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and pluripotent stem cells are in various 
stages of development for the treatment 
of cancer, chronic infections, and autoim-
mune disorders.[9] However, many of these 
strategies rely on the genetic alteration 
and expansion of cells, which requires sev-
eral weeks of preparation.[10] For example, 
CAR T cell therapies require a prepara-
tion time of at least three weeks, which 
can be prohibitively long for patients with 
advanced or metastatic cancers.[11,12] Thus, 
there is a broad interest in engineering 
functional cells ex vivo in a manner that is 
rapid, scalable, and agnostic to the thera-
peutic cell of interest.[10,13]

One approach to addressing this chal-
lenge is the concurrent delivery of biomol-
ecules through the integration of carried 
nanoparticles (e.g., “hitchhiking” or “back-
pack” systems) on the surface of living cells 

to improve therapeutic potency.[14–19] This strategy has shown 
promising results in preclinical studies,[20–23] however, the stable 
attachment of nanoparticles to cell surfaces often relies on inter-
actions that only work for certain cell types in specific particle–
cell combinations (e.g., electrostatic, hydrophobic, hyaluronan–
CD44, and antibody–antigen interactions).[10,24] Moreover, though 
some methods allow the formation of functional thin films 
around the cells, such as layer-by-layer (LbL) assemblies or sur-
face-initiated polymerization around cells,[25–27] these techniques 

Approaches to safely and effectively augment cellular functions without com-
promising the inherent biological properties of the cells, especially through 
the integration of biologically labile domains, remain of great interest. Here, 
a versatile strategy to assemble biologically active nanocomplexes, including 
proteins, DNA, mRNA, and even viral carriers, on cellular surfaces to gen-
erate a cell-based hybrid system referred to as “Cellnex” is established. This 
strategy can be used to engineer a wide range of cell types used in adoptive 
cell transfers, including erythrocytes, macrophages, NK cells, T cells, etc. 
Erythrocytenex can enhance the delivery of cargo proteins to the lungs in vivo 
by 11-fold as compared to the free cargo counterpart. Biomimetic microfluidic 
experiments and modeling provided detailed insights into the targeting 
mechanism. In addition, Macrophagenex is capable of enhancing the thera-
peutic efficiency of anti-PD-L1 checkpoint inhibitors in vivo. This simple and 
adaptable approach may offer a platform for the rapid generation of complex 
cellular systems.

Cell-based therapies, comprising administration of living cells 
to patients for direct therapeutic activities, have experienced 
remarkable success in the clinic.[1–4] Chimeric antigen receptor 
(CAR) T cell therapies in particular have led to improved 
remission rates in patients with multiple myeloma, leukemia, 
lymphomas, melanoma, cervical cancer, bile duct cancer, and 
neuroblastoma compared to traditional chemotherapeutic 
regimens.[5–8] New treatment strategies implementing eryth-
rocytes, macrophages, monocytes, natural killer (NK) cells, 
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could either completely alter the surface biological identities of 
cells (e.g., blocking cell receptors), or act as case-by-case strat-
egies to overcome the difference of payload molecules and cell 
types. Currently, no platform exists to functionalize a wide range 
of mammalian cells with a wide range of biomolecules in a 
simple, scalable manner.[28] Therefore, there is an urgent need 
to develop a strategy to integrating biologically active molecules 
on cell surfaces that can be applied to a broad range of cell types 
and biomolecular payloads, while reducing timescales necessary 
for preparing the biohybrid cellular systems.

