation conditions for each antibody
were optimized based on a balance of the productivity of anti-
bodies@MOFs and their loading capacities of antibodies. To
Dbe specific, the encapsulation of antibodies was first conducted
using various antibody concentrations (0.5-1.5 mg mL™), and
the productivity, crystallinity, and loading efficiency of the
afforded composites were examined. We found that low produc-
tivity of antibodies@MOFs was observed when using antibody
concentrations of 0.5 mg mL™!, and high antibody concentra-
tions (21.5 mg mL™) lead to low loading capacities. Therefore,
to balance productivity and loading capacities, the 1.0 mg mL™!
of antibody concentration was selected as the encapsulation
condition for further investigation. The encapsulation effi-
ciency and loading capacities was determined via a standard
Bradford assay method. As shown in Figure 1 and Table S1 in
the Supporting Information), all the tested antibodies@MOFs
systems (H-IgG@ZIF-90, H-IgGC@ZIF-8, G-IgG@ZIF-90,
and G-IgG@ZIF-8) can quickly complete the encapsulation
within 10 min with high encapsulation efficiencies (>99%) and
high loading capacities (0.53 £ 0.03 g/g for H-IgG@ZIF-90,
0.37 £0.01 g/g for H-IgG@ZIF-8, 0.59 £ 0.02 g/g for G-IgG@
ZIF-90, 0.42 £ 0.03 g/g for G-IgG@ZIF-8) of antibodies.

We then characterized the formed antibodies@MOFs
using various instruments (Figures 2 and 3 and Figures S1
and S2, Supporting Information). The crystallinity of anti-
bodies@MOFs was assessed by powder X-ray diffraction
(PXRD) studies, which revealed that the crystal structure
integrities of antibodies@MOFs are consistent with pristine
MOFs (Figure 2a,b). Scanning electron microscopy (SEM)
images showed all antibodies@ZIF-8 systems emerged the
same polyhedral morphology as pristine ZIF-8, whereas, anti-
bodies@ZIF-90 possesses a flat saucer-shaped morphology
(Figure 3a,b), which is different from that of pristine ZIF-90.
We speculated that the different morphologies could be
ascribed to the template effect of biomacromolecules during
the formation of ZIF-90 particles. Fourier transform infrared
(FT-IR) spectroscopy was used to ascertain if antibodies were
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Figure 1. The antibodies encapsulation efficiency of antibodies@MOFs.
P-value for H-IgG and G-1gG encapsulating in the same MOF is 0.665;
P-value for different MOFs encapsulating the same antibody is <5 x 1077.

indeed encapsulated into MOFs (Figure 2c,d). The spectra of
antibodies@MOFs showed stretches at 1530 cm™ for anti-
bodies, corresponding to characteristic amide II band (mainly
from a combination of —NH bending and —CN stretching
modes). In addition, FT-IR spectra of both H-IgG@MOFs and
G-IgG@MOFs showed that the amide vibrational mode for the
antibodies shifted toward higher wave numbers compared with
pristine MOFs, indicative of the strong interactions between the

www.advmat.de

antibody and MOFs. The FT-IR results suggested the successful
encapsulation of proteins into the pores of MOFs. To further
verify the successful encapsulation of antibodies, fluorescein
isothiocyanate (FITC)-labeled H-IgG and G-IgG were encap-
sulated by ZIF-90 and ZIF-8 (Figure S2, Supporting Informa-
tion). The fluorescence signal of FITC-labeled IgGs uniformly
distributed thoroughly in the resultant composite, which is
attributed to the encapsulated FITC-labeled IgGs. In contrast,
pristine ZIF-8 and ZIF-90 were not emissive (Figure S2, Sup-
porting Information). Besides ZIF-90 and ZIF-8, we also dis-
covered an unknown MOF (ZIF-8X) with cruciate flower-like
morphology (particle =400 nm) formed during the synthesis
process of ZIF-81*% (Figure S3, Supporting Information). Based
on elemental analysis, the molecular formula of ZIF-8X is
determined to be [Zn(2-methylimidazole),], (Table S2, Sup-
porting Information). We found ZIF-8X can also encapsulate
antibodies, but with much lower efficiency than ZIF-8 and
ZIF-90 (Figure 1a).

