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Abstract: Cell therapies such as CAR-T have demonstrated 

significant clinical successes, driving the investigation of immune cell 

surface engineering using natural and synthetic materials to enhance 

their therapeutic performance. However, many of these materials do 

not fully replicate the dynamic nature of the extracellular matrix (ECM). 

This study presents a cell surface engineering strategy that utilizes 

phase-separated peptide coacervates to decorate the surface of 

immune cells. We meticulously designed a tripeptide, Fmoc-Lys-Gly-

Dopa-OH (KGdelta; Fmoc = fluorenylmethyloxycarbonyl; delta = 

Dopa, dihydroxyphenylalanine), that forms coacervates in aqueous 

solution via phase separation. These coacervates, mirroring the 

phase separation properties of ECM proteins, coat the natural killer 

(NK) cell surface with the assistance of Fe3+ ions and create an outer 

layer capable of encapsulating monoclonal antibodies (mAb), such as 

Trastuzumab. The antibody-embedded coacervate layer equips the 

NK cells with the ability to recognize cancer cells and eliminate them 

through enhanced antibody-dependent cellular cytotoxicity (ADCC). 

This work thus presents a unique strategy of cell surface 

functionalization and demonstrates its use in displaying cancer-

targeting mAb for cancer therapies, highlighting its potential 

application in the field of cancer therapy.  

Introduction 

Cell therapies are emerging as a new therapeutic method in 

biomedicine, generating effective treatments for previously 

incurable diseases, such as cancers. [1-3] Oftentimes, cells need 

to be engineered before they can be used in therapies. For 

example, immune effector cells are engineered by installing 

molecular guides such as antibodies on the surface to specifically 

recognize cancer cells for the precise killing of tumors; such an 

effect has been called antibody-dependent cellular cytotoxicity 

(ADCC). [4–10] Therapeutic monoclonal antibodies (mAbs) are 

natural engagers, as immune cells possess Fc-binding receptors 

to display antibodies on the surface. However, the engaging 

capability of native mAbs is often very weak. Synthetic engagers, 

i.e., antibody-derived designer molecules, including bispecific 

antibodies, biTE, etc., based on chemical or genetic modification 

of mAbs or antibody-like molecules (such scFv, nanobody, and 

Fab), have been devised to modify immune effector cells. [11–13] 

Alternatively, researchers can chemically engineer the surface of 

immune effector cells and directly embed, display, or conjugate 

the engagers on the surface of immune effector cells. [14,15] On 

the other hand, genetic modification of T cells resulted in CAR-T 

therapies, in which patient-derived T cells were transfected with 

plasmids expressing chimeric antigen receptors (CARs). As the 

success of CAR-T has been mostly limited to blood cancers, 

natural killer (NK) cell-based immunotherapies are gaining 

growing attention as researchers seek alternatives to T cells. The 

therapeutic potential of NK cells has been significantly bolstered 

by enhancing their recognition and cytotoxic capacities. [11, 12, 

16-19] 

 

The clinical success of cell therapies has invigorated the 

exploration of new approaches for cell surface engineering. 

Chemical strategies for cell surface engineering include 

decorating the cell surface with natural and synthetic materials, 

such as nanoparticles, microparticles, and polymeric coatings, to 

enhance the therapeutic effects of the carrier cells. [20-24] 

Surface modification arms cells with functionalities unattainable in 

their naive states, including protection against the hostile 

environment and clearance rate, enhanced cell trafficking, 

masking of the cell-surface antigens, modulation of the 

inflammatory phenotype, and others. [20-24] Regarding the cell 

types, red blood cells (RBCs) are the most common cells in cell 

surface engineering. For example, Ferguson and coworkers 

conjugated two affinity ligands to nanocarriers, one binding RBCs 

and the other binding targeted pulmonary endothelial cells; the 

binding of the dual affinity nanocarriers to RBCs leads to lung-

targeted enrichment. [25] Glassman and coworkers utilized 

single-chain-antibody-mediated coupling of liposomes to RBCs to 

prolong the circulation of the liposomes. [26] Zhao and coworkers 

developed a strategy of sheltering the epitopes on Rhesus 

D(RhD)-positive RBCs using a surface-anchored framework. The 
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RhD-epitope stealth strategy realized the positive-to-negative 

blood transition of the RhD antigen and brought hope to patients 

of the rare blood group. [27] We recently functionalized the 

surface of RBCs with antibody-lipid conjugates for selective drug 

delivery. [28] Besides RBCs, platelets, fibroblasts, endothelial 

cells, islet cells, neural stem cells, yeast cells, myoblasts, 

lymphoblasts, HeLa cells, and even microbes have been surface-

engineered. [20] Immune cells such as T cells were also 

engineered: Tang and coworkers designed cell surface-

conjugated protein nanogels as a carrier for an interleukin-15 

super-agonist complex and selectively expanded T cells in tumors. 