In previous work, Guo et  al. have developed a modular 
approach to assemble colloidal building blocks into superstruc-
tures via polyphenol-based surface functionalization of a wide 
range of nanoparticles followed by an interfacial assembly on 
secondary template particles.[29] This method further allowed 
the development of a bioinorganic hybrid platform that consists 
of highly efficient light-harvesting semiconductor nanoparti-
cles and genetically engineered yeast cells.[30] These previous 
studies inspired us about the possibility of extending the 
building blocks to biological molecules and assembling them 
on the surface of mammalian cells to create a versatile cell-
based biological platform in which extrinsic bioactive function-
alities can be imparted to cells. Here, we report the use of a 
polyphenol-based molecular engineering strategy as a rapid and 
efficient approach to functionalize cell surfaces with a range of 
payloads to integrate the biological functions of biomolecules 
and cellular systems that we refer to as “Cellnex.” The poly-
phenol moieties integrated with the biomolecules (Figure  1a) 
can facilitate the assembly of biologically active nanocomplexes 
on cell surfaces directed by a metal–phenolic coordination-
mediated interfacial interaction (Figure  1b,c).[29,31] This simple 
and modular approach enabled the functionalization of eryth-
rocytes with at least 10 biomolecules, including functional 
proteins, DNA, mRNA, and viral carriers without compro-
mising the inherent biological properties of the cells. Several 
other cell types including T cells, monocytes, macrophages, 
dendritic cells, and NK cells were also engineered to their cor-
responding Cellnex variants, demonstrating a customizable 
cell-engineering platform with flexible toolboxes of carried bio-
molecules and cells for a wide range of cell-based therapies and 
biohybrid cell engineering.

We first investigated the feasibility of forming biomolecule 
nanocomplexes through polyphenol–biomolecule interac-
tions by using a protein (bovine serum albumin, BSA) as the 
model biomolecule. We found that the protein nanocomplex 
stability depended on the stoichiometric ratios of tannic acid 
and functionalized proteins (Figure S1, Supporting Informa-
tion). A critical stoichiometric ratio of 570 was established, 
below which the size of nanocomplexes was less than 10  nm. 
The hydrodynamic size of the nanocomplexes dramatically 
increased for ratios above the critical stoichiometric ratio and 
eventually increased to ≈900 nm for a ratio of 1900. Therefore, 
a minimal concentration of tannic acid was chosen to form the 
nanoscale complexes.[32] Figure S2 (Supporting Information) 
shows no aggregation for a stoichiometric ratio of 190 when 
the tannic acid concentration is 0.2 mg mL−1, so this ratio was 
used in the following experiments. The ultra-small nanocom-
plexes (7.2 ± 0.4 nm, Figure S3, Supporting Information) are of 
a favorable size range for the formation of uniform nanoscale 

networks on the cell surfaces without blocking cellular recep-
tors and molecular exchangeability as shown later in the bio-
compatibility and cellular sensing performance tests.

We selected erythrocytes as the initial example of Cellnex 
design, considering that erythrocyte-based therapies are an 
emerging platform for vascular drug delivery due to their 
biocompatibility and clinical safety of transfusion[33–38] 
(Figure 1d–f). The simple mixing of polyphenol-functionalized 
nanocomplexes with erythrocytes (Figure  1d) resulted in the 
assembly of these nanocomplexes on their surfaces to form an 
erythrocyte-based biohybrid system named as Erythrocytenex 
(Figure  1e). Based on previous studies,[29] the addition of Fe3+ 
ions can induce the metal–phenolic coordination-mediated 
assembly of the nanocomplexes on the cellular surfaces due to 
the decrease of electrostatic repulsion of nanocomplexes. The 
zeta potential (ξ) of polyphenol-functionalized OVA nanocom-
plexes was −10.53  ±  0.37  mV which enables the colloidal sta-
bility of nanocomplexes. While, after the addition of Fe3+ ions, 
the zeta potential of the nanocomplexes dramatically shifted to 
a much less charged value of −6.4 ± 0.19 mV. Simultaneously, it 
is likely that the multiple interactions between the polyphenol 
moieties of nanocomplexes and cell surfaces facilitate the attrac-
tion driving force of rapid interfacial assembly,[29,39] such as the 
possible electrostatic interaction between hydroxyl groups of 
polyphenols and polar head structure of cell membrane lipids, 
and hydrophobic interaction between aromatic structure of 
phenolic groups and fatty acid chain of lipids.[40] The entire 
preparation process can be achieved within 5–10 min, demon-
strating an exceptionally simple and platform process for the 
use of Cellnex therapies in the potential clinical applications. 
For instance, the biologically functional nanocomplexes can be 
prepared and stored in a ready-to-use status, followed by the 
rapid engineering of biohybrid functional cells when the donor 
cells are ready.

