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Abstract

Therapeutic enzymes used for genetic disorders or metabolic diseases oftentimes suffer from
suboptimal pharmacokinetics and stability. Nanodelivery systems have shown considerable
promise for improving the performance of enzyme therapies. Here, we develop a cell membrane-
camouflaged metal-organic framework (MOF) system with enhanced biocompatibility and
functionality. The MOF core can efficiently encapsulate enzymes while maintaining their
bioactivity. After the introduction of natural cell membrane coatings, the resulting
nanoformulations can be safely administered /n vivo. The surface receptors on the membrane can
also provide additional functionalities that synergize with the encapsulated enzyme to target
disease pathology from multiple dimensions. Employing uricase as a model enzyme, we
demonstrate the utility of this approach in multiple animal disease models. The results support the
use of cell membrane-coated MOFs for enzyme delivery, and this strategy could be leveraged to
improve the usefulness of enzyme-based therapies for managing a wide range of important human
health conditions.
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Enzymes are biocatalysts that help to carry out reactions essential to the normal functioning
of all living organisms. The lack of critical enzymes or the loss of their functions could lead
to the deleterious accumulation of biomolecule substrates, disrupting metabolic activities
with potentially life-threatening consequences.}: 2 Defective enzyme production commonly
occurs as a result of inherited genetic disorders. Examples include Gaucher disease and
Fabry disease,® 4 both of which are lysosomal storage disorders caused by mutations in
important housekeeping hydrolase genes.® 8 The evolutionary loss of certain genes is
another cause of enzyme deficiency that can lead to some disease states.” For instance,
uricase, the enzyme responsible for uric acid conversion into allantoin, is not encoded in the
human genome, which can result in gouty arthritis when urate crystals are deposited in the
joints.8 9 Enzyme replacement therapy has become the current standard of care for patients
with enzyme deficiency, where exogenous proteins are intravenously infused into the
bloodstream.10: 11 Despite their application in the clinic, enzymes in free form usually suffer
from protease susceptibility and short-acting pharmacokinetics, both of which can severely
compromise bioavailability.12: 13 In order to attain a therapeutic benefit, frequent
administration is oftentimes mandatory for these therapies,4 1° leading to high costs and
negatively impacting patient compliance.16

The use of nanoparticulate systems is an emerging strategy to address some of the
shortcomings associated with the administration of free enzymes.1’- 18 |deally, functional
enzymes can be encased into a nanoscale network that allows their catalytic activities to be
maintained, enabling substrate molecules to access the enzyme while preventing unwanted
proteolytic degradation by the surrounding environment.1% 20 Among the various
nanomaterials, metal-organic frameworks (MOFs) have shown great promise for enzyme
delivery applications.2l: 22 MOFs can be fabricated with porous structures that facilitate
high-yield enzyme loading and allow size-selective exposure to the targeted substrate.23: 24
Despite these favorable characteristics, MOF-based platforms exhibit biocompatibility issues
and run the risk of inducing immune reactions,2> 26 which would impede their translation
into the clinic.
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The use of cell membrane coatings to camouflage synthetic nanomaterials is an effective
method for nanoparticle functionalization.2” The membrane-coated nanoparticles fabricated
using this platform technology exhibit cell-mimicking properties that enable them to excel at
in vivo applications.?8 For example, red blood cell (RBC) membrane coatings can greatly
prolong circulation within the bloodstream,29: 30 whereas platelet membrane coatings enable
targeted delivery to bacteria, cancer, and damaged vasculature.31 32 It was also demonstrated
that nanoparticles functionalized with white blood cell membrane can be used as nanoscale
decoys to absorb and neutralize inflammatory cytokines, with potential applications for
autoimmune disorders and sepsis treatment.33: 34 Overall, cell membrane coatings can be
derived from any type of cell, enabling researchers a wide range of options for adding
functionality and creating synergies with nanoparticle-based therapeutics.2’: 28 35 Notably, it
was recently demonstrated that this approach could be applied to MOF nanoparticles loaded
with siRNA for anticancer applications.36

