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ABSTRACT: Two major issues in cell-mediated drug delivery systems (c-DDS) are the
availability of free cell surfaces for the binding of the cells to the target or to their
microenvironment and internalization of the cytotoxic drug. In this study, the Janus
structure, MOF nanoparticles, and tannic acid (TA) are utilized to address these issues.
Janus carrier cells coated with metal−organic frameworks (MOFs) are produced by
asymmetrically immobilizing the nanoparticles of a MOF based on zinc with cytotoxic
enzymes that are internally encapsulated on the surface of carrier cells. By maintaining the
biological and structural features of regular living cells, the MOF-coated Janus cells
developed in the present study preserve the intrinsic binding capacity of the cells to their
microenvironment. Interconnected MOFs loaded onto the other face of the Janus cells
cannot penetrate the cell. Therefore, the carrier cells are protected from the cytotoxic drug
contained in MOFs. These MOF-Janus carrier cells are demonstrated to successfully
eliminate three-dimensional (3D) tumor spheroids when a chemotherapeutic protein of
proteinase K is released from the MOF nanoparticles in an acid environment. The ease with which the MOF-Janus carrier cells are
prepared (in 15 min), and the ability to carry a variety of enzymes and even multiple ones should make the developed system
attractive as a general platform for drug delivery in various applications, including combination therapy.

KEYWORDS: cancer therapy, cell-mediated drug delivery, metal−organic frameworks, metal−phenolic networks, nanoparticle patch

■ INTRODUCTION

Nanotechnology offers a promising strategy to improve the
efficacy of various drugs to potentiate cancer therapy.1 Among
them, nanoscale metal−organic frameworks (MOFs), a class of
hybrid materials developed via the self-assembly of metal ions
and organic ligands, have emerged as a platform for the
effective delivery of therapeutic drugs to tumor tissues.2−4

Compared with other traditional porous materials, MOFs
possess several obvious advantages such as high loading
efficiency of drugs and biological macromolecules (DNA, and
protein), tunable and designable functionality, stimuli-
responsive degradability, and biocompatibility. With these
unique properties, the MOF-based drug delivery system
(DDS) has demonstrated an unprecedented opportunity for
the treatment of cancer.5−7 However, applications of MOF-
based DDS are limited by their short in vivo circulation time
and rapid phagocytic clearance.8

Recent years have witnessed significant effort dedicated to
the development of novel drug delivery systems based on the
living circulatory cells carrying drug-laden nanoparticles that
link to the exterior surface of the cells.9−14 Due to many
attractive and distinctive features arising from circulatory cells,
such as enhanced mobility, and a long circulation lifespan, the
novel cell-mediated drug delivery systems (c-DDS) demon-
strated enhanced drug carriage and controlled drug release.8,9

For example, Mitragotri’s group demonstrated the use of red

blood cells (RBCs) as a carrier to prolong the resistance time
of nanoparticles in blood.15,16 Irvine et al. covalently attached
drug-laden nanoparticles to therapeutic T cells and stem cells
to activate T cells and increase the population of the stem cells
in vivo.17

Although these systems take advantage of both the unique
properties of the cells and the capabilities of the nanoparticles
for enhanced drug loading and controlled drug release, these
conventional methods still possess two major limitations. First,
the interaction between nanoparticles and cell membrane leads
to nanoparticle accumulation and subsequent internalization
by phagocytosis or micropinocytosis.18 This natural uptake
mechanism of mammalian cells limits the type of therapeutic
agents that can be carried by the circulatory cells because a
drug with high cytotoxicity can induce cell death before
reaching the target tissue.19,20 To overcome the internalization
problem, cellular backpacks, i.e., micron-scale patches a few
hundred nanometers thick, were proposed.21−23 Due to their
microsize, the cellular backpacks are not engulfed by the carrier
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cells. However, the fabrication involves a costly and time-
consuming layer-by-layer (LbL) process, and yet the amount
of the drug-laden “backpacks” that can be attached to the cell is
limited. Second, cell-mediated drug delivery systems as
reported are mostly designed to maximize drug loading
capacity by randomly coating the drug-laden nanoparticles
on the entire surface of the cells.15,16 This complete and
nonspecific blockage of the cell surface with the nanoparticle
layer may prohibit the cell to physically interact with its
microenvironment, hampering the cell binding with the target.
Here, we present a novel c-DDS system, termed MOF-

coated Janus carrier cells, which resolves the problem of
nanoparticle internalization and of the cell−microenvironment
binding issue. MOF-coated Janus carrier cells are prepared by
asymmetrically immobilizing the nanoparticles of a zinc-based
MOF (ZIF-8, see the Material and Methods section) with
cytotoxic enzymes encapsulated onto the surface of carrier cells
(Scheme 1). Tannic acid (TA) is used to prevent the typical

nanoparticle internalization pathway and to establish highly
stable interactions between MOF nanoparticles and MOF-cell
membranes via the multidentate tannic acid complexation.24,25