Figure 1f shows the greater versatility of the toolbox of biomol-
ecules used for the cellular integration, due to the multiple mole-
cular interactions between polyphenols and biomolecules (e.g., 
protein, DNA, alkaloid, polysaccharide, anthocyanin, lipid).[39,40] 
The simplicity and modularity of Cellnex enabled the assembly 
of 10 representative biomolecules and viral carriers (Figure S4,  
Supporting Information), with different molecular sizes, charges, 
levels of hydrophobicity, and functionalities. In the absence of 
polyphenol-functionalized nanocomplexes, the negligible fluo-
rescence signal on the surfaces of cells revealed that the non-
specific adsorption of biomolecules on cell surfaces could not 
achieve the formation of uniform and high loading of carried 
biomolecules (Figure S5, Supporting Information). We catego-
rize these cargos to four groups: proteins (including ovalbumin, 
serum albumin, antibody, cholera toxin subunit B), nucleic acids 
(including coded DNA, mRNA),[41] bioconjugators (including 
streptavidin, biotin, and lectin), and viral carriers. The robust-
ness of the Cellnex technique suggests that the polyphenol-based 
assembly strategy generates a versatile interfacial attractive force 
with the surfaces of many cell types, which is a major challenge 
in current particle-based “hitchhiking” or “backpack” systems.[19]

Next, we studied the impact of the assembly strategy on 
the stability and activity of the carried biomolecules. Figure 2a 
showed the maintenance of α-helix structure of a model 
protein (bovine serum albumin, BSA) after the polyphenol 
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functionalization.[32] Enzyme-linked immunosorbent assay 
(ELISA) further demonstrated the preservation of biological 
activity of interleukin-4 (IL-4, a representative protein that is 
highly sensitive to denaturation) after polyphenol-based func-
tionalization (Figure  2b). Transmission electron microscopy 
(TEM) images show the nanostructural change of the eryth-
rocyte surfaces. The reconstructed intensity map and line 
images reveal the formation of interconnecting network of 
nanocomplexes on the cell surface (Figure  2c and Figure S6, 
Supporting Information). In addition, attachment of protein 
nanocomplexes to Erythrocytenex was also confirmed by flow 
cytometry. 96.7% ± 2.4% of the erythrocytes carried cargo pro-
teins (Figure  S7, Supporting Information). The amount of 

the biological active species can be tuned by simply changing 
the added concentrations of corresponding nanocomplexes 
(Figure S8, Supporting Information). The disassembly of metal-
phenolic network of the nanocomplexes on cell surfaces enables 
a two-phase release kinetics of the attached protein.[42] An ini-
tial relatively fast release of carried protein was observed during 
the first 4  h, as nearly 65% and 90% of protein was released 
in two physiological conditions including PBS (with 5 × 10−3 m 
glucose) and fetal bovine serum (FBS). At longer time periods, 
the remaining protein profiled a long-term release and reached 
a plateau after 24  h (Figure  2d). We note that the kinetics of 
release can be tuned by the rational selection of different metal 
ions (Fe3+, Al3+, or Cu2+), as investigated in previous work.[42]

