
1 

 

Outmost Cationic Surface Charge of Layer-by-Layer Films Prevents Endothelial 

Cells Migration in Three-dimensional Tissues 

 

Jinfeng Zeng,1 Sven Heilig,2 Matthias Ryma,2 Jürgen Groll2 and Michiya Matsusaki1,3* 

 

J. Zeng, M. Matsusaki 

1Department of Applied Chemistry, Graduate School of Engineering, Osaka University, 

2-1 Yamadaoka, Suita, Osaka 565-0871, Japan.  

*Corresponding author, Email: m-matsus@chem.eng.osaka-u.ac.jp 

 

S. Heilig, M. Ryma, J. Groll 

2University of Würzburg, Pleicherwall 2, 97070 Würzburg, Germany. 

 

M. Matsusaki 

3Joint Research Laboratory (TOPPAN) for Advanced Cell Regulatory Chemistry, Osaka 

University, Suita, Osaka, Japan. 

 

Keywords: positively-charged nanofilms, basement membrane, cell migration, ECs 

sprouts, patterned vascular tissue 

 

Abstract: 

Tissues and organs possess an organized cellular arrangement that enables their 

unique functions. However, conventional three-dimensional (3D) encapsulation 

techniques fail to recapitulate this complexity due to the cell migration during cell culture. 

In biological tissues, basement membranes (BMs) are essential to mechanically support 

cellular organization. In this study, we found that positively-charged outmost surface of 

multilayered nanofilms, fabricated through LbL assembly of poly-L-lysine (PLL) and 

dextran (Dex) via hydrogen bonds, stimulated the barrier functions of BMs. This type of 

artificial BMs (A-BMs) demonstrate enhanced barrier properties in comparison to other 

type ofA-BMs composed of BM component such as collagen type IV and laminin. Such 

an enhancement is potentially associated with the outmost positive layer, which inhibits 

the sprouting of endothelial cells (ECs) and effectively prevents EC migration over a 14-

day period, aligning with the regeneration timeline of natural BMs in 3D tissues. In the 
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end, 3D organized vascular channels are successfully engineered through the sequential 

processes of spreading smooth muscle cells (SMCs), in-situ assembly of PLL/Dex 

nanofilms and endothelialization of ECs, which would provide a reliable platform for 

evaluating the efficacy of drugs, investigating nanotoxicology, and advancing the 

development of regenerative medicine. 

 

1. Introduction 

Numerous mammalian tissues possess distinct cellular configurations, characterized 

by structural patterning and compositional heterogeneity, thereby enabling their unique 

functions within biological systems.1 However, conventional tissue engineering 

techniques usually fail to recapitulate this complexity due to the random encapsulation of 

multiple types of cells, including both bottom-up2–4 and top-down5,6 methods. Therefore, 

to accurately mimic the functionality of living systems, it is essential to develop 

innovative strategies that ensure reproducibility in recreating the complexity of structures 

and scalability for widespread application. 

 

    Since 1994, there has been notable recognition and endeavor towards the fabrication 

of patterns. Ingber et al. designed, for the first time, the patterned two-dimensional (2D) 

substrate by soft-lithographic technique to position cells in predetermined locations.7 

Since then, advanced methodologies, such as dip-pen nanolithography,8 nanoimprint 

lithography,9 and molecular assembly patterning,10 have been developed for depositing 

biomolecules individually on 2D substrates, facilitating the evaluation of cell behaviors 

in patterned co-culture systems. Nevertheless, these methodologies for engineering 

substrate surfaces with selective adhesiveness are not suitable for fabricating similar 

patterns within complex 3D constructs. Primo and Mata reviewed the recent techniques 

for creating 3D patterns of functional molecules within hydrogels.1 Most of these 

approaches, including 3D photo-patterning, advanced microfluidics, electric and 

magnetic fields, as well as precise chemical design, concentrated on producing functional 

biological scaffolds. However, they have not addressed the challenges of selectively 

encapsulating multiple types of cells in three dimensions. Ma11 and Onoe12 reported 

successively the fabrication of compartmentalized hydrogel microparticles for efficient 

3D cell culture. Recently, Hu and his group13 also reported Janus alginate/poly-L-

lysine/alginate (APA) microcapsules, which facilitate the spatial organization of multi-
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cellular co-cultures through a programmable electrodeposition method. Despite these 

advances, these approaches still suffer from the lack of substantial barriers to maintain 

their organized tissue structures. Precise cell locations were easily destroyed because of 

the cell migration during the cell culture period, such as the endothelial cells (ECs) 

sprouting toward other tissues.14,15 Furthermore, macroscopically, encapsulated cells 

were still in a random state, limiting the construction of anatomic-scale organized  tissue 

models. Until now, only the work in Takayama group16 succeeded at seeding different 

types of cells on existing cell monolayer based on an optimized polymeric aqueous 

biphasic system (ATPS) of polyethylene glycol and dextran solution. However, cell 

behaviors in high concentration ATPS solution and the stability to keep cell 

compartmentalization are still unclear.  

 

    Inspired by the hierarchical structures of native tissues/organs, where basement 

membrane (BM) acts as a support platform to regulate cellular behaviors and adjust the 

passage of both cells and large molecules.17–20 The successful construction of artificial 

BMs (A-BMs) in vitro might significantly contribute to the fabrication of 3D organized 

tissue structures. BM has been identified as a dense, continuous sheet-like structure with 

nanometer-scale thickness.21,22 Different strategies were developed to duplicate the 

structure and function of BMs from simple polymer membranes23,24 to electrospun 

scaffolds.25–28 The electrospun nanofiber meshes permitted bipolar cultivation of 

epithelial (endothelial) cells and mesenchymal cells, forming human primary alveolar-

capillary barrier models25,28 and skin models29. However, the in-situ preparation of A-

BMs with nanometer-scale thickness on existing cell layers is challenging due to the 

utilization of specific apparatus, the complexity of the process, and the application of 

organic solvents. Considering the diversities in structure and shape of tissues among 

different body parts, such as the tubular configuration in blood vessels, and the irregular 

lamellar architecture in the liver and intestinal wall, there is a compelling need for 

advanced methodologies to in-situ fabricate adaptable A-BMs tailored to the variable and 

intricate architectures within 3D tissues.  

 

For an ultra-thin nanofilm construction, the layer-by-layer (LbL) assembly technique 

offers a robust and versatile method for controllable bio-coating at a micro-/nano-meter 

scale. The assembly of multilayered films was achieved by immersing the substrate into 
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different solutions for the alternate deposition,30,31 thereby contributing to the advantage 

of LbL assembly in preparing ultra-thin films with customized shapes and controllable 

thickness. In our group, a multifunctional A-BM was fabricated by the assembly of 

collagen type IV (Col-IV) and laminin (LM) which are derived from the main components 

of BMs.32,33 Assembled Col-IV/LM nanofilms exhibited controllable thickness and size-

controllable molecular permeability. They facilitated cell adhesion and differentiation and 

enabled effective heterogeneous cellular communication through the porous fiber 

networks. Moreover, with the assistance of A-BMs, patterned cell co-culture could be 

maintained for up to 5 days. Without them, ECs migrated and sprouted into fibroblast 

layers, forming random capillaries. This suggests the significance of adaptable A-BMs in 

preserving the integrity of compartmentalized cell co-culture systems. However, the 

literature reveals that a partly plugged mesh of BM proteins deposited by the 

immortalized alveolar type II epithelial cells cultured with Matrigel in vitro for 5 days 

and the formation of a thin BM sheet took around 10 days.34 The barrier effect of A-BMs, 

therefore, should be further enhanced to keep long-term cell compartmentalization until 

the re-construction of natural BMs in 3D tissues. 