By maintaining the biological and structural features of regular
living cells, the MOF-coated Janus cells developed in the
present study preserve the intrinsic binding capacity of the cells
to their microenvironment. Furthermore, upon arriving at
cancer cells, the MOF nanoparticles on the carrier cells quickly
degrade and release the cytotoxic enzymes under acidic
conditions, as described in the scheme.

■ RESULTS AND DISCUSSION
Validation of Stability of MOF Nanoparticles after

Tannic Acid Application. From a DDS perspective, the
stability of drug-laden MOF nanoparticles is a critical issue
since the occurrence of unwanted leakage of the encapsulated
drugs can seriously compromise the cell viability of the carrier.
Therefore, before moving on to study the formation of MOF-
coated Janus cell, the stability of MOF nanoparticles after TA
application was examined in terms of nanoparticle morphol-
ogy, crystallinity, and porosity.

The TA-coated ZIF-8 nanoparticles (ZIF-8-TA) were
prepared by incubating ZIF-8 nanoparticles in the TA solution
(0.4 mg/mL) for 10 min with gentle stirring. As shown in
Figure 1A, ZIF-8 nanoparticles have an average size of 160 nm;
Figure S1A shows the polydisperse particle size distribution.
No conspicuous morphology alteration was observed after
incubation of ZIF-8 nanoparticles in the TA solution (ZIF-8-
TA) for 10 min. Furthermore, Figure 1B demonstrates that the
crystallinity of ZIF-8 is little affected by the incubation. The
change in porosity and pore size was also investigated via
nitrogen adsorption−desorption measurements. In both ZIF-8
and ZIF-8-TA, steady N2 adsorption at low relative pressure
was observed (Figure 1C), and the Brunauer−Emmett−Teller
(BET) surface areas of ZIF-8 and ZIF-8-TA are 1599 and 1574
m2/g, respectively. Furthermore, as shown in Figure 1D, no
transition of porous structures occurred due to the TA
sculpturing process. These results illustrate that the stability of
MOF nanoparticles is preserved even after the TA-assisted
MOF coating on the cells. This conclusion is encouraging
because the stability of nanoparticle capsules is critical for the
safe protection of carrier cells against the cytotoxic effect of
drug molecules.

Preparation of MOF-Coated Janus Cells. The MOF-
coated Janus cells were developed as follows. A breast cancer
cell line (MDA-MB-231 cell) was selected as a model
circulatory cell since it has been shown homing back to their
tumor of origin and been suggested as a good cancer cell-
targeted drug delivery mediator.26 First, the MDA-MB-231
cells attached to the ECM (extracellular matrix)-coated plate
are interacted with ZIF-8 nanoparticles under aqueous
conditions to facilitate the formation of multiple noncovalent
bonding between the nanoparticles and cellular membrane
components.13,14 Then, TA, which is widely used for diverse
pharmacological and biomedical applications,25 is introduced
to the system to achieve a highly stable multitude of MOF−cell
membrane and MOF−MOF interactions via the multivalent
tannic acid complexation.27,28

Figure S1B shows well-adhered nanoparticles on the cell
surface. Energy-dispersive spectrometry (EDS) mapping
reveals the uniform distribution of Zn2+ metal and confirms
that the ZIF-8 nanoparticles are successfully attached to the
cell surface. Fourier-transform infrared (FT-IR) spectroscopy
was further performed on ZIF8 and TA-coated MDA-MB-231
cells to verify the formation of coordination bonds between TA
and ZIF-8 nanoparticles (Figure S1C). Similar to the previous
report by Zhu et al., the characteristic peaks at 1179 and 994
cm−1 assigned to the vibration of CN and C−N in the
imidazole ring of ZIF-8 and 1080 cm−1 assigned to the
stretching vibration of C−O in tannic acid were examined, and
the presence of TA and the zinc coordination bond was
confirmed.24 Next, confocal microscopy was used to verify the
asymmetric coating of MOF nanoparticles (Figures 2A and
S1D). For visualizing the location of MOF nanoparticles under
a fluorescence microscope, FITC-labeled MOF nanoparticles
were used. Figure 2A shows that the MOF nanoparticles are
asymmetrically attached to the particles. The cell viabilities of
MDA-MB-231 cells after the asymmetric surface modification
were 85.2, 82.4, and 88.8% for 0, 24, and 48 h after coating,
respectively (Figure 2B).
When these MOF-coated carrier cells are removed from the

