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Bio/artificial hybrid nanosystems based on biological matter and synthetic 
nanoparticles (NPs) remain a holy grail of materials science. Herein, inspired 
by the well-defined metal–organic framework (MOF) with diverse chemical 
diversities, the concept of “armored red blood cells” (armored RBCs) is 
introduced, which are native RBCs assembled within and protected by a 
functional exoskeleton of interlinked MOF NPs. Exoskeletons are gener-
ated within seconds through MOF NP interlocking based on metal-phenolic 
coordination and RBC membrane/NP complexation via hydrogen-bonding 
interactions at the cellular interface. Armored RBC formation is shown to be 
generalizable to many classes of MOF NPs or any NPs that can be coated 
by MOF. Moreover, it is found that armored RBCs preserve the original 
properties of RBCs (such as oxygen carrier capability and good ex ovo/in 
vivo circulation property) and show enhanced resistance against external 
stressors (like osmotic pressure, detergent, toxic NPs, and freezing condi-
tions). By modifying the physicochemical properties of MOF NPs, armored 
RBCs provide the capability for blood nitric oxide sensing or multimodal 
imaging. The synthesis of armored RBCs is straightforward, reliable, and 
reversible and hence, represent a new class of hybrid biomaterials with a 
broad range of functionalities.
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1. Introduction

Red blood cells (RBCs; also called erythro-
cytes),[1] the most abundant cellular con-
stituent of blood, play a pivotal role in life 
processes such as the delivery of oxygen 
(O2) to body tissues, the transfusion of 
medicine to different organs, and the reg-
ulation of the adaptive immune system. 
Due to their biocompatibility, abundance, 
and longevity in circulation, RBCs have 
been greatly explored as carriers of various 
compounds and nanoparticles. RBCs have 
served as an inspirational source of novel 
functional assemblies and advanced archi-
tectures for biomedical applications.[2] 
Examples range from coupling drugs onto 
the RBC surface to improve their delivery 
and therapeutic effects,[3] to the attach-
ment of nanoparticles (NPs) onto the RBC 
membrane to alter their circulation behav-
iors,[4] to the encapsulation of RBCs with 
nanometric films to modulate immune 
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response,[5] and the embedding of magnetic NPs in the interior 
of RBCs to enable magnetic alignment and guidance.[6] So far, 
four main strategies have been developed for RBC engineering: 
1) Surface grafting—that modifies the RBC membrane by cou-
pling of drugs/targeting agents;[7] 2) hypotonic loading—that 
employs the formation of transient pores in the plasma mem-
brane in hypotonic solutions to allow the subsequent loading 
of drugs or NPs in the RBC inner volume;[2a,b] 3) surface hitch-
hiking—where functional NPs are noncovalently attached to the 
membrane;[4] and 4) cell-in-shell—wherein RBCs are encapsu-
lated within a nanometric artificial shell made of, for example, 
polyelectrolytes, polydopamine, or iron-phenolic networks.[5,8] 
Despite the success achieved to date for RBC functionalization, 
the current RBC engineering strategies still possess in gen-
eral several limitations due to the RBC’s fragile structure and 
susceptibility to extracellular environmental stress. First, most 
engineering approaches are time-consuming (e.g., hypotonic 
loading and layer-by-layer deposition of polyelectrolyte coatings) 
and conducted in specific, restrictive conditions.[5a] Second, 
the complex synthetic conditions of precursor chemistry/con-
centration, pH, temperature, and ionic strength often result in 
RBC lysis, excluding many classes of materials and strategies 
from being candidates for RBC functionalization.[5] Third, func-
tionalized RBCs (e.g., created by surface modification with toxic 
chemicals or hypotonic loading of drugs/NPs) are often more 
fragile and environmentally sensitive than the parent RBC, or 
the RBC assemblies are not stable. These drawbacks limit their 
further bioapplications to a certain extent.[2a,b] Finally, most 
engineering procedures do not provide a versatile means to 
endow RBCs with combined/integrated multi-functionalities. 
These limitations urgently necessitate the development of a 
new RBC engineering/functionalization strategy.

Metal-organic frameworks (MOFs) are highly porous crystal-
line materials assembled through coordination between metal 
ions/metal nodes and organic linkers, showing both long-range 
and local structural order.[9] Due to their chemical diversity, 
tunable porosity, and high surface areas, MOFs have attracted 
tremendous interest for a wide range of applications such as 
gas storage and separation,[10] water harvesting,[11] sensing,[12] 
energy,[13] drug delivery,[14] and serving as nano-building blocks 
for the construction of complex hierarchical nanoarchitec-
tures.[15] Inspired by the well-defined and modular chemistry 
of MOFs, here, we introduce the concept of “Armored Red 
Blood Cells” (armored RBCs). These are RBCs encapsulated 
within and surface engineered with functional, modular, 
MOF nano-building block-based exoskeletons (Figure 1).  
Exoskeletons are constructed within seconds through fast 
MOF NP super-assembly based on strong-multivalent metal-
phenolic coordination[15b,c] and RBC/MOF complexation via 
multiple hydrogen-bonding interactions at the cellular interface 
(Figure 1a). The developed universal coating approach is highly 
biocompatible and easy to use. It does not introduce RBC 
hemolysis nor affect the normal physiology of RBCs in terms 
of oxygen-carrying capability, for example. It does not alter 
circulation behavior, as confirmed by the presence of revers-
ible oxygenated and deoxygenated states, and long circulation 
times, as determined in chicken embryo and mice models. 
Depending on the type of MOF NPs or NP combinations, the 
physicochemical properties (like optical, magnetic, and sensing 