 

In contrast to the unchangeable conformation of proteins, polyelectrolyte assembled 

films generally have homogeneous charge distribution, adaptable conformation, and are 

more stable co-cultured with cells. Moreover, it has been reported that directional ECs 

sprouts tend to form towards the negatively charged membrane surface of apoptotic cells 

and sprouting ECs typically migrate towards the cathode in a direct current electric 

field.35–37 This suggests that a polyelectrolyte nanofilm with a positively charged 

outermost layer could effectively prevent the migration of ECs. For proof-of-concept, we 

construct a positively charged nanofilm via hydrogen bonds between poly-L-lysine (PLL) 

and dextran (Dex) to mimic the barrier effect of BMs to prevent EC migration. In this 

study, we evaluate the microstructure of PLL/Dex nanofilms (NFs) and conduct a 

comparative analysis of cell adhesion propoties and barrier functions of PLL/Dex NFs in 

comparison to Col-IV/LM NFs reported previously and a series of polyelectrolyte films 

(Scheme 1). A significant enhancement in the barrier properties of the newly prepared A-

BMs is observed, which effectively inhibits cell migration throughout a 14-day 

experimental period. Furthermore, uniform Col-IV networks are formed between 

fibroblast layers and endothelial monolayer, indicating the regeneration of natural BMs 
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in 3D tissues. To demonstrate the advantages of LbL assembly technique on the creation 

of large-sized and customizable shapes of A-BMs, 3D organized vascular channels have 

been successfully engineered by the in-situ formation of PLL/Dex NFs between layerd of 

smooth muscle cells (SMCs) layers and a confluent monolayer of ECs. This study 

provides a guideline for engineering organized 3D tissue models by regulating cell 

migration. Such models could yield more dependable outcomes for new drug screening, 

nanotoxicology assessments, and implantation studies. 

 

2. Results and discussion 

2.1 Fabrication of PLL/Dex NFs 

    The LbL assembly technique has been demonstrated to be a highly effective method 

for the in-situ fabrication of shape-customized nanofilms in 3D tissues, which holds 

significant potential to serve as A-BMs to facilitate compartmentalized co-culture of 

cells.32,33 In the present study, PLL and Dex are utilized as foundational components for 

the construction of positively charged films, as illustrated in Figure 1a. PLL is recognized 

as a well-known polycation, comprising a polypeptide derived from the essential amino 

acid L-lysine. Dex is characterized as a non-toxic, hydrophilic polysaccharide, consisting 

of D-glucopyranose repeating units linked through glycosidic linkages. At physiological 

pH, each repeating unit of PLL carries a positive charge on the amine, whose ζ-potential 

is measured at 16.7 ± 6.7 mV (Figure 1b). Although it is known that Dex have zero net 

charge, an abundance of uniformly distributed hydroxyl groups in Dex form 

intermolecular hydrogen bonds with amine and amide groups of PLL.38 PLL/Dex 

multilayer nanofilms were fabricated for the first time by alternating deposition of the 

two polymers through the hydrogen bonds between PLL and Dex (Figure 1a), resulting 

in a net positive surface charge. This assembly process was assessed using a quartz crystal 

microbalance (QCM). As shown in Figure S1 (left), a decrease in frequency was observed 

with each assembly step, suggesting the successful alternate deposition of PLL and Dex. 

Throughout the assembly process, the variation in film thickness was determined based 

on the changes in frequency according to Sauerbrey’s equation,39 as recorded by QCM 

(Figure 1c). Upon reaching the assembly of 5 bilayers, the mass of deposited film was 

approximately 14.2 ± 0.47 nm. In the same way, the electrostatic interaction-driven LbL 

films comprising PLL and dextran sulfate (PLL/DS), poly(allylamine 

hydrochloride)/poly(styrene sulfonate) (PAH/PSS) showed clear step-by-step increases 
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in -Δf. For performance comparison with PLL/Dex films, Col-IV/LM, FN/G, FN/Col-I 

films were also developed via the specific biological interaction (Figure 1d). Furthermore, 

the morphological characteristics of PLL/Dex NFs were analyzed using atomic force 

microscopy (AFM), as depicted in Figure 1e. AFM image clearly demonstrated the 

development of a smooth and uniform film with a roughness of 4.08 ± 0.85 nm. 

Additionally, a fibrous structure accompanied by some granules was observed, indicating 

the intricate surface details of the films. Hundreds of scratch tests were conducted using 

an AFM tip in contact mode on a small area (11 μm) to measure the thickness of the 

deposited polymer layers. The thickness of PLL/Dex NFs, defined by the height 

difference between the scratched and unscratched areas, was approximately 20 nm 

(Figure 1f). The lower value of thickness estimated by QCM from Sauerbrey’s equation 

may be due to the fact that it does not take into account the viscoelasticity of the soft gel-

like film in the swollen state, which is usually formed by weak interactions.40 Moreover, 

the correlation between the increase in film thickness and the number of assembly steps, 

as quantified by QCM, illustrates that the film thickness, measured on the nanometer scale, 

can be easily adjusted. This capability highlights the precision and flexibility of the LbL 

assembly technique in tailoring nanofilm dimensions to specific requirements. 

  

The nanofilm stability in the physiological environment was also evaluated using 

QCM at 37 °C. As shown in Figure S1 (right), upon immersion in PBS, the frequency of 

assembled PLL/Dex NFs (blue line) initially exhibited a slight increase because of the 

removal of unabsorbed polymers, as well as the partial disassociation of assembled 

nanofilms. Then it kept stable and the remaining weight percentage of nanofilm was 

around 87% after the immersion for 60 min, indicating the stability of assembled 

PLL/Dex NFs (Figure 1g). Conversely, the remaining weight percentage of nanofilm 

immersed in DMEM/10% FBS exceeded 160% (indicated by the red line), a phenomenon 

attributable to the gradual attachment of proteins on the film surface. In conclusion, the 

ability of PLL/Dex NFs to precisely control thickness at the nanoscale combined with 

their stability in physiological conditions establishes a robust basis for their application 

as A-BMs in the in-vitro construction of 3D tissue structures.  