To avoid possible biosafety risks from MOFs, it is better
to remove MOFs from antibodies@MOFs composite to
recover the antibodies before usage. Some MOFs have been
reported to degrade after treatment with acid®” or chelating
agents.*l Inspired by this, we developed facile strategies
to recover the encapsulated antibodies and evaluated the
recovery efficiency. We firstly optimized the recovery strategies
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Figure 2. a) Experimental PXRD patterns of H-IgGC@ZIF-90, G-IgC@ZIF-90, pristine ZIF-90 compared with calculated pattern of ZIF-90. b) Experimental
PXRD patterns of H-IgGC@ZIF-8, G-IgC@ZIF-8, pristine ZIF-8 compared with calculated pattern of ZIF-8. c) FT-IR spectra of H-IgG, pristine ZIF-90,
G-1gG, H-IgG@ZIF-90, and G-IgG@ZIF-90. d) FT-IR spectra of H-1gG, pristine ZIF-8, G-1gG, H-IlgC@ZIF-8, and G-IgC@ZIF-8.
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Figure 3. a) SEM images of pristine ZIF-8 (left), H-IgGC@ZIF-8 (middle), and G-IlgGC@ZIF-8 (right). b) SEM images of pristine ZIF-90 (left), H-IgC@

ZIF-90 (middle), and G-lgG@ZIF-90 (right).

for each antibodies@MOFs system. Taking antibodies@ZIF-90
as an example, we used different releasing agents such as
ethylenediaminetetraacetic acid (EDTA), citric acid phosphate
buffer with different pH values (e.g., pH 4.5, 5, 6, 7), and evalu-
ated the recovery efficiency, including releasing rates (Table S3,
Supporting Information). Finally, we found that antibodies can
be efficiently released within 10 s from ZIF-90 in acid phosphate
buffer (pH 4.5). Antibodies@ZIF-8 and antibodies@ZIF-8X com-
pleted the releasing within 30 min in EDTA (pH 5.0). The released
antibodies can be simply separated from MOFs and recovered
by ultrafiltration with 100 kDa MWCO (molecular weight cut
off) devices, which can harvest pure antibodies due to the great
molecular weight differences between IgG (=150 kDa) and the
impurities (e.g., digested ligands, metal salts). The recovery effi-
ciency was defined as the ratio of recovered antibodies to the ini-
tial encapsulated antibodies. We found all the tested antibodies@
MOFs systems demonstrated high recovery efficiencies (>85%),
among which H-IgG@ZIF-90, G-IgG@ZIF-90, H-IgGC@ZIF-8,
and G-IgG@ZIF-8 showed recovery efficiencies of 92%, 88%,
93%, and 95%, respectively (Figure 4a). Thus, nearly all the encap-
sulated antibodies can be recovered from MOFs under optimized
conditions. Notably, antibodies@ZIF-90 and antibodies@ZIF-8

mm H-lgG . G-lgG

100+

80+

60

Recovery efficiency (%) Q

ZIF-90

ZIF-8 ZIF-8X

can finish their antibody release within short timeframes (=10 s
and =30 min, respectively). More importantly, the ELISA assay
results verified that the recovered antibody (e.g., G-IgG) remained
the same activity as original antibody (Figure 4b). In order to
verify if there were residues from MOFs (e.g., MOFs, metal
salts, or ligands residue) remained in the recovered antibodies,
we used various techniques including PXRD, energy disper-
sive X-ray spectroscopy (EDX) and elemental analysis to charac-
terize the recovered antibodies. PXRD pattern of the recovered
antibodies showed that there were no peaks assigned to MOFs
(Figure S4, Supporting Information), implying the complete
removal of MOFs. Additionally, comparison of the EDX results
for pristine antibodies and recovered antibodies (Figures S5 and
S6, Supporting Information) revealed that no zinc metal residue
remained in the recovered antibodies. Moreover, the elemental
analysis of antibodies recovered from antibodies@MOFs agreed
well with the pristine antibodies (Table S4, Supporting Infor-
mation), which further proved the elimination of residues from
MOFs including the ligands.

We also investigated the influence on antibodies’ structural
integrities and activities in the encapsulation and recovery pro-
cess. To check the structural integrity of antibodies reclaimed

b s

[—— Free G-lgG

—— G-lgG from G-lgG@ZIF-8
—=—  G-IgG from G-lgG@2ZIF-90
[—— G-IgG from G-lgG@ZIF-8X

°D450nm

0 T
0.01 0.1 1 10 100
G-lgG (pg/mL)

Figure 4. a) Antibodies recovery efficiency of antibodies@MOFs. b) Indirect ELISA assay results of free G-IgG and G-IgG released from antibodies@
MOFs. The ODy s, data reflects the bioactivity of the tested samples, and the results show the recovered antibodies possess the same signal as the

original antibody, indicating retained bioactivities.

