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Abstract

Despite the well-established biophysical principle of adhesion-guided in vitro morphogenesis, 

there are few single synthetic molecular species that can rapidly enable morphogenesis (e.g., a cell 

monolayer to cell spheroids) in cell culture because adhesion process inherently involves many 

signals. Here we show the use of adaptive multifunctional supramolecular assemblies of 

glycopeptides, consisting of cell adhesion sequence and saccharide, to induce cell spheroids 

rapidly from a monolayer of cells. Having a general architecture of N-terminal capping, 

glycosylation, and an integrin binding sequence, the glycopeptides self-assemble to form a 

dynamic continuum of nanostructures (i.e., from nanoparticles to nanofibers) to affect the 

interactions of integrins, E-selectin, and cadherins with their natural ligands and to act adaptively 

according to cellular environment. Such adaptive (i.e., context-dependent) interactions reduce cell-

substratum adhesion and enhance intercellular interactions, which rapidly and transiently induce 

cell spheroids. This work illustrates a new approach that uses supramolecular assemblies of simple 

glycopeptides as molecular modulators of biophysical condition of cells for understanding and 

affecting cell functions in the development of supramolecular biomaterials.
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Introduction

It is well established that intercellular interactions in three-dimension (3D) environment 

differ profoundly from the monolayer of cells (2D).1 Increased reports suggests that 3D cell 

organization provides better in vitro models that represent more accurately the actual in vivo 

microenvironment2–7 than 2D layers of cells. Such insights have led to the developed 3D in 

vitro models of human cells in hope to bridge the discontinuity in in vitro systems and in 

vivo animal models for the purpose of drug discovery, stem cell study, cancer cell biology, 

and tissue engineering and implantation.8–10 There are two types of 3D cell models, one 

cultures cells on a 3D scaffold (e.g., microencapsulation,11–14 stacked of layered papers,15 

or hydrogels16–19), the other is to form cell spheroids. The use of scaffolds is 

straightforward, but it is difficult to achieve high reproducibility. For example, the use of 

hydrogel scaffolds (e.g., Matrigels) has received the most exploration,20, 21 but the animal 

origins of Matrigels may cause inconsistency22 and is unable to recapitulate the biological 

features of human tumors.23, 24 With the advancement of organoids,25 there is renewed 

interests of generating cell spheroids as the 3D in vitro models of human cells.26, 27 

Although many efforts have focused on generating cell spheroids, the current 

procedures28–32 are tedious, time-consuming, costly, or poorly controlled, thus it is 

necessary to develop a more general and effective approach for generating cell spheroids in 

vitro.

Obviously, the simplest and the most physiologically-relevant way to generate cell spheroids 

is spontaneous cell aggregation, as occurred during cell morphogenesis.33 Despite that 

morphogenesis involves many biochemical signals, cell adhesion plays a crucial role in 

assembling individual cells into the three-dimension tissues or organs. Particularly, Griffith 

et al. have shown that cell-substratum and cell-cell adhesive forces are critical for 2D to 3D 

cell morphogenesis in vitro.34 In fact, this well-established biophysical principle acts as the 

base for a variety of methods for generating cell spheroids, including hanging drops, spinner 

flasks, rotary culture, and low binding surface. Although these approaches have success-

fully generated cell spheroids based on the forces of cell adhesion,33 they still have several 

drawbacks, such long incubation periods, limited sizes of the spheroids, and poor control of 

cell distribution. Considering that different biochemical interactions are able to result in 

same cell adhesion force as the biophysical determinant,34 it should be feasible to use 

synthetic molecules to modulate cell adhesion forces for generating cell spheroids.

Based on the biophysical principle elucidated by Griffin et al.35 and several results related to 

cell culture on peptide assemblies,36, 37 small cell spheroids prompted by cell adhesion 

peptide38–41 and sialylation,42, 43 and in vitro morphogenesis induced by dynamic 

continuum of supramolecular phosphoglycopeptides,44 we use the supramolecular 

assemblies of glycopeptides (e.g., 1), consisting of an N-terminal capping group, a cell 

adhesion sequence (arginine-glycine-aspartic acid (RGD)),38, 39 and a saccharide, to induce 

cell spheroids. Transmission electron microscopy (TEM) indicates the assemblies of the 

glycopeptides acting as a continuum of nanostructures (i.e., nanoparticles to nanofibers). 

Fluorescent imaging reveals that the glycopeptides conformably assemble on the cell 

surfaces, with higher density at the location of cell spheroids than at the cell monolayer. 