 

2.2 Cell adhesion on PLL/Dex NFs 

    Since both endothelial and mesenchymal cells are co-localized nearby and adhere 
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well to the natural BMs, cell adhesion on the fabricated A-BMs were systematically 

evaluated. The cell adhesion process involves the interaction between integrins in cell 

membrane and adhesive proteins on the substrate surface, such as fibronectin (FN). The 

protein adsorption on the films was therefore investigated in Figure S2, which was 

quantified by QCM. Compared to the Col-IV/LM NFs that demonstrated favorable A-

BMs performance and function as reported in our previous study,32,33 the absorbed amount 

of both bovine serum albumin (BSA) and FN on PLL/Dex NFs was higher due to the 

positively charged surface, which will promote the subsequent cell adhesion.41 The 

observed low protein adsorption rate on Col-IV/LM NF may be attributed to the 

synergistic effects of film disassembly, which is influenced by the attraction of proteins 

in solution, and the subsequent attachment of these proteins. Figure S3, 4 depict the cell 

adhesion and spreading morphology on different films including ECM proteins, 

polyelectrolytes and PLL/Dex films by cytoskeletal staining. Both fibroblast (NHDF) and 

endothelial cells (HUVEC) adhered well to the cell culture inserts (w/o NFs) and Col-

IV/LM NFs owing to the inherently cell-friendly nature of these matrices. Comparable 

cell spreading results were also observed on PLL/Dex NFs, displaying their characteristic 

morphologies. In contrast, due to the hydrophilic nature of dextran sulfate, PLL/DS NFs 

inhibited cell adhesion and spreading, and cells remain heavily aggregated even after two 

days of incubation, especially HUVEC. Quantitative analysis further demonstrated that 

PLL/Dex NFs exhibited enhanced cell adhesion properties relative to PLL/DS NFs, 

thanks to their positively charged surfaces. There was no significant difference in cell 

spreading area and adhered cell number on PLL/Dex NFs compared to the cell-friendly 

substrates, highlighting the favorable cell adhesion properties of the prepared PLL/Dex 

NF. 

 

    Furthermore, endothelial cells (ECs) attach tightly and align to BMs, with their 

function being regulated by these BMs. Functions of ECs on the developed A-BMs was 

therefore investigated through 2D culture of HUVEC, including the expression of 

endothelial marker CD31 and tight junction protein, zonula occludens-1 (ZO-1). CD31 is 

an adherent molecule highly enriched at interendothelial junctions of vascular endothelial 

cells and is involved in angiogenesis, vascular integrity, and remodeling.42 ZO-1 is a tight 

junction protein and plays an important role in the maintenance and regulation of 

epithelial/endothelial barrier function.43 Figure S5 illustrates that in addition to PLL/DS 
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NFs, a cobblestone-like morphology of HUVEC was observed on all substrates, with no 

significant differences noted. However, HUVEC displayed poor spreading on PLL/DS 

NFs due to the inhibitory effect of dextran sulfate on cell attachment. The distribution and 

margin of both CD31 and ZO-1 were more distinct on Col-IV/LM NFs compared to 

PLL/Dex NFs or naked insert membrane, because of the role of BM proteins in enhancing 

endothelial regeneration.44 Meanwhile, the uniform and continuous signals of CD31 and 

ZO-1 on the edge of cell-cell joints demonstrated the barrier integrity of an endothelial 

monolayer culture on PLL/Dex NFs.45 Overall, the findings concerning cell adhesion and 

functions of ECs highlight the potential of PLL/Dex NFs as a robust scaffold capable of 

supporting endothelial and mesenchymal cells. Their nanoscale thickness and stability in 

physiological environments further provide insights into their suitability as A-BMs in 

tissue engineering. The subsequent sections will concentrate on thethe barrier properties 

of the developed A-BMs during the long-term tissue culture. 

 

2.3 Barrier function of LbL films on 3D patterned multicellular co-culture 

    Tissue engineering has garnered considerable interest for its potential in constructing 

3D tissues or organs. While precise control over cell localization in a 3D construct is 

achievable, maintaining the ordered structure of tissues over time in culture presents 

challenges due to cell migration. In particular, migration of ECs plays a crucial role in 

angiogenesis, and they readily migrate toward attractors such as basic fibroblast growth 

factor secreted by NHDF.15 Consequently, to replicate the organized and layered tissue 

structure, where natural BMs are distributed between endothelial (epithelial) cells and 

connective tissues in vivo, PLL/Dex NFs were assembled in-situ between fibroblast layers 

and ECs monolayer (Figure 2a). In this section, the barrier effect of PLL/Dex NFs, which 

act as A-BMs to block ECs migration and maintain 3D patterned multicellular co-cultures, 

was estimated. Meanwhile, we also compared the barrier effect of other candidate A-BMs, 

including Col-IV/LM NFs reported in previous studies32,33 and polyelectrolyte LbL film 

composed of PLL and dextran sulfate (DS), a biocompatible polyanionic polymer derived 

from dextran through sulfation. 

 

The developed 3D patterned multicellular structure and the location of PLL/Dex NFs 

were confirmed by the cross-sectional confocal laser scanning microscopy (CLSM) 

(Figure 2b). Assembled FITC-PLL/TRITC-Dex NFs was observed to locate between the 
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HUVEC monolayer and the NHDF layers, forming a “sandwich” structure. 3D-

constructed CLSM image in Figure 2c further verified the distribution of nanofilms 

between different cells. To develop the A-BMs between different cells, the alternate 

deposition of PLL and Dex was carried out in-situ on NHDF layers. The dipping and 

washing process with 50 mM of Tris-HCl buffer solution (pH 7.4) for around 2.5 hours 

might induce the detachment or death of cells due to the absence of glucose. Cell numbers 

and cell viability were then assessed after 24 hours of culture. As expected, cell counts 

for samples subjected to LbL assembly were approximately 43% lower than those for the 

untreated control sample, indicating cell loss during the assembly process (Figure 2d). 

However, there was no difference in cell survival rate with or without dipping assembly, 

which was approximately 87%. The 13% mortality in all groups was caused by 20 

minutes of enzymatic digestion using 0.2% trypsin and 0.1% EDTA during the cell 

isolation. The biocompatibility of the in-situ dipping assembly process for nanofilm 

fabrication in 3D tissues was further proved by the Live/Dead staining assay in Figure 

S6. Only few dead cells can be observed in each tissue, indicating the mild nature of the 

assembly process.  

 

During the tissue culture, relative position of HUVEC and NHDF was monitored 

through CLSM, as shown in Figure 2d. Consistent with previous studies,32 initially, 

HUVEC monolayer was localized hierarchically on the tissue surface and migrated 

subsequently into NHDF layers, extending even to the tissue bottom within 3 days in the 

control group lacking any physical barrier. However, under the barrier effect of A-BMs 

between HUVEC and NHDF, the migration of HUVEC was effectively prevented within 

7 days of co-culture. Moreover, the innermost layer of blood vessel lumen consists of a 

monolayer of ECs lining the interior surface. These intact ECs attach and align tightly to 

BMs, forming a squamous confluent layer.46 A CD31-marked confluent HUVEC 

monolayer was observed in Figure 2e, indicating the formation of a continuous 

endothelial layer on PLL/Dex NFs. However, in the control sample without A-BMs and 

in a co-culture system utilizing Col-IV/LM NFs, not only monolayers of HUVEC were 

found, but also elongated HUVEC and cross-capillary networks. These results are related 

to migration and sprouting of ECs, and these phenomena are undesirable when 

constructing well-organized vascular tissues. Migrated HUVEC were also observed in the 

group containing PLL/DS NFs despite the poor cell adhesion and an incomplete 
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endothelial layer on PLL/DS NFs. In addition, cross-sectional CLSM images provide 

substantial evidence of the barrier effect of PLL/Dex NFs in compartmentalized tissue 

cultures, effectively restricting HUVEC to the tissue surface as depicted in Figure 2f. In 

contrast, ECs migration into NHDF layers was clearly found in the other samples. This 

migration was further elucidated through a video (Video S1), which described the 

HUVEC movement into NHDF layers within a 3D tissue structure viewed from top to 

bottom. Histological analyses (Figure S7) also confirmed these findings that CD31-

marked HUVEC localized on the surface of 3D tissues in the presence of PLL/Dex NFs. 