Figure 1.  Modular assembly of “Cellnex” through the assembly of polyphenol-functionalized biologically active nanocomplexes on cells. a) Schematic 
diagram of the complexation between biomolecules and polyphenols. The polyphenol moieties can functionalize the biomolecules and enable an inter-
facial assembly of nanocomplexes on cell surfaces to form nanostructured networks. b) Versatile toolbox of cellular systems. We demonstrate the sur-
face engineering of seven types of cells, including majorly circulatory and immune cells. c) The assembled biomolecule-cell complex (Cellnex) through 
the polyphenol-directed interfacial interactions on the surface of a cell. d) Scanning electron microscopy (SEM) image of a naïve erythrocyte. e) Optical 
microscopy image of Erythrocytenex integrated with ovalbumin (OVA). Erythrocytenex maintained the characteristic geometry of naïve erythrocytes with 
a typical concaved structure. f) A wide range of biomolecules were used to demonstrate the versatile toolbox of biological payloads for the Cellnex. The 
biomolecules were conjugated with fluorescent tags (Alexa Fluor 488, FITC, or MFP 488) for the fluorescence microscopy imaging. This toolbox includes 
three main categories of biomolecules, including proteins, nucleic acids, and biological conjugators. Scale bars are 1 µm (d) and 5 µm ((e) and (f)).
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To investigate the biocompatibility of polyphenol-functional-
ized protein nanocomplexes on erythrocytes, we assembled dif-
ferent amounts of functionalized protein nanocomplexes onto 
erythrocytes and analyzed the overall function of the erythro-
cytes, including agglutination, osmotic sensitivity, mechanical 
fragility, and hemolysis. No aggregates were observed in naïve 
erythrocytes as well as erythrocytes with low amounts of pro-
tein (24 µg L−1) nanocomplexes. However, the amount of aggre-
gates appears to increase with increasing concentrations of 
protein nanocomplexes, but these aggregations are still less 
prominent as compared with those induced by carboxylated 
polystyrene nanoparticles (Figure  2e). Potential detrimental 
effects of protein nanocomplexes assembled onto erythrocyte 
were also investigated by the sensitivity of erythrocytes toward 
osmotic stress. Assembled protein nanocomplexes led to the 
formation of slightly sensitized erythrocytes at 1% hematocrit 
concentration when immediately exposed to various hypotonic 

solutions, indicating a slight decrease in erythrocyte sensi-
tivity compared to naïve erythrocytes (Figure  2f). Mechanical 
fragility of Erythrocytenex under prolonged levels of low shear 
stress was examined. Figure S9 (Supporting Information) 
shows that at 1% hematocrit, erythrocytes displayed low levels 
of hemolysis (≈5% at 24 h) when rotated at 37 °C. Within this 
period of 1 h, the assemblies of low and medium amounts of 
protein nanocomplexes slightly aggravated hemolysis (≈15%) 
compared to erythrocytes (≈5%). Furthermore, high amounts 
of protein nanocomplexes further induced hemolysis (25%) 
during this period. Therefore, we chose the optimized concen-
tration of nanocomplexes as 24  µg  L−1 for the preparation of 
Erythrocytenex due to the relatively low rate of hemolysis.

Next, we examined the biodistribution of a model biomole-
cule (Ovalbumin, OVA) which was integrated on Erythrocytenex 
after intravenous administrations (Figure  3). Biodistribution 
analysis revealed strong signal intensities in the liver 5  min 

Figure 2.  Engineering of Erythrocytenex through the assembly of polyphenol-functionalized protein nanocomplexes on erythrocytes. a) Circular dichroism 
spectroscopy of BSA and polyphenol-functionalized BSA nanocomplexes. Though an increase in tannic acid concentration leads to a decrease in peak 
intensity, the feature of an α-helix structure maintained. b) Relative activity of interleukin-4 and the formed interleukin-4 nanocomplexes with different 
concentrations of tannic acid (measured by ELISA assay). The addition of Fe3+ (0.36 mg mL−1) facilitated the interfacial assembly on the surfaces of 
cells during the Cellnex formation process. c) TEM images of a naïve erythrocyte and a BSA/Erythrocytenex. The reconstructed 3D topographic images 
show the formation of nanostructured networks from the polyphenol-functionalized nanocomplexes on the cell surface of Erythrocytenex compared to a 
naïve erythrocyte. d) Cargo protein release kinetics from Erythrocytenex. PBS and FBS media simulate the in vitro assembly condition and serum environ-
ment, respectively. e) Agglutination of erythrocyte and OVA/Erythrocytenex was visualized using a U-shaped bottom plate, with aggregated Erythrocytenex 
forming a diffused lattice. Polystyrene nanoparticles were used as a demonstration of nanoparticle-caused cytotoxicity to erythrocytes. Low amount of 
OVA loading is 24 ug L−1. f) Osmotic fragility curves of Erythrocytenex with different amounts of polyphenol-functionalized OVA nanocomplexes after 
immediate exposure to different concentrations of NaCl. Inset shows the percent hemolysis at 73 × 10−3 m NaCl. Scale bars are 1 µm (c) and 200 nm 
((c), magnified areas). Variation is represented by SE (error bars) from three independent replicates for all data points.
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(0.08  h) after the administration of free OVA protein alone. 
In addition, polyphenol-functionalized OVA nanocomplexes 
without integration with erythrocytes were found to primarily 
accumulate in the liver and kidney and did not show significant 
accumulation in the lung at both 5  min and 2  h (Figure  S10, 
Supporting Information). However, a significant signal 
increase was observed in the lungs of mice injected with OVA/
Erythrocytenex, 11-fold higher than OVA alone. Minimal signals 
were detected in the heart and brain (Figure 3a,b). As time pro-
gressed, relatively high signal of OVA/Erythrocytenex was still 
observed in the lungs 6-h post-injection (Figure 3c). 24 h post-
injection, the signal of OVA carried by Erythrocytenex decreased 