Actin staining indicates a morphological change in cell shape of the individual cells in 
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spheroids. Blocking the interactions between the glycopeptide assemblies and the cell 

adhesion proteins (E-selectin, cadherins, and integrins) by monoclonal antibodies (mAbs) or 

inhibitors efficiently abrogates the formation of the spheroids. Immunofluorescence staining 

of fibronectin suggests that the assemblies complement fibronectin in the cell spheroids. 

Dissociating the assemblies revert the cells from spheroids to a monolayer, confirming the 

transient action of the supramolecular assemblies. Molecular validation of the glycopeptides 

indicates that N-capping, glycosylation, and binding of integrins are crucial for the observed 

in vitro morphogenesis, which establishes a general designing principle of the glycopeptide 

assemblies for modulating cell adhesions. Cytotoxicity assay indicates that the spheroids 

exhibit higher resistance to anticancer drug than the monolayers, further validating that the 

cell spheroids resemble tumors in vivo. These results, collectively, indicate that being 

multifunctional and adaptively interacting with cell adhesion proteins, the glycopeptide 

assemblies simultaneously reduce cell adhesion to the sub-stratum and enhance intercellular 

interactions for generating the spheroids (Scheme 1 and Figure 1a). Illustrating a new 

approach to use supramolecular glycopeptide assemblies for modulating biophysical 

conditions of cells in context-dependent manner, this work also provides insights for 

developing multifunctional supramolecular assemblies to affect other cell functions or 

processes.

Results and Discussion

Molecular design and self-assembly

Recently, cyclic derivatives of cell adhesion peptides (RGD) have enabled the formation of 

3D spheroids on agarose surface, but still requires long incubation time (e.g., 7 days).42 

Although the sizes of the spheroids induced by the RGD derivatives are small (e.g., 80 μm), 

the investigation on the case of prostate cancer cell spheroids by Szewczuk et al.43 reveals 

that sialylation facilitates the formation of 3D spheroids in the presence of the cyclic RGD 

derivatives. In another study, Uesugi et al. reported that a derivative of RGDS is able to 

protect cells from anoikis for cell transplantation.41 In addition, Zhang et al. have shown that 

the assemblies of peptides, consisting of RAD (exhibiting weaker affinity to integrins than 

RGD) repeats, are excellent scaffolds for cell adhesion.36 These results confirm that cell 

adhesion sequences (e.g., RGD), saccharides, and supramolecular assemblies are able to 

modulate cell adhesion. Therefore, it is conceivable to combine them (i.e., cell adhesion 

sequences, saccharides, and supramolecular assemblies) to generate a single synthetic 

molecular species to enable morphogenesis in vitro. Thus, we decide to examine the 

supramolecular assemblies of glycosylated RGD for enabling morphogenesis in vitro. 

Besides the aforementioned results,34, 36, 40, 41, 43 we choose the assemblies of glycosylated 

RGD because (i) cell organization and intercellular communication45–47 in cell spheroids 

must be regulated by extracellular matrix (ECM) proteins,48–52 which possess cell adhesion 

sequences and are usually glycosylated;53 (ii) assemblies of small saccharides can mimic the 

binding and functions of glycans.54

Based on the above rationale, we design and synthesize a glycopeptide (1), which consists of 

(i) an N-terminal capping group (NBD), for visualizing the molecular distribution of the 

assemblies in cellular environment and for facilitating self-assembly of the glycopeptides, 
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(ii) RGD sequence, a well-established cell adhesion sequence55 that exhibit paradoxical 

roles,56, 57 for acting as a peptide backbone to promote the self-assembly to form nanoscale 

structures for cell adhesion, and (iii) a saccharide (D-glucosamine), not only for improving 

proteolytic stability of small peptides,58, 59 but also, after self-assembly, for mimicking the 

roles of glycosylation of ECM proteins. To understand the functions of each segment in the 

glycopeptides (i.e., N-terminal capping, RGD domain, and saccharide), we also design 

molecules 2-15 as the analogs of 1 (Scheme 2 and Figure S1).

The hydrophilic motifs (glycoside and RGD domain) enable 1 to dissolve in water to give a 

clear orange solution, even at high concentrations (Figure S2a). TEM images (Figure 1b) 

show that 1 forms a mixture of nanoparticles and nanofibers at the concentration of 500 μM. 

The dynamic nature of supramolecular assemblies would allow a continuous transition 

between these two species (i.e., a continuum). Lowering the concentration to 100 μM results 

in fewer nanofibers but more amorphous aggregates (Figure S2b). C-terminal glycosylation, 

though slightly decreasing the self-assembly ability of the peptide, largely improves the 

proteolytic resistance of the peptides against proteinase K, a powerful protease (Figure S2c).