properties) of armored RBCs are highly tunable. The potential 
chemical diversity of armored RBCs is enormous, and here, var-
ious, functional MOF NPs including ZIF-8 (ZIF: Zeolitic imi-
dazolate framework), MIL-100 (Fe) (MIL: Materials of Institut 
Lavoisier), UiO-66-NH2 (UiO: Universitetet i Oslo), magnetic 
iron oxide (Fe3O4) NPs@ZIF-8, and hybrid mesoporous silica 
NP@MOF (MSNs, dye-labeled MSNs, sensing probe-loaded 
MSNs@ZIF-8), have been prepared as diverse armored RBC 
prototypes. The created armored RBCs not only show enhanced 
tolerance against external stressors such as antibody-mediated 
agglutination, detergents and pore-forming toxins capable of 
causing lysis, osmotic stress, and freezing, but they also pos-
sess abiotic properties including controlled disassembly, multi-
fluorescence, magnetism, and blood nitric oxide (NO) sensing, 
which are utterly foreign to the native RBCs. In conclusion, the 
versatile RBC coating strategy holds great promise to promote 
the design of MOF/RBC-inspired functional microarchitectures 
for a wide range of bioapplications.

2. Results and Discussion

The presented approach of armored RBCs has a remarkable 
advantage for the design of multifunctional, hierarchical nano-
assemblies: It can revert to the full range of MOF NPs as func-
tional, robust, and modular building blocks. When constructing 
a multifunctional, protective shell around single RBCs, these 
MOF-based NPs rapidly form an exoskeleton based on particle-
particle super-assembly and interlocking at the proximal RBC 
membrane surface. The exoskeleton assembly occurs in two 
steps: At first, MOF NPs concentrate near the membrane and 
attach to the native RBC surface. Since RBC membranes are 
rich in carbohydrates and proteins, they have a highly nega-
tively charged surface.[16] Due to the frangibility and sensitivity 
of RBCs, strong, attractive interactions between NPs and RBC 
membranes always causes RBC hemolysis/rupture. MOF NP 
surfaces comprise well-defined, long, periodic arrangements of 
metal nodes and organic ligands, which allow precise tuning 
of the coordination and interactions with organic moieties on 
the RBC membrane surface. Based on zeta potential (ζ) meas-
urements, MOF NPs used within this study (UiO-66-NH2, 
MIL-100(Fe), and ZIF-8) have a negative charge ranging from 
−3.0 to −29.1  mV (Figure S1, Supporting Information, pH 
7.4), which helps to avoid strong electrostatic interactions 
between the MOF NPs and the negatively charged RBC sur-
faces (ζ = −30  mV) and thereby prevents hemolysis; however, 
the electrostatic repulsion may limit MOF accumulation and 
attachment. To balance both contributions, we carefully chose 
an isotonic buffer (phosphate-buffered saline (PBS) at pH 5.0), 
in which the zeta potential of MOF NPs is strongly decreased 
from −29.1 to −11.5  mV for ZIF-8 MOF NPs. No hemolysis 
of RBCs occurs. Under these conditions, hydrogen bonding 
interactions between the organic ligands from MOF NPs and 
carbohydrates and proteins from RBCs drive MOF accumula-
tion and attachment. The second step of exoskeleton assembly 
of armored RBCs involves interlocking of MOF NPs, that are 
already attached to the RBCs surface and additional exogenous 
MOFs via an interparticle ligand. We employed tannic acid as 
the interparticle ligand and added it sequentially to the MOF 
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NP/RBC mixed solution after a short incubation time (≈30 s). 
Tannic acid is frequently used as an organic building block[17] 
in MOFs, due to its well-known biodegradability and strong-
multivalent coordination to various metal ions. Coupled with 
the additional strong metal-phenolic interactions, the colloidal 
MOF NP-based exoskeleton in armored RBCs can be created 
rapidly, in seconds. Using metal-phenolic chemistry, note that 
we successfully encapsulated mammalian cells with nanopar-
ticle in an instantaneous process by suppressing the NP inter-
nalization pathways such as phagocytosis.[15c] In that case, NPs 
are very easy to be accumulated onto the mammalian cell mem-
brane surface under normal physiological conditions, which 
is followed by cross-linkage. However, in this case, due to the 
varying surface chemistry between RBCs and mammalian cells 

and the strong impulse of RBC to lyse, the formation mecha-
nism is quite different. Only when the balance of interactions 
(electrostatic repulsion/hydrogen bonding caused attraction) 
between RBC and NPs is achieved, NPs assemble around the 
RBC surface (Figure S2, Supporting Information).

As a demonstration of the armored RBC concept, indi-
vidual, purified RBCs (Figure 2a) encapsulated within 
UiO-66-NH2 MOF NP-based exoskeletons (termed armored 
RBC-UiO-66-NH2) were constructed via the sequential addi-
tion of a colloidal UiO-66-NH2 NP solution and tannic acid to 
RBC suspensions (see Materials and Methods in Supporting 
Information for detailed information). We synthesized colloidal 
UiO-66-NH2 MOF NPs with a diameter of ≈440 nm according to 
reported solvothermal methods.[18] Transmission and scanning 

