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ABSTRACT:Mammalian cells are promising agents for cell therapy, diagnostics, and, = .«
drug delivery. For full utilization of the cells, development of an exoskeleton may be A
benecial to protecting the cells against the environmental stresses and cytotoxinspgqeasea
which they are susceptible. We report here a rapid single-step method for growing metal
organic framework (MOF) exoskeletons on a mammalian cell surface under ¢ 2
cytocompatible conditions. The MOF exoskeleton coating on the mammalian cells&a&on
developed via a one-pot biomimetic mineralization process. With the exoskeleton on, the
individual cells were successfully protected against cell protease (i.e., Proteinase K),
whereas smaller-sized nutrient transport across the exoskeleton was maintained. ﬁ =
Moreover, vital cellular activities mediated by transmembrane GLUT transpofter 74
proteins were also urgted by the MOF exoskeleton formation on the cell surfages=ssss 27
Altogether, this ability to control the access of spaoiecules to a single cell throughvor coated mammalian cell
the porous exoskeleton, along with the cytoprotection provided, should be valuable for
biomedical applications of mammalian cells.

KEYWORDS:arti cial exoskeleton, biomimetic mineralization, cytoprotection, mammaliangasicrfrarmeworks

INTRODUCTION organic linkers. Among them, zeolitic imidazolate frameworks

Mammalian cells such as stem cells can be promising agentd4frS): Which consist of metal ions bridged tetrahedrally by
cell therapy, diagnostics, and drug deﬁv%r;rlowever, |m|QazoIa§e-type linkers, are often addressgd in encapsulating
because of the absence of a robust cell wall or exoskeleté#fjous biomolecules such as proteins, insulin, and DNA
mammalian cells are sensitive to the subtle changes in thefcause of its well-known biocompatibility, exceptional
microenvironment such as osmotic pressure, nutrient level, gi{temical stability, and the potential to be synthesized in
cytotoxiné.It is, therefore, necessary for full utilization of thepure water conditions. Another bera feature of ZIF is its
mammalian cells that they are protected and their viabilities drigh porosity; the highly porous property of ZIF allows
assured. delivery of small-sized molecules such as nutrients from the

The eld of articial cell coating with mechanically durableexternal environment to the encapsulated biomolecules
materials has matured rapidly since the pioneering work in ttt@ough the microsized pot@s’* Thus, recently, the concept
early 2000s. Although early research humbly began by coatizg been extended from their use as matrices for encapsulating
dead cells, it quickly evolved into coating of individual livingiomolecules to more complex systems like mammalian cells.
cells’ ° The synthetic strategies with various materials such gsr example, Zhu et al. have reported a cell-in-shell structure
silicon dioxide, silicon dioxide-titanium dioxide, polydopamingy, |inking separately synthesized ZIF nanoparticles (ZIF NP)
and iron-tannate coordination complex have been reported fgto the individual mammalian cell surface assisted by tannic
the formation of cell-in-shell structdfe$: Interestingly,  .cid as a chemical binderlthough ZIF NP-coated cells

these (t:oatl_ng protcesses haeﬁedgdjzggleet. of Cly '[tpprotectlo; successfully demonstrated good cell viability under the stressful
against various stresses such a diation, lyticase, an conditions, the tannic acid treatment still induce stress on the
toxic nanoparticles. However, complicated and time-consum-

ing multistep processes for cell coating and poor control of the—— -
permeability of the coating have also been iggntis  Received: April 21, 2021
weaknesses of the systeims.Therefore, a simpéid coating ~ /Accepted: June 10, 2021
process would certainly be berad for reducing stress to the
extremely labile mammalian cells.