But, HUVEC were observed in the middle of 3D tissues, even forming capillary lumen, 

in the other samples. Considering that BM proteins would be secreted and deposited 

during the tissue culture for at least 10 days,34 the long-term patterned culture was 

investigated. The relative position of HUVEC, as well as the migrated depth (Figure 2g, 

relative position changes of HUVEC compared with their position on Day 0) and migrated 

cell number (Figure 2h), were monitored and quantified over a 14-day co-culture period 

through the analysis of 3D cross-sectional CLSM images in Figure S8. Consistent with 

the analysis in Figure 2d, without any barrier, migrated HUVEC in the control sample 

was observed on the first day of co-culture. Despite the evidence that Col-IV and LM 

possess specific cell-binding sites to guide cell adhesion and migration, the inhibitory 

capacity of Col-IV/LM NFs was limited to a maximum of 3 days. This limitation is due 

to the fact that these protein membranes are destabilized during co-culture and are subject 

to enzymatic degradation, rendering them incapable of efficiently regulating cell 

migration in the long term.33 On the contrary, the migration of HUVEC was completely 

inhibited by PLL/Dex NFs, preserving the compartmentalized tissue structure for 

approximately two weeks. A comparative analysis revealed that negligible cell migration 

was observed after a 14-day culture due to the barrier effect of PLL/Dex NFs, and the 

minimal migration depth counted was a result of the cell proliferation-induced changes 

in tissue thickness. Although PLL/DS NF and PLL/Dex NF were assembled from 

virtually the same polymers, including polylysine and dextran/derivatives. Moreover, 

studies have shown that ECs can penetrate dextran methacrylate hydrogels to establish 

new vascular formations, suggesting that Dex does not inhibit EC migration.47 Both the 

number of migrated HUVEC and the depth of their migration were significantly greater 

in the group treated with PLL/DS NFs in comparison to those treated with PLL/Dex NFs. 

So here's the question: what exactly is the mechanism by PLL/Dex NFs prevent cell 
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migration? We'll discuss it in the following section. In summary, through the research 

discussed above, superior performance of PLL/Dex NFs in preventing HUVEC migration 

for up to two weeks is confirmed, indicating their potential to act as an effective barrier 

of A-BMs for compartmentalized tissue culture. 

 

2.4 Effects of the outmost surface charge on cell migration 

To investigate why PLL/Dex NFs possess superior performance to both Col-IV/LM 

NFs and PLL/DS NFs in preventing HUVEC migration, a series of LbL films were 

constructed for the patterned cell co-culture (Figure 3), including polyelectrolyte and 

ECM protein multilayered films, as well as Matrigel. The LbL films assembly process 

were recorded by QCM (Figure S9, 2d). The cross-sectional CLSM images in Figure 

S10 displayed the relative position of GFP-HUVEC (in green) and NHDF (stained with 

cellTracker deep red) in the presence of ECM protein nanofilms at Day 7. However, these 

nanofilms, including Col-IV/LM, FN/Col-I, and FN/G, failed to prevent the migration of 

HUVEC. Only the patterned co-culture structure was maintained with Matrigel coating. 

Matrigel, derived from Engelbreth-Holm-Swarm tumor BMs, consists of almost the same 

components as natural BMs but raises safety concerns due to its tumorigenic origin.48 

Further analysis (Figures 3c, d) compared the effectiveness of LbL films formed via 

electrostatic interactions versus those formed via hydrogen bonds. Interestingly, films 

formed from polycationic and nonionic polymers played a better role in preserving the 

patterned tissue sturcture than their electrostatically assembled counterparts. This 

difference in performance appears to be related to the surface ζ-potential of the films, 

where the effective nanofilms having a positively charged surface and the ineffective ones 

negatively charged (Figure 3b). To further investigate the effects of the outmost surface 

charge on cell migration, nanofilms starting with DS and ending with PLL (DS/PLL NFs), 

which presented as positively outmost surface charge, were effective in preventing 

HUVEC migration, as showin in Figures 3c (bottom) & 3e. Conversely, PLL/DS NFs 

with negatively charged surfaces were ineffective in blocking HUVEC migration, as 

discussed above. Additionally, negligible cell migration was found in the presence of both 

PLL/Dex and Dex/PLL NFs, both of which have positively charged surfaces. The 

aforementioned data indicate that the composition of these films is not the primary factor 

inhibiting cell migration and sprouting; rather, the surface charge plays a critical role. 

This experimental phenomenon can be explained by the findings from Federer group. 
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They found that apoptotic cells induce ECs sprouting through the phenotypic expression 

of a negatively charged membrane surface.35 They proposed a concept, based on their 

observations, that sprouting cells exhibit a strongly positively charged surface, as 

evidenced by the binding of anionized ferritin to sprouting ECs. While the exact source 

and nature of this positive surface charge on ECs during sprouting remain unclear, these 

observations are consistent with studies that ECs tend to elongate and migrate toward the 

cathode in a direct current electric field.36,37 Their hypothesis is also supported well by 

our findings that the application of positively charged nanofilms inhibits the migration or 

elongation process of HUVEC, despite the fact that HUVEC itself tends to sprout in 

response to basic fibroblast growth factor secreted by the underlying NHDF.49 These 

positively charged nanofilms permitted compartmentalized co-culture of fibroblasts and 

ECs, acting like a barrier, suggesting that they have the potential to serve as A-BMs for 

the construction of highly organized 3D vascular tissues. 

 

2.5 Regeneration of natural BMs 

Natural BMs are supposed to deposit between different cells to fulfill their role in 

supporting and maintaining the integrity and organization of tissue structures, while 

ensuring the compartmentalized multicellular co-culture and enabling engineered tissues 

to mimic the complex functions of native tissues.34 Col-IV and LM are identified as the 

primary components of BMs, and are secreted during tissue culture. Therefore, the 

deposition of Col-IV was evaluated over 7 days in 3D tissues (Figure 4a). To avoid the 

interference of exogenous Col-IV, a coating of LM was applied instead of using Col-

IV/LM NFs. Deposited Col-IV was observed to be mainly distributed between HUVEC 

monolayer and NHDF layers (Figure 4b), forming dense fibrous networks. However, 

beneath the monolayer of HUVEC, the fluorescence signals of Col-IV were also detected 

in the samples without A-BMs or with LM coating, especially around the capillary lumen 

structure, as shown around the white arrows in Figure 4c. Moreover, the LM coating 

generally enhances cell adhesion and growth, subsequently facilitating the secretion of 

Col-IV. The fluorescence intensity of Col-IV in the sample consisting of PLL/Dex NFs 

was slightly lower, but still comparable to the sample with LM coating (Figure S11). 