and approached the background (Figure  3d). Interestingly, 
Erythrocytenex does not require any affinity moieties (e.g., 
endothelial-binding antibody) to achieve high lung uptake; the 
fold-increase of lung uptake ranged from ≈11-fold (from 0.08 to 
6 h) to ≈140-fold (at 24 h) compared to the free OVA counter-
part controls. After 0.08 h, OVA/Erythrocytenex generated a high 
lung-to-liver ratio of ≈2, which is nearly 18-fold higher than 
that observed with free OVA. Moreover, after 24  h, the lung-
to-liver ratio was 335-fold higher compared to the free OVA 
counterparts (Figure  3e). These results suggest that Erythro-
cytenex enabled highly selective delivery of protein cargo in the 
lungs, sustained long release times, and eventually permitted 

Figure 3.  Erythrocytenex selectively target lungs via particle-free mechanisms. a) IVIS images of excised mouse lungs 5 min (0.08 h) after the administra-
tion of OVA protein only and OVA/Erythrocytenex. Alexa Fluor 674-conjugated OVA was used for the fluorescence signal. b) Biodistribution of OVA only 
and OVA/Erythrocytenex 5 min after intravenous (IV) administration. c) Biodistribution of OVA only and OVA/Erythrocytenex 6 h after IV administration. 
d) Biodistribution of OVA only and OVA/Erythrocytenex 24 h after IV administration. e) Lung to liver ratio of OVA delivered by the control counter-
part and OVA/Erythrocytenex throughout the entire measurement window. f) Remaining OVA delivered by Erythrocytenex through the time after 24 h 
post-injection. Significantly different (one-way ANOVA followed by Tukey’s HSD test): ***p < 0.001. Variation is represented by SE (error bars) from 
three independent replicates for all data points. g) Confocal fluorescence microscopy images of lung vascular capillary sections 5 min, 6 h, and 24 h 
after IV administration of OVA/Erythrocytenex. The white arrows indicate the distribution of delivered OVA. Vascular capillaries were stained by Alexa 
488-conjugated anti-CD31 antibody. h) Biomimetic perfusion chamber experiments to characterize the formation of cell-free layers during the flow of 
naïve erythrocytes. i) Endothelial adhesive property of OVA/Erythrocytenex (bottom). j) Simulations of the cross-flow distributions of naïve erythrocytes 
(green plot) and Erythrocytenex (red plot) flowing in the vascular channels at matching mechanical properties but varying adhesive parameters. Scale 
bars are 50 µm in (g) and (h).