Figure 1.  a) Schematic representation of armored RBC formation via immediate, multidentate ligand (tannic acid) assisted super-assembly of MOF 
nano-building blocks on the RBC membrane surface. Schematic illustration of the properties of armored RBCs: b) In vivo circulation, c) oxygen delivery, 
d) particle hitchhiking and redistribution, and e) enhanced resistance against external stressors and blood NO sensing.
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electron microscopy (TEM, SEM) (Figure  2b) and wide-angle 
X-ray diffraction (XRD) (Figure  2f) confirmed their crystalline 
structures with well-defined octahedral shapes. The forma-
tion of UiO-66-NH2-based exoskeletons surrounding RBCs is 
clearly visible in the SEM image, as shown in Figure  2c. The 
roughened surface (Figure 2c), which is due to a dense packing 
of NPs at the RBC surface, is further visible in bright field 
images (Figure S3, Supporting Information). Fourier-transform 
infrared spectroscopy performed on armored RBC-UiO-66-NH2 
(Figure S4, Supporting Information) confirmed the presence 
of UiO-66-NH2 MOF NPs, as determined by the characteristic 
peaks at 1570 and 1256 cm−1 assigned to the CO2 asymmet-
rical stretching and CN vibrational bands, respectively, of the 
aminocarboxylate groups of UiO-66-NH2. Analyzing nearly  
50 armored RBCs by bright-field optical microscopy and SEM 
imaging supported the fact that all erythrocytes were encapsu-
lated within homogeneous conformal exoskeletons. This could 
be further confirmed by confocal laser-scanning microscopy 
of fluorescein isothiocyanate-labeled UiO-66-NH2 NP-based 
exoskeletons. A uniform and homogeneous UiO-66-NH2-NP 
layer that encapsulates the RBC can be observed (Figure  2d). 
Moreover, energy-dispersive X-ray spectroscopy for mapping 

of zirconium, oxygen, and nitrogen atoms (Figure  2e) along 
with wide-angle XRD (Figure  2f) further confirmed, that the 
structural and chemical integrity of UiO-66-NH2-NPs is pre-
served within the exoskeleton. Importantly, the structure of 
the armored RBC-UiO-66-NH2 is still stable after long-term 
storage. The fast coating process did not cause the hemolysis 
of RBCs even after 7 days of storage (Figure 2g), indicating that 
the formed exoskeleton has no toxic effects on RBCs.

To demonstrate the generality of the armored RBC approach, 
that is, the protective and functional encapsulation of native 
RBCs by diverse types of MOF NPs via spontaneous super-
assembly, we tested MIL-100(Fe), magnetic Fe3O4 NPs@ZIF-8, 
and hybrid MSNs@ZIF-8 in different shapes, sizes, and func-
tionalities as building blocks for the design of various armored 
RBCs. For every case, successful preparation of NP was con-
firmed by a panel of analyses including XRD, SEM, TEM, and 
dynamic light scattering (Figures S5–S9, Supporting Informa-
tion). Note that the used MOF NPs, such as UiO-66-NH2 and 
MIL-100 (Fe) NPs are stable in PBS or weak acidic solution.[14a] 
For ZIF-8 MOF NPs, it has been reported that ZIF-8 MOF NPs 
are acid-responsive NPs and stable in PBS but can be degraded 
in acid solution after a couple of hours.[14a,c] Nevertheless, in our 

Figure 2.  a) Bright-field (left) and SEM (right) image of RBCs. Scale bars, 25 µm (left), 2 µm (right). b) TEM and SEM image of UiO-66-NH2 MOF NPs. 
Scale bars, 50 nm (left), 500 nm (right). c) SEM image of the armored RBCs-UiO-66-NH2. Scale bar, 5 µm. d) DIC, confocal fluorescent, and combined 
image of armored RBCs-UiO-66-NH2 labeled with fluorescein isothiocyanate (from left to right). Scale bars, 5 µm. e) SEM mapping (Zr, O, and N) of 
armored RBCs-UiO-66-NH2. Scale bars, 5 µm. f) Wide XRD patterns of the synthesized armored RBCs-UiO-66-NH2 and the simulated UiO-66-NH2 
crystals. g) Time-dependent hemolysis of armored RBCs@UiO-66- NH2 in 1x PBS solution and RBCs in water as a control.
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case, although the construction condition for armored RBCs was 
in pH 5.0 solution, the super-assembly process was finished in 
only 1 min and then the buffer was exchanged to 1x PBS solution 
(pH 7.4). The short exposure time did not affect the structure of 
ZIF-8. The stability of the used MOF NPs in PBS is the prerequi-
site for the construction of armored RBCs. The full characteriza-
tion and description of each of these armored RBC types appear 
below. The results clearly demonstrate that the armored RBC 
approach is a powerful and universal strategy to create multi-
functional, cellular super-assemblies since it is fast and easy.

The first impressive property of armored RBCs is their 
enhanced cytoprotection against external stressors. To 
benchmark the protective effect, we exposed armored RBC-MIL-
100(Fe) to various harsh environmental conditions including 
antibody-mediated agglutination, osmotic pressure, detergents, 

toxic NPs, and freezing conditions (Figure 3a). The bright-field 
image in Figure S10, Supporting Information, confirmed the 
successful assembly of MIL-100(Fe)-NP-based exoskeleton. At 
first, antibody-mediated agglutination assays were performed 
(Figure 3b) to assess the blood group antigen immunogenicity 
of armored RBCs.[5a] As shown in Figure  3b (top row), native 
RBCs of type B rapidly and severely agglutinated in presence of 
small amounts of anti-B serum. Identical results were obtained 
with type A and type RhD-RBCs in their corresponding anti-
type anti-sera; on the contrary, no antibody-mediated aggrega-
tion was observed in armored RBCs, even with the extension 
of exposure time (Figure  3b—bottom row). Armored RBCs 
possess a highly effective immune-protective exoskeleton that 
shields the immune-response provoking epitopes on RBC sur-
faces against agglutination. Second, the tolerance of armored 

Figure 3.  a) Schematic illustration of the protection of RBCs against external stressors based on MOF NP encapsulation. b) The optical images of 
human type A, B, and Rh RBCs in their corresponding anti-typing sera. Scale bar, 50 µm. Hemolytic behavior of native RBCs and armored RBCs-MIL-
100(Fe) as a function of c) NaCl concentration (i.e., osmotic pressure stimulus), d) Triton X-100 concentration (i.e., detergent stimulus), and e) Stöber 
particle concentration (i.e., NP stimulus). Scale bar is 300 nm. f) The recovery of native RBCs cryopreserved in HES polymer (175 or 215 mg mL−1) PBS 
dispersions, and armored RBCs cryopreserved in PBS solution and protected by MIL-100(Fe) NP-based exoskeletons with increasing coating cycles.