plate, MOF-coated Janus cells contain the parts of the cells that
were in contact with the plate becoming the bare face of the
Janus structure. These collected Janus cells were examined

Scheme 1. Schematic Illustration of the Development of
MOF-Janus Cell-Based Drug Delivery System
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under a fluorescence microscope and SEM. The asymmetric
fluorescence signal originating from MOF was maintained in
the free-floating MOF-coated cells, as shown in Figure 2C.
Flow cytometry analysis demonstrated that over 80% of the
collected Janus cells carried FITC-labelled MOF nanoparticles
as shown in Figure 2D. Interestingly enough, the SEM
micrograph in Figure 2E reveals the nanoparticle presence as a
form of a microsized patch on the cell surface. It is noted in
this regard that, unlike the conventional microsized backpack,

the developed nanoparticle patch makes conformal contact
around the curved cell surface, which indicates more stable
attachment of the drug on the carrier cells with the help of
TA.21−23

Ability of Microenvironment Binding and Trans-
migration across the Endothelial Monolayer. In circu-
latory cells such as blood circulating tumor cells, or T-cells,
membrane proteins such as integrin proteins have a central
role in extravasation and transmigration across the endothe-

Figure 1. Verification of tannic acid (TA)-derived decomposition of ZIF-8 nanoparticles. High-resolution scanning electron microscopy (HR-
SEM) micrograph of (A-i) native ZIF-8 and (A-ii) TA-coated ZIF-8 (scale bar: 200 nm). (B) X-ray diffraction (XRD) spectra of ZIF-8 and TA-
coated ZIF-8. (C) The N2 adsorption graph of native ZIF and tannic acid-coated ZIF-8. (D) Pore size distribution of native ZIF-8 and tannic acid-
coated ZIF-8.

Figure 2. Development of MOF-coated Janus cells. (A) The Z-stacked confocal micrographic image of ZIF-8 coated glass adherent cells (blue: cell
nucleus, green: FITC-labeled ZIF-8, scale bar: 5 μm). (B) Cell viability assay of glass adherent mammalian cells coated with ZIF-8 nanoparticles.
(C) Confocal micrographs of (C-I) native cell (C-II) Janus cell (scale bar: 5 μm). (D) Flow cytometry analysis of Janus cells carrying FITC-
labelled ZIF-8 nanoparticles. (E) SEM micrograph of the native cell and the MOF nanoparticle patch attached onto the Janus cell (bar: 1 μm). The
p value in (B) was calculated using the t-test (***p < 0.001, **p < 0.01, * p < 0.05).
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lium or lymph node.29−31 Despite the importance of the
aforementioned integrin protein, however, the conventional
design of c-DDS has attempted to fully conjugate the drug
molecules on the cell surface.15−17,21−23 Unlike the conven-
tional design, the MOF-coated Janus cells developed in our
study preserve the biological and structural features of the
MDA-MB-231 cells. In Figure 3, comparisons are made
between the naked MDA-MB-231 cells, Janus cells, and MDA-
MB-231 cells coated with ZIF-8 nanoparticles on the entire
surface for the cell−microenvironment interaction. The cells
were seeded on an ECM-coated commercial 12 well plates
separately and incubated in a CO2 incubator at 36 °C with cell
culture media and 5% fetal bovine serum for 6 h. After washing
the cells multiple times with phosphate-buffered saline (PBS),
the cell attachment on the substrate was examined with a
microscope.
Figure 3A−C shows that the naked MDA-MB-231 cells and

Janus cells are well attached on the substrate but the cells fully
coated with ZIF-8 nanoparticles are barely attached on the
substrate. Differences in morphology were observed between
the naked cells and Janus cells. The attached Janus cells
typically maintained a confined shape, while the naked cells
exhibited an elongated and stretched shape. This restricted
morphology of the Janus cells might be due to the rigid ZIF-8
nanoparticles coated on the cell membrane tightly gripping the
cell.