Here, we report on the fabrication of cell membrane-coated MOF nanoparticles for effective
enzyme delivery (Figure 1). Taking uricase as the model enzyme, we successfully loaded the
enzyme into a zeolitic imidazolate framework-8 MOF nanoparticle by a facile formulation
process with precise input control.3” The uricase-loaded MOF (MOF-uricase) nanoparticles
were then coated with the membrane from either RBCs or macrophages (M®s), each of
which provided application-specific benefits. In particular, RBC membrane-coated MOF-
uricase (RBC-MOF-uricase) were systemically administered to catalyze the efficient
degradation of serum uric acid in hyperuricemic mice. M® membrane-coated MOF-uricase
(M®-MOF-uricase) were locally administered into the joints of mice with gout, where the
cytokine-neutralizing property of the M® membrane synergized with the uricase the
alleviate disease symptoms. By changing the enzyme payload and membrane coating, we
envision that the reported hybrid delivery platform could be used to improve therapeutic
outcomes for a wide range of conditions requiring enzyme therapy.

In the study, recombinant uricase was encapsulated within the MOF nanoparticles using a
one-pot synthesis approach.3® The enzyme was first premixed with 2-methylimidazole and
added to a zinc ion-containing solution to start a process of self-assembly, which yielded
bare MOF-uricase nanoparticles after several hours. To coat MOF-uricase with cell
membrane, the freshly formed nanoparticles were physically extruded together with purified
mouse RBC membrane through porous polycarbonate membranes. The final RBC-MOF-
uricase nanoparticles were isolated by centrifugation. To quantify loading efficiency, the
uricase was fluorescently labeled, and then RBC-MOF-uricase were fabricated using
different input amounts of the enzyme (Figure 2a). Across the inputs that were evaluated, the
encapsulation efficiency was consistently around 90% up to 0.25 U of uricase. It should be
noted that formulations fabricated with higher uricase inputs were unstable. The size of the
RBC-MOF-uricase was highly dependent on uricase input (Figure 2b). RBC membrane-
coated MOF (RBC-MOF) nanoparticles without any uricase were approximately 130 nm in
size, whereas the size of RBC-MOF-uricase grew to near 270 nm at the highest input of 0.25
U. To prevent premature splenic clearance Jn vivo after intravenous administration,38
sub-200 nm RBC-MOF-uricase fabricated using a 0.1 U uricase input were used for further
study.

Nano Lett. Author manuscript; available in PMC 2021 May 13.
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Compared with bare MOF, the size of MOF-uricase increased by approximately 70 nm, and
coating with the RBC membrane further increased the size of the nanoparticles by about 25
nm (Figure 2c¢). The surface zeta potential of the MOF dropped from 30 mV to 18 mV after
uricase encapsulation, while the final RBC-MOF-uricase formulation displayed a negative
surface potential of =30 mV (Figure 2d). The near identical surfaces charges between the
RBC-MOF-uricase and the purified RBC membrane suggested good coating coverage. To
visualize the physical structure of RBC-MOF-uricase, the nanoparticles were negatively
stained with uranyl acetate and examined under transmission electron microscopy (Figure
2e). The imaging confirmed a characteristic core—shell structure, which is consistent with

similar cell membrane-coated nanoparticle platforms, including those employing MOF
cores, 36, 39,40