Adv. Funct. Mater. 2021, 31, 2005935
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RBCs to osmotic pressure was tested, and the percentage of 
cells undergoing hemolysis was measured. At first glance, the 
osmotic fragility curves of both native RBCs and armored RBCs 
showed similar rupture profiles (Figure  3c). Cellular fractures 
of native and armored RBCs were initiated at a concentration 
of NaCl of 0.60% (w/v), but native RBCs burst fully at a con-
centration of 0.30%, while the burst concentration of armored 
RBCs was shifted to 0.20%. The enhanced tolerance to osmotic 
pressure can be attributed to two sources/contributions. On the 
one hand, the enhanced membrane reinforcement provided by  
the MOF exoskeleton offers a physical restriction that delays the 
swelling process. On the other hand, the potential adsorption of 
ions in MOF pores may delay the ion transfer from the external 
medium to RBC intracellular fluids.[19] Both effects could lead 
to a reduced and delayed RBC lysis under hypotonic condi-
tions. Next, the hemolytic protection of armored RBCs exposed 
to the nonionic detergent Triton X-100 and so-called “Stöber” 
amorphous silica NPs was tested, since both species are known 
to easily cause RBC lysis. As shown in Figure  3d,e, a slight 
change in Triton X-100 concentration or particle concentration 
greater than 500 µg mL−1 already led to massive lysis of RBCs, 
whereas armored RBCs exhibited negligible hemolysis under 
both conditions. We attribute this cytotoxic agent resistance to 
a physical barrier effect provided by the armored shell. Finally, 

we determined the resistance of armored RBCs to freezing con-
ditions in comparison to native RBCs. Ice recrystallization is 
the major challenge during cryopreservation of RBCs.[20] The 
formation of ice crystals not only imparts serious mechanical 
damage to the delicate RBCs but also creates increased osmotic 
pressure across the cell membrane, leading to the rupture of 
RBCs. In order to provide extensive ice recrystallization and 
maximize cell stress during the cryopreservation test, both 
native RBC and armored RBC samples were rapidly frozen in 
liquid nitrogen (−196  °C) for 2  h and then slowly thawed at 
4 °C over several hours. As shown in Figure 3f, the native RBC 
recovery in PBS buffer is very low (<5%). However, protected 
by the armored shell, the cell recovery increased to ≈25%. With 
further increase of coating cycles to get a thicker shell, the cell 
recovery of RBCs can be increased up to 40% without the addi-
tion of any toxic solvents. This cell recovery is superior to that 
obtained via commonly used hydroxyethyl starch polymers at a 
concentration of 17.5 and 21.5  wt%, highlighting the excellent 
protection conferred by the MOF NP-based exoskeletons.

A crucial feature of RBCs is their oxygen carrier capability 
and long-circulation times in blood. To check the related 
behaviors of our designed armored RBCs, at first, we employed 
luminol-based chemiluminescence to reveal the presence of 
hemoglobin in armored RBCs (Figure 4a). Note, that ZIF-8 

Figure 4.  a) Schematic illustration of oxygen binding via hemoglobin by RBCs. b) Time-dependent oxygenation curves of native RBCs and armored 
RBC-MSN@ZIF-8. Insert images show the generation of the bluish glow of native and armored RBCs after the addition of the luminol-perborate 
mixture. c) UV–vis spectra of the oxygenated and deoxygenated states of armored RBC-MSN@ZIF-8 (top) and the related reversible transfer between 
two states (bottom). The circulation of d) armored RBC-MSN@ZIF-8 and e) native RBCs in the vessel of a chick embryo in the chorioallantoic mem-
brane (CAM model (left)), and the related (confocal) fluorescence images (right). Scale bars are 50 µm (left), 5 µm (right). f) The flow of armored 
RBC-MSN@ZIF-8 within the CAM capillary bed. Scale bar is 20 µm.