To verify that degradation of MOF does not affect the
morphology and viability of the Janus cell, the MOF coated on
the cell was decomposed by placing the Janus cell in acidic
culture media at pH 6 for 1 h; then the media was exchanged
with the fresh cell culture media at neutral pH. Upon removing
the ZIF-8 nanoparticles, the Janus cells started to stretch and
become elongated like native MDA-MB-231, while the
untreated Janus cells retained the round morphology (Figure
3D,E). The recovered cell viability was also verified by a cell-
permeable fluorescent probe, calcein AM, that interacts with
the esterase present in the healthy cell cytoplasm. As seen in
Figure 3F, the Janus cells showed good cell viability even after
the removal of ZIF-8 nanoparticles (Figure S2).
A preliminary in vitro test was also carried out to show

whether Janus cells were able to cross an endothelial cell
monolayer. Janus cells were incubated in transwell plates
containing a cell monolayer of human endothelial cells
(HUVEC) and chemoattractant, hEGF, that was placed in
the lower chamber.32 As shown in Figure 3G, Janus cells as
well as native MDA-MB-231 cells can across the HUVEC cell
monolayer in vitro, although the number of Janus cells that
were transferred across the monolayer was slightly lower than
that of native MDA-MB-231 cells.

Delivery of Proteinase K to the In Vitro Cancer
Model. Confirmations of the successful formation and
performance evaluation of Janus cells prompted us to test its
potential use in cytotoxic drug delivery and cancer targeting.

Figure 3. Integrin-mediated cell−microenvironment interactions. The micrograph of glass adherent (A) native cells, (B) MOF-Janus cells, and (C)
ZIF-8 fully coated cells. The microscopic image of MOF-Janus cells incubated with DMEM at (D) neutral pH and (E) at pH 6 for 1 h. (F) Viability
of MOF-Janus cells after removal of the ZIF-8 nanoparticles at pH 6. (G) In vitro assay of the translocation of native MDA-MB-231 cells and
MOF-Janus cells across endothelial cell monolayers. The p value in (G) was calculated using the t-test (***p < 0.001, **p < 0.01, *p < 0.05).
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For this purpose, proteinase K, a nonspecific serine protease
known to quickly digest cell surface proteins and lyse cells, was
selected as a mock drug that is delivered to the target cancer
tissue. Before proceeding to the test, however, a number of
points need to be checked and clarified. Of interest, for
instance, is the amount of proteinase K encapsulated by MOF,
or encapsulation efficiency defined by the percentage of
proteinase K successfully entrapped into the MOF nano-
particles. A one-pot synthesis method was used to prepare
proteinase K-containing MOF of ZIF-8 (proteinase K@MOF)
by adding 0.07 mg/mL Zn(OAc)2(aq.) to an aqueous solution
of 2-methylimidazole (Hmim; 0.1 g/mL) that contains various
concentrations of proteinase K; the morphology of proteinase
K-encapsulated MOF nanoparticles was examined under an
SEM (Figure S3A). The particle size of proteinase K@MOF
was a bit larger than that of native ZIF-8, which might be
attributed to the influence of the enzyme on the process of
nucleation and growth of ZIF-8.33 The amount captured or
encapsulated by MOF was determined by decomposing the

MOF in an acidic solution and then using UV−vis and
Bradford assay for the quantification with the help of a
standard curve generated with known concentrations of
proteinase K (Figure S3B). Figure 4A shows that the
efficiencies, on average, are 30.0, 46.6, and 75.2% for 0.5, 1,
and 1.5 mg/mL concentration of proteinase K, respectively;
note that the encapsulation efficiency of protein-concentration-
dependent increase was similar to that of previous report.34

Cell viability in the presence of bare proteinase K and
proteinase K contained in MOF nanoparticles was probed by
introducing them to MDA-MB-231 cells attached to a glass
substrate. For this purpose, the proteinase K@MOF nano-
particles containing 0.15 mg of proteinase K were dispersed in
(i) 1 mL of serum-free cell culture media and (ii) 0.15 mg of
only bare proteinase K dispersed in the same media. Within an
hour, most of the cells incubated with bare proteinase K were
detached from the glass substrate (Figure 4B-i). However, the
MDA-MB-231 cells incubated with proteinase K@MOF
nanoparticles established stable attachment on their substrate