Formation and imaging of the 3D cell clusters

To test the designed glycopeptide assemblies for inducing morphogenesis in vitro, we use a 

fibroblast cell line (HS-560) as a simple assay because fibroblast cells synthesize 3D ECM 

slowly (i.e., requiring days and high cell density to generate 3D ECM) and hardly form 

spheroids themselves.1 Incubation a monolayer of HS-5 cells with 1induces cell spheroids 

within 24 hours even at the concentration as low as 50 μM, while cells, maintained in 

medium only, remain as a monolayer (Figure S3a). The maxim size of HS-5 spheroid is 

about 700 μm, achieved when the concentration of 1 is at 50 μM within 24 hrs.

Exhibiting enhanced fluorescence in an assembled state,61 NBD reveals the distribution of 

the assemblies of 1 during the formation of spheroids. In the cell monolayer (Figure 1c), the 

assemblies mainly locate on cell surfaces, with several large assemblies fluorescing brightly 

and scattering between the cells. While most of the fluorescent puncta locate within the 

monolayer, a few of them reside on top of the monolayer (Figure 1c, z-scan stack). Actin 

staining shows that actin filaments mainly locate at the edge of the stretched cells, much less 

near the cell-cell contact edges, agreeing with the focal adhesion of these cells to 

substratum. Moreover, fewer actin filaments appear at the location with higher yellow 

fluorescence (assemblies of 1), where cell shapes start to become rounder than the highly 

spreading cells (Figure 1c), suggesting that the glycopeptide assemblies reduce cell focal 

adhesion to the substratum, which would favor cell aggregation.34, 62

Fluorescent images of a cell spheroid show that much more assemblies present on/in the 

spheroid than on the monolayer (Figure 1c&1d). Z-scan (Movie S1) reveals that more 

assemblies present above the bottom layer of the spheroids. The ratio of yellow fluorescence 

(assemblies of 1) and the red fluorescence (actin) become highest at the top of the spheroids. 

Thus, the higher amount of the assemblies of 1 in the spheroids likely originates from (i) cell 

clustering tend to initiate at the locations with more assemblies, (ii) cells bring the 

assemblies on their surfaces into the spheroids when migrating towards the spheroids, (iii) 

the cell spheroids have high cell density, and (iv) smaller spheroids merge to form a larger 
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one (Movie S2). The majority of the fluorescent assemblies locate extracellularly, 

resembling ECM between the cells in the entire cell spheroid (Figure 1c and movie S1& 

S3), confirming that the glycopeptide assemblies functionally enhance intercellular 

interactions to induce the spheroids. Actin staining (Figure 1d) shows that the cells in 

spheroids are smaller and rounder, largely favoring the compact cell packing in the 

spheroids. Cells on the edge of the bottom of the spheroids stretch fully, helping the 

spheroids attach to the substratum. Fewer actin filaments present on the outmost cells in the 

middle of the spheroids, agreeing with the lack focal adhesion. Considerable amounts of 

yellow and red fluorescence co-localize inside the spheroids, indicating the assemblies likely 

increase intercellular adhesion (fibrillar adhesion63). Notably, small nucleus dye Hoechst 

33342 barely stains the nuclei inside the cell spheroids after 5-minute incubation, confirming 

the 3D cell organization.

Assemblies of the glycopeptides supplement fibronectin

These assemblies of the glycopeptides, with RGD and glycosylation, resemble fibronectin—

a glycoprotein that contains RGD64— which, together with the integrin,65, 66 constitutes 

major recognition molecules for cell adhesion. Thus, the glycopeptide assemblies likely 

supplement the functions of fibronectin in ECM to interact with cell adhesion proteins on 

cell membrane and enable 3D cell organization. Immunofluorescence staining of 

fibronectins in the HS-5 spheroids shows that the assemblies of 1 intertwine with 

fibronectin, functioning as “fibronectin-like entities” in ECM to enhance cellular adhesion 

(Figure 2a, Movie S4&S5). That is, fibronectin and 1 co-assemble, and the assemblies of 

glycopeptides resemble fibronectin in the aspects that they form matrix with RGD as the site 

of cell attachment.