[29] Yet, to our knowledge, surface engineering of other immune 

cells, such as natural killer (NK) cells, is still scarce. 

 

On another note, liquid-liquid phase separation (LLPS) is a 

physical phenomenon in which molecules forming a liquid solution 

spontaneously aggregate to form highly concentrated 

condensates. These condensates appear as microdroplets with 

well-defined boundaries, exhibiting a rapid concentration change 

of several orders of magnitudes. Yet the molecules within the 

concentrated phase dynamically exchange with those in the 

surrounding diluted phase. Initially recognized as a common 

occurrence in polymer solutions, LLPS has recently been found 

in cells, compartmentalizing cellular space and regulating various 

cellular processes, including gene transcription, the formation of 

heterochromatin, assembly of the spindle apparatus, asymmetric 

cell division, autophagy, innate immune response, and many 

others. [30-37] Most of these phase-separating systems require 

the participation of biopolymers, such as proteins, nucleic acids, 

or their combinations, as their interchain interactions fortify the 

network of the coacervates. [38-43] Many extracellular matrix 

proteins are known to form liquid-liquid phase separation, 

including elastin, galectin-3, matrilin-3, etc. [44-46] Conceivably, 

decorating cell surface with molecular coacervates would mimic 

the extracellular matrix of the cellular microenvironment. Besides 

biopolymers, recent discoveries found that oligopeptides can also 

form condensates through phase separation governed by various 

interactions such as charge-charge, dipole-dipole, cation- 

interactions, hydrogen bonds, - stacking, biomolecular 

recognition, and ligand-bridging. [47]  

 

LLPS is also found in the biogenesis of different biomaterials, 

including various silks, squid beaks, and marine adhesives. [48-

50] Mussel foot proteins (Mfps), which were secreted by marine 

mussels, are rich in a post-translationally modified amino acid 

L−3,4-dihydroxyphenylalanine (Dopa), which plays an essential 

role in the phase separation of these proteins (Figure 1A). The 

adhesive and cohesive properties of Mfps were based on various 

interactions, including hydrogen bonds, - interactions, -cation 

interactions, and metal coordination. For example, Mfp-5 is 

considered the first secreted protein to initiate the wet adhesion 

of mussels in the process of plaque formation, featuring a very 

high Dopa content (~30%). In 2023, Yu and coworkers reported a 

Dopa-containing peptide 16-mer that can form coacervates in 

seawater. [51] Notably, Guo and coworkers harnessed 

polyphenols as building blocks to construct superstructures on the 

surface of cells, which inspired us to design Dopa-containing 

peptides for cell surface engineering. [52-55]  

 

Here, we report a tripeptide Fmoc-Lys-Gly-Dopa-OH (KGdelta) 

that forms phase-separated coacervates in the aqueous solution. 

We study the ability of the peptide coacervates to sequester cargo 

molecules such as proteins, nucleic acids, and small molecules 

(Figure 1B). Furthermore, the tripeptide coacervate provides a 

new way of functionalizing the immune cell surface with 

antibodies for targeted cancer therapy. 

  
Figure 1. Phase-separating tripeptide inspired by adhesive 

mussel foot protein. A) Mussel foot proteins exhibit outstanding 

properties through the Dopa groups, including phase separation. 

B) Mimicking the phase-separating Mfps, we design Dopa-

containing tripeptides that are capable of forming coacervates 

under biological conditions. 

Results and Discussion 

1. Screening of a peptide library 

A library of tripeptides was designed following the "sticker-and-

spacer" model and synthesized. The peptides contain a 

hydrophobic N-terminal group Fmoc, and a C-terminal aromatic 

amino acid, either Phe, Tyr, or Dopa. In the middle, a Lys residue 

contributes its amine side chain to form cation- interaction, and 

a Gly residue serves as a flexible spacer between the interacting 

moieties (Figure 2A). The C-terminal carboxylic acid increases 

the solubility and supports ionic interaction. When these peptides 

were dissolved in PBS at pH 7.4, only one tripeptide, Fmoc-Lys-

Gly-Dopa-OH (KGdelta), formed microdroplets in the solution. 

Changing the Dopa group to Tyr or Phe turned the peptides into 

a solution or gel-like precipitates (Figure S1). Changing the Lys 

residue to Arg generated gel-like precipitates. Fmoc-His-Gly-

Dopa-OH formed microdroplets only in acidic solutions, and 

Fmoc-Gly-Gly-Dopa-OH gave a clear solution in PBS (Figure S2). 