Figure 4. In vitro drug delivery and cancer spheroid targeting of MOF-Janus cells. (A) Encapsulation efficiency of various concentrations of
proteinase K in ZIF-8 nanoparticles. Microscopic images of cells treated with (B-i) native proteinase K and (B-ii) the proteinase K@MOF
nanoparticle for an hour. (C) Percent cell viability after treatment with native proteinase K or the proteinase K@MOF nanoparticle for 1 h. (D)
Confocal micrograph of proteinaseK@MOF attached on cells (blue: cell nucleus, red: proteinase K). (E) Cell viability of MOF-Janus cells after
attachment of proteinase K on its surface for 1 and 6 h. (F) Target breast cancer tissue viability after coincubating with MOF-Janus cells containing
different concentrations of proteinase K for 1, 3, and 5 h. (G) Cell viability of Matrigel-embedded MDA-MB-231 (green: live cells, red: dead cells,
blue: all cell nuclei). (H) MOF-Janus cells targeting site attachment and release of proteinase K to kill Matrigel-embedded MDA-MB-231 (green:
MOF-Janus cells, red: dead cell nuclei, blue: all cell nuclei). The p values in (C) and (F) were calculated using the t-test (***p < 0.001, **p < 0.01,
*p < 0.05).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c01927
ACS Appl. Mater. Interfaces 2021, 13, 18545−18553

18549

http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01927/suppl_file/am1c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01927/suppl_file/am1c01927_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01927?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01927?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01927?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01927?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c01927?rel=cite-as&ref=PDF&jav=VoR


(Figure 4B-ii). The viability as determined by the MTS assay
was 39.7% for the bare proteinase K exposed group and 93.9%
for the proteinase K@MOF exposed group (Figure 4C). These
results confirm stable encapsulation of proteinase K inside
MOF nanoparticles and successful blockage of direct
interaction between proteinase K enzyme and MDA-M-231
cells.
Figure 4D shows TA-assisted stable binding of proteinase

K@MOF on the cells identified via confocal micrography. For
better visualization of the proteinase K location on the cells,
proteinase K was labeled with Cy5 fluorophore prior to MOF
encapsulation and attachment on the cell surfaces. The total
amount of proteinase K attached per 1 × 106 cells was
calculated to be 0.167 mg; 14.8% of the total amount of
proteinase K@MOF treated were loaded per 1 × 106 of carrier
cells.
The protection of the MDA-MB-231 carrier cells against the

cytotoxic drug, which is afforded by MOF, was checked by
incubating the carrier cells coated with MOF nanoparticles
containing proteinase K in a CO2 incubator with serum-free
cell culture media. The MTS assay was performed to quantify
the cell viability and bare MOF-nanoparticles-linked cells were
used as a control. Figure 4E shows that the cell viability was
98.1 and 86.2% after 1 and 6 h, respectively, confirming
successful carrier cell protection against the drug toxicity. The
cell viability of whole coated cells was 74.6% after 6 h (Figure
S4A). The slight decrease in cell viability for a longer
incubation time was presumed to be due to the release of
loosely bound proteinase K on the surface of the MOF
nanoparticles.
To finally test the MOF-Janus cell-based c-DDS for cancer

therapy, the release behavior of proteinase K from MOF and
the dosage requirement were examined. For the release
behavior, proteinase K@ZIF-8 containing 0.15 mg of
proteinase K was dissolved in DMEM at pH 6, the pH
known to be prevalent in extracellular and interstitial space of
tumors, and the amount of protein in the solution was
measured over time using UV−vis and Bradford assay (Figure
S4B). A 100% protein release was observed within 60 min.
Although the release behavior would depend on pH, this trend
of fast dissolution of ZIF-8 nanoparticles is similar to that
reported earlier.35

To optimize the dosage, three batches of Janus cells
containing 1, 0.1, and 0.01 μg/mL each of proteinase K were
introduced to the confluent monolayer of MDA-MB-231 cells
(2D breast cancer tissue) cultured in 96 well plates. To mimic
the cancer microenvironment, cell culture media was adjusted
to pH 6, and cell viability was quantified by MTS assay over
time. Figure 4F shows that the percent viability of 2D breast
cancer tissue subjected to the Janus cells of 1 μg/mL
proteinase K decreased from 92.0% in 1 h to 32.5 and 27.2%
in 3 and 5 h, respectively. When the dosage was decreased to

