Biomaterials Science

2 Biomaterials
PN Science

Cyclodextrin metal-organic framework-based protein
biocomposites

Journal: | Biomaterials Science

Manuscript ID | BM-ART-08-2022-001240.R1

Article Type: | Paper

Date Submitted by the

Author: 06-Oct-2022

Complete List of Authors: | Di Palma, Giuseppe; University of California Irvine
Geels, Shannon; University of California Irvine
Carpenter, Brooke; University of California Irvine
Talosig, A.; University of California Irvine

Chen, Charles; University of California Irvine
Marangoni, Francesco; University of California Irvine
Patterson, Joseph; University of California Irvine

SCHOLA

RONE™
Manuscripts




== Biomaterials

ARTICLE

Cyclodextrin metal-organic framework-based protein

biocomposites

Giuseppe Di Palma,? Shannon Geels,?¢ Brooke P. Carpenter,? Rain A. Talosig,? Charles Chen,?
Francesco Marangoni,”< Joseph P. Patterson®¢

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Materials are needed to increase the stability and half-life of therapeutic proteins during delivery. These materials should
be biocompatible and biodegradable. Here, we demonstrate that enzymes and immunoproteins can be encapsulated inside
cyclodextrin based metal-organic frameworks using potassium as the metal node. The release profile can be controlled with

the solubility of the cyclodextrin linker. The activity of the proteins after release is determined using catalytic and in vitro

assays. The results show that cyclodextrin metal-organic framework-based protein biocomposites are a promising class of

materials to deliver therapeutic proteins.

Introduction

Metal-Organic  Framework-based protein biocomposites
(p@MOFs) are extended crystalline materials where the protein
is encapsulated within the ordered lattice of metal nodes and
organic linkers.1=3 This material is in contrast to protein-metal-
organic frameworks where the biomolecule is a part of the
lattice.*> P@MOFs present an exciting opportunity for next-
generation materials in biosensing®, drug delivery’?,
imaging,1%11 and cancer therapy!?16 due to the increased
stability and activity of the encapsulated proteins.1-1° |n
general, MOFs have been widely studied as drug delivery
materials due to their high drug loading,2® and controllable drug
release properties.21-23 A key factor when designing MOFs for
drug delivery is the toxicity of the individual metal and ligand
components.?425 In 2010,Stoddard and coworkers created an
“edible” MOF using gamma-cyclodextrin (y-CD) and potassium
or rubidium to form CD-MOF1 and CD-MOF2, respectively. 2°
More recently CD-MOFs have been formed using a-CD?7 and -
CD?8, These CD-MOFs have been investigated for applications in
gas sensing?®, enantiomeric separation39, catalysis,3! and small
molecule drug delivery.32 CD-MOFs are especially attractive for
drug delivery systems as they display low toxicity compared to
other MOF linkers.33 CD-MOFs should be ideal for the storage
and delivery of therapeutic proteins as cyclodextrin-protein
complexes display sustained drug delivery,343> reduced protein

@ Department of Chemistry, University of California Irvine, Irvine, California 92697,
United States.

b.pepartment of Physiology and Biophysics, University of California Irvine, Irvine,
CA 92697, USA

¢ Institute for Immunology, University of California Irvine, Irvine, CA 92697, USA.

d-Department of Materials Science and Engineering, University of California Irvine,
Irvine, California 92697, United States

1 Corresponding author e-mail: patters3@uci.edu

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

aggregation, and higher structural stability to physical
perturbation.3® In addition, cyclodextrins can induce the
refolding of denatured proteins.37

Furthermore, the importance of proteins being integrated with
sugars is already represented in nature, where carbohydrates
are incorporated into >50% of human proteins.38 For this reason
there has been great interest in the development of new
carbohydrate based drug delivery systems.3°-%1 However, to the
best of our knowledge, biomolecule encapsulation inside CD-
MOFs has not been demonstrated.3242 The reason for this is
likely because the original synthesis for CD-MOF1 requires a
high pH environment (~13) and extended crystallization times
(~several days);*2 the combination of which would likely
denature proteins. Another challenge when developing CD-
MOFs for drug delivery is controlling their release profile.*3
Here, we develop a quick (several hours) and biofriendly (pH
~8.5) synthesis for CD-MOF1 and B-CD-MOF using potassium as
the metal node. Protein encapsulation is demonstrated using
bovine serum albumin (BSA), catalase, myoglobin, and
interleukin-2. We further developed a method to manufacture
CD-MOF pellets that results in sustained release over 24 hours.
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Scheme 1. Encapsulation of proteins (Catalase/Interleukin-2) and the activity of the
related CD-MOF biocomposites, as catalyst for oxygen removal,
immunomodulator for immune cell proliferation
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The activity of catalase and interleukin-2 after release is
demonstrated using catalytic and in vitro assays respectively.