Adv. Mater. 2020, 32, 2003492
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excretion (Figure  3f). There was little to no signal observed 
in the whole blood at any time points (Figure S11, Supporting 
Information), suggesting a stable attachment of protein on 
Erythrocytenex and targeted release in the lung capillaries. We 
analyzed lung sections to investigate the distribution of OVA/
Erythrocytenex within the microstructures of lung. As shown in 
Figure 3g, the engineered OVA/Erythrocytenex system was able 
to deliver a substantial amount of cargo and was highly distrib-
uted in these “hard-to-reach” capillary vascular microstructures. 
These results of lung-targeting property and permitted excre-
tion of OVA/Erythrocytenex were also supported by the biodis-
tribution data of erythrocytes stained with CellTrace Far Red 
(Figure S12, Supporting Information). For up to 12 h after intra-
venous administration, erythrocyte engineered with Cellnex 
exhibited enhanced accumulation in the lung as compared to 
the naïve erythrocytes. However, after 24  h, erythrocytes engi-
neered with Cellnex were found to have a similar biodistribu-
tion as the naïve erythrocytes.

The unique “particle-free” targeting performance of the 
Erythrocytenex was further investigated in the biomimetic 
perfusion chamber experiments (Figure  3h and Figure S13, 
Supporting Information). In the microfluidic experiments, 
erythrocytes and OVA/Erythrocytenex were flown at 10% hema-
tocrit through 100 by 100 µm microfluidic channels coated with 
a confluent monolayer of endothelial cells mimicking the blood 
vessel wall (Figures S14–S16, Supporting Information). To verify 
the integrity of adhered Erythrocytenex, we compared the near-
wall concentration distribution of cells in brightfield images. We 
observed a significant reduction of the cell-free layer thickness 
in the case of Erythrocytenex when compared to naïve erythro-
cytes (Figure  3h,i). Moreover, fluorescence microscopy images 
confirmed the adhesion of Erythrocytenex to the channel wall 
under physiological flow conditions (Figure 3i). The formation 
of a micron-sized cell-free layer near blood vessel walls under 
flow, commonly known as the Fåhræus–Lindqvist effect, can be 
explained by the balance between a lift force acting away from 
the wall due to erythrocyte deformability and shear-induced 
diffusion due to the hydrodynamic interactions among erythro-
cytes (Figure 3j and Section 14, Figure S17, Supporting Informa-
tion). Using an existing theory,[43,44] we estimated the cross-flow 
concentration distributions of erythrocytes and Erythrocytenex 
and the resulting cell-free layer thickness with (Figure  3j, red 
plot) or without wall adhesion (Figure  3j, green plot). We the-
oretically predicated that at matching flow conditions and cell 
mechanical properties, the cell-free layer thickness reduces 
from 17  µm for naïve erythrocytes to 0 for Erythrocytenex due 
to wall adhesion, consistent with our experimental observa-
tions. Assuming a reversible adhesion process at intermediate 
rates, the theory estimated that 7% of Erythrocytenex will remain 
adhered at steady state with a 6% increase in residence time, 
reducing the hematocrit in the flowing blood stream (Figure 3j, 
red plot). The adhesive property of Erythrocytenex onto vessel 
walls is not specific to the endothelial cells (Figures S18 and S19, 
Supporting Information). Despite it being a reversible and tran-
sient process, this adhesion slows down Erythrocytenex from the 
fast-flowing blood environment and can contribute to the overall 
prolonged retention time and lung targeting for drug delivery.

We also studied the adaptability of the Cellnex platform 
to engineer other mammalian cells apart from erythrocytes. 