Reducing the hydrophobicity of Fmoc increased the solubility of 

the peptides but also diminished the microdroplet formation. 

These data indicated a meticulous design for a fine balance 

between strength and flexibility is critical to forming microdroplets 

(Table 1). 

 

2. Tripeptide KGdelta forms phase-separated coacervates  

We next prove that the KGdelta microdroplets show features of 

phase-separated coacervation. Microdroplets were formed by 

diluting the peptide stock solution (100 mg/mL in DMSO or DI 

H2O) to 5 mg/mL in PBS (pH 7.4). The solution immediately turned 

turbid, and microdroplets with sizes up to several microns could 

be visualized under a microscope (Figure 2B). A control peptide, 

Fmoc-Lys-Gly-Tyr-OH, dissolved in PBS under the same 

condition showed as a clear solution (Figure S1). Dynamic light 
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scattering (DLS) analysis showed microdroplet sizes of several 

microns. Zeta potential measurement showed that KGdelta 

coacervates carried positive charges (Figure S3). The 

microdroplets could be stained with 0.1% (v/v) Sybr Green I. They 

were highly mobile in the solution and spontaneously coalesced 

(Figures 2C and S4). We then performed a fluorescence recovery 

after photobleaching (FRAP) assay. After photobleaching, the 

fluorescence of the microdroplets recovered to 90% of the signal 

before bleaching within 100 seconds (Figure 2D). Higher peptide 

concentration, near neutral pH value (pH 5.5 – 8.5), and salt 

concentration promoted microdroplet formation (Figure S5). The 

microdroplet formation was pH switchable: microdroplets were 

formed at neutral pH but disappeared at an acidic pH reversibly, 

based on turbidity measurement (Figure 2E). Increasing the 

temperature from 25℃ to 50℃ led to complete disappearance of 

the microdroplets (Figure 2F). Taken together, these data show 

that the KGdelta microdroplets are phase-separated coacervates.  

 

 
Table 1. Screening the physical states of a tripeptide library. 

 

We conducted all-atom molecular dynamics simulations to 

investigate the driving forces leading to the phase separation of 

the KGdelta peptide. We simulated 10 KGdelta molecules in a 

water box approximately 7 × 7 × 7 𝑛𝑚3 in size. Four independent 

simulations were performed, each with different starting 

structures and with a duration of 500 ns. Subsequently, we 

calculate the distribution of the number density of key functional 

groups of KGdelta molecules as a function of distance. The 

number density at a specific distance reflects the likelihood of two 

molecules remaining at that distance. As shown in Figure 3, 

distributions of number density for Aro(Fmoc)-Aro(Fmoc), NH3
+-

COO-, and COO--OH(Dopa) show higher peaks at short distances 

than others, indicating more frequent contacts among these 

groups. These findings suggest that the 𝜋 − 𝜋  interactions 

between aromatic rings of Fmoc, the electrostatic interactions 

between Lys and the negatively charged carboxylate group at the 

C-terminus, and the hydrogen bonding between the carboxylate 

group and the hydroxyl group of Dopa play key roles in the phase 

separation of these molecules. These results are consistent with 

experimental findings that mutations in these key functional 

groups suppress the phase separation of KGdelta molecules. 

 

 
Figure 2. Phase separation properties of the KGdelta 

coacervates. A) Structure of the KGdelta peptide and a schematic 

illustration of the possible interactions. B) Photos and optical 

microscopic images of the microdroplets formed by KGdelta (5.0 

mg/mL in PBS solution). C) Fluorescent microscopic images 

showing the fusion of microdroplets. The droplets were stained by 

Sybr Green I. D) FRAP analysis showing the recovery of the 
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fluorescence of the microdroplets after photobleaching. Data are 

presented as the mean  s.d. of 3 independent experiments, with 

the s.d. shown in green. E) pH-responsiveness of the microdroplet 

formation, as monitored by turbidity. F) Temperature-

responsiveness of the microdroplets monitored by turbidity. 

 

 
Figure 3. Distribution of number density 𝑛(𝑟) of functional groups 

in KGdelta as a function of distance calculated from all-atom 

molecular dynamics simulations. Aro(Fmoc) and Aro(Dopa) 

denote the aromatic rings in Fmoc and Dopa. NH3
+, COO-, and 

OH(Dopa) denote the positively charged ammonium group in Lys, 

negatively charged carboxylate group in the C-terminus of Dopa, 

and hydroxyl group in Dopa. Please refer to the supporting 

information for details of the calculation of 𝑛(𝑟). 