0.1 μg/mL, the corresponding percent viabilities were 89.2,
69.2, 30.9% for 1, 3, and 5 h of incubation, respectively. When
it was further decreased to 0.01 μg/mL, no significant change
in the cell viability was observed; the cell viabilities were 79.9,
78.5, and 80.9% for 1, 3, and 5 h of incubation, respectively.
For an in vivo-like cancer therapy, three-dimensional (3D)

tumor spheroids were produced by culturing MDA-MB-231
mixed with Matrigel via the hanging drop technique.36 After 2
days of incubation in a CO2 incubator, the spheroid formation
was observed under a microscope. The viability of the
developed tumor spheroids in Matrigel was confirmed with
calcein AM and propidium iodide (PI) staining as shown in
Figure 4G. When the Janus cells containing 1 μg/mL
proteinase K were introduced to the cancer spheroids system,
stable attachment of the Janus cells on the surface of the cancer
spheroids embedding Matrigel was observed (Figure S5).
Once the tumor extracellular environment-like condition was
mimicked in the system, rapid death of tumor spheroid cells
and the Janus cells occurred within 3 h (Figure 4H). These
results demonstrate the toxic therapeutic protein delivery
effectiveness and cancer targeting efficiency of the c-DDS
developed here.

Development of Multiprotein-Loaded Janus Cells.
The ability to carry and deliver a variety of enzymes and even
multiple enzymes should help establish the Janus cells as a
general platform for cell-mediated drug delivery. For a
demonstration, MOFs encapsulating proteinase K, urease,
and bovine serum albumin (BSA) were prepared, each labeled
with different fluorescent dyes (Figure S6). A simple mixing of
the protein containing MOFs with mammalian cells and
subsequent TA-assisted binding led to cells loaded with
multiple enzymes. Figure 5 shows the results of successful co-
loading on the cells of two proteins and three proteins of
BSA@MOF, proteinase K@MOF, and urease@MOF, respec-
tively. This ability to carry multiple enzymes in the MOF of the
Janus cell DDS developed here bodes well for combination
therapy, a treatment modality that combines two or more
therapeutic agents as a cornerstone of cancer therapy that has
drawn great interest.37−40

■ CONCLUSIONS
In summary, Janus carrier cells coated with interwoven MOFs
only on one face of the Janus structure have been developed as
a cell-mediated DDS. The interwoven MOFs on the carrier
cells cannot be internalized, resulting in the protection of the
carrier cells from the cytotoxic proteins contained in the
MOFs. Interaction of the carrier cells with the target cells is
assured by the bare face of the Janus cells. The cytotoxic
proteins in the MOFs are released when the MOFs reach the
target cells in an acidic environment. Effective elimination of
cancer cells has been quantitatively confirmed by introducing
the proteinase K-containing MOF-Janus cells to in vivo-like

Figure 5.Multiproteins loading onto the MOF-Janus carrier cells. (A) Dual-protein loading on carrier cells. (B, C) Triple-protein loading on carrier
cells in two different magnifications (red: proteinase K, green: BSA, yellow: urease, blue: cell nucleus).
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cancer environment. The entire process of preparing Janus
cells takes less than 15 min, including the synthesis of drug-
laden MOF nanoparticles, asymmetric attachment of the
nanoparticles to the cell surface, and detachment of the MOF-
coated cells from the substrate. The ability of the MOF-Janus
cells to deliver a variety of proteins and even multiple enzymes
makes the system suitable for a general platform for cell-
mediated drug delivery. It also opens the door to co-delivery
applications, including combination therapy.