The stability of the RBC-MOF-uricase formulation in physiological condition was evaluated
by measuring size in phosphate buffered saline (PBS) over the course of 8 days (Figure 2f).
Whereas the uncoated MOF-uricase quickly grew in size to over 1 um, the RBC membrane-
coated nanoparticles exhibited a minimal size increase. This highlighted the role of the cell
membrane in enhancing the colloidal stability of MOF-based systems. Next, we sought to
characterize the protein content of RBC-MOF-uricase as an additional means on confirming
membrane coating. The overall protein profile of the nanoformulation was near identical to
that of purified RBC membrane, indicating successful translocation of the membrane
proteins (Figure 2g). The RBC-MOF-uricase sample had an additional band at
approximately 35 kDa, indicating the presence of uricase; this band was present on the
protein profile for the uncoated MOF-uricase sample, but not for the purified RBC
membrane. Western blotting analysis was used to confirm the presence of CD47 (Figure 2h),
a key membrane protein found on RBCs that helps to reduce immune clearance by acting as
a ‘marker-of-self’.41

The release of the uricase payload from the RBC-MOF-uricase formulation was profiled
over time in PBS (Figure 2i). A quick burst was observed in the first 4 h, after which the
release plateaued near 30%. Over the course of 2 days, more than 70% of the loaded uricase
was retained, suggesting that the nanocomplex was highly stable and could be used to
achieve prolonged delivery of the enzyme payload. The catalytic activity of RBC-MOF-
uricase against uric acid as a substrate was evaluated /n vitro (Figure 2j). From the results, it
was observed that unloaded RBC-MOF nanoparticles had no catalytic activity, whereas the
RBC-MOF-uricase retained approximately 35% of the activity of the inputted uricase. The
decrease in catalytic activity may be partly explained by the fact that not all of the uricase is
immediately available to participate in reactions when loaded inside the MOF matrix. To
highlight the benefit of encapsulation into RBC-MOF for protecting the enzyme payload,
both free uricase and RBC-MOF-uricase were incubated with trypsin (Figure 2k). From
western blot analysis, it was observed that free uricase was quickly degraded, while the
integrity of the uricase inside the nanoformulation was maintained over the course of 2 h.
This confirmed that the MOF matrix and membrane coating could provide a barrier to
prevent unwanted contact of the encapsulated enzyme with degradative proteases, thus better
preserving enzymatic activity over time.

Nano Lett. Author manuscript; available in PMC 2021 May 13.
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After completing the /n vitro characterizations, we next sought to characterize the
performance of the RBC-MOF-uricase formulation /in vivo. First, the biodistribution was
studied 24 h after administration of RBC-MOF-uricase fluorescently labeled with a far-red
dye (Figure 3a). The majority were found in the liver, which is the main organ mainly
responsible for nanoparticle clearance.3? Notably, approximately 15% of the total
fluorescent signal was found in the blood at 24 h, attesting to the long-circulating properties
provided by the RBC membrane coating. To assess the /n vivo activity of the uricase
payload, the nanoformulation was used to treat a murine model of hyperuricemia, where
elevated uric acid levels are observed in the blood (Figure 3b). Without any uricase, the
serum concentration of uric acid slowly increased over time, whereas intravenous
administration of RBC-MOF-uricase resulted in a rapid reduction back to basal levels. In
comparison, administration of free uricase only resulted in a transient drop in uric acid
levels, which reelevated after 2 h. The modest efficacy observed in mice receiving free
uricase could likely be attributed to poor bioavailability, highlighting the need for
nanodelivery systems capable of extending blood residence while protecting the enzyme
from degradation. To evaluate the biocompatibility of the RBC-MOF-uricase formulation,
major blood cell populations, including white blood cells, RBCs, and platelets, were
enumerated 24 h after nanoparticle administration (Figure 3c). No significant difference was
observed compared with samples obtained from mice treated with PBS. At the same
timepoint, the major organs, including the heart, liver, spleen, lungs, and kidneys, were
histologically sectioned and stained with hematoxylin and eosin (H&E) for analysis (Figure
3d). The overall structure, integrity, and immune infiltrate in all of these tissues were near
identical to those from mice administered with PBS, demonstrating no signs of acute
toxicity and further supporting the safety of RBC-MOF-uricase.