Adv. Funct. Mater. 2021, 31, 2005935
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NPs-based armored RBCs are used for later discussion in this 
part since ZIF-8 MOF NPs can be easier fluorescently labeled 
than MIL-100 (Fe) NPs. When hemoglobin and luminol-
perborate come in contact upon mixing, the iron in the hemo-
globin accelerates the reaction of luminol with the peroxide 
generated from perborate, which results in a bluish glow 
(Inset of Figure 4b). After the addition of luminol-perborate in 
solution, both native RBCs and armored RBCs-MSN@ZIF-8 
become chemiluminescent after 10  min. This finding clearly 
shows that the armored shell does not inhibit the iron cata-
lytic properties of intracellular hemoglobin within RBCs. The 
inherent porosity of the armored shell—attributed from the 
pores inside MOF NPs and the voids between MOF NPs—
provides full accessibility of small molecules such as luminol 
and peroxide to the RBC and permits access to and crossing 
of the RBC membrane. To investigate the oxygen carrier capa-
bility, UV–vis spectroscopy was used to reveal the reversible 
shift of maximum absorption peaks of RBCs in oxygenated 
and deoxygenated states (Figure 4c and Figure S11, Supporting 
Information). The characteristic absorption peak of native 
RBCs and armored RBCs in an oxygenated state appeared at 
415 nm (Figure 4c). After bubbling nitrogen for 2 h and adding 
the reducing agent sodium dithionite (Na2S2O4), the absorp-
tion peak red-shifts to 430  nm, confirming the switch to the 
deoxygenated state for both native RBCs and armored RBCs. 
The deoxygenated state can carry oxygen again after exposure 
to atmospheric oxygen. The process of binding and releasing 
oxygen was repeatable (Figure  4c), demonstrating that the 
capability of armored RBCs to carry oxygen was preserved. By 
comparing the oxygenation rate of both deoxygenated samples, 
as shown in Figure 4b, the time-dependent oxygenation curves 
of native and armored RBCs showed similar behaviors, while 
a delay of about 60 s was found for armored RBCs. We explain 
this observation by the presence of the porous MOF shell that 
increases the tortuosity of the oxygen diffusion pathway, and 
thus causes oxygen molecules to spend more time trapped 
within MOF pores.

RBCs are well known to easily traverse the microvasculature 
with dimensions that are smaller than their size and display long 
circulation times in vivo. To investigate the circulation behavior 
of armored RBCs, we carried out real-time fluorescence wide-
field imaging on a chick embryo ex ovo (chorioallantoic CAM 
model; Figure S12, Supporting Information), that provides easy 
and direct optical access for intravital imaging of the flow of 
RBCs in blood vessels. Alexa Fluor 647-labeled MSN@ZIF-8 
hybrid NPs with a diameter of ≈80 nm were used as building 
blocks for armored RBC construction (Figure S13, Supporting 
Information). A coherent, conformal NP layer encapsulating 
RBCs, clearly observed in Figure 4d, confirmed the successful 
formation of armored RBCs. The blood vessels are labeled 
with fluorescein-labeled lens culinaris agglutinin for direct 
visualization. The flow of the armored RBCs was not affected, 
even after circulating for 30 min, as shown in Figure 4d,f and 
Video S1, Supporting Information, compared to the flow of the 
DiD-labeled native RBCs in the blood vessels and capillaries 
(Figure 4e, Figure S14 and Video S2, Supporting Information). 
The flow supports normal circulation properties, despite the 
armored RBCs shape exhibiting a certain degree of deforma-
tion compared to native RBCs.

Before further characterizing the circulation properties 
of the armored RBCs in vivo, we assessed the cytotoxicity of 
armored RBCs as well as their in vivo toxicity. For this, different 
types of MOF NPs (UiO-66-NH2, MIL-100, ZIF-8, MSN@ZIF-8, 
and Fe3O4@ZIF-8) were used to generate armored RBCs and 
investigate the biocompatibility. As shown in Figure S15, Sup-
porting Information, none of the armored RBCs with MOF 
NPs exhibited significant hemolysis activity even after storage 
for 5 days, indicating the non-toxicity of formed NP exoskel-
eton on armored RBCs. In addition, the cytotoxicity of MOF 
NPs themselves and armored RBCs with MOF NP to HeLa and 
A549 cells were examined. There was no cytotoxicity of MOF 
NPs and armored RBCs up to a concentration of 200 µg mL−1 
NPs themselves (Figure S16, Supporting Information) or NPs 
on armored RBCs (Figure S17, Supporting Information). To fur-
ther analyze their biocompatibility, a in vivo toxicity study has 
also been processed based on body weight, blood biochemistry, 
and tissue histopathology. Albino C57BL/6 mice were intra-
venously administered with PBS (control), MSN@ZIF-8 NPs 
(1 mg NP per mice), or armored RBCs-MSN@ZIF-8 (armored 
RBCs with 1mg  NP per mice). After 4 weeks, the mice were 
euthanized, the blood was collected for analyzing blood cell 
population and blood metabolites, and the major organs were 
excised, sectioned, and examined for morphological changes. 
During the treatment period, there is no clear weight differ-
ence between the armored RBCs treated group and the healthy 
control (PBS) group, as well as the group treated only with 
MSN@ZIF-8 NPs (Figure 5a). Additionally, all three groups 
displayed similar parameters of blood cell population and 
blood metabolites after treatment (Figure 5b–f). It is noted that 
there were no statistically significant differences between three 
groups for alkaline phosphatase, alanine aminotransferase 
(ALT) and blood urea nitrogen (Figure 5d), indicating that even 
at this high dose (1 mg per mice, about 50 mg kg−1) armored 
RBCs did not impact the normal function of the liver or kidney. 
Furthermore, hematoxylin and eosin (H&E) staining of the 
liver, lung, kidney, spleen, and heart sections did not show any 
signs of abnormality in cellar morphology, inflammation, or 
tissue organization in the treated group compared with the con-
trol group (Figure  5g), further indicating that armored RBCs 
have little or no side effects on mice. These findings confirm 
the overall biocompatibility of armored RBCs.