There was no significant difference among the three samples. Taken together, these 

findings confirm the deposition of Col-IV in the presence of the PLL/Dex NFs barrier, 

suggesting the regeneration of natural BM in the long-term, organized tissue culture. 
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2.6 3D patterned vascular structure  

Biological systems display inherent hierarchical structures, as illustrated by the 

specialized tubular architecture of blood vessels, comprised of ECs, smooth muscle cells 

(SMCs), and adjacent connective tissues. Typically, in the vasculature, BMs provide 

foundational support to the endothelial lining and are closely associated with SMCs.50 

The precise mimicking of these structural is crucial for the wide applications of 

engineered tissue models. In this section, 3D patterned vascular structure was engineered 

through the sequential seeding of SMCs and ECs within tubular microchannels, 

constructed using sacrificial templating methods. PLL/Dex NFs were in-situ assembled 

between ECs and SMCs, functioning as A-BMs to preserve the organized architecture. 

As shown in Figure 5a & S12, thermoresponsive poly(2-cyclopropyl-2-oxazoline) 

(PcycloPrOx) scaffolds, fabricated via melt electrowriting (MEW) as detailed in previous 

study,51 were embedded in fibrin gel stabilized in a bioreactor. These scaffolds were then 

dissolved in cold PBS, resulting in the formation of interconnected microchannels, 

measuring 30 mm in length and 300 μm in diameter (Figure S13). In Figure 5b & S14a, 

the full extension and coverage of AoSMC with a spindle-shaped elongated morphology 

was confirmed, and a confluent endothelial monolayer was also found on the inner side 

of the microchannel. Following the alignment of AoSMC, LbL assembly of PLL and Dex 

was carried out in the circular microchannel to form A-BMs on the AoSMC layer, 

followed by the seeding of HUVEC on these films (Figure 5c). CLSM image in Figure 

5d (right) displays a clear tubular double-layered vascular structure in the presence of 

PLL/Dex NFs, which was composed of an outer AoSMC layer and inner confluent 

HUVEC layer (Figure 5e & S15 ). Video S2 also clear shows the 3D patterned circular 

vascular structure. Although no migration of HUVEC was observed during the tissue 

culture, this may be due to the fact that the AoSMC attached in microchannels were 

almost monolayer. In Figure S16, during layered co-culture of SMCs and ECs performed 

in the 24-well insert, the cross-sectional CLSM images demonstrate that in the absence 

of PLL/Dex NFs, migration and sprouts of HUVEC were observed, while patterned 

structure of HUVEC and AoSMC was maintained with the assistance of A-BMs. 

Furthermore, without the support of PLL/Dex NFs, the HUVEC monolayer in direct 

contact with the underlying AoSMC was unstable and proned to detach from the AoSMC 

layer and formed aggregates, leading to microchannel blockage (Figure 5d (left), Figure 
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S14b). This observation suggests the critical role of PLL/Dex NFs, serving asA-BMs, in 

providing a supportive platform essential for preserving the integrity and stability of the 

vascular structure.  

  

3. Conclusion 

In conclusion, positively charged multilayer nanofilms, fabricated through LbL 

assembly of PLL and Dex, effectively recapitulate the barrier properties of BMs, 

successfully inhibiting the migration and sprouting of HUVEC. PLL/Dex NFs were 

utilized as scaffolds for cell culture, where endothelial cells demonstrated typical 

cobblestone morphology and barrier functions, evidenced by the expression of tight 

junctions comparable to those observed on cell-friendly substrates. Compared to the 

previously reported A-BMs composed of Col-IV/LM NFs, the newly developed A-BMs 

demonstrate significantly enhanced barrier properties. They effectively inhibite HUVEC 

migration over 14 days that matches the regeneration timeline of natural BMs in 3D 

tissues.34 Through systematic comparative analysis, it was determined that the improved 

barrier functions of the nanofilms could be attributed to their positive surface charge, 

which played a crucial role in inhibiting HUVEC migration or sprouting. This observation 

is corresponds to previous reports that sprouting endothelial cells (ECs) possess a 

poritvely charged surface and typically migrate towards the cathode in a direct current 

electric field.35–37 Furthermore, the easy and biocompatible assembly process enables the 

creation of large-sized and customizable shapes of A-BMs for on-demand construction of 

organized tissue models for the understanding of integrated biological systems and 

ultimately the development of regenerative therapeutics. As an example, a 3D patterned 

vascular structure with clear lumen was engineered in a microchannel created in fibrin 

gel by sacrificial template method. Positioned between SMCs layers and ECs monolayer, 

PLL-Dex NFs were in-situ assembled fowllowing the topography of microchannel to 

support the patterned cell co-culture. 

  

 

4. Experimental section 

4.1 PLL/Dex multilayered nanofilm fabrication and characterization 

A 27 MHz quartz crystal microbalance (QCM, AFFINIX Q8, ULVAC SHOWCASE, 

Kanagawa, Japan) was used to quantitatively analyze the LbL assembly of α-poly-L-

https://doi.org/10.26434/chemrxiv-2024-t65n5 ORCID: https://orcid.org/0000-0002-7267-312X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-t65n5
https://orcid.org/0000-0002-7267-312X
https://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

lysine (PLL, Mw 15000-30000, 167-12671, FUJIFILM Wako, Osaka, Japan) and dextran 

(Dex, Mw 60000, FUJIFILM Wako, Osaka, Japan) on a gold-coated quartz crystal sensor 

as previous reported protocols.32,52–54 First, QCM electrodes were cleaned with piranha 

solution (fresh mixture of H2SO4/40% H2O2 aqueous solution=3:1 (v/v)) for 3 min, three 

times. Prior to use, QCM electrodes were rinsed with Milli Q and dried with N2. 

Temperature was maintained at 37 °C in all experiments. For the QCM study of film 

formation, PLL was coated as the first layer and Dex was deposited subsequently. For 

each deposition step, 100 μL of 50 mM Tris-HCl buffer solution (pH 7.4) was first added 

to each well. Under gentle stirring by the automatic stirring rod, 5 μL of polymer solutions 

(2 wt% in 50 mM Tris-HCl buffer) were gently added to each well and the frequency was 

recorded real-timely. Each adsorption duration was 15 min until the equilibrium. Between 

each step, washing the electrodes with 1 mM Tris-HCl buffer solution (pH=7.4) for three 

times to remove excess and non-absorbed polymers. The alternate steps were repeated 

until 5 bilayers, and the developed nanofilm was denoted as PLL/Dex NFs. The deposited 

amount of each polymer in each step was calculated referring to the Sauerbrey equation: 

-ΔF (Hz) = 0.63 Δm (ng/cm2).39,55 Other multilayered films were also fabricated using the 

methods described above. And for the characterization, multilayered films were 

assembled on glass substrates. 

 

4.2 AFM investigation 

The prepared PLL/Dex multilayered nanofilms on glass substrate were air-dried, and 

the samples were subsequently imaged using atomic force microscopy (AFM) in tapping 

mode under ambient conditions. For imaging the topographical surface of the nanofilms, 

highly doped silicon cantilevers coated with gold (PPP-NCSTAuD, NANOSENSORS™, 

Neuchatel, Switzerland), featuring a resonant frequency of 160 kHz and a nominal spring 

constant of 7.4 N/m, were utilized. 

