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Abstract

Cell-mediated remodeling of extracellular matrix (ECM) plays important roles for cell functions, 

but it is challenging to develop synthetic materials for mimicking such a dynamic aspect of 

proteins in ECM. Here we show that intercellular morphological transition of peptide assemblies 

mimic the unfolding of fibronectin, thus enabling cell to form spheroids from a monolayer of cells. 

Specifically, the phosphopeptide self-assembles to form nanoparticles, which turns into nanofibers 

upon partial dephosphorylation catalyzed by enzymes (e.g., phosphatases) at intercellular space. 

Occurring between HS-5 cells, such an enzyme instructed self-assembly enables a sheet of the 

HS-5 cells to form cell spheroids. Structure-activity investigation reveals that proteolytic stability, 

dephosphorylation, and biotin conjugation of the peptides are indispensable for forming the cell 

spheroids. Further mechanism study indicates that the intercellular assemblies interact with 

multiple ECM components (e.g., laminin, collagens III and IV) to drive the formation of the cell 

spheroids. As the first example of intercellular instructed-assembly from homotypic precursors, 

this work illustrates a new approach that uses cell-responsive peptide assemblies to mimic protein 

dynamics for control cell behaviors.
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Extracellular matrix (ECM) plays multifarious roles in cellular processes, such as 

proliferation,1 differentiation,2 migration,3 and communication.4 In the development of 

biomaterials for regenerative medicine and tissue engineering, considerable efforts have 

centered on designing biomaterials to mimic ECM for guiding the behavior of cells, such as 

using simple biochemical cues (e.g., cell adhesion sequences) for controlling cell adhesion,5 

modulating elasticity of matrix for directing cell differentiation,2,6–7 polyvalent 

carbohydrates for inhibiting agglutination8 or promoting cell aggregation,9 and applying 

photochemistry to switch synthetic networks for guiding cell migration and proliferation.10 

Despite that significant progresses have achieved by these approaches, most synthetic ECM 

materials lack the dynamic features exhibited by the proteins that constitute ECM. For 

example, ECM undergoes cell-mediated remodeling, which play essential physiological 

roles in regulating tissue architecture, morphogenesis, and homoeostasis.11 Thus, it would be 

advantageous and necessary to develop a facile approach to generate materials that, like 

endogenous ECM, undergo cell-mediated remodeling.

A well-studied example of ECM remodeling is the unfolding of fibronectin (FN), a major 

ECM glycoprotein that plays central role for regulating a variety of cell activities.12 Initiated 

by integrin receptor on cell surface, the unfolding of FN assembly is a cell-mediated 

process: the dimeric globular FN bind with integrin, integrin receptors at focal adhesion sites 

transmit cellular contraction forces, and this local mechanical change of the cell stretches 

FN molecules to active conformations, and thus promoting FN-FN interactions to form 

fibrils. The increase of noncovalent interactions between the fibrils further stabilizes the 

fibrillar networks to enhance fibrillar adhesions.13 Occurring at the intercellular space, such 

a fibrillar adhesion provides cell-cell adhesive forces that are critical for 2D to 3D cell 

morphogenesis in vitro.14 So the essence of FN unfolding is to generate cell adhesion force 

by forming FN fibrils from globular FN. Since the determinant for cell morphogenesis is 

biophysical in nature (i.e., cell-cell adhesive forces),14 it should be feasible to use molecules 

other than FN to modulate cell adhesion forces for generating cell spheroids. Stimulated by 

this insight,14 we intended to build synthetic fibrillar matrix for modulating cell adhesion 

forces and inducing cell spheroids.

To mimic the essence of FN unfolding and to ensure the mediation by the cells, we decided 

to use instructed-assembly15–18 to form supramolecular nanofibers at intercellular space as 

the synthetic fibrillar matrix (Scheme 1). To maintain the adhesion of the nanofibers with the 

cells and to distinct from the endogenous cell adhesion motifs (e.g., RGD, IKVAV, YIGSR, 

and carbohydrates),19–22 we used biotin as the proteolytic resistant cell adhesion motif 

because various cell lines express high level biotin receptor.23 So we designed a biotinylated 

D-phosphotetrapeptide (pD1-B) as the substrate for the phosphatase instructed assembly. 