A major advantage of using cell membrane coatings to functionalize synthetic nanoparticle
cores is the ability to custom-tailor the final formulation for different applications by
changing the membrane source.2’ To this end, we developed a second MOF-uricase
formulation using M® membrane, which excels at cytokine neutralization,3* aiming to
address gout. The condition is characterized by the local deposit of uric acid crystals, which
can lead to excessive joint inflammation mediated by a number of proinflammatory
cytokines.? M®-MOF-uricase nanoparticles were fabricated similarly to the RBC-based
formulation. Because nanoparticles administered locally are not subjected to the same strict
size requirements as those for systemic injection, we elected to employ MOF-uricase cores
inputted with 0.25 U of uricase to maximize loading, which led to a formulation
approximately 270 nm in size (Figure 4a). The zeta potential of M®-MOF-uricase was also
negative, matching closely with that of purified M® membrane (Figure 4b). Whereas
unloaded M® membrane-coated MOF (M®-MOF) nanoparticles did not exhibit any uricase
activity, M®-MOF-uricase retained 38% of the initial activity of the inputted uricase (Figure
4c).

Proinflammatory cytokines such as interleukin-1p (IL1g), tumor necrosis factor-a. (TNFa.),
and 1L6 have been confirmed to play prominent roles in the progression of gout,*? and M®
membrane is known to possess their cognate receptors.3# Accordingly, western blot analysis
was used to verify the presence of IL1 receptor type | (IL1R1), IL1R2, TNF receptor-1
(TNFR1), TNFR2, IL6 receptor a-chain (IL6Ra.), and glycoprotein 130 (gp130) (Figure

Nano Lett. Author manuscript; available in PMC 2021 May 13.
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4d). As expected, none of these receptors were found on RBC membrane or RBC-MOF-
uricase, whereas every marker was present on both M® membrane and M®-MOF-uricase.
Next, we sought to test if the presence of these receptors on the M®-MOF-uricase
formulation could be leveraged for the neutralization of the proinflammatory cytokines often
implicated in joint inflammation.33 Recombinant mouse IL1pB, mouse TNFa, or mouse 1L6
at a final concentration of 8 ng/mL was incubated with the nanoparticles at varying
concentrations, and the percentage of bound cytokines was quantified (Figure 4e-g). Under
these experimental conditions, the data indicated that M®-MOF-uricase exhibited half
maximal inhibitory concentration values of 380 pg/mL for IL1p, 282 pg/mL for TNFa, and
425 pg/mL for IL6. In contrast, RBC-MOF-uricase did not effectively bind to any of the
tested cytokines.

After confirming its activity /n vitro, the therapeutic efficacy of the M®-MOF-uricase
formulation was evaluated 7 vivo using a murine gout model induced by the intraarticular
injection of monosodium urate crystals into the ankle joints. At 24 h after induction, when
all mice had developed significant inflammation at the injection site, various treatments were
administered by intraarticular injection, and the degree of ankle swelling was monitored over
time (Figure 5a). Compared to the PBS control, free uricase and unloaded M®-MOF had a
modest therapeutic effect, while M®-MOF-uricase showed the best efficacy and near
completely alleviated the ankle swelling 48 h after treatment. With its cytokine
neutralization capabilities, the M® membrane-coated formulation outperformed RBC-MOF-
uricase, which also demonstrated considerable efficacy, likely due to its ability to enhance
retention of the enzyme at the inflammation site. The uric acid remaining in the ankle tissues
was quantified 48 h post-treatment, and it was shown that M®-MOF-uricase significantly
reduced levels of the substrate molecule (Figure 5b). The effect was vastly improved
compared with unloaded Md-MOF, where 80% of the deposited uric acid still remained
within the tissues. Similarly, the proinflammatory cytokines present within the ankle tissues
were evaluated at the same timepoint, and M®-MOF-uricase treatment was able to bring
levels back down to near baseline (Figure 5¢c—e). This was significantly better than other
treatments, including free uricase, unloaded M®-MOF, and RBC- MOF-uricase, all of which
reduced cytokine levels to varying degrees. Lastly, histological examination revealed that the
immune cell infiltrate within the periarticular ankle tissue was markedly reduced in mice
treated with M®-MOF-uricase, indicating only a slight amount of ongoing inflammation
within the region (Figure 5f). Overall, when comparing the effects of M®-MOF-uricase with
those achieved by Md-MOF or RBC-MOF-uricase, the data highlights the therapeutic
benefits of combining M® membrane-mediated cytokine neutralization with locally
delivered enzyme therapy for addressing gout.