Results and discussions

CD-MOFs were synthesized by dissolving the precursors in pure
water and inducing crystallization through the addition of a
non-solvent. Methanol or acetonitrile were used as the non-
solvent for y- and P-CD-MOFs respectively. Encapsulation
efficiency (EE%) for the protein@CD-MOFs was determined
using the Bradford assay, which found the EE% for all proteins
studied to be ~80-98% (Figure 1, Table S1.). During the last step
of the synthesis, the CD-MOFs are centrifuged, separated from
supernatant, and dried under a constant airflow inside 2 ml
centrifugation tubes to form a compact pellet of approximately
1 cm in diameter (Figure 2g, 3g). Powder X-Ray Diffraction
(PXRD) of the y-CD-MOFs and protein@y-CD-MOFs showed
peaks consistent with literature (Figure 2a),264% with a
maximum d-spacing of ~2.2 nm (S| Table S2). SEM images of
BSA, myoglobin, and catalase y-CD-MOFs showed truncated
cuboid crystals (Figure 2 c, d, e). SEM images of interleukin-
2@y-CD-MOFs showed rough spheroid crystals (Figure 2 f).

PXRD of the protein-B-CD-MOFs showed peaks consistent with
literature,** and a maximum d-spacing of ~2.0 nm (Figure 3a,
Table S2). It is important to note that the XRD patterns are
consistent regardless of the biomolecule used. This consistency
occurs because proteins are entrapped into defects of the
crystal lattice rather than altering the crystal lattice. 174548 SEM
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images of B-CD-MOFs and BSA@p-CD-MOFs show cuboid
crystals; SEM images of catalase and interleukin-2 B-CD-MOFs
showed rhomboid crystals; and myoglobin B-CD-MOFs showed
rough spheroid structures (Figure 3 b-f). The collective SEM data
reveals that incorporation of biomolecules into the CD-MOF
synthesis effects the nucleation and growth mechanism
resulting in different crystal morphologies, consistent with
previous protein@MOFs studies.1”4° The solid pellets (Figure 2g
and 3g) were considered optimal for a release profile study
without further post-synthesis modification. The release profile
was obtained for the BSA@ y-CD-MOFs, BSA@ B-CD-MOFs, and
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Fig. 1 Encapsulation Efficiency of BSA, Catalase, Myoglobin, and Interleukin-2 for
y-CD-MOFs (blue) and B-CD-MOFs (brown). Error determined by triplicates

Fig.2 a) PXRD of y-CD-MOFs and SEM of b) y-CD-MOFs c) BSA@y-CD-MOFs d) Catalase@y-CD-MOFs e) Myoglobin@y-CD-MOFs f) Interleukin-2@y-CD-MOFs. Scale

bar: 2 um. g) pellet of protein@y-CD-MOFs. Scale bar:1 cm
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Fig.3 a) PXRD of B-CD-MOFs and SEMs of b) B-CD-MOFs c) BSA@B-CD-MOFs d) Catalase@pB-CD-MOF e) Myoglobin@B-CD-MOFs f) Interleukin-2@3-CD-MOFs.

Scale bar : 2 um g) pellet of protein@B-CD-MOFs. Scale Bar: 1 cm.
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a hybrid of BSA@ y-/B-CD-MOFs (y : B 1:1) system (Figure 4).
The hybrid BSA@ y-/B-CD-MOF was designed to examine the
tunability of the protein release profile. SEM images of the
hybrid of y-/B-CD-MOF showed a mixture of y-/B-CD-MOF
crystals and aggregates with irregular shapes (Sl figure S1-S2).
PXRD of the hybrid CD-MOF showed a low crystallinity
compared to the CD-MOFs with only one type of organic linker.
This indicates that mixing with more than one type of
cyclodextrin could interfere with the extensivity of the crystal
lattice. y-CD-MOFs displayed the fastest release with full release
being achieved within 10 minutes. B-CD-MOF displayed the
slowest release profile with full release being achieved over ~24
hours. We hypothesize that the lower solubility of B-CD in water
compared to y-CD is the main factor between the difference in
release profile.>® The hybrid y-/B-CD-MOF pellet displayed an
intermediate release profile indicating that the release profile
can be tuned. Since it was possible to tune the release profile
using the hybrid CD-MOF, we believe that the release profile is
determined by the solvation of the outermost organic linkers.
When solvated, the crystal structure breaks down which then
liberates the encapsulated protein. To evaluate the
protein@CD-MOFs as delivery systems, we tested the activity of
the catalase@CD-MOFs and interleukin-2@CD-MOFs after
dissolution. The activity of catalase@CD-MOFs was evaluated
by comparing the catalytic activity with free catalase using the
FOX assay (figure 5).51 The data shows that after release, the
catalase from the y-CD-MOFs shows no activity; however, the
catalase from the B-CD-MOFs has comparable activity to the
free catalase. We hypothesize that the difference in activity is
due to methanol weakening the hydrophobic interactions that
form the tertiary structure of a protein. This deterioration of
tertiary structure results in a loss of activity in the enzyme. 5253
We measured the biological activity of encapsulated
interleukin-2 using an in vitro T cell proliferation assay. We
loaded primary mouse T cells with CellTrace Violet, a
fluorescent dye that distributes equally to the daughter cells
upon proliferation. Thus, non-proliferating cells show a single
peak of high fluorescence as measured by flow cytometry, while
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proliferating cells display peaks of progressively lower
fluorescence, each corresponding to the number of cell
divisions. Unstimulated T cells and cells cultured in presence of
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Fig.4 Release profiles of BSA encapsulated in B-CD-MOFs (blue), y-/B-CD-MOFs
(brown), and y-CD-MOFs (orange).
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Fig.5 Catalytic assay of free Catalase (orange), Catalase encapsulated into B-CD-
MOF (brown), Catalase encapsulated into y-CD-MOF (blue), and no catalase (gray).
Stirring at 300 rpm was used in all solutions during the experiment.
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Figure 6. a. CellTrace Violet fluorescence profiles of CD4* T cells either unstimulated or cultured with 200 ng/ml free interleukin-2 (IL-2), 50 ng/ml anti-CD3¢ antibodies, or anti-
CD3¢ + 20 ng/ml free interleukin-2. b. CellTrace Violet profiles of CD4* T cells stimulated with anti-CD3¢ + myoglobin or interleukin-2 encapsulated to y or B-CD-MOF (20 ng/ml).