 

 
Figure 4. Partitioning and enrichment of guest molecules in 

KGdelta coacervates. A) Confocal fluorescence images of 

KGdelta coacervates incubated with different fluorescent 

molecules. B) Confocal fluorescence images of KGdelta 

coacervates incubated with EGFP or IgG-Cy5. C) Partition 

efficiency of different guest molecules in KGdelta coacervates. 

Briefly, in a solution of protein or small molecule cargo (0.1 

mg/mL), the KGdelta peptide was added to a final concentration 

of 3 mg/mL to form coacervates. The mixture was then 

centrifuged, and the fluorescent signal of the supernatant was 

measured as F1. The fluorescent signal of the cargo solution 

without peptide was measured as F0. The partition efficiency was 

calculated as (F0-F1)/F0100%. Data are presented as the mean 

 s.d. of 3 independent experiments. 

3. Guest recruitment in KGdelta coacervates  

Molecular coacervates are known to recruit and enrich guest 

molecules. [56] We first determined the ability of the KGdelta 

coacervates to concentrate fluorescent molecules, Sybr Green I, 

DAPI, rhodamine B (RhoB), Nile red, and fluorescein (FAM) by 

fluorescence microscopy (Figures 4A and S6). After adding the 

fluorescent dyes, confocal microscopy images of the coacervates 

demonstrated strong fluorescence within the microdroplets, 

indicating their capability to enrich molecular dyes (Figure S7). 

Apart from small molecule fluorophores, KGdelta coacervates 

also enriched larger proteins, such as EGFP and antibodies 

(Figures 4B and S8). Interestingly, for some large coacervates, 

the IgG-Cy5 seems to enrich on the surface of the microdroplets. 

The partition efficiencies of these guest molecules in coacervates 

were calculated (Figure 4C). Despite the zwitterionic and 

hydrophobic nature of the KGdelta peptide, cationic dyes seem to 

have higher partition efficiency than the anionic dye FAM and 

proteins in the coacervates. The cargo also affects the size of the 

coacervates. The mechanisms, however, are yet unknown. These 

data show that the KGdelta coacervates can enrich a wide range 

of molecules, potentially serving as a reservoir for delivery. 

 

4. Cell surface engineering based on KGdelta coacervates 

and Fe3+ ions 

 

Previous studies reported that Fe3+ ions could induce metal–

phenolic coordination-mediated assembly of the complexes on 

the cellular surfaces. [57, 58] Therefore, we coated the surface of 

immune cells with KGdelta coacervates in the presence of Fe3+ 

ion. KGdelta coacervates showed a smaller size in the presence 

of FeCl3 (Figure S9). The KGdelta coacervates were prepared at 

a peptide concentration, and the guest protein was partitioned into 

the coacervates during the preparation. After 3 minutes of 

incubation between the coacervates and cells, Fe3+ ions were 

added for 10 minutes before washing the cells (Figure 5A). We 

coated THP1 cells with mCherry-encapsulated KGdelta 

coacervates and observed a fluorescent layer around THP1 cells 

(Figure 5B). Control groups without FeCl3 or KGdelta coacervates 

could not modify the cell surface (Figure S10). The surface 

coating was successfully implemented in different cells, including 

macrophages, NK cells, T cells, fibroblast cells, and cancer cells. 

Fluorescent layers were observed on the surfaces of all these 

cells, indicating the successful engineering of the cell surface and 

the presentation of the fluorescent proteins on the cell surface 

assisted by the peptide coacervates (Figure 5C). Besides, 

different proteins, such as BSA, streptavidin, and IgG, were 

coated on the cell surface using the same protocol (Figure 5D). 

These results show that Dopa-containing KGdelta coacervates, 

with the assistance of Fe3+, provide a viable material to engineer 

the surface of mammalian cells. This coating strategy seems non-

toxic to the cells (Figure S11).  

 

5. Enhanced ADCC via cell surface functionalization 

Lastly, the coacervate-based cell-surface engineering strategy 

was applied to display Trastuzumab, an FDA-approved anti-

HER2 monoclonal antibody, on the immune cell surface for 

enhanced antibody-dependent cellular cytotoxicity (ADCC) 