In conclusion, we have successfully fabricated a cell membrane-coated MOF platform for
enhancing the activity of enzyme therapies. Using uricase as a model enzyme, it was
demonstrated that high encapsulation efficiency of the enzyme could be achieved, and
membrane coating further improved colloidal stability in physiological buffer. Importantly, a
significant amount of enzymatic activity was retained, and incorporation of uricase within
the membrane-coated MOF matrix also protected it from proteolytic degradation. To
demonstrate the versatility of this approach, two separate systems were developed using
membrane sourced from either RBCs or Mds. The RBC membrane-coated MOF-uricase

Nano Lett. Author manuscript; available in PMC 2021 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhuang et al. Page 7

formulation was used for the systemic treatment of hyperuricemia, rapidly reducing serum
uric levels. On the other hand, the M® membrane, with its ability to neutralize a wide range
of proinflammatory cytokines, synergized with the uricase to effectively treat localized joint
inflammation caused by insoluble uric acid deposits. In the clinic, the administration of
uricase, which is not a naturally occurring human enzyme, carries major immunogenicity
concerns and runs the risk of triggering anaphylaxis.*3 44 As we demonstrated here, cell
membrane-coated nanodelivery systems are biocompatible and can be used to effectively
shield enzyme payloads from the surrounding environment; the effect of this on long-term
immune responses against the enzyme payload will need to be evaluated in future studies. It
is envisioned that this strategy can be applied across a wide range of enzyme payloads, and
different membrane coatings could be employed to generate synergies based on their unique
biointerfacing characteristics. Membrane material can be derived from autologous sources,
facilitating the fabrication of personalized therapies.*> The shape of the MOF core could
also be varied to enhance nanoparticle—cell interactions, which would be particularly
beneficial for targeted delivery applications.*® Overall further development along these lines
could lead to novel formulations with the potential for transforming the clinical landscape of
enzyme therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cell membrane-coated uricase-loaded MOF nanoparticles for the enzymatic degradation of
uric acid. To fabricate the formulation, MOF-uricase cores are generated by mixing the
enzyme payload with Zn2* and 2-methylimidazole (mim), followed by coating with natural
cell membrane derived from source cells such as RBCs or M®s. The resulting membrane-
coated MOF-uricase nanoparticles effectively convert uric acid into allantoin, which can
help to manage conditions such hyperuricemia and gout.
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Figure 2.

S)?nthesis and characterization of RBC-MOF-uricase. (a) Encapsulation efficiency of uricase
in RBC-MOF-uricase at different uricase inputs (n = 3, mean + SD). (b) Diameter of RBC-
MOF-uricase at different uricase inputs (n = 3, mean + SD). (c) Diameter of pristine MOF,
RBC-MOF, MOF-uricase, RBC-MOF-uricase, and RBC membrane vesicles after
fabrications (n = 3, mean + SD). (d) Zeta potential of pristine MOF, RBC-MOF, MOF-
uricase, RBC-MOF-uricase, and RBC membrane vesicles after fabrication (n = 3, mean +
SD). (e) Transmission electron microscopy image of RBC-MOF-uricase stained with uranyl
acetate. Scale bar: 200 nm. (f) Stability of RBC-MOF-uricase over the course of 8 days (n =
3, mean + SD). (g) Protein profiles of MOF-uricase, RBC-MOF-uricase, and RBC
membrane. MW, molecular weight (kDa); arrow indicates uricase band. (h) Western blot for
RBC surface marker CD47 (50 kDa) on MOF-uricase, RBC-MOF-uricase, and RBC
membrane. (i) Uricase release from RBC-MOF-uricase at pH 7.4 in PBS over time (n = 3,
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mean £ SD). (j) /n vitro uric acid conversion by RBC-MOF or RBC-MOF-uricase
normalized to free uricase activity (n = 3, mean + SD). (k) Degradation of uricase (35 kDa),
either in free form or in RBC-MOF-uricase, when exposed to trypsin for increasing amounts
of time.
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Figure 3.
In vivo hyperuricemia management and safety. (a) Biodistribution of dye-labeled RBC-