Cell-based therapies (e.g., adoptive cell transfer and stem cell 
treatments) have been regarded as a promising approach to 
treat cancer and, more increasingly, autoimmune diseases. Tun-
able engineering of cells intended for transplantation is vital 
to maximize the efficacy of the administered cell therapies.[45] 
Common approaches for modulating immunosuppressive 
microenvironments, particularly within tumor sites, include 
targeting checkpoint pathways, modulating metabolic path-
ways, and generating cytokine-producing T cells.[46,47] These cel-
lular modulation goals may be addressed by the present study 
of Cellnex. In the case of using cells as delivery vehicles (e.g., 
monocytes, macrophages), one approach to accelerate the time 
needed for cell preparation is to efficiently load biomolecule pay-
loads onto cells without affecting their intrinsic ability to home 
to specific tissues.[48] For example, targeting monocyte differen-
tiation pathways for specific macrophage phenotypes without 
adversely affecting their trafficking is necessary to achieve suc-
cessful delivery. In the case of using transplanted cells (e.g., NK 
cells, T cells, and stem cells) as therapeutic entities, fine con-
trol over their activation and behavior allows for a personalized 
immunotherapeutic approach.[10] Prominent strategies include 
adoptive cell transfer with tumor-infiltrating lymphocytes, CAR 
T cells, and T cell receptor gene therapy, all of which modify the 
immune system to recognize tumor cells and carry out an anti-
tumor effector function. Transplanted T and NK cell therapies 
usually require engineering with an adjuvant biomolecule (e.g., 
IL-12, IL-15) to keep the cells active. Figure 4a shows that the 
generalized Cellnex toolbox can be applied to a variety of mam-
malian cells. We used Alexa 488-conjugated BSA as a model 
biomolecule for integration with a range of cell types, including 
monocytes, macrophages, NK cells, T cells, dendritic cells, and 
cancer cells. Figure 4b illustrates the uniform and thin fluores-
cent layer on the surfaces of all types of cells, indicating the 
successful assembly of biomolecules on these cells and creation 
of at least six different types of Cellnex biohybrid systems with 
potentials of different biological functions.

To investigate the influence of the polyphenol-functionalized 
nanocomplexes on the cellular functions, we selected mac-
rophages as a model to prepare a macrophage-based Cellnex 
system named as Macrophagenex. We first studied the effect of 
nanocomplexes on the cellular properties of macrophages. The 
adaptation of Cellnex to different types of cellular systems and 
payload biomolecules requires the tuning of the nanocomplexes 
and Fe3+ used for the metal–phenolic coordination-mediated 
assembly. Thus, we studied the cell viability of Macrophagenex 
in the presence of different concentrations of nanocomplexes 
and Fe3+ ions. Figure S20 (Supporting Information) shows 
that only minor changes of cell viability can be seen when 
the concentrations of nanocomplexes and Fe3+ are lower than 
96  µg  mL−1 (nanocomplexes) and 180  µg  mL−1 (Fe3+), respec-
tively. Figures S21 and S22 (Supporting Information) show that 
the integration of biological active species through the poly-
phenol-functionalized nanocomplexes showed neglected effect 
on the cell proliferative capability and chemotaxis capability 
toward an MCP-1 chemokine gradient. Moreover, macrophages 
maintained their phagocytotic capability after the integration 
of polyphenol-functionalized nanocomplexes (Figure S23, 
Supporting Information). Confocal fluorescence microscopy 
imaging validated that the nanocomplexes remained on cell 
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surfaces without internalization by cells (Figure S24, Sup-
porting Information). Then, an immune checkpoint inhibitor 
(i.e., PD-L1 antibody) was used to integrate with Macrophagenex 
(Figure  4c), and its chemotaxis capability toward tumor sphe-
roids was studied. Microscopy images show the compact cel-
lular structure of the 4T1 tumor spheroid, which generally 

leads to the challenge of drug delivery into the central area and 
formation of drug resistance (Figure  4d and Figure S25, Sup-
porting Information). Interestingly, anti-PD-L1/Macrophagenex 
was able to deliver the PD-L1 antibody to the tumor spheroid, 
even deeply into its center (Figure  4e,f). There was minimal 
penetration of fluorescence signal when free PD-L1 antibodies 