■ MATERIALS AND METHODS
Preparation of Fluorophore-Labeled Proteins. Proteinase K,

BSA, and urease were separately prepared by labeling each protein
with Cy5, FITC, and Cy5.5 fluorophores. Briefly, the enzyme of
interest was first dissolved in PBS (1×; pH 7.4) at 1 mg/mL.
Subsequently, 4 μL of the sulfo-fluorophore-NHS ester (1 mM;
Lumiprobe) was added and incubated for 30 min. Then, the modified
proteins were purified three times with PBS through a 100 kDa filter
(Millipore) with centrifugation at 3600 rpm for 10 min.
Synthesis of Enzyme-Encapsulated or -Unencapsulated

ZIF-8 Nanoparticles. 2-Methylimidazole (Hmim, 0.1 g/mL)
dissolved in 1× PBS was added to an equal volume of 0.07 g/mL
zinc acetate (Zn(OAc)2(aq.)) dissolved in 1× PBS. After stirring for
10 min at room temperature, the particles were collected by
centrifuging at 10 000 rpm for 5 min. The collected particles were
washed with ethanol and water several times. For the synthesis of
enzyme-encapsulated ZIF-8, the enzyme of interest was added to 0.1
g/mL Hmim and 0.07 g/mL Zn(OAc)2(aq.). After stirring for 10 min
at room temperature, the particles were collected via repeated
centrifuging and washing with ethanol and water.
Tannic Acid Binder-Assisted ZIF-8 Coating on Living Cells

(ZIF-8/TA-Coated Cells) and Formation of MOF-Janus Cells.
The coating of ZIF-8 nanoparticles on living cells was performed
following the previously reported method with slight modifications.19

Briefly, approximately 1 × 105 MDA-MB-231 cells were plated in 12
well plates and cultured in Dulbecco modified Eagle’s medium
(DMEM) at 37 °C in a humidified 5% CO2 incubator. After reaching
80% confluence, the cells were rinsed with 1× PBS, and then 500 μL
of 20 mg/mL ZIF-8 nanoparticles that were monodispersed in 1×
PBS solution was added to the cells. After 15 s of gentle shaking, 500
μL of 32 μg/mL tannic acid in 1× PBS solution was added into the
system for 30 s. Then, the unbound ZIF-8 nanoparticles were
removed from the system via repeated washing with DMEM. The
formation of MOF-Janus cells was achieved via introducing trypsin
(0.25 mg/mL) into the ZIF-8-coated cells for 3 min with gentle
shaking. The detached cells were collected through centrifugation and
fresh DMEM was introduced into the MOF-Janus cells. The
formation of ZIF-8-coated MOF-Janus cells was confirmed using an
LSM 700 microscope (Zeiss, Axio Observer) and flow cytometry (BD
CytoFLEX).
Chemotaxis Assay. Migratory activities of Janus cells were

investigated using an in vitro model of the confluent monolayer of
HUVEC cells that were grown on poly(ethylene terephthalate) (PET;
8 μm pore) inserts. FITC-labeled Janus cells (1.5 × 105 cells/mL),
suspended in a medium (50% DMEM, 50% EBM, 0.1% bovine serum
albumin), were added into the HUVEC cells contained in the upper
chambers. Native MDA-MB-231 cells were used as a control. We
loaded EGF, a well-known cancer cell chemoattractant, into the lower
chamber.20 Following incubation for 12 h in 5% CO2 at 37 °C, the
cell inserts were removed. Cells in the bottom chamber were collected
and counted. The Janus cell percent transfer across the HUVEC
monolayers was calculated by subtracting the number of retrieved
Janus cells from the original. Each experiment was triplicated.
Formation of Multiprotein-Loaded MOF-Janus Cells. MOF-

encapsulated enzymes were separately prepared via mixing fluo-
rescent-labeled proteinase K, BSA, and urease with ZIF-8 precursors.
The collected nanoparticles were resuspended in fresh DMEM; equal
volumes of different ZIF-8-encapsulated MOFs were mixed together.
Then, 500 μL of mixed ZIF-8 nanoparticle-encapsulated enzymes

were added to the MDA-MB-231 cells containing 12 well plates. After
15 s of gentle shaking, 500 μL of 32 μg/mL tannic acid in 1× PBS
solution was added into the system for 30 s. Then, the unbound ZIF-8
nanoparticles were removed from the system via repeated washing
with DMEM. The formation of ZIF-8-coated MOF-Janus cells was
confirmed using an LSM 700 microscope (Zeiss, Axio Observer).