To examine the pharmacokinetics and biodistribution behav-
iors of armored RBCs, albino C57BL/6 mice were injected with 
control DyLight 800-labeled MSN@ZIF-8 hybrid NPs and the 
corresponding MSN@ZIF-8 armored RBCs by retro-orbital 
injection[21] at a dose of 150 µg NPs per mouse. Syngeneic RBCs 
were used to create armored RBCs, negating blood cell type 
complications. To study the circulation half-life at various time 
points following the injection (Figure 6a), blood was collected 
from the eye socket of the mice to evaluate the concentrations 
of circulating control NPs or armored RBCs. At 12 h and 24 h 
post-injection, the armored RBCs exhibited 19% and 15% overall 
retention in mice blood, respectively, as compared to the 6% 
and 2% shown by control NPs (Figure 6d). The semilog plot of 
retention-circulation time (Figure S18, Supporting Information) 
illustrates a bi-exponential decrease in particle concentration 
over time, indicating that both NP and armored RBC circulation 
follow a two-compartment pharmacokinetic model.[4,22] After  
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fitting to the two-compartment pharmacokinetic model, numer-
ical analysis (Figure 6d) indicated that the elimination half-life 
of NPs and armored RBCs was 16.0  ± 3.7 and 66.3  ± 17.4 h, 
respectively. Armored RBCs displayed a remarkably enhanced 
retention in blood circulation in comparison with control NPs. 
Our finding is well correlated with reports that anchoring nano-
particles onto the RBC surface could prolong the intravascular 
particle circulation, where the flexibility, circulation, and vas-
cular mobility of RBCs could help the adhered nanoparticles to 
escape rapid reticuloendothelial system (RES) clearance.[4]

Furthermore, to analyze the related biodistribution, at  
12 and 24 h post-injection, mice were euthanized and their 
liver, spleen, kidneys, heart, lungs, and blood were harvested 
for fluorescence analysis (Figure  6b). The majority of fluores-
cence signal was found in the two primary filtering organs, the 
liver and spleen after 12 h post-injection, supporting removal by 
the RES. However, the fluorescence intensity from the armored 
RBCs in the spleen decreased 24 h post-injection and simul-
taneously increased in the lungs, suggesting detachment of 
MOFs from the RBC surface and their return into circulation 

Figure 5.  a) Body weight of mice during the in vivo toxicity study. (mean ± SD, n = 4, two-tailed t-test, not significant). b) White blood cell (WBC), 
platelet (PLT), and red blood cell (RBC) cell counts (mean ± SD, n = 4, two-tailed t-test, not significant). c) White blood cell (WBC), lymphocyte (LYM), 
monocyte (MON), and neutrophil (NEU) cell counts (mean ± SD, n = 4, two-tailed t-test, not significant). d) Alkaline phosphatase (ALP), alanine ami-
notransferase (ALT), amylase (AMY), and urea nitrogen (BUN) level (mean ± SD, n = 4, two-tailed t-test, not significant). e) Albumin (ALB), hemoglobin 
(HGB), and total protein (TP) level (mean ± SD, n = 4, two-tailed t-test, not significant). f) Glucose (GLU) and phosphorus (PHOS) level (mean ± SD, 
n = 4, two-tailed t-test, not significant). g) Histological analysis of explanted organs liver, spleen, kidney, heart, and lung using hematoxylin and eosin 
staining of the control group, NP-treated group and armored RBC-treated group indicated no signs of cellular or tissue damage.
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(Figure  6a). Notably, 24 h after injection, the optically labeled 
armored RBCs exhibited a tenfold higher blood persistence 
and 3.5-fold higher accumulation in the lungs compared to 
the control NPs (Figure 6e,f). It was postulated that NPs from 
armored RBCs accumulate in the lungs following release 
caused by squeezing through tiny capillaries in the lung vascu-
lature.[4,22] The high cardiac blood output can cause shear forces 
that could facilitate the transfer of the NPs from the RBC sur-
face to pulmonary capillary endothelial cells. Note that the in 
vivo stability or in vivo detachment behavior of armored RBCs 
are very hard to be characterized at this moment, and will be 
investigated in the future with the collaboration of other expe-
rienced research groups. In summary, our created, armored 
RBCs exhibit enhanced in vivo circulation/residence times  
compared to many other classes of nanoparticles[4] and could 
serve as sources of MOFs (or conceivably other NPs) that could 
be released and targeted to various organs over time. This  
could extend the in vivo applications of MOFs.

Given the chemical diversities of MOF nano-building 
blocks, the armored RBC concept can be generally extended 
with a plethora of MOF types and combinations. It is basi-
cally unlimited in generating diverse functionalities and hence 

serves as a promising technology to satisfy the growing need 
of multifunctional NPs in biomedical applications, which 
we demonstrate in the following section. Depending on the 
MOF building block, armored MOF shells can i) not only be 
assembled but also biocompatibly disassembled if necessary. 
Depending on the underlying MOF NPs, armored RBCs offer 
ii) unique physiochemical properties such as optical, magnetic, 
and sensing properties. But most importantly: iii) The armored 
RBC concept profits enormously from multiplexing: MOF 
NP associated properties can be linearly combined within the 
armored RBC shell during a mixed super-assembly synthesis.

First, as an “armed armor” of armored RBCs, the detach-
ability of the armored shell is an important feature of this 
construct. Due to the responsive nature of the metal-phenolic 
complexation, the armored MOF shell can be disassembled 
in ethylenediaminetetraacetic acid (EDTA) solution in a pro-
grammed fashion. As shown in Figure 7a, the armored MOF 
shell can be progressively disassembled over the time course 
of 15  min (as shown by fluorescence microscopy for UiO-66-
NH2-covered RBCs labeled with fluorescein isothiocyanate. 
Note that the EDTA etching solution (20  mm, pH 7.4) has a 
negligible impact on RBCs. Upon EDTA-induced detachment 