Thickness measurements were preformed using a AFM tip-scratch method.56–58 Briefly, 

a small square area (1.0  1.0 μm) was scanned in the contact mode to eliminate the 

deposits without causing damage to the glass substrate. Subsequently, a larger window 

(10  10 μm) was examined in tapping mode to ascertain the height differential, which 

corresponds to the actual thickness of the nanofilms. Notably, the depth of the scratches 

increased proportionally with the duration of the scratching process, until a point was 

reached where no further changes were observed.  
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4.3 Evaluation of stability and protein adsorption 

  The investigation of the stability and protein adsorption of multilayered nanofilms was 

conducted using QCM analysis. After the assembly of PLL/Dex NFs on QCM electrodes, 

the quantification of bovine serum albumin (BSA, 9048-46-8, Sigma, St. Louis, USA) 

and fibronectin (FN, 289-149-2, Sigma) adsorption was performed using the QCM 

frequency shift, as detailed above. Similarly, the stability was assessed by immersing the 

assembled nanofilms in both PBS and DMEM medium supplemented with 10% FBS for 

over 1 hour to monitor the frequency changes using QCM. 

 

4.4 Surface ζ potential 

Multilayered films were assembly on glass substrates (4 mm  5 mm) following 

aforesaid assembly conditions. Their surface ζ potential was evaluated via phase analysis 

light scattering that has been previously described by Corbett.59,60 Briefly, glass substrates 

coated with the prepared nanofilms were stabilized on a holder positioned between 

electrodes and then submerged in a ZEN1020 plate cell (Surface zeta potential cell, 

Malvern Panalytical), containing a solution of narrowly dispersed tracer particles. The 

velocity of the tracer particles, under the influence of an alternating current (AC) field, is 

quantified through phase analysis light scattering. The overall velocity of the tracer 

particles at different positions results from the combined impact of particle 

electrophoretic migration and electro-osmotic flow in the vicinity of the solid-liquid 

interface. As the testing position moves farther away from the sample surface, the 

influence of electro-osmotic flow diminishes, eventually reaching a point where the 

observed mobility is solely a result of electrophoretic migration. The obtained values are 

graphed as a function of surface displacement, and the surface ζ potential is determined 

by extrapolating the data to zero-displacement. The contribution arising exclusively from 

the surface (ζsurface) is calculated from the equation ζsurface = -intercept + ζparticle. The 

surface ζ potential of multilayered nanofilms was evaluated using Zetasizer nano ZS. 250 

nm of Nile Red-polystyrene nanoparticles (0.0005% w/v, FP-0256-2, Spherotech Inc, 

Lake Forest, USA) in 50 mM Tris-HCl buffer solution (pH 7.4, r.t.) were used as tracer 

particle. Mobility measurements were carried out at distances of 125, 250, 375, 500, and 

1000 μm away from the sample surface. 
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4.5 Cell culture  

Normal human dermal fibroblast cells (NHDF, CC-2509) (Passage: 5-8) were 

cultured with dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin, in an atmosphere containing 5% 

CO₂ at 37 °C. Human umbilical vein endothelial cells (HUVEC, C2517A) (Passage: 5-6) 

and GFP expressed HUVEC (GFP-HUVEC, Argio-Proteomie, Massachusetts, USA) 

(Passage: 5-6) were cultured in endothelial cell growth medium-2 (EGM-2, CC-3162). 

Human aortic smooth muscle cells (AoSMC, CC-2571) (Passage: 2-3) were cultured in 

smooth muscle cell growth medium-2 (SmGM-2, CC-3182). For tissue culture, mixed 

culture media were used: DMEM/EGM-2 (1:1, v:v) for the co-culture of NHDF and 

HUVEC, SmGM-2/EGM-2 (1:1, v:v) for the co-culture of AoSMC and HUVEC. All 

medium and cell were purchased from Lonza, Basel, Switzerland. 

 

4.6 Evaluation of cell adhesion and cell functions on multilayered nanofilms 

    Various nanofilms were assembled on the membrane of 24-well inserts. 1.0105 of 

NHDF and HUVEC were seeded respectively on the nanofilms, and a blank insert 

membrane served as the control group. Both NHDF and HUVEC were cultured for 24, 

48 h and the cytoskeleton was stained to examine the morphology of adhered cells. 

Furthermore, HUVEC were cultured for a period of 5 days to analyze the expression of 

CD31 and ZO-1. 

 

4.7 Construction of patterned 3D cell co-culture structure 

    PLL/Dex NFs were engineered to reside between fibroblast layers and endothelial 

cells, creating a “sandwich” configuration that mimics the architecture of natural tissue. 

Specifically, 250 μL of 1.0×106 NHDF suspension were seeded into a 24-well insert that 

had been pre-incubated in a laminin (40 μg/mL)/Tris-HCl solution (50 mM, pH=7.4) at 

37 °C for 1 hour to facilitate cell adhesion. 1 mL of DMEM was added to the underlayer 

of the transwell and the samples were then placed in an incubator at 37 °C for 24 hours 

to allow NHDF attachment. After three washes with PBS, 250 μL of PLL and Dex (0.1 

wt%)/Tris-HCl (50 mM, pH 7.4) solutions were sequentially added to the insert, with 

each addition followed by an incubation at 37 °C for 15 min. 1 mL of Tris-HCl buffer 

solution was maintained beneath the inserts. Following each step, the samples were rinsed 

once with a 1 mM Tris-HCl buffer solution to eliminate excess and non-adsorbed 
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polymers. This alternating adsorption process was repeated five times, leading to the 

formation of (PLL/Dex)5 nanofilms. A volume of 250 μL of 1.0×105 HUVEC suspension 

in mixed medium (DMEM/EGM-2 at a 1:1 ratio) was placed on the assembled nanofilms, 

and 1 mL of the mixed medium was added into the underlayer of the transwell. The 

samples were then incubated for 24 hours to facilitate HUVEC adhesion, after which the 

medium was replaced with 2 mL of mixed medium per well. The tissues were cultured 

for a period ranging from 5 to 21 days, with the medium being replaced once every two 

days. A patterned cell co-culture structure, lacking of nanofilms, served as the control 

sample. The efficacy of cell separation between NHDF and HUVEC using (Col-IV/LM)₅ 

nanofilms was evaluated and compared to that achieved with PLL/Dex nanofilms. To 

determine the precise locations of both NHDF and HUVEC, immunofluorescence 

staining and histological staining techniques were employed. 

    To verify the integrity of this patterned structure, fluorescein isothiocyanate (FITC) 

labeled PLL (Mw 15000-30000, P3543-10MG, Sigma) and tetramethylrhodamine 

(TRITC)-Dex (Mw 500000, 52194-1G, Sigma) were incorporated between the layers of 

NHDF and HUVEC. In conjunction with immunofluorescence staining of NHDF and 

HUVEC, the fluorescent PLL/Dex nanofilms were visualized using confocal laser 

scanning microscope (CLSM, FV3000, Olympus, Japan). 