Our studies show that, being partially dephosphorylated by phosphatases at intercellular 

space, globular assemblies (i.e., nanoparticles) of pD1-B turns into nanofibers (consisting of 

the mixture of pD1-B and D1-B) at the intercellular space, which transforms a 2D cell sheet 

to 3D cell spheroids. Dephosphorylation, cell surface binding motif, and proteolytic 

resistance of the precursor, are essential for the observed cell spheroids. The formed 

intercellular assemblies interact with multiple ECM components (e.g., laminin, collagens III 

and IV) within the cell spheroids. As a demonstration of morphological transition of 
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supramolecular assemblies to modulate intercellular mechanical force, this work illustrates a 

versatile approach that uses enzymatic noncovalent synthesis to mimic protein dynamics and 

to control biophysical determinants locally for cellular signal transductions.

As shown in Scheme 1, pD1-B consists of three key components: a well-studied self-

assembling backbone (i.e., a diphenylalanine capped with naphthalene (Nap-ff)24), an 

enzymatic trigger (i.e., tyrosine phosphate (py) as a substrate of phosphatase25–26), and a cell 

surface targeting motif (i.e., biotin). We utilized biotin because biotin is a ligand of cell 

surface receptor and is a biocompatible vitamin.23,27 After synthesizing Fmoc (9-

fluorenylmethoxycarbonyl) protected phosphorylated tyrosine via two steps, we synthesized 

Nap-ffkpy by standard solid-phase (Fmoc) peptide chemistry, and subsequently using N-

hydroxysuccinimide (NHS) activated biotin to react with Nap-ffkpy via ε-amino group of 

lysine to form stable amide bonds to result in pD1-B. After purifying the precursor, we used 
1H-NMR and LC-MS to confirm their purity and identity. This facile synthetic route 

(Scheme S1) produces pD1-B in a good yield (76%).

After demonstrating pD1-B is innocuous to HS-5 cells (Figure S1), we investigated the 3D 

cell spheroid formation of HS-5 cells upon the treatment of pD1-B. We chose HS-5 cells 

because these fibroblast cells express relatively low level of phosphatases, synthesize 3D 

ECM slowly (several days at higher density),28 and serve as a stromal cell line for co-

culturing with other disease-related cells. After being treated with pD1-B for 24 h, HS-5 

cells form 3D cell spheroids (Figure 1B, S2 and S3) from a 2D cell sheet, while the cells 

remain a 2D sheet without pD1-B in the culture medium. Adding pD1 or D1-B (Scheme 

S2), which is the analogue of pD1-B without either the biotin motif or the phosphate group, 

HS-5 cells remain as a 2D cell sheet. These results indicates that both the binding to cell 

surface and the dynamic change of pD1-B are indispensable for inducing the 3D cell 

spheroids. Importantly, using biotin molecules to compete with pD1-B to bind the receptors 

on cell surface blocks the formation of cell spheroids in a concentration dependent manner 

(Figure 1E and S5), further confirming the crucial role of biotin, as a ligand, for attaching 

the assemblies of pD1-B on the cell surface to undergo instructed-assembly at the 

intercellular space. Using pL1-B, the L-enantiomer of pD1-B, results in smaller clusters of 

cells (Figure 1F and S6), indicating the proteolytic stability (Figure S7 and S8) of the 

assemblies of pD1-B also play important roles for forming the cell spheroids.