The above results support the mechanism how HS-5 cells transform from a monolayer to 

spheroids (Scheme 1, Figure 2b): (i) Petri dish, being able to absorb proteins from serum and 

cell-derived ECM proteins at later times of culture, acts as the substratum for cell adhesion 

so that HS-5 cells attach to the surface of the petri dish via cell adhesion proteins binding to 

the ECM coated on the substratum (e.g., the binding of integrins and fibronectins); (ii) the 

assemblies, which attach on the cell surfaces, likely by interacting with adhesion molecule 

(e.g., integrin, E-selectin, cadherins (Figure 2b)). Such assemblies, being nanoparticles at 

between the cells and the substratum, reduce focal adhesion to help cell detach from the 

substratum and migrate onto other cells. The cell-cell interaction allows the nanoparticles 

merge and grow, thus mimicking ECM to enhance intercellular interactions; (iii) More HS-5 

cells bring the assemblies on their surfaces to the clusters, leading to a higher local 

concentration to generate larger assemblies, which attracts more cells nearby to join the 3D 

clusters or favors small cell clusters to form cell spheroids (Movie S2). This observation also 

confirms the adaptive feature of the supramolecular assemblies of the glycopeptides.

The assemblies interact with cell adhesion proteins

To prove the mechanism illustrated in Scheme 1 and Figure 2b, we synthesize Ac-FRGD-

glucosamine (2), by replacing the NBD-motif in 1 with an acetyl group (Figure 3a). NBD, 

though as described before is able to promote self-assembly of the peptide[ref], its role in 

this work is to cap the free N-termini. Because using acetyl (Ac-) achieves the same effect, 
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NBD is unlikely to be uniquely required for formation of cell spheroids. Molecule 2 self-

assembles to form nanostructures (e.g., nanoparticles) and enables the formation of 

spheroids at the concentration as low as 50 μM (Figures S4&S5). Antibodies against E-/N-

cadherin, integrin β1/β3/αvβ3, and E-selectin all antagonize the activities of the assemblies 

of 2, but to different extent, while these mAbs themselves show little effect on the cells 

(Figures 3b and S5). Anti-E-selectin and anti-N/E-cadherin mAbs exhibit strongest 

inhibition as they almost prevent the formation of spheroids even at 200 μM of 2, indicating 

that the assemblies, indeed, affect the functions of E-selectin and N-/E-cadherins for 

enhancing cell aggregation. Moreover, the glycopeptide (2) at high concentration (>200 μM) 

is able to counter the blocking by the antibodies of E-selectin and N-cadherin (Figure 3B), 

suggesting the interactions between the nanofibers and E-selectin or N-cadherin. Unlike the 

case of selectin and cadherins, the addition of anti-integrin β1, with 2 at 500 μM, increases 

the number of cell clusters, but decreases the number of cell clusters when 2 is 200 μM (and 

below), agreeing with that the assemblies of 2, via interacting with the integrins, not only 

detach the cells from the substratum, but also enhance intercellular interactions. The addition 

of anti-integrin β3/αvβ3 also slightly inhibits the formation of the spheroids, indicating that 

endogenous cell-ECM interactions contribute to the spheroids induced by the glycopeptide 

assemblies. The addition of the inhibitors of these adhesion proteins exhibits similar effect 

as that of adding the mAbs. EDTA (inhibitor of cadherins) or A205804 (inhibitor of selectin) 

significantly reduce the number of spheroids, even at 500 μM of 2. But cilengitide (inhibitor 

of integrin) remarkably augments the effect of 2 (Figures 3c and S5). Like the reported 

cyclic RGD derivative, cilengitide itself is able to induce small cell clusters via reducing cell 

adhesion to substratum, but the prolonged incubation is unable to increase the sizes of the 

spheroids. This observation agrees with that cilengitide is too small to binds two integrins 

from different cells simultaneously (i.e., acting as an intercellular bridge). Because their 

sizes fall into the range of the sizes of macromolecules (e.g., glycoproteins, proteoglycan, 

and polysaccharide), the continuum of the assemblies of the glycopeptides (e.g., the 

nanofibers and nanoparticles) should be able to bridge the intercellular space (~25 nm)67 and 

enhance intercellular adhesion. Although glucosamine or chondrosine itself is a poor ligand 

for E-selectin and E/N-cadherins, their assemblies, resulted from the self-assembly of the 

glycopeptides, are able to behave differently from the monomeric glucosamine and 

chondrosine. That is, monomeric glucosamine or chondrosine is not a ligand for E-selectin 

and E/N-cadherins and hardly affects them, while these sugar in assembled state have an 

effect on the function of these proteins. However, the binding constants between these sugar 

assemblies and E-selectin and E/N-cadherins remain to be determined. In addition, it is too 

simple to assume that those glycans only promote self-assembly because the assumption is 

inconsistent with our previous observation that the addition of glucosamine to peptides 

disrupt self-assemblies. In addition, MTT assay confirms the cell-compatibility of mAbs and 

inhibitors at the working concentrations (Figure S6). These results, collectively, support that 

the assemblies of the glycopeptides, being multifunctional, dynamically interact with cell 

adhesion proteins (integrins, selectin and cadherins) to promote intercellular interactions for 

morphogenesis in vitro.