MOF-uricase in major organs, including the heart, liver, spleen, lungs, kidneys, and blood,
24 h after intravenous administration (n = 3, mean + SD). (b) Serum uric acid levels over
time of hyperuricemic mice after intravenous treatment with PBS, free uricase, or RBC-
MOF-uricase (n = 4, mean = SD). *p < 0.05, **p < 0.01 (PBS compared with RBC-MOF-
uricase); &p < 0.05, &&p < 0.01 (free uricase compared with RBC-MOF-uricase); one-way
ANOVA. (c) Counts of various blood cells 24 h after intravenous administration of PBS or
RBC-MOF-uricase (n = 3, geometric mean + SD). WBC: white blood cells, RBC: red blood
cells, PLT: platelets. (d) H&E-stained histological sections from major organs 24 h after
intravenous administration of PBS or RBC-MOF-uricase into healthy mice. Scale bar: 250
um.
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Figure 4.

Synthesis and characterization of M®-MOF-uricase. (a) Diameter of M®-MOF, MOF-
uricase, M®-MOF-uricase, and M® membrane vesicles after fabrication (n = 3, mean +
SD). (b) Zeta potential of M®-MOF, MOF-uricase, M®-MOF-uricase, and M® membrane
vesicles after fabrication (n = 3, mean + SD). (¢) /n vitro uric acid conversion by M®-MOF
or M®-MOF-uricase normalized to free uricase activity (n = 3, mean + SD). (d) Western
blot for cytokine receptors, including IL1R1 (80 kDa), IL1R2 (45 kDa), TNFR1 (55 kDa),
TNFR2 (75 kDa), IL6Ra. (80 kDa), and gp130 (130 kDa), on RBC membrane, Md
membrane, RBC-MOF-uricase, and M®-MOF-uricase. (e-g) /n vitro neutralization of
cytokines, including IL1p (e), TNFa (f), and IL6 (g), by RBC-MOF-uricase and M®-MOF-
uricase at various nanoparticle concentrations (n = 3, mean £ SD; four-parameter logistic
regression).
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Figureb.
In vivo gout management and safety. (a) Change in ankle joint diameter of mice with gout

after intraarticular treatment with PBS, free uricase, M®-MOF, RBC-MOF-uricase, or M®-
MOF-uricase (n = 4, mean = SD). **p < 0.01, ****p < 0.0001 (compared with M®-MOF-
uricase at 48 h); one-way ANOVA. (b) Remaining uric acid in the ankle joints of the mice in
(a) after 48 h (n = 4, mean + SD). ***p < 0.001, ****p < 0.0001 (compared with M®-MOF-
uricase); one-way ANOVA. (c-e) Levels of cytokines, including IL1p (c), TNFa (d), and

IL6 (e), in the ankle joints of the mice in (a) after 48 h (n = 4, mean + SD). NS: not
significant, *p < 0.05, **p < 0.01, ****p< 0.0001 (compared with M®-MOF-uricase); one-
way ANOVA. (f) H&E-stained histological sections of ankle joints of the mice in (a) after 48
h. Scale bar: 250 um.
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