Figure 4.  Versatile cellular toolbox of Cellnex and the engineered Macrophagenex for sensing and chemotaxis. a) Schematic diagram of the biological 
functions and crosstalk between the cellular components of the immune system. b) Cellnex allows the engineering of cell-based biohybrid systems 
from six types of cells. Alexa-Fluor-488-conjugated BSA was used to visualize the assembly of protein nanocomplexes on the cell surface. c) Sche-
matic illustration of sensing and activation of Macrophagenex. Alexa-Fluor-488-conjugated anti-PD-L1 antibody was used as a model of biologically 
active molecules. Confocal fluorescence microscopy image of a representative 4T1 breast cancer tumor spheroid. d) Blue represents 40,6-diamidino-
2-phenylindole (DAPI), a nuclear stain. e) Green represents Macrophagenex carrying Alexa-Fluor-488-conjugated anti-PD-L1 antibody. f) The overlapped 
images of (d) and (e). The signal of anti-PD-L1 antibody was observed throughout the 4T1 breast cancer tumor spheroid. Scale bars are 10 µm (b), 
50 µm ((d) and (e)), 100 µm, and 20 µm ((f) and inset). g) Overall tumor growth curve monitored at different time-points (n = 5). Inset shows the 
treatment schedule. Significantly different (two-way ANOVA followed by Tukey’s HSD test): **p < 0.01. Variation is represented by SE (error bars) for 
all data points. h) Tumor growth curve of individual mice in different treatment groups. The PD-L1 only group showed a low response rate (≈40%); 
however, the anti-PD-L1/Macrophagenex group exhibited a significant increase of the response rate (≈100%).

Adv. Mater. 2020, 32, 2003492
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were added into the tumor spheroid culture media (Figure S26, 
Supporting Information).

We then examined the potential of anti-PD-L1/Macrophagenex 
to improve the efficacy of immune checkpoint blockade 
therapy in vivo. A melanoma xenograft model was established 
by injecting B16F10-Luc cells into the mammary fat pad of 
immune-competent mice, wherein we designed a series of con-
trol experiments in which the presence of anti-PD-L1, isotype 
control IgG, and macrophage was varied. The tumor progres-
sion was significantly slowed after treatment with the anti-PD-
L1 only and anti-PD-L1/Macrophagenex when compared to the 
control groups of macrophage only and saline (Figure  4g,h 
and Figure S27, Supporting Information). Particularly, on 
day 16, the untreated group showed a large tumor volume of 
1619 ±  339 mm3. The treatment by macrophage alone did not 
suppress the tumor growth. In a sharp contrast, the average 
tumor size of the group treated by anti-PD-L1/Macrophagenex 
was 285  ±  26  mm3, which indicates a better therapeutic effi-
cacy over the free anti-PD-L1 group (653  ±  217  mm3), likely 
due to the enhanced delivery of the antibody to tumor as indi-
cated by the tumor spheroid data shown in Figure  4c–f. In a 
separate study, a control group of Macrophagenex integrated 
with an innocuous protein isotype IgG (IgG/Macrophagenex) 
revealed no improved inhibition of tumor growth compared 
with saline control group, indicating that the therapeutic out-
comes of the anti-PD-L1/Macrophagenex was likely due to the 
targeted delivery of anti-PD-L1 to the tumor sites (Figure S28, 
Supporting Information). Meanwhile, the body weights of the 
mice were monitored over the course of the treatment period 
(Figure S29, Supporting Information). The body weight of the 
anti-PD-L1/Macrophagenex group showed no notable change.

In summary, the modular engineering of Cellnex offers 
a simple and adaptable method in which the biomolecules 
are simply mixed with polyphenols in an optimized stoichio-
metric ratio to form a nanoscale complexation, followed by sub-
sequent assembly on the surfaces of various living cells. The 
Cellnex can be rapidly prepared (in less than 10 min), although 
it cannot eliminate the cell expansion process in cases that cell 
expansion is absolutely needed. We demonstrated that Cellnex 
enables a customizable cell-engineering platform with flexible 
toolboxes of carried biomolecules and cells. The Erythrocytenex 
exhibited the ability to selectively target capillary vascular struc-
tures, which could be useful for the effective delivery of thera-
peutic drugs to lung cancer or chronic respiratory infections. 
As another example, Macrophagenex integrated with PD-L1 
antibodies were able to penetrate into 4T1 breast cancer tumor 
spheroids through chemotaxis. An enhanced therapeutic effi-
ciency of anti-PD-L1/Macrophagenex was also observed in the 
following in vivo experiments. With continuous development 
in the creation of new functional molecules and therapies, this 
simple and generalizable approach presents a promising plat-
form for a wide range of cell-based therapies and biohybrid cell 
engineering.

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