To further confirm the roles of the assemblies, we also examine the distributions of ECM 

proteins (fibronectin) and endogenous cell adhesion molecule (cadherins, selectin, and 
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integrin) in the monolayer and the spheroids of HS-5 cells. We use non-fluorescent 2 instead 

of 1 to avoid fluorescence interference, and image the smaller cell clusters (at initial state) 

for superior staining since mAbs hardly reach the center of the spheroids. According to 

Figure 3D, the assemblies of 2 induce the change of the density of these key cell adhesion 

proteins, but hardly change the density of fibronectin (Figure S7), from the monolayer to 

spheroids, supporting that the assemblies of the glycopeptides interact with cell adhesion 

proteins in a way resembling the action of fibronectin. Specifically, few N-cadherins exist on 

cells in the absence of 2, while much more N-cadherins accumulate on the cell membrane 

with the treatment of 2, indicating that the assemblies of 2 cluster the N-cadherins. In case of 

other proteins (E-cadherin, E-selectin, integrin β1/β3/αvβ3)), there are also more green 

fluorescence in the spheroids than in the monolayers, indicating enhanced cell-ECM 

interactions in the spheroids induced by the glycopeptide assemblies. In both the monolayers 

and the spheroids, spatial distributions of actin and integrins largely co-localize, agreeing 

with that integrin link the ECM to the actin cytoskeleton and transmit biochemical signals 

and mechanical force across the plasma membrane.68 Actins and N-cadherins, while hardly 

co-localizing without the treatment of 2, co-localize after the formation of the spheroids, 

indicating that the assemblies of 2, indeed, promote the intercellular interactions and 

communications. E-selectin, however, hardly co-localizes with actins both before and after 

the treatment of 2.

Molecular validation of the assemblies

Following the updated view on target validation through molecular design,69, 70 we design 

and synthesize the analogs of 1 and 2 for elucidating the role of each segment in the 

glycopeptides and validating the concept of assemblies of glycopeptides modulating cell 

adhesion. Scheme 2 shows the general structures of the analogs: 1-9, consisting of an N-

terminal capping, an RGD-containing peptide, and a saccharide, but varying the saccharide 

(5 (glactosamine) and 6 (chondrosine)), varying N-capping (NBD-, acetyl (Ac-), adenine 

(Ade-), and thymine (Thy-)), or elongating the peptide sequence but keeping the RGD 

domain (3, 7 and 8); 10-12, lacking saccharide; 13, lacking RGD domain; 14, lacking N-

terminal capping; and 15, having an RGE as the control of RGD. After confirming the cell 

compatibility of all these 15 compounds by cell viability assay (Figure S8), we incubate 

HS-5 cells with these molecules at 50 μM in culture medium and find that only the N-

terminal capped RGD-containing glycopeptides (1-9) effectively stimulate the HS-5 cell to 

form spheroids (Figure 4a). As summarized in Figure 4b, (i) 10-12, without the saccharide, 

hardly result in spheroids; (ii) the use of different saccharides (4, 5, and 6) makes little 

difference, agreeing with that the assemblies of saccharides can mimic a disparate glycan;71 

(iii) 13, without the RGD domain, or 15, with the mutation of RGD to RGE, hardly induces 

spheroids; (iv) inserting other amino acids but keeping the RGD domain (3, 7, and 8) barely 

influence the formation of spheroids, confirming that cell adhesion sequences are another 

critical segment for the cell aggregation; (v) 14, containing both the saccharide and RGD 

domain but no N-terminal capping is ineffective, probably because N-terminal capping is 

essential for enhancing the self-assembling ability and modifying electronic properties of the 

glycopeptides. Surprisingly, the mixture of 11 and 13 can stimulate the cell clustering, 

though 11 or 13 itself is ineffective. However, the mixture of 12 and 13 is ineffective, 

indicating that certain heterotypic assemblies consisting of RGD domain and saccharides are 
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able to mimic the function of glycoproteins. Moreover, even at 500 μM, 10-15, lacking any 

one of the three motifs, hardly result in cell clustering (Figure 4c). These results validate the 

indispensable roles of N-terminal capping, cell adhesion sequence, and saccharide for 

enabling morphogenesis of HS-5 cells in vitro.

Live/dead cell assay confirms cells alive in the spheroids since cells in the spheroids grow 

well after being sub-cultured (Figure 4d). When a micropipette tip, filled with culture 

medium containing 2 at 500 μM, touches a monolayer of HS-5, spheroids only form at the 

location of the pipette tip (Figure 4e&4f), indicating that cell clustering initiates at the 

locations of high local concentrations of the glycopeptides, where supramolecular 

assemblies form. Cell migration assay shows that the glycopeptide assemblies significantly 

promote cell migration (Figure 4g&4h), further supporting that the assemblies reduce cell 

attachment to the substratum.