(Figure 6A). [9, 10] THP1 cells were coated with Trastuzumab for 

20 min in the presence of the KGdelta coacervates and Fe3+. After 

extensive washing to remove unreacted reagents, THP1 cells 

coated with Trastuzumab-embedded coacervates and labeled 
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with the green dye DIO (THP1-Tras) were mixed and incubated 

with HER2-positive SKOV3 cells (labeled with the red dye Mito 

Tracker Red) for 8 hours. THP1 cells without coating with 

Trastuzumab were used as a control. Because SKOV3 cells are 

adherent and THP1 cells form suspension culture, no THP1 cells 

could be found on the coverslip in the control group after the 

washing step. In contrast, THP1-Tras cells attached to SKOV3 

cells after the washing step, showing that Trastuzumab displayed 

on the surface of THP1-Tras cells guided THP1 to SKOV3 and 

formed contacts between the two cells (Figure 6B). 3D confocal 

microscopic images showed enhanced cell-cell interaction 

between THP1-Tras and SKOV3 cells (Figure 6C). Next, we 

utilized the same protocol to functionalize NK-92 cells, a type of 

interleukin-2 (IL-2)-dependent NK cell line with cellular cytotoxicity 

but without targeting capability. Based on the release of lactate 

dehydrogenase (LDH), at an effector cells/target cells (E/T) ratio 

of 3:1, Trastuzumab-coated NK-92 cells (NK-92-Tras) showed 

significantly higher cytotoxicity than NK-92 cells without coating 

with Trastuzumab (Figure 6D). Such an enhanced ADCC effect 

was found to be HER2-dependent because NK-92-Tras cells did 

not effectively kill HER2-negative MDA-MB-231 cells. Taken 

together, our experiments show that the coacervate-based 

surface functionalization of immune effector cells enables the 

display of HER2-specific antibody Trastuzumab, promotes the 

contact between immune effector cells and the target cancer cells, 

and enhances the killing of the cancer cells.  

 

Figure 5. Cell surface engineering by KGdelta coacervates. A) 

Schematic diagram of the cell surface functionalization by 

KGdelta coacervates assisted by Fe3+. B) Confocal microscopic 

images of the THP1 cells coated with KGdelta coacervates (red 

represents the mCherry protein). C) Surface functionalization of 

different cell types by fluorescently labeled BSA (with Alexa Fluor 

488 through NHS-amine reaction). D) Cell surface 

functionalization with streptavidin and IgG covalently fluorescently 

labeled by NHS-Alexa Fluor-488.  

 

CONCLUSIONS 

In summary, we report a Dopa-containing tripeptide KGdelta that 

undergoes phase separation and forms coacervates with liquid-

like fluidity. The coordination of Dopa and Fe3+ drives the 

assembly of KGdelta coacervates on the surface of cells, 

displaying the encapsulated cargo on the cell surface. The 

formation of coacervate "corona" around cells mimics the 

extracellular matrix of the cellular microenvironment. Here, we 

showcase one application of the cell surface engineering strategy 

using the peptide coacervates. An anti-HER2 mAb Trastuzumab 

embedded within the coacervate corona on immune cells 

enhanced the binding between immune cells and HER2+ cancer 

cells. The surface-engineered NK cells recognized HER2+ cancer 

cells and exhibited enhanced cytotoxicity through the ADCC 

effect. Taken together, we have shown here a tripeptide that 

forms molecular coacervates based on phase separation, 

presented a unique cell-surface engineering strategy, and 

showcased a potential application in guiding the immune effector 

cells to recognize and kill HER2+ cancer cells. Notwithstanding, 

how the antibodies were displayed inside the coacervates and 

how they mediate the interaction between two cells are yet 

unknown to us. We speculate that the antibodies will adopt a 

random orientation when embedded inside the coacervates, and 

a subpopulation will be at the right orientation to bind to cancer 

cells. Nevertheless, our work shows that coacervates may be a 

new type of material for cell surface functionalization to endow 

immune effector cells with new therapeutic potential. 

Experimental Section 

Experimental Procedures and Figures S1-S12 and Table S1 are 
included in the Supporting Information. 
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Figure 6. Enhanced ADCC via cell surface functionalization by antibody-embedded KGdelta coacervates. A) Schematic diagram 

showing the surface-functionalized immune cells bind to cancer cells through surface-displayed antibodies. B) Confocal microscopic 

images showing the interaction of THP1-Tras with HER2+ SKOV3 cells. C) 3D view images showing the interaction of THP1-Tras with 

HER2+ SKOV3 cells. D) Cytotoxicity of the cancer cells measured in different co-culture groups. Data are presented as the mean ± 

s.d. of n = 3 independent experiments. *, P <0.05. **, P <0.01. ***, P < 0.001.****, P <0.0001 relative to Group 1. 
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Tripeptide forms phase-separated coacervates, which functionalize the surface of NK cells, display an anti-HER2 mAb within the 

coacervate layer on the cell surface, and guide the NK cells to recognize and kill HER2+ cancer cells.  
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