Adv. Mater. 2019, 37, 1805148

1805148 (4 of 7)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

from MOFs, we used sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) to evaluate the integrity of
recovered G-IgG with or without reducing agents. The results
of nonreducing experiments confirmed the overall integrity of
the recovered G-IgG, and the results with reducing condition
further proved the integrity of heavy and light chains in the
recovered G-IgG (two main bands at =50 and 25 kDa, Figure S7,
Supporting Information) as well as the basic functional unit
of G-IgG. Therefore, the SDS-PAGE test indicated that G-IgG
recovered from MOFs maintained their structural integrity
with no aggregation or cleavage. In addition, the activities of
the recovered G-IgG were evaluated by indirect-ELISA, and
their binding capacities were compared with that of untreated
G-IgG. We observed that the recovered G-IgG possessed same
binding capacities as untreated G-IgG in all the tested systems
(Figure 4b), suggesting the preserved Dbioactivities of anti-
bodies during the encapsulation and recovery process. The well
retained antibodies’ structures and activities, associated with
the quick encapsulation and recovery process, are essential for
practical applications, which endowed our strategy great poten-
tials for biomedical applications.

In order to study our strategy’s protection effect on anti-
bodies, G-IgG@ZIF-90 and G-IgG@ZIF-8 were treated in
a series of perturbation environments that would normally
lead to antibodies’ denaturation or loss of activities, including
high temperature, organic solvents, freeze-thawing cycles, and
mechanical pressure. After treatment, the protected antibodies
were recovered from antibodies@MOFs and compared with the
unprotected antibodies that were treated under the same condi-
tions. The binding activity and aggregation rate of the recovered
antibodies were evaluated as criterion of stability to assess anti-
bodies’ structural integrity and bioactivity after the treatments,
which were determined by ELISA and size exclusion chroma-
tography HPLC (SEC-HPLC).

IgGs@MOFs and free IgGs were exposed at 75 °C to test the
thermal protection effect of MOFs. The unprotected G-IgG and
H-IgG exhibited severe aggregation (88% and 99%) after heating
(Figure 5a). In contrast, G-IgG and H-IgG coated by ZIF-90 and
ZIF-8 showed much lower aggregation after the same treatment
(13-25%). Additionally, ELISA assay showed that G-1gG (H-IgG
cannot be effectively tested by ELISA due to its nonspecificity)
released from MOFs possessed similar binding abilities as
their original antigen of untreated G-IgG (>90%), whereas the
unprotected G-IgG almost lost all binding activity (<10% of
activity, Figure 4). In addition, the circular dichroism (CD) and
FT-IR spectra unveiled a significant change in the secondary
structure of unprotected antibody, while ZIF-90 and ZIF-8 pro-
tected antibody remained its secondary structure after the heat
treatment (Figures S8 and S9, Supporting Information). These
results highlighted MOFs’ excellent thermal protection for anti-
bodies. Moreover, after treatment with organic solvents (e.g.,
methanol, acetone) for 1 h (Figure 5a), the unprotected G-IgG
and H-IgG also showed severe aggregation (>90%) in the pres-
ence of methanol or acetone, while G-IgG and H-IgG protected
by MOFs exhibited relatively low aggregation (5-25%). In addi-
tion, G-IgG recovered from G-IgG@ZIF-90 and G-IgG@ZIF-8
essentially retained their binding capacity (=80% determined
by ELISA assay), indicating the enhanced chemical resistance.
In contrast, the unprotected free G-IgG almost lost its binding
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capacity (<10% of activity) after exposure to organic solvent
(Figure 5b). Actually, after both of the heating or organic sol-
vent treatments, the unprotected G-IgG samples experienced
such a severe aggregation that a large amount of visible par-
ticles were observed (Figure S10, Supporting Information). To
evaluate antibodies@MOFs' resistance against perturbation
conditions such as freezing-thawing cycles (commonly encoun-
tered in practical storage and transportation of biopharmaceu-
ticals), G-IgG@ZIF-90, H-IgGC@ZIF-90, G-IgGC@ZIF-8, and
H-IgG@ZIF-8 were treated under alternate freezing-thawing
cycles (-80°C «» 37°C, 10 cycles). After the treatment, G-IgG
and H-IgG protected by ZIF-90 and ZIF-8 exhibited <25%
of aggregation (Figure 5a). Meanwhile, bioactivity evaluation
revealed that G-IgG can still retain >90% of bioactivity after
released from ZIF-90 and ZIF-8 (Figure 5b). In contrast, the
free G-IgG and H-IgG exhibited =70% and ~60% aggregation,
respectively, and significantly lost the bioactivity. To examine
antibodies@MOFs’' resistance against mechanical pressure,
IgGs@MOFs samples were squeezed under 20 MPa pressure
using a tablet machine. After the pressure treatment, G-IgG
released from ZIF-90 and ZIF-8 retained the bioactivity of 75%
and 95%, respectively (Figure 5b). Meanwhile, both of G-IgG
and H-IgG released from ZIF-90 and ZIF-8 exhibited <10%
aggregation (Figure 5a). The results illustrated that anti-
bodies@MOFs exhibited good resistance against mechanical
pressure. Notably, ZIF-8 performed slightly better protection
effect than ZIF-90 (Figure 5), which may be attributed to the
higher structural stability of ZIF-8. However, ZIF-90 systems
depicted a higher encapsulating and recovery speed (=10 min,
10 s, respectively). Overall, based on our strategies, antibodies@
MOFs significantly enhanced antibodies’ thermal, chemical,
and mechanical resistance against perturbation environments,
and thus facilitated the easy-operation of antibodies, which may
greatly promote their applications.