Assemblies of the glycopeptides lead to forming cell spheroids

To elucidate the relationship of the concentrations, the extent of self-assembly, and the 

formation of cell spheroids, we use the static light scattering (SLS) to determine the 

assemblies of 2, and find that the intensity of SLS increases nonlinearly with the 

concentration of 2 (Figure 5a, 5b). The SLS signals of 2 increases dramatically with the 

decrease of the detection angles (Figure 5a), suggesting non-spherical shapes of the 

assemblies. The numbers of the cell spheroids are proportional to the intensity of SLS at the 

detecting angle of 30 degree (Figure 5c), indicating the correlation between the assemblies 

and the spheroids. Moreover, 2 (500 μM) combined with Tween-20 (0.025% (a cell 

compatible concentration), a surfactant that disrupts the assemblies of 2 (Figure 5d), hardly 

results in any cell spheroids (Figures 5e and S9), validating that it is the assemblies rather 

than the monomers to induce the cell spheroids. Other glycopeptides that enable the 

spheroids (1, 3-9) all self-assemble to form nanoscale structures (Figure S10) and to exhibit 

relatively high SLS intensities (Figure 5f), further validating that the assemblies of the 

glycopeptides result in the spheroids of HS-5 cells.

The cell spheroids exhibit drug resistance

The additional dimensionality of cell spheroids resulted from incubation with the 

glycopeptide assemblies not only influences the spatial organization (i.e., monolayer to 

spheroids) and morphology of the cells (i.e., long and spreading to round), distribution of 

surface receptors/proteins (i.e., cadherins, selectin, and integrins), but also imparts physical 

constraints to the cells, all of which affect the signal transduction, as well as molecular 

diffusion from the outside to the inside of cell clusters. In fact, we observe the following 

results: (i) short-time (5 minutes) incubation with nuclei staining dye (Hoechst 33342) is 

unable to stain efficiently the nuclei of cells inside the spheroids; (ii) mAbs for 

immunofluorescence staining hardly reach the center of the spheroids; (iii) small molecule 

dye calcein (for live cell staining) fails to stain the inner cells in the spheroids. All of these 

results further validate that the cell spheroids, induced by the glycopeptide assemblies, 

resemble in vivo situation and justify the evaluation of the spheroids to cytotoxic drugs.
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Obviously, cell density is another factor that affects the formation of spheroids. By varying 

the initial cell density in a 96-well plate from 3.0×104 to 1.0×104 cells/well with a step of 

1000 cells, we determine a threshold of 2.5×104 cells/well that enables cell spheroids after 

the treatment of 2 (Figure S11). Based on this observation, we design experiments to 

examine cellular responses to drugs in the spheroids. HS-5 cells in a 96-well plate at initial 

cell density of 3.0×104 cells/well and treated with 2 (500 μM) in culture medium form the 

spheroids after 24 hours, while the ones at the same density maintained in medium only 

remain as a monolayer. After the formation of the spheroids, the survival of HS-5 increases 

by 30% in the presence of cisplatin (100 μM), and the IC50 increases about 10 μM (Figure 

6a). Similarly, the cell survival increases by more than 30% upon the addition of 

doxorubicin, and the IC50 increases by 140 nM (Figure 6c). Although the change in IC50 is 

relatively small, but the protection resulted from the formation of spheroids is obvious and 

statistically significant when the drugs present at high concentrations. These observation 

supports the enhanced protection of cells by the spheroids. In another control experiment 

(initial cell number to 1.0×104 cells/well and the addition of 2 (500 μM) hardly leads to cell 

clustering, Figure 6b&bd), there is little difference regarding the cytotoxicity of cisplatin and 

doxorubicin against HS-5 cells, comparing to without the addition of 2. As summarized in 

Figure 6e, these results confirm that the formation of spheroids efficiently decreases the drug 

sensitivity of the cells.