Metal organic frameworks (MOFs) are a class of porous
materials that are constructed from metal nodes connected via
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cell and can possibly deteriorate the intrinsic porous properti@dmim) were separately prepared i PBS solution. The
of the MOF shef>*® milky solution was perceived instantly after equal volumes of
An alternative approach to develop a MOF-coated cell is vilae two solutions were poured and stirred at room temper-
biomimetic mineralizatiéh.In this method, nucleation and ature. The collected products were compared structurally with
growth of the MOF precursors are facilitated by a biomolecultie reported ZIF-8 as formed in DI water condition by
rich cell membrane; and cell coating is achieved in a rapahalyzing powder X-ray mdiction (PXRD) in the presence of
single-step and binder-free manner. Thus, herein, ve®mmercial TiQ(anatase) as an internal standard, scanning
demonstrated the formation of protective ZIF-8 shell orelectron microscopy (SEM), and Brunabermett Teller
individual human breast cancer cells (MDA-MB-231) as afBET) measurements.
arti cial exoskeleton applyingorhimetic mineralization The sharp XRD pattern that represented the high
approach. The well-known stability and biocompatibility ofrystallinity of the product were observed after 5 min synthesis
ZIF coating layer must protect the mammalian cells to enhanoé ZIF-8 in X PBS solution; the intensity of the peak
the tolerance in cytotoxic enzyme presenting environmentacreased with increasing synthesis tiure A). The
Furthermore, the highly porous nature of the ZIF layer allows
the transport of small essential nutrients like glucose from A i B i)
environment to the cells without disrupting the intrinsic | | | :
function of transmembrane protein such as GLUT transportc |l ol o Lo
(Scheme)1 The formation of ZIF-based actal exoskeleton
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Figure 1.Characterization of ZIF-8 nanoparticles synthesized in 1

#Nutrients such as glucose can pass through the exoskeleton, whepsss. (A) XRD patterns of ZIF-8 nanoparticles synthesize®BSL
cytotoxins cannot. for 5 min, 30 min, and 1 h. (B) High-resolution SEM images of ZIF-8
nanoparticles inxIPBS for (i) 5 min, (ii) 30 min, and (iii)) 1 h (Bar:
200 nm). (C) XRD patterns of the ZIF-8 nanoparticles incubated in
on the mammalian cell will certainly be beaknot only for  cell culture media for 6 and 12 h. (D) BET patterns of ZIF-8
the safe handling of the cells but also for biomedicalanoparticles incubated in cell culture media for 0, 6, and 12 h.

applications.

SEM images ifrigure B andFigure Slishow the unique

RESULTS AND DISCUSSION morphology of the particles with no discernibégelice. The
Synthesis of MOF Nanoparticles in Phosphate Buer average particle size gradually increased with longer synthesis
Saline and Validation of Stability in Cell Culture Media. time as expected, approximately 140 nm for 5 min, 280 nm for

Typically, the biomimetic mineralization method for bio-30 min, and 320 nm for 5 min, 30 min, and 1 h of synthesis,
molecule encapsulation is performed via one-pot synthesisspectively. Nadsorptiondesorption isotherms of ZIF-8
whereas biomolecules such as proteins are dispersedpinduct exhibited a type | branchegifre S2A The BET
deionized (DI) water with MOF precursorsHowever, surface are&{zy) and micropore volume were calculated to
unfortunately, the reported DI water-based coating methdoe 1061 rfig and 0.27 crifg, respectively. These results
with MOF precursors is not suitable to apply in mammaliasigni es that the overall structure of the synthesized ZIF-8
cell coating because the process-driven osmotic pressargstals is nearly analogous to the structure of standard ZIF-8
induces mammalian cell ruptir&herefore, development that was synthesized in DI wafem addition, the size-
of a new protocol is highly demanded for MOF synthesis odependent permeability of ZIF-8 was @drusing molecular
the mammalian cells in cytocompatible conditions. dyes of dierent sizesHjgure S2B, )C