Determination of Proteinase K Encapsulation Efficiency
and Release Profile by UV−Vis Spectroscopic Analysis. The
SDS-washed proteinase K-encapsulated ZIF-8 nanoparticles were
suspended in 1 mL of citric acid (pH 6) for 6 h to release
encapsulated protein via acidic decomposition. The resulting solution
was treated using an ultrafiltration device (Millipore, 100 kDa). After
washing two times with ultrapure water, the resulting solution (100
μL) was mixed with 1 mL of Bradford solution (Sigma-Aldrich), and
the solution was incubated for 5 min at room temperature. The
spectra were collected on a UV-2550 spectrometer (Shimadzu,
Japan). The encapsulation efficiency of the protein was calculated
using the ratio of absorbance of protein collected from the protein-
encapsulating ZIF-8 nanoparticles to the absorbance of proteins of the
concentration initially provided in the reaction mixture for the
synthesis of proteinase K@MOF nanoparticles. For the determination
of the release profile, the washed samples were incubated in citric acid
(pH 6). Every 5−10 min, 100 μL of the sample solution was
withdrawn and mixed with 1 mL of the Bradford solution. The
amount of proteins released from the MOF nanoparticles was
determined using a UV-2550 spectrometer (595 nm). All of the
experiments were performed in triplicate. The overall amount of the
protein content of the biocomposite was then compared with the
amount of protein obtained by dissolution.

Quantification of the Amount of Proteinase K Loading on
the Carrier Cells. MDA-MB-231 cells (1 × 106) were cultured in
each well of the 12 well plates. Approximately, 20 mg of MOFs
containing proteinase K was introduced to each well, and an
asymmetric coating of proteinase K@MOF on the cells was carried
out. The unbound MOF nanoparticles were collected from the
supernatant and the nanoparticles were decomposed in the citrate
phosphate solution (pH 6) for 6 h. The amount of the retrieved
protein was measured using the UV−vis and Bradford assay. The
amount of proteinase K loading on the carrier cells was calculated by
subtracting the amount of retrieved proteinase K from the original
amount of proteinase K treated with 1 × 106 MDA-MB-231 cells.
Each experiment was performed in triplicate.

Delivery of Proteinase K with MOF-Janus Cells to 2D Breast
Cancer Cell Tissue and Cancer Spheroid and Cell Viability
Assay. Two-dimensional (2D) breast cancer tissue was prepared by
seeding 1 × 104 MDA-MB-231 cells into the 96 well plates. Once a
confluent monolayer of tissue was formed, MOF-Janus cells with
proteinase K at concentrations of 1, 0.1, and 0.01 μg/mL were
introduced into each well. To induce the release of proteinase K from
MOF nanoparticles, fresh DMEM at pH 6 was introduced to the
system. The cancer tissue viability at different incubation times was
measured using an MTS assay kit. As a control, the 2D breast cancer
tissue incubated with the same number of MOF-Janus cells without
proteinase K was used. All of the experiments were performed in
triplicate. The formation of the cancer spheroid was performed as a
3D tissue model. Briefly, Matrigel (Corning) was first diluted with
DMEM containing 5% FBS, 1× Pen Strep to a final concentration of
0.1 mg/mL. One milliliter of the diluted Matrigel was mixed with (8−
10) × 105 MDA-MB-231 cells. Using a 100 μL pipette, 30 μL of drops
were added to the bottom of the 24 well plates. The well plate was
inverted and incubated at 37 °C/5% CO2 overnight allowing gel
formation. After 2 days of incubation in a CO2 incubator, with FBS
containing cell culture media, MOF-Janus cells with proteinase K at a
concentration of 1 μg/mL were introduced into the system and
cocultured for 4 h. Then, to induce the release of proteinase K from
MOF nanoparticles, fresh DMEM at pH 6 was added to the system.
The cancer tissue viability at different incubation times was examined
via live/dead assay with calcein AM and PI staining. A confocal
microscope was used for the visualization of the live and dead cells. Z-
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stacking was performed to further examine the location of dead cells
in the 3D gel.
Characterization of ZIF-8-Coated Cells by Scanning Elec-

tron Microscopy. ZIF-8-coated MOF-Janus cells were fixed with
2.5% glutaraldehyde (Sigma-Aldrich). Then, the cells were sequen-
tially dehydrated with 25, 50, 75, 85, 95, and 100% ethanol solution in
PBS. Then, they were completely freeze-dried overnight. The sample
was sputtered with Pt prior to imaging. SEM micrographs of the
sample were taken using a high-resolution FE-SEM at an accelerating
voltage of 10.0 keV.
Statistical Analysis. The statistical significance of the obtained

results was determined using Student’s t-test. A significance level was
chosen at a minimum p value of 0.05.
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