With the enhanced resistance against perturbation environ-
ments, biopharmaceuticals, such as antibodies may be easily
stored, operated, and applied under normal or harsh condi-
tions, thus tremendously broadening their applications and
reducing the cost. Therefore, to prove the practical usage of
our antibodies@MOFs systems, we challenged those systems
for long-term storage under severe temperature variation to
evaluate their protection capabilities. G-IgG with or without the
protection of MOFs were stored under a temperature cycling
test condition (50 <> 4 °C, 25 °C min~! ramp rate) for three
weeks. The results show that G-IgG with the protection of
MOFs can retain =90% of binding capability after the three-
week storage, while unprotected antibodies lost nearly all activi-
ties (Figure 5c). The results clearly proved the extraordinary
stabilities of the protected antibodies under severe temperature
variation for long term storage, which provides great potentials
in biopharmaceuticals preparation and storage, such as devel-
opment of new portable delivery or long-term storage systems.

To further demonstrate the universality of our strategy and
further prove its practical potential, we also tested a marketed
biopharmaceutical, adalimumab (Ada), which is a widely used
therapeutic monoclonal antibody. Our results showed that
Ada could be successfully encapsulated with > 99% encapsu-
lation efficiency and recovered with high efficiency (>90%)
as well (Figure 5d and Figure S11, Supporting Information).
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Figure 5. a) Aggregation rate of protected IgGs and free IgGs after the treatment with various perturbation conditions. b) Binding capacity of protected
G-1gG and free G-1gG after treatment with various perturbation conditions. c) Protective performance of MOFs for G-IgG in the long-term storage
test. d) The Ada encapsulation efficiency of Ada@MOFs and Ada recovery efficiency of Ada@MOFs. e) Bioactivity of Ada recovered from Ada@MOFs.
Binding capacity of protected Ada and free Ada after treatment with various perturbation conditions: 75 °C heat; 5 days storage under temperature
variation (4 <> 50 °C) at fast ramp rate (25 °C min™') + 10 freeze-thawing cycles (80 °C-37 °C).

The indirect ELISA assay revealed that the recovered Ada anti-
body retained its activity (>90% activity of original antibody).
In addition, after treatment with various perturbation condi-
tions (75 °C heat; 5 days storage under temperature variation
+ 10 freeze thawing cycles), the binding capacity of protected
Ada still retained >60%, whereas free Ada dramatically lost its
activity after the treatments and exhibited severe aggregation
(Figure 5e and Figure S12, Supporting Information). These
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results again highlighted the great application potential of our
strategy in biopharmaceuticals preparation and storage.

In conclusion, we developed a facile and efficient strategy
for antibodies’ preparation and storage using MOFs as remov-
able shells with prominent protection effect. Besides the high
encapsulation efficiency (>99%), the formed antibodies@
MOFs exhibited enhanced resistance against perturba-
tion environments, such as heating, organic solvents, and
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mechanical pressure, and can survive for long term storage
(>3 weeks) under temperature cycling test condition at fast
ramp rate. These extraordinary properties will greatly broaden
the operational conditions that can be applied for antibodies,
and facilitate the preparation, transportation, and storage of
related biopharmaceuticals. More importantly, MOFs can be
quickly and simply eliminated without interference on the
subsequent usage of antibodies, and meanwhile retain their
structures and bioactivities, which can avoid possible biocom-
patibility risks introduced by MOFs. It is noteworthy that the
encapsulation and releasing of antibodies using ZIF-90 were
completed within very short timeframes (=10 min, 10 s, respec-
tively). This quick response and the outstanding performance
endow MOFs great potentials to serve as a versatile platform for
biopharmaceuticals preparation and storage. This facile strategy
may bridge the gap between the developed MOFs materials and
their practical biomedical applications, and provide guidance
for the design of facile and efficient long-term storage or port-
able delivery systems for therapeutic proteins.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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