In light of this issue, we chose RBS (phosphor ber As we are interested in applying ZIF-8 as an individual cell
saline), one of the most commonly used cytocompatiblexoskeletal coating material, the structural stability of the
solvents, to examine the synthesis of ZIF-8. Initially, zirgynthesized ZIF-8 in cell culture media is s@mi Upon
acetate dehydrate (Zn(OA€H,0) and 2-methylimidazole suspending the as-synthesized samples in cell culture media,
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Am > Al B of overlapping signals corresponding to O (From the MDA-
y ZIF-8 coated cell (1 hour) MB-231 cells), C (from the MDA-MB-231 cells and ZIF-8),
£ 1 LA S LRy and Zn (from the ZIF-8). Subsequently, we performed XRD
SV analysis of the coating to con the presence of ZIF-8
ZIF=8 coated cell (30 min) | particles on the cultured MDA-MB-231 cells with more than
M\;VWMW 80% conuences on the glass substrate. Thaation pattern
ZIF-8 coated cell (5 min) of ZIF-8-coated cells were examitigdre B. When the cells
were grown for 5 min in the ZIF precursor solution, the data
Nekedcen show the characteristic (011) and (112) peaks of the ZIF-8
crystal peaks with weak intensity, presumably due to the thin
M thickness of ZIF nanoparticles on the surfaces of MDA-MB-
w2 . 231 cells. Along the extended coating time, however, the
” - di raction pattern of ZIF-8-coated cells demonstrates the

L gradually increased intensity of the (011) and (112) peaks of
the ZIF-8 crystal; in addition, the characteristic peaks of ZIF-8,
Merged including (002), (013), and (222), began to appear. TEM
analysis was further performed to examine the thickness of
ZIF-8 layer covering a single cell surface. On the basis of the
TEM data, the thickness of the coating layer on the cell surface
varied approximately ranging from 50 to 400Figuie SB
This wide thickness distribution is often observed owing to
Figure 2.Development of ZIF-8-coated MDA-MB-231 cells. (A) uneven ZIF nucleation and growtl{. Next, cell viability
SEM imaging and EDS elemental mapping analyses of (i) naked egdsay was performed with Calcein AM to examinesttiot
surface, and (ii) ZIF-8 exoskeleton grown cell surface (baj). 2 7|E-g coating on the MDA-MB-231 cell viability. Calcein AM
(B) XRD patterns of standard ZIF-8 crystals and ZIF-coated cellg 5 co|| permeantiorescent dye that emitsorescence when
?gf;r. gom'rﬂj 30 min, and 1 h. (C) Cell viability upon ZIF-8 Coat'ngdigested by esterase, which is present in healthy IRreAsells.
i ' seen irFigure £ andFigure S4£a bright uoresce signal was
observed in ZIF-8-coated cells after the ZIF-8 coating process
Dulbeccts modied Eagls medium (DMEM), the structural ~ for 5 min. Note that, ZIF-8-coated cells maintained viability for
integrity was monitored by PXRD andsbrption Figure € 72 h (Figure S4B Interestingly, unlike the native cells, which
demonstrates that the normalized intensity of the peak arisiAgltiply rapidly and proliferate for 72 h, ZIF-8-coated cells
from the (011) plane of ZIF-8 crystal remained unchange€éxhibited arrested replication behavior, as showiguire
with an incubation time of up to 12 h. In addition, no S4C Hence, we carefully predict that MOF-coated cells
detectable change in nitrogen sorption was observed in ZIFegtered into a dormant state.
crystals before and after the incubation in DMEM, which In addition, comparisons are made between the native
indicates that all ZIF-8 samples remained intact in DMENMDA-MB-231 cells and MDA-MB-231 cells coated with ZIF-8
(Figure D). on the entire surface for the cell-microenvironment attach-
Rapid Single-Step Synthesis of MOF Exoskeleton on ~ ment. The native MDA-MB-231 cells adhered well to the
Mammalian Cells. The successful synthesis of the ZIF-8 inECM-coated substrate, whereas the cells completely coated
1x PBS solution prompted us to apply the protocol to thewith ZIF-8 hardly adhere to the substrdt@uie S4p
formation of exoskeleton on mammalian cells. Previous studié@wever, after removing the ZIF-8 layer, the substrate-
have shown that chemical functional groups su€CGH, unbound cells began to adhere to the substrate with good
OH, and NH, can promote the formation of a MOF thin cell viability as analyzed with Calcein AMure S4E
Im on the substrate by anchoring the metal and organic Validation of Cytoprotective Role of MOF Coating.As
linkers and nucleating the growth of the MOFs on thesuccessful formation of an exoskeleton layer around the cells is
substraté? Indeed, because of the presence of biomolecul@shieved, the armed protection potential of the ZIF-8-coated
(i.e., proteins) mammalian cell membranes are well cover®tDA-MB-231 cells in toxic condition is investigated under the
with the above functional grodpsTherefore, biomimetic simulated unpleasant environments in the presence of
mineralization of ZIF-8 occurs on the biomolecule-rich anBroteinase KM,, = 28.9 kDa), a nonspeciserine protease
negatively charged mammalian cell membrane by attractithat digests the cell surface proteins and deters the cell
and concentration of positively charged zinc ions around tlaslhesion®’ Note that, Proteinase K is selected as model
cell surface and subsequent crystallization of MOF crysytotoxin as it has similar size as antibSdiesvhen the
tals?>’***2 The ZIF-8-coated mammalian cells were producedaked cells and the ZIF-8-coated cells were separately cultured
by incubating the glass adhered MDA-MB-231 cell-ling in a 1in the cell culture media containing Proteinase K, cell adhesion
PBS solution containing Zn(OA2H,O and Hmim with behaviors were examined with an optical microscope for an
gentle shaking. After 5 min of incubation at room temperaturbpur. In general, dramatic change of the morphology and
the cells were separated from the solution and washed withrface adhesion were observed in the naked cells that started
DMEM three timesFigure 2 shows the morphology and to round up and lost cell attachment on the glass substrate
elemental distribution of the ZIF-8 exoskeleton covering thaithin 30 min, which was a notably contrasting feature from
MDA-MB-231 cells using SEM and energy-dispersive X-rtye ZIF-8-coated cells that did not show signt changes
spectroscopy (EDS). SEM micrographs revealed that tl§€igure 3). For the quantitative analysis, the cell attachment
exposed surface of individual cells was well-covered by layelis aheasured by calculating the percent area of cell coverage
ZIF-8. Elemental mapping comed an uniform distribution using anmage&oftwareFigure B shows that there was a
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A 0 min 30 min 1 hour (sc-ZIF-8) in ethanol solution containing 0.5 midrescent