Figure 6.  a) Whole mice fluorescence images acquired using the IVIS Spectrum at 0.5, 1, 2, 6, 12, and 24 h after intravenous administration of DyLight 
800-labeled MSN@ZIF-8 hybrid NPs (top) and the related armored RBCs (bottom), respectively. Fluorescence images of different organs (liver, spleen, 
kidney, heart, and lung from top to bottom) at 12 and 24 h after intravenous administration of b) NPs and c) armored RBCs, respectively. d) Circulation 
time of both NPs and armored RBCs (n = 3; mean ± SD). Insert table is the related elimination half-life. e) Fluorescence intensity per gram of tissue 
and f) relative fluorescence signal per organ at 12 and 24 h after intravenous administration of NPs and armored RBCs (n = 3; mean ± SD).
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of MOF NPs for 15 min, the armored MOF shells were almost 
completely removed and no defects were observed on the RBC 
surface, which suggests that the RBCs can reversibly return 
to their original morphology. This on-demand protective shell 
formation and degradation capability provide RBCs a capability 
reminiscent of the germination of natural spores.

Second, to demonstrate the sensor capabilities of armored 
RBCs, we employed the modular properties of MOF NPs to 
design armored RBCs that detect nitric oxide (NO) in blood. NO 
is a key signaling molecule acting as a potent vasodilator that 
relaxes the arteries (Figure  7b).[23] Hybrid MSN@ZIF-8 NPs 
(Figure S13, Supporting Information) were used as exoskeleton 
building blocks wherein 4,5-Diamino-rhodamine B (DAR-1), 
serving as a fluorescent probe, was pre-loaded within the MSN 
mesopores. NO-triggered fluorescence was observed for the 
DAR-1 probe, after its ring-closure and transition from the 
weakly fluorescent diamino structure to the strongly fluorescent 
triazole state.[24] The sensitivity of designed DAR-1-loaded 

armored RBCs was determined by exposing the encapsu-
lated cells to freshly prepared NO solutions with different NO 
concentrations. The fluorescence intensity increases monotoni-
cally with increasing NO concentration (Figure  7c), which we 
determined as integrated fluorescence over the sample cuvette 
via fluorescence wide-field imaging of DAR-1-loaded armored 
RBCs (see, for example, Figure  7c (inset) at 100 µM NO and 
5  min incubation time). By incubating our sensing armored 
RBCs in fresh blood for 5 min, the NO concentration in fresh 
blood could be determined to be 8.6 nM, which is in line with 
literature values.[25] This study demonstrates the potential of 
our designed armored RBCs as sensors not only for real-time 
monitoring and detection of NO in blood but also for further 
measurements like cellular pH or ROS and redox potentials 
depending on chosen fluorophores.[26]

Thirdly, armored RBCs inherit the collective properties of 
their MOF or other NP building blocks imparting desirable 
non-native properties. To demonstrate this idea, we created 

Figure 7.  a) Controlled disassembly of the shell leads to a reversible recovery of the RBC normal state for armored RBC-UiO-66-NH2 labeled via fluorescein 
isothiocyanate. The etching time in presence of EDTA amounted to 0, 5, and 15 min. Scale bars, 5 µm. Armored RBCs serving as a sensor. b) Schematic 
illustration of the sensing of NO within blood vessels based on the use of the fluorescent probe of DAR-1. c) Calibration curve: Fluorescent intensity change 
versus NO concentration. The red star points out the NO concentration in fresh blood based on the sensing function of DAR-1 loaded armored RBCs. 
Insert fluorescent image is DAR-1-loaded armored RBCs after incubation in NO solution (100 µM) for 5 min. d) Schematic illustration of the manipula-
tion of magnetic armored RBCs via an external magnetic field (left). Photographs of a dispersion of magnetic armored RBCs before (left) and after (right) 
magnetic extraction from a vial. e) Bright-field microscopy images of magnetically-actuated armored RBC-Fe3O4@ZIF-8 (left) or immobile RBCs (right). 
Scale bars, 10 µm. f) Fluorescence spectra of multi-fluorescent armored RBCs-MSN@ZIF-8 with emission at 428, 515, and 648 nm. g) Multimodal armored 
RBCs. Confocal images of multi-fluorescent armored RBCs based on three different fluorescent MSN@ZIF-8 nano-building blocks. Scale bar, 5 µm.
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magnetic armored RBCs that can be externally controlled. Based 
on metal-phenolic linker chemistry, magnetic Fe3O4 (≈8.0 nm) 
embedded in ZIF-8 MOFs (Figure S19, Supporting Informa-
tion) were super-assembled onto the RBC surface to form a 
magnetic armored shell. In contrast to native RBCs, the mag-
netic armored RBCs can be manipulated now via an external 
magnetic field (Figure 7d,e). This property is of interest for 3D 
cell patterning and micro-motorized cellular constructs.[6a,b]

Finally, modular super-assembly of armored RBCs pro-
vides far-reaching possibilities for extensions via coassembly of 
different functional MOF- (or NP-) based nano-objects into multi
modal nano-structures. To introduce armored RBCs as a multi-
modal super-architecture, we created multi-fluorescent RBCs by 
incubating native RBCs simultaneously with almost equal con-
centrations of three different fluorescently labeled MSN@ZIF-8 
NPs in a one-pot process for less than 2 min (Figure 7f,g). The 
fluorescence spectra of the resulting armored RBCs featured 
three distinct emission peaks at 428, 515, and 648 nm (Figure 7f). 
Confocal fluorescence microscopy images in 3D demonstrated 
the formation of a continuous exoskeleton and a homogeneous 
distribution of NPs that preserved the stoichiometry of the syn-
thesis solution (Figure 7g). This example suggests that the coas-
sembled armored MOF shell could introduce a nearly infinite 
number of functionalities to armored RBCs and might provide 
efficient coupling effects between the functional MOF NPs.