 

4.8 Fabrication of tubular multicellular structure in 3D hydrogel 

    Vascular-like structure was constructed in 3D fibrin gel as previous publication with 

modifications.51 Glass coverslips (D: 25 mm) were pasted to the bottom of bioreactor 

using double-side tapes. Templating scaffold of poly(2-cyclopropyl-2-oxazoline) 

(PcycloPrOx) with a diameter 500 μm was placed on the saddle supports of the bioreactors 

and then fixed with PcycloPrOx solution (15wt%). Following adhesive drying at ambient 

temperature, bioreactors with PcycloPrOx scaffolds were sterilized under UV light for 10 

min. Then, 400 μL of fibrin gel was used to fill the main chamber of bioreactor and the 

scaffolds were embedded in the fibrin gel. Fibrin gel was prepared by mixing 266.7 μL 

of 10wt% fibrinogen solution (F8630-5G, Sigma Aldrich, St. Louis, USA) and 133.3 μL 

of 50 U/mL thrombin solution (E6758-500G, Sigma Aldrich, St. Louis, USA) at room 

temperature and then incubated at 37 °C for the complete gelation. Once the hydrogel 

formed, PBS solution was added to the bioreactor chambers to dissolve the PcycloPrOx 

scaffold, leaving empty microchannels.  
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    10 μL of 3.0×105 AoSMC suspension were injected to the microchannel that was 

pre-incubated in fibronectin solution (0.01wt%) at 37 °C for 1 hour to facilitate cell 

adhesion. Following cell seeding, the bioreactor was transferred to incubator. After 3 

hours incubation, bioreactor was turned upside down and incubated for another 3 hours 

to ensure the homogeneity of the cell attachment. 1.0 mL of SmGM-2 was added to each 

side chamber and 0.5 mL SmGM-2 was added in the main chamber. Cell attachment was 

confirmed by cytoskeleton staining of AoSMC after 2 days culture. HUVEC was also 

seeded following the same protocol, but the incubation time after injecting cell suspension 

was 15 min for each side. Confluent HUVEC monolayer attached in the microchannel 

was confirmed by CD31 staining after 5 days culture. Tubular multicellular structure was 

fabricated by seeding AoSMC and HUVEC successively. Briefly, AoSMC was seeded 

and cultured for 2 days, and then in-situ LbL assembly of PLL/Dex NFs was performed 

on AoSMC surface before HUVEC seeding. After that, mixed medium (SmBM/EGM at 

1:1 ratio) was used for tissue culture. The medium was changer every day. 

 

4.9 Regeneration of natural BMs 

    To assess the secretion of collagen type IV (Col-IV) by cells co-cultured with 

PLL/Dex nanofilms, immunofluorescence staining for Col-IV was conducted and 

subsequently analyzed using the FV3000 microscope. A control sample consisting of 

patterned cell co-culture without nanofilms was carried out for comparison. Laminin 

coating (0.004 wt% in 50 mM Tris-HCl) was applied between NHDF and HUVEC layers 

instead of Col-IV/LM nanofilms to compare distribution of naturally deposited Col-IV 

with those cultured with PLL/Dex nanofilms. The patterned tissues were cultured for 7 

days, followed by staining with anti-Col-IV and anti-CD31 antibodies, and the 

morphology of Col-IV networks was visualized using the FV3000 microscope. 

 

4.10 Cell tracker staining 

Cell TrackerTM deep red (C34565, Invitrogen, California, USA) was initially 

prepared in dimethyl sulfoxide (DMSO) at 10 mM and subsequently diluted to a 1:1000 

volume ratio in FBS-free medium. Pre-cultured cells underwent three PBS washes before 

a 40-minute incubation with the dye at 37 °C. Following aspiration of the dye-containing 

medium and three additional PBS washes, the cells were incubated in DMEM at 37 °C 

for a minimum of 24 hours prior to detachment. 
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4.11 Immunofluorescence staining 

2D monolayer or 3D tissues cultured in 24-well insert were rinsed three times with 

PBS and fixed by 4% paraformaldehyde (Fujifilm Wako, Osaka, Japan) for 15 min at 

room temperature. Following by PBS rinsing for three times, permeabilization was then 

carried out using 0.2% Triton-X 100 (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 

room temperature. After PBS rinsing, 1wt% BSA/PBS solution was added at room 

temperature for 30 min to block the unspecific staining of the antibody. The samples were 

then incubated with primary antibodies overnight at 4 °C: TRITC-phallotoxin (084K0443, 

Sigma, St. Louis, USA) and anti-CD31 antibody (mouse anti-human, NCL-CD31-1A10, 

Leica, Wetzlar, Germany; anti-rabbit, ab28364, abcam, Cambridge, UK) were diluted in 

1% BSA in PBS at 1/100, while anti-ZO-1 (mouse anti-human, ZO1-1A12, Invitrogen, 

Waltham, MA, USA), anti-collagen-IV (monoconal mouse anti-human, clone CIV 22, 

Thermo Fisher Scientific, Waltham, MA, USA) were diluted in 1% BSA in PBS at 1/50. 

After rinsing with PBS for three times, samples were then incubated for 2 hours at room 

temperature in the dark with secondary antibodies diluted at 1/200 in 1% BSA in PBS: 

goat anti-mouse, Alexa Fluor 488 (A11001), Alexa Fluor 546 (A11003), Alexa Fluor 647 

(A21235) (Thermo Fisher Scientific, Waltham, MA, USA), and goat anti-rabbit, Alexa 

Fluor 488 (ab150077, Abcam, Cambridge, UK). The nuclei were stained with Hoechst 

33342 (H3570, Thermo Fisher Scientific, Waltham, MA, USA) that was diluted 1000 

times in PBS. After staining, the samples were washed with PBS three times. 

Fluorescence images were then observed with FV3000. Images were digitized using 

Imaris software (ver. 9.2.1, Oxford Instruments, Bitplane, Belfast, UK). Adhered cell 

number, coverage area, expression of CD31 and ZO-1, as well as the migrated cell number, 

depth, were quantified using ImageJ. 

 

4.12 Histology staining 

Insert cultured tissues were rinsed with PBS three times and fixed in 4 % PFA for 15 

min at room temperature. Another three washes with PBS were performed, and the tissues 

were then sent to the Applied Research Company for paraffin embedding. Sectional 

samples were stained with hematoxylin and eosin (H&E) and CD31. Brightfield images 

were captured using an FL Evos Auto microscope (Thermo Fisher Scientific, MA, USA). 
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4.13 Cell viability 

    Trypan Blue stain kit. After the LbL assembly process performed on NHDF layers 

in-situ, incubating the tissues for 24 hours. On the second day, the samples were rinsed 

with PBS and subsequently incubated in 200 μL of 0.025% trypsin with 0.01 % EDTA at 

37 °C for 20 min. During the digestion, pipetting the digested tissues gently twice for the 

cell isolation. Equivalent amount of mixed medium was added to stop the digestion 

process. Isolated cells were stained with 0.4% trypan blue (2420718, Thermo Fisher 

Scientific, Waltham, MA, USA) to quantify the cell number. Live and dead cell number 

was counted by automated cell counter (Countess II, Thermo Fisher, Waltham, USA). 

LIVE/DEAD Viability Assay. Same with the trypan blue stain kit, tissues cultured on 

the next day were rinsed with PBS for three times and incubated in 250 μL of PBS solution 

containing Calcein AM and EthD-1/PBS (2 μmol/L) at 37 °C for 45 min in the dark. Cell 

conditions were imaged at the surface, middle and bottom of the 3D tissue using a 

FV3000.  