; : ; p-glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-glucose (2-NBDG), for 1 day. As shown
in Figure Spthe confocal Z-stacking images clearly illustrates
that 2-NBDG is inserted into the entire area from the surface
to the center of the ZIF-8 crystal. Furthermorey-tiiacose
loading and releasing behavior of ZIF-8 was quantitatively
analyzed by nuclear magnetic resondddd¢NIR) measure-
ment. The glucose was loaded by simply soaking ZIF-8
particles in 1.25 mM glucose deuterium oxig®@)(Bolution
for 1 day. Consecutively, the glucose amount from the ZIF-8
was released by placing to pug® @nd calculated using a
standard curvex{ = 0.99977Figure S)l As shown irfFigure
4A andFigure S86 mol kg ! p-glucose was loaded into ZIF-

Cell only

ZIF-8 coated cells
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Figure 3.Enhanced cytoprotective performance of ZIF-8-coated cell
compared to the naked cell in the presence of Proteinase K. (A)
Bright- eld images of cell attachment, treated with Proteinase K (bar:
100 m). (B) Quantitative analysis of cell coverage on the surfaces

(*P < 0.05). Z- Stack image

\"ll

-

little di erence in the percent cell coverage between the naked -
and the coated cells at the early stage of 10 min of exposure of
Protease K. As time passes on, however, taeente

becomes more evident. A markederénce in the cell Figure 4.p-Glucose permeability through the ZIF-8 exoskeleton
coverage was observed after 60 min: only 3% for the nak@yer- (A):H NMR-based glucose load/release trend and confocal
cells versus 66.5% for the ZIF-8-coated cells. Altogether, th%@osc"pe image of 2-NBDG:-loaded ZIF-8 particle (bar: 100 nm).