To verify that the enzymatic dephosphorylation and self-assembly of pD1-B on the cells are 

a dynamic process, we quantified the conversion of pD1-B after incubating it with HS-5 

cells at different time points. The results (Figure 2A) show that endogenous phosphatases 

convert 19.2%, 39.5%, and 68.5% of pD1-B to D1-B at 3, 8, and 24 h, respectively. The 

results indicate that the process of instructed-assembly15 involves two build blocks, pD1-B 
and D1-B, which co-assemble to form a continuum phosphorylated nanostructures at 

intercellular space. We next used FITC-avidin to stain the assemblies of pD1-B and D1-B. 

Figure 2B (and Figure S9) indicates that the fluorescence of FITC-avidin distribute on cell 

surface as puncta with slightly different sizes, suggesting that the assemblies anchor on cell 

surface and form intercellular assemblies. In contrast, HS-5 cells treated with pL1-B exhibit 

very weak fluorescence in cytoplasm, indicating the stability of molecule is important for its 

anchoring on cell surface. To directly visualize the distribution of these intercellular 
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assemblies, we introduced a nitrobenzofurazan (NBD)-capped phosphopeptide (NBD1P-B, 

scheme S3) since NBD fluoresces intensely when forming assemblies.29 3D construction of 

CLSM images (Figure 2C and Video clip S1) reveals that most fluorescent puncta locate 

around cells, confirming that the intercellular dynamic assemblies of NBD1P-B drive the 

formation of the cell spheroids.

We used immunofluorescent staining to detect the co-localization of the assemblies of 

NBD1P-B and NBD1-B and major components of ECM or cell adhesion molecules. The 

results reveal that the assemblies partially co-localize with laminin, collagen III, and 

collagen IV (Figure 2D, video clips S2–S4). The assemblies hardly co-localize with 

fibronectin. These results imply that intercellular instructed-assembly likely acts as a 

dynamic adhesive force for generating 3D cell spheroids. Further mechanistic studies 

(Figure 2D) exclude the direct interaction between the assemblies and cell adhesion 

molecules, such as N-cadherin and integrins. More importantly, antibodies against α5 

(fibronectin receptor) show brighter fluorescence in spheroid (Figure 2D) than in the 

corresponding 2D cell culture (Figure S10), and antibodies against αvβ3 (vitronectin 

receptor) exhibit weaker fluorescence in 3D spheroid than in 2D cell culture. These results 

suggest the transformation of focal adhesion to fibrillar adhesion during cell spheroid 

formation, which is likely to evolve 3D-matrix adhesion.28,30 Collectively, these results 

support that intercellular instructed-assembly of small molecules effectively enhancing cell-

cell interactions to form 3D cell spheroids.

Transmission electron microscopy (TEM) helps infer the morphological transformation that 

likely occurs during intercellular instructed-assembly. pD1-B self-assembles to form 

relatively uniform nanoparticles (Figure 3A) with diameter of 7±2 nm in aqueous solution, 

which transform to nanofibers (Figure 3B) with several hundred nanometers in length and 

7±2 in width upon the treatment of ectophosphatase (e.g., alkaline phosphatase (ALP)). 

Similar to pD1-B, adding pL1-B in aqueous solution results in nanoparticles with diameter 

of 5±2 nm, and then turn into filaments with 3±2 nm in width after addition of ALP (Figure 

S11). As a control, pD1 forms predominately worm like structures with about 36±2 nm in 

length and 6±2 nm in width (Figure S12), plus some nanospheres with diameter of 5±2 nm. 

Upon the addition of ALP, these worm like structures transform to short filaments with 58±2 

in length and 5±2 in width (Figure S12). Directly dissolving D1-B in aqueous solution 

results in uniform nanofibers (Figure S13). These results not only indicate the influence of 

biotin on the morphology of pD1-B, but also confirm the morphology transition due to 

dephosphorylation. Such a dynamic, morphological change, reminiscing the cell-mediated 

dynamics of fibronectin (i.e., from globular to fibril structures during unfolding processes), 

is the key factor for inducing the cell spheroids.