 

Statistical analysis 

In this study, all values are presented as means ± standard deviation (SD). Statistical 

analysis of the data was performed with Student's t-test when more than two samples were 

compared. Error bars represent standard deviations. Test gave p values considered 

significant if *p <0.05. 
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Scheme 1. (a) Schematic representation of the development of A-BMs by in situ LbL 

assembly technology on fibroblast tissues to construct 3D organized biological tissues 

composed of NHDF and HUVEC. In the absence of A-BMs, HUVEC migrate during 

tissue culture, thereby altering the 3D hierarchical tissue structure. (b) Comparison of the 

barrier function of various types of LbL films assembled from different ECM proteins 

and polymers to inhibit HUVEC migration during tissue culture. 
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Figure 1. Buildup of PLL/Dex multilayered ultrathin nanofilms (NFs) on QCM chips. 

(a) Schematic illustration of the LbL assembly process of PLL and Dex via hydrogen 

bonds. (b) ζ potential of PLL (0.1 wt%) and Dex (0.1 wt%)/Tris-HCl buffer solutions 

(50mM, pH=7.4, 37 °C). n=3. (c) & (d) Frequency shifts and film thickness increases 

during assembly are summarized for various LbL films composed of polymers or ECM 

proteins. Frequency changes were recorded by QCM during assembly in 50 mM Tris-HCl 

buffer solution (pH=7.4, 37 °C). The concentration of each polymer or protein is 0.1wt%. 

(e) AFM tapping mode image (10 × 10 μm) of multilayers composed of PLL and Dex. 

Scale bar: 1 μm. (f) Scratching with the AFM tip creates a square hole of the PLL/Dex 

NFs, where the depth ΔH corresponds to the film thickness. (g) The remaining weight 

percentage of PLL/Dex NFs after immersion in PBS and DMEM/10% FBS for 60 min at 

37 °C, which is summaried from the frequency change recoarding by QCM. 
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Figure 2. Barrier function of multilayered nanofilms on the compartmentalized co-

culture of NHDF and HUVEC. (a) Schematic representation of the constructed 3D 

patterned tissue structure composed of HUVEC, A-BMs and NHDF, respectively. (b) 

Cross-sectional CLSM image showing the location of PLL/Dex NFs (FITC conjugated 

PLL in green and TRITC conjugated Dex in red) between the HUVEC monolayer 

(immunostained for CD31 in blue) and NHDF layers (stained with Hoechst 33342 in 

cyan). Scale bar: 50 μm. (c) 3D reconstructed CLSM image of compartmentalized cell 

co-culture system. Scale bar: 100 μm. (d) Cell number counting (gray and left) and cell 

viability (red and right) of NHDF layers after in-situ LbL assembly treatment and then 

cultured overnight. n=3. (e) up: Schematic representation of the structure of 3D patterned 

tissue during 7 days of culture. In the absence of any physical barrier, HUVEC gradually 
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migrate towards the fibroblast tissues, thereby altering their organized structure. With the 

support of A-BMs, the 3D organized tissue structure is preserved by inhibiting the 

migration of HUVECs. bottom: Cross-senctional CLSM images are displayed the 

changes in the relative positions of NHDF and HUVEC during the tissue culture. HUVEC 

are labeled with GFP (shown in red) and NHDF are stained with cellTracker deep red 

(shown in cyan). Scale bar: 50 μm. (f) Immunostaining of HUVEC with CD31 visualized 

by CLSM. The 3D scanning results of the co-culture system, from top to bottom, are 

compressed to single image. up: observed with 10 magnification, scale bar: 300 μm. 

bottom: observed with 30 magnification, scale bar: 100 μm. (g) Cross-sectional CLSM 

images of co-culture system with different LbL films observed after 7 days of culture. 

HUVEC are stained with CD31 shown in red and all cell nuclei are stained with Hoechst 

33342 in cyan to show the position of NHDF. Scale bar: 50 μm. (h) HUVEC migration 

depth (compared with the position of HUVEC at Day 0) and (i) number of migrated 

HUVEC towards NHDF layers during the co-culture with different LbL films for 14 days. 

(h) n=3, (i) n=6. *p<0.05, **p<0.01, ***p<0.001. N.S. no significant difference. N.D. no 

data. 
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Figure 3. Effects of film outmost surface charge on HUVEC migration. (a) Schematic 

illustration depicts the correlations between the barrier functions of LbL films in 

preventing cell migration and preversing the organized tissue structure and their out most 

surface charge. (b) Surface ζ potential of various polyelectrolyte multilayered nanofilms 

assembled on a glass substrate in 50 mM Tris-HCl buffer solution (pH 7.4) at 37 ℃. The 

measurement of ζ potential is performed in the same buffer solutions suspend with Nile 

Red-polystyrene nanoparticles as tracer particles (0.0005 wt%) at room temperature. n=3. 

(c) Cross-sectional CLSM images of co-culture system with various LbL films, which are 

observed after 7 days of culture. Scale bar: 50 μm. (d) and (e) HUVEC migration depth 

through various LbL NFs after 7 days of co-culture. n=3, **p<0.01, ***p<0.001. N.S. no 

significant difference. 
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Figure 4. Regeneration of natural BMs in 3D tissues. (a) Schematic illustration of the 

assembly and position of Col-IV that is the main compoents of natural BMs between 

different cells in the co-culture system. (c) Relative position of Col-IV between HUVEC 

manolayer and NHDF layers after 7 days of culture. HUVEC is marked by CD31 in red, 

Col-IV is immunofluorescent stained in green, and nuclei are stained with Hoechst 33342 

in cyan to show the location of NHDF. Scale bar: 50 μm. (c) Immunofluorescent staining 

of Col-IV in 3D tissues. White arrows indicate the assembly of secreted Col-IV along the 

capillary wall, where the capillary network is formed due to the migration of HUVEC 

into the fibroblast tissue. Scale bar: 300 μm.  
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Figure 5. Fabrication of 3D patterned vascular structure. (a) Schematic illustration of 

cells seeded within microchannels in fibrin gels that were formed by sacrificial scaffold 

fixation and scaffold dissolution washing with cold PBS. (b) Schematic and CLSM 

images of the α-SMA positive AoSMC layer and CD31 positive HUVEC monolayer in 

microchannels. Nuclei are stained with Hoechst 33342. Scale bar: 200 µm. (c) Schematic 

reprentation of the in-situ LbL assembly of PLL/Dex NFs on AoSMC layers in the 

microchannels, and the construction 3D patterned vascular tube composed of AoSMC 

layers and a HUVEC monolayer, facilitated by the support of PLL/Dex NFs between the 

cells. (d) Orthogonal views (xy, xz, and yz) of the CLSM images illustrate the 

colocalization of AoSMC and HUVEC after culture for 5 days. Left: without PLL/Dex 

NFs, GFP-HUVEC detach from AoSMC layer (labeled with cellTracker deep red) and 

aggregate, blooking the microchannel. Right: with the assistance of PLL/Dex NFs, 

confluent HUVEC monolayer (makerked with CD31) is surround by compartmentalized 

AoSMC (stained with α-SMA). Scale bar: 200 µm. (e) Top-view of CLSM images 

demonstrate the morphology of the spreading AoSMC layers and the confluent HUVEC 

monolayer in the 3D patterned vascular tube. Scale bar: 200 µm. 
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