. . : Z-stacked confocal microscope images of ZIF-8-coated cells
results validate the enhanced cytoprotective function of ZIFbe;ore incubation (blue, cell nucleus; green, 2-NBDG: ban)10

layer again.St the Cyt.OtOXiC énzyme. The results also i.nfer tgé Z-stacked confocal microscope images of ZIF-8-coated cells after
the large-size Proteinase K is unable to penetrate into th&, o incubation (blue, cell nucleus; green, 2-NBDG; bam)10
microporous ZIF-8 exoskeletal layer, thus, failing to digest the

cells. In addition, we compared the cytoprotective perform-
ances of our biomimetic mineralization method to that of th& within 1 day; and 0.0026, 0.0114, and 0.0%@#kg* o-
tannic acid-assisted ZIF-8 nanoparticle (ZIF-8/TA) coatingylucose was released from the ZIF-8 after 12, 24, and 48 h in
method as lately reportedinterestingly, after 1 h of pure DO, respectively. Although relatively fast glucose loading
incubation under the Proteinase K presenting environment,irgo the ZIF-8 nanoparticles was observed, the release of the
greater amount of the ZIF-8/TA-coated cells disappeared, gkicose was about 100 times slower than I8ading.
shown inFigure S5 Validation of Preserved Function of GLUT Trans-
Nutrient Permeability through MOF Exoskeleton. For ported for Nutrient Transport into the Cells. Generally,
the protected cells to be useful, they must be able to take oplucose uptake by the mammalian cells is mediated by the
nutrients and signaling molecules from the microenvironmeattive transmembrane protein called GLUT transporter rather
to survive. Thus, we attempt to verify whether the exoskelethahn passive dision?>** Thus, for the successful transport of
layer interfere the-glucose uptake behavior by mammaliam-glucose into the cell, the activities of GLUT transporters on
cellsp-Glucose is an essential source of energy for cell survitle cell membrane are critical. To verify the uptake, we placed
and growth, thus transport of the glucose molecules throughF-8-coated MDA-MB-231 cells in the 2-NBDG containing
the exoskeletal layer is esséfititlence, we primarily cell culture media for 5 min. After sequential intensive washing
examined the-glucose permeability of ZIF-8 via confocalwith DMEM to remove surface adsorbed 2-NBDG as much as
microscopy. The-glucose permeability into ZIF-8 particle possible, glucose-depleted cell culture media was added and
itself was visualized by soaking a large-sized single crystal ZikeB8bated in 37°C for 1 h. On the basis of confocal
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micrographs, 2-NBDG molecules on the apical part of the celjtocompatible conditions i PBS as the solvent system.
were examined at 0 min incubatiigre 8; Figure SP This simple one-step approach enables one to coat a
After an hour of incubation, greerescence coming from 2- biocompatible and mechanically durableciaftiexoskeleton
NBDG was observed in the cell cytoplasm as well as at tba the surface of human cell-line, demonstrating a superior
apical layer of cellgigure €). Altogether, we could cam cytoprotective performance that enhances cell survival. More-
that ZIF material can act as a bioactive porous layer that nover, the ZIF-8 exoskeleton layer acts not only as a bioactive
only permit the dusion of small essential nutrients like porous layer that allows uptake of small glucose nutrient by the
glucose from its environment to the cells but also allow thmammalian cells but also act as a physical barrier that protects
active function of transmembrane protein, GLUT transportethe cells against cell toxic protease such as Proteinase K. Our
We believe that this result envisions the controlled accessrapid one-pot approach for cytoprotective MOF formation
specic molecules to the single cell level through a porouallows facile single cell packaging technology with no need of
arti cial exoskeleton to mediate the intrinsic behavior ofophisticated technigue or special equipment. Hence, our facile
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