c. Proliferation of CD4* and CD8* T cells after stimulation with anti-CD3¢ plus graded doses of encapsulated myoglobin or interleukin 2, or free interleukin 2. Means and SD are

shown. For encapsulated interleukin-2, * signifies p<0.05 towards the correspondent encapsulated myoglobin, while # symbolizes p<0.05 against free interleukin-2. Statistical

analysis by Student’s t test. One experiment representative of two is shown.
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free interleukin-2 did not proliferate. T cells stimulated using
antibodies recognizing CD3¢g, a molecule associated to the T cell
receptor, showed basal levels of proliferation that were greatly
enhanced by the addition of free interleukin-2 (Figure 6A).
While interleukin-2@y-CD-MOF failed to increase proliferation
induced by anti-CD3¢ antibodies compared to myoglobin@y-
CD-MOF, interleukin-2@[3-CD-MOF greatly expanded T cells
compared to myoglobin@ 3-CD-MOF (Figure 6B). We quantified
T cell proliferation by calculating their fold expansion, the ratio
between the number of cells at the end of the culture to the
number of cells at the beginning of it. Increasing amounts of
free interleukin-2 resulted in a dose-dependent rise of
proliferation in CD4* and CD8* cells, the two main T cell
subtypes (Figure 6C). Interleukin-2@y-CD-MOF increased CD4
and CD8T cell proliferation compared to myoglobin@y-CD-MOF
only at the doses of 20 and 200 ng/ml, and always to levels
much lower than these achieved by free interleukin-2. On the
other hand, interleukin-2@3-CD-MOF not only increased the
proliferation of CD4 and CD8 T cells compared to myoglobin@ -
CD-MOF at the doses of 2, 20 and 200 ng/ml, but also
outperformed free interleukin 2 at the doses of 2 and 20 ng/ml
(Figure 6C). The decrease in cell proliferation observed at 200
ng/ml of interleukin-2@[-CD-MOF may be explained by the
shutoff of endogenous interleukin-2 production in cultured T
cells, which occurs when high concentrations of interleukin-2
are added to the culture medium®*. Because interleukin-2 is
quickly internalized and degraded after binding to its receptor>>,
interleukin-2 is progressively depleted from T cell cultures in
vitro. The slow release of interleukin-2 from B-CD-MOF may
thus prolong its availability to T cells over time and explain the
higher biological activity of interleukin-2@-CD-MOF compared
to free interleukin-2.

Conclusions

In summary, we demonstrated the synthesis of cyclodextrin
metal-organic framework-based protein biocomposites. Using
different type of cyclodextrins, we have shown that the release
profile can be tuned and the encapsulated proteins remain
active after release from these materials. Encapsulation of
interleukin-2 in y-CD-MOF decreases their
biological activity, while encapsulation in 3-CD-MOF preserves
it. We hypothesize that, during the synthesis of y-CD-MOFs,
methanol interferes and weakens hydrophobic interactions of
the tertiary protein structures. Future p@CD-MOFs synthesis
will focus on non-protic solvents as non-solvent for
crystallization. These results demonstrate the importance of
developing a biofriendly method for encapsulating
biomolecules within MOFs. Considering that during release, the
proteins will be in a cyclodextrin rich environment, we believe
these materials are promising for the delivery of therapeutic
proteins.
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