Conclusion

In this work, we validate the assemblies of readily accessible glycopeptides (e.g., 1-9) for 

promoting morphogenesis in vitro. One unique feature of the assemblies is that there are 

adaptive (i.e., context-dependent) according to the environment of their formation. For 

molecules 1-9, higher concentration usually leads to more spheroids, suggesting increasing 

the self-assembling ability of the glycopeptides likely results in more effective assemblies 

for promoting morphogenesis in vitro. Though the binding constants of the E-selectin and 

N-/E-cadherins with the sugars in the assemblies remain to be determined, antagonistic mAb 

or inhibitors to N/E-cadherins, E-selectin, integrins significantly counter the effects of the 

assemblies, indicating the effects of these glycopeptide assemblies on the adhesion proteins, 

which further implies these glycopeptide assemblies behave more like multifunctional 

entities in extracellular space for the cell spheroids. Since the equilibrium of self-assembly 

allows the existence of smaller aggregates (or particles or oligomers) of the glycopeptides, 

these small aggregates compete with the substratum to interact with integrins, thus reduce 

focal adhesion to the substratum, which actually accelerates or facilitates the cell 

aggregation. Thus, even being generated from a single molecular species, the assemblies are 

able to modulate ell adhesions, which involve many signals. This ability implies the 

assemblies generate different signals, likely originated from the assemblies with a size 

continuum from nanoparticles to nanofibers in the dimensions of biomacromolecules. This 

mechanism is supported by the function of cilengitide, which effectively binds integrins to 

reduce focal adhesion, but is unable to block the spheroids induced by the glycopeptide 

assemblies.

Unlike 3D scaffolds (polymeric hydrogels) for 3D cell in vitro model or generating cell 

spheroids by cyclic RGD derivative and agarose surface, this work, for the first time, reports 
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the use of conformable nanoscale assemblies of a single molecular species to initiate in vitro 

morphogenesis without requiring an a priori 3D architecture, mechanical modulations, or 

agarose surface. This situation is more consistent with cell morphogenesis occurred in 

nature, especially in the case of embryogenesis. The use of glycopeptide assemblies not only 

reduces the synthetic burden of building a glycosylated 3D scaffold, but also generates cell 

spheroids that more closely resemble in vivo tumors, which are heavily glycosylated, 

compact in cell packing, heterogeneous, and drug resistant. Moreover, this approach is also 

applicable to generate spheroids of cells other than HS-5, such as OVSCAR-3 cells (Figure 

S12). In addition, the assemblies of glycopeptides carry more functions than fibronectin, 

since using same amount of fibronectin (0.05 wt%) hardly lead to the formation of cell 

spheroids. Of course, this approach remains to be improved in the future. One future 

application is to use this approach to generate dynamic molecular assemblies72 for forming 

heterogeneous spheroids that mimic organs or regenerate organs.
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Figure 1. 
The glycopeptide assemblies attach to the cell surfaces to induce cell spheroids. (a) 

Schematic illustration of small glycopeptide assemblies (i.e., nanoparticles and nanofibers) 

to induce the in vitro morphogenesis. The glycopeptides (e.g., 1) consist of N-terminal 

capping motif (2-(4-nitro-2,1,3-benzoxadiazol-7-yl)-(NBD-)), RGD (integrin-binding 

domain), and glucosamine (a saccharide). (b) Transmission electron microscope images 

show nanoparticles (arrow head, d = 12 ± 2 nm) and nanofibers (arrow, d = 5 ± 2 nm) in the 

solution of 1 (500 μM, pH 7.4, in water). The scale bar is 100 nm (left) and 50 nm (right). 

(c) (d) Confocal microscope images of HS-5 cells treated with 1 (500 μM) in culture 

medium for 24 hours. (c) shows the monolayer by imaging the spot/location where there is 

no cell spheroids while (d) shows the spheroids. Actin is stained for visualizing cell 

morphologies. Nuclei are stained with Hoechst 33342. The white arrow in (c) shows fewer 

actin filaments appear at the highly yellow fluorescent spots. The scale bars (in (c) and (d)) 

are 50 μm.
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Figure 2. 
The supramolecular assemblies of the glycopeptides mimic the functions of extracellular 

matrix components (e.g., fibronectin) to enable cell spheroids. (a) Confocal microscope 

images of HS-5 cell clusters formed after the treatment of 1 (500 μM) in culture medium for 

24 hours. Cell was immunostained with fibronectin mAb prior to imaging. Nuclei were 

stained with Hoechst 33342. The scale bar is 50 μm. (b) Schematic illustration of the 

supramolecular assemblies of the glycopeptides interacting with cell adhesion proteins (i.e., 

integrins, E-selectin, and cadherins).
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Figure 3. 
Supramolecular assemblies of the glycopeptides interact with cell adhesion proteins (i.e., 

integrin, selectin and cadherin) on cell membrane, promoting intercellular interactions and 

leading to the cell spheroids. (a) Chemical structure of 2, a non-fluorescent analog of 1, 

consisting of N-terminal capping (acetyl), integrin binding domain (RGD), and saccharide 