Gold-avidin staining (Figure 3C and S14) indicates that biotin presents on the surface of 

nanofibers, being similar to a previous report,31 suggesting that biotin not only acts as a 

ligand for anchoring pD1-B on cell surface, but also provides additional hydrogen bonding 

for intercellular fibrillar interaction to reinforce ECM. Moreover, liquid chromatography 

mass spectrometry (LC-MS) reveals that the assemblies of pD1-B was dephosphorylated in 

different rates upon addition of different amounts of ALPs (Figure 3D). Specifically, 0.1 

U/mL of ALP hydrolysis pD1-B is much faster than 0.01 U/mL of ALP does, with t½ to be 
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0.14 and 1.72 h for 0.1 U/mL and 0.01 U/mL of ALP, respectively. This result is consistent 

with the fact that pD1-B induces the spheroid formation of HS-5 cells, while hardly change 

the morphology of Saos-2 cells that express higher level of ALP (Figure S15).

In summary, this work describes that intercellular enzymatic formation of higher-order 

nanostructures of peptides for controlling the collective behavior of cells. Use only one type 

of precursor to induce cell spheroid formation, the strategy illustrated in this work is simpler 

and more general than previous works,32–33 which require two types of molecules (i.e., 

vancomycin and phosphopeptide). Similarly to the cases of heterotypic precursors, the rate 

of dephosphorylation likely dictates the formation of the peptide assemblies for forming cell 

spheroids. Introducing ligands (e.g., biotin) of cell surface receptor for instructed-assembly 

ensures locally controlling phase transition of assemblies on cell surface, which further 

influences the mechanical signaling locally for remodeling ECM11 to induce cell 

morphogenesis. Providing a facile strategy for in-situ constructing molecular assemblies to 

generate organoids, this work illustrates that spatiotemporal control of noncovalent (or 

supramolecular) interactions, and it ultimately may contribute to tissue engineering and stem 

cell therapies.34 Using other functional small molecules instead of biotin in instructed-

assembly may lead to novel functions of supramolecular assemblies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Intercellular instructed-assembly to mimic the essence of the dynamic of an ECM protein 

(e.g., fibronectin unfolding).
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Figure 1. 
Optical images of HS-5 cells (A) in culture medium and co-incubation with (B) pD1-B; (C) 

pD1; (D) D1-B; (E) pD1-B and Biotin (500 μM), and (F) pL1-B for 24h. The concentration 

of all the molecules is 200 μM. Scale bar is 150 μm.
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Figure 2. 
(A) HS-5 cells catalyzed conversion of pD1-B within 24 h. (B) HS-5 cells treated with pD1-
B (200 μM) for 24h and then stained with FITC-avidin for 2h. Scale bar is 10 μm. (C) 3D 

construction of HS-5 cells treated with NBD1P-B (200 μM) for 24 h. (D) 3D construction 

(see videos S2 and S6) of immunofluorescence staining of HS-5 cells treated with NBD1P-
B (200 μM) for 24 h: the cell spheroids stained with antibodies of ECM molecules (i.e., 

laminin, collagens III and IV, fibronectin) and adhesive molecules (i.e., N-cadherin; integrins 

α5, β1, and β3). Green indicates the assemblies, red the antibodies, and blue the nuclei. 

Arrows point to the co-localization of the assemblies and the antibodies.
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Figure 3. 
TEM images of pD1-B at concentration from 0.1 wt% in Tris-Cl buffer (pH = 7.4) (A) 

without or (B) with the treatment of ALP (1 U/mL). (C) TEM of gold-avidin (10 nm) stained 

fibers, red arrows point to the gold nanoparticles. Scale bar is 50 nm. (D) Dephosphorylation 

rate of pD1-B (200 μM) with or without the treatment of ALP (0.1 and 0.01 U/mL) in the 

Tris-buffer (pH=7.4).

Wang et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2020 May 08.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t


	Abstract
	Graphical Abstract
	References
	Scheme 1.
	Figure 1.
	Figure 2.
	Figure 3.