3. Conclusion

We have developed a general, simple, and modular approach to 
creating a class of hybrid biomaterials termed armored RBCs 
with diverse possible functionalities. Using metal-phenolic 
chemistry, we encapsulated native RBCs with MOF NP-based 
exoskeletons in seconds without RBC lysis. The modularity 
and simplicity of this method arises from fast MOF NPs 
super-assembly at the RBC membrane surface and enables the 
transformation of different MOF building blocks and RBC vehi-
cles into diverse functional hierarchitectures. The presented 
armored RBCs preserve the original properties of native RBCs, 
show enhanced resistance against external stressors, and exhibit 
extraordinary properties that are foreign to native RBCs based 
on the highly modular nature of MOF nano-building blocks 
integrated into the RBC exoskeletons. The presented approach 
profits from the wide range of variable MOF NPs and opens 
the door to the design of multimodal nano-superstructures  
for wide ranging bioapplications.

4. Experimental Section
Synthesis of Armored Red Blood Cell with Metal-Organic Framework 

Nanoparticles: RBCs were suspended in 1X PBS (pH 5) solution 
containing MOF NPs. After 10 s vortexing and 20–30 s of incubation, 
tannic acid in 1X PBS (pH 5) solution was added with 30 s vigorous 
mixing. The formed armored RBC was then rinsed with 1X PBS 
(pH 7.4), and stored in 1X PBS (pH 7.4). This process represents a typical 
procedure for single MOF NP shell formation and could be repeated one 
or two times to achieve multi-layered coating. Detail protocols for each 
different MOF NP are shown in Supporting Information.

Test of Vascular Flow in Ex Ovo Chick Embryos: The vascular flow 
characteristics of armored RBCs were tested using the ex ovo chick 

embryo model as described previously and was conducted following 
institutional approval (Protocol 11-100652-T-HSC). Briefly, eggs were 
acquired from East Mountain Hatchery (Edgewood, NM) and placed in 
a GQF 1500 Digital Professional incubator (Savannah, GA) for 3 days.  
Embryos were then removed from shells by cracking into 100  mL 
polystyrene weigh boats. Ex ovo chick embryos were covered and 
incubated at 37 °C, 100% humidity. 20 million cells mL−1 of DiD-labeled 
native RBCs and Alexa Fluor 647-labeled-armored RBC-MSN@ZIF-8 
were incubated in 1X PBS (pH 7.4) solution with 10  mg mL−1 bovine 
serum albumin (BSA) for 20  min and then rinsed and stored in 1X 
PBS (pH 7.4) solution. 100 µL of samples in 1X PBS (pH 7.4) solution 
were injected into secondary or tertiary veins via pulled glass capillary 
needles. Embryo chorioallantoic membrane vasculature was imaged 
using a customized avian embryo chamber and a Zeiss Axio Examiner 
upright microscope with a heating stage.

In Vivo Toxicity Studies: All animal procedures complied with the 
guidelines of the University of New Mexico Institutional Animal Care 
and Use Committee and were conducted following institutional approval 
(Protocol 17-200658-HSC). The animal experiments were performed on 
female Albino C57BL/6 mice (6 weeks) from Charles River Laboratories. 
To evaluate the in vivo toxicity of armored RBCs, PBS (Control), MSN@
ZIF-8 hybrid NPs (1mg  NPs per mice), and the related armored RBCs 
(1mg  NPs on armored RBCs per mice) were administered by retro-
orbital injections at day 0. At day 28 post-injection, blood was collected 
with each group contained four mice. Blood cell counts by population 
and blood metabolites obtained using the Abaxis VetScan System and 
piccolo metabolite discs. On the same day, all these animals were 
sacrificed and their liver, lung, kidney, spleen, and heart were collected. 
Following fixation and paraffin embedding, tissues were stained with 
H&E, sectioned, and examined for morphological changes.

Pharmacokinetics and Biodistribution Studies: The animal experiments 
were performed on female Albino C57BL/6 mice (6 weeks). To evaluate 
the circulation half-life of NPs and armored RBCs, DyLight 800-labeled 
MSN@ZIF-8 hybrid NPs and the related armored RBCs were used. 
Briefly, both samples were incubated in 1X PBS (pH 7.4) solution with 
10  mg mL−1 BSA for 30  min and then rinsed and stored in 1X PBS 
(pH 7.4) solution. 150 µL of NPs (1mg mL−1) and the related armored 
RBCs (1 mg mL−1 NPs on armored RBCs) were injected into the eye of 
the mice. The blood was collected at 0.5, 1, 2, 6, 12, and 24 h following 
the injection. Each time point group contained three mice. The collected 
blood samples were diluted with the same amount of 1X PBS before 
the fluorescence measurement. Particle retention in circulation at these 
time points was determined by measuring the fluorescence on a BioTek 
microplate reader (Winooski, VT). Pharmacokinetics parameters were 
calculated to fit a two-compartment model. To study the biodistribution 
of the NPs and armored RBCs in various tissues, 150  µL of NPs 
(1 mg mL−1) and the related armored RBCs (1 mg mL−1 NPs on armored 
RBCs) were retro-orbital injected to mice. At 12 and 24 h time points 
following the particle injection, three mice were randomly selected and 
euthanized. Their liver, spleen, kidneys, heart, lung, and blood were 
collected. The collected organs were examined with an IVIS fluorescence 
imaging system (Xenogen, Alameda, CA), and the fluorescence 
intensity of the NPs and armored RBCs in different organs was further 
semi-quantified by the IVIS imaging software.

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