(glucosamine). (b) The addition of monoclonal antibodies (mAb) to C- and N-cadherin, E-

selectin and integrin β1, β3, αvβ1 (i.e., anti-C- and N-cadherin, anti-E-selectin and anti-

integrin β1, β3, αvβ1) into the HS-5 cell culture inhibits the formation of cell spheroids. (c) 

The addition of small molecule inhibitors to cadherin and E-selectin (i.e., EDTA and 

A205804) into the HS-5 cell culture efficiently inhibits the formation of spheroids, while the 

addition of inhibitor to integrin (i.e., cilengitide) shows opposite effect. (d) 

Immunofluorescence antibody staining reveals the distribution of membrane proteins that 

are related with cell adhesion (C- and N-cadherins, E-selectin and Integrin β1, β3, αvβ1) on 

HS-5 cells treated with and without 2 (500 μM) in culture medium for 24 hours. The scale 

bar is 50 μm.
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Figure 4. 
Multifunctional small glycopeptides containing N-terminal capping, glycosylation and RGD 

integrin-binding domain enable cell spheroids. (a) The architecture of multifunctional small 

glycopeptides and the control analogs (see Scheme 2 for specific chemical structures). Ac: 

acetyl; F: phenylalanine; R: arginine; D: aspartic acid; S: serine; E: glutamic acid; NBD: 2-

(4-nitro-2,1,3-benzoxadiazol-7-yl)-; (b) Optical images of HS-5 cells incubated with 

different molecules (1-15) at the concentration of 50 μM for 24 hours. The initial cell 

number is 3.0×104/well in a 96-well plate. The scale bar is 100 μm. Molecules 1-9 alone and 

11+13 combination are able to induce HS-5 cell clustering. (c) Table summary regarding 

chemical structures v.s. spheroids, indicating the importance of N-terminal capping, 

glycosylation, and integrin-binding domain for the observed in vitro morphogenesis. (d) 

Quantification of the numbers of HS-5 clusters formed after the treatment of different small 

molecules (1-15) at multiple concentrations (20, 50, 100, 200, 500 μM) for 24 h. The initial 

cell number is 3.0×104/well in a 96-well plate. (e) LIVE/DEAD cell assay of HS-5 cells 

treated with medium only, 2 (100 μM) in medium, and HS-5 cells in spheroids being lysed 

and reseeded. The incubation time is 24 hour. The initial number of cells is 5.0×105/well in a 

35-mm confocal dish. The scale bar is 100 μm. (f) (g) Schematic illustration and optical 

images of HS-5 spheroids selectively form at the location of the micropipette tips (filled 

with medium containing 500 μM compound 2). (h) (i) Cell migration assay of monolayer 
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HS-5 cells (80 % confluence) treated with 2 (50 and 500 μM). The size of the gap was 

measured both before and after incubation with 2 for 24 hours.
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Figure 5. 
The assemblies, not the monomers, of the multifunctional glycopeptides facilitate the 

spheroids formation. (a) Static light scattering (SLS) signals of the solutions of 2 at different 

concentrations (20, 50, 100, 200, 500 μM), pH = 7.4, detecting angle = 30, 60, 90, 120°. (b) 

The intensity of the static light scattering (SLS) of 2 vs the different concentrations. 

Detecting angle = 30° (c) The numbers of HS-5 spheroids are largely positively correlated 

with 30°-SLS signals of 2 at different concentrations. (d) The SLS intensities of the 

solutions of 2 (500 μM), 2 (500 μM) + Tween-20 (0.025%), Tween-20 (0.025%) alone, and 

PBS buffer at different detection angles. The addition of detergent breaks down the 

assemblies of 2 into oligomers or monomers. (e) Removing the assembly by Tween-20 

reverts the cells from spheroids to monolayer, indicating the importance of the assemblies 

for the observation and the transient nature of the action of the assemblies. (f) The plot of the 

numbers of HS-5 cell spheroids vs 30°-SLS of small molecules 1-9 solutions at the 

concentration of 50 μM.
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Figure 6. 
The cell spheroids exhibit drug resistance. (a) (b) (c) (d) Cell viability of HS-5 treated by (a) 

(b) cisplatin (c) (c) doxorubicin. The initial cell number is (a) (c) 3.0×104 and (b) (d) 

1.0×104 cells/well in a 96-well plate. The cells are pretreated with or without 2 (500 μM) for 

facilitating the formation of cell spheroids. (e) Summary of the results presented in (a–d).
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Scheme 1. 
Supramolecular assemblies of glycopeptides reduce cell-substratum adhesion and enhance 

intercellular adhesion, thus result in cell spheroids from a cell monolayer.
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Scheme 2. 
Chemical structures of the multifunctional small glycoconjugates or glycopeptides and some 

control analogs (1-15).
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