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Abstract: Tunneling nanotubes are important membrane channels for cell-to-cell 
communication. In this study, we investigated the effect of the microenvironment on 
nanotubular structures by preparing a three-dimensional silk fibroin micropillar structure. 
In previous reports, tunneling nanotubes were described as stretched membrane channels 
between interconnected cells at their nearest distance. They hover freely in the cell culture 
medium and do not contact with the substratum. Interestingly, the micropillars could 
provide supporting points for nanotubular connection on silk fibroin films, where 
nanotubular structure formed a stable anchor at contact points. Consequently, the extension 
direction of nanotubular structure was affected by the micropillar topography. This result 
suggests that the hovering tunneling nanotubes in the culture medium will come into 
contact with the raised roadblock on the substrates during long-distance extension. These 
findings imply that the surface microtopography of biomaterials have an important 
influence on cell communication mediated by tunneling nanotubes. 
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1. Introduction 

Cells communicate with each other via a variety of complex intercellular interactions, some of 
which occur through gap junctions [1] and synapses [2]. An emerging mechanism of cell 
communication has been proposed since the 2004 report of rat pheochromocytoma PC12 cells that 
were bridged by tunneling nanotubes (TNTs), known as membrane nanotubes [3]. Subsequently, the 
nanotubular structures have been found in various types of cells such as fibroblasts [4], cardiac 
myocytes [4,5], epithelial cells [5,6], immune cells [7–9], primary neurons [10] and astrocytes [10,11]. 
The nanotubular channels allow the exchange of components between animal cells [12]. Moreover, 
increasing evidence has shown that nanotubular channels provided backdoors for the intercellular 
spread of pathogens [8,13,14]. 

TNTs were initially described as thin intercellular membrane channels with diameters ranging from 
50 to 200 nm, displaying lengths of up to several cell diameters [3]. TNT displayed a pronounced 
sensitivity to light excitation, mechanical stress and chemical fixation, leading to the rupture of many 
TNTs [3]. So far, similar structures with various length and diameter have been reported in different 
cell lines [12]. Furthermore, a large number of researches have been performed to investigate the 
formation mechanism, cargo and signal transfer process of nanotubular structure [15–21]. TNT may 
connect to a neighboring cell by anchoring junctions in human tumor urothelial cells (T24 cell), and 
the anchoring proteins are N-cadherin and its adaptor protein β-catenin [19]. Moreover, nanoparticles 
could be transported in the membrane nanotubes of cardiac myocytes and neuronal cells [20,21]. 
However, most of the present research is focused on the morphology of nanotubes and transport of 
cellular components, none of these studies examine the effect of microenvironment on the TNTs. 
Interestingly, TNTs hover freely in the cell culture medium and do not contact with the substratum, 
and they were stretched between interconnected cells attached at their nearest distance [3]. 3D analysis 
further showed that nanotubular structure between cells at their nearest distance has no contact to the 
substrate and are aligned mostly parallel to the surface [22]. These results demonstrated that TNTs can 
span a long distance by hovering extension and do not contact with substrate in the flat culture system. 
However, topographical structures at the micro to nanometer scales have been shown to affect cell 
behavior, including morphological changes and functional alterations [23–26]. In particular, surface 
topography showed significant effect on the extension and morphology of short membrane protrusion, 
such as filopodia and lamellipodia [23,27]. TNT is a longer membrane protrusion connecting surrounding 
cells over long distances, which has a similar morphology and diameter with filopodia [28]. Therefore, 
we proposed that surface topography may change the extension of TNTs. Although TNTs hover freely 
in the culture medium on the flat surface, the extension might be disturbed by surface microstructure, 
leading to a potential influence on cell communication. It was therefore of interest to study whether a 
micropillar topography affect the extension of hovering nanotubular structure. 

Silk fibroin (SF) produced by silkworms was studied as a promising biomaterial due to its aqueous 
processability, biocompatibility, and biodegradability [29–31]. In the present study, we prepared a 
micropillar structure on SF films to study the effect of microtopography on nanotubular connection. 
We found that the SF micropillars provided supporting points for nanotubular connection between 
bone marrow derived mesenchymal stem cells (BMSCs), and further influenced the extension direction 
of nanotubular structure. 
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2. Results and Discussion 

2.1. Surface Characterization of Silk Fibroin Films 

SF is a natural fibrous protein that has been widely used as a biomaterial because of its excellent 
biocompatibility and biodegradability [29]. Furthermore, Silk fibroin can be regenerated into aqueous 
solution, which is advantageous for the preparation of the biomaterials with various microstructures [23,32]. 
Scanning electron microscopy (SEM) images of the surface topography of the SF films showed that 
the SF film prepared on a polystyrene dish was flat (Figure 1A,B). A micropillar structure was 
successfully obtained from the Poly(dimethylsiloxane) (PDMS) mold (Figure 1C), and the space 
between adjacent micropillars mainly ranged from 5 to 20 μm. Natural lotus leaf surfaces are 
composed of micro/nano binary cooperative structure [33]. The nanoscale structure will be destroyed 
after PDMS introduction, thus only the microscale topography was replicated. The magnified cross-section 
(Figure 1D) shows the diameter and height of the micropillars (5–10 μm and 5–15 μm, respectively). 

Figure 1. Surface characterization of silk fibroin (SF) films: (A) flat film; (B) magnified image 
of flat film surface; (C) the surface of microstructured film and (D) magnified cross-section 
view of the micropillar structure. Scale bars: (A) 200 μm; (B) 20 μm; (C) 100 μm; (D) 30 μm. 

 

2.2. The Nanotubular Connection of BMSCs on the Silk Fibroin Films 

Since TNTs was firstly reported in PC12 cells, the intercellular membrane channels have been 
discovered in various cell types. TNTs establish intercellular tubular membrane channels for the 
exchange of cell surface molecules and cytoplasmic contents such as calcium ions, plasma membrane 
components, endosome-related organelles and mitochondria [3–6,12–17]. In addition to the intercellular 
exchange of small molecules and organelles, the bidirectional spread of electrical signals between 
TNT-connected cells has been demonstrated [15,16]. The membrane channels have been shown to be 
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involved in the intercellular spread of pathogens and transfer of aberrant proteins responsible for 
disease, including bacteria, viruses and prions and misfolded huntingtin [28]. Moreover, the 
intercellular connection was also observed in coculture systems [4,5], and the connection between 
different cell types may contribute to the pathophysiology of diseases such as cardiac fibrosis [4]. 
These results demonstrated that the nanotubular bridges showed important functions in cell-to-cell 
communication and the pathophysiology of some diseases. Furthermore, the recent reports showed that 
M-Sec (Tumor necrosis factor induced protein 2; TNFaip2) is a key molecule for TNT formation.  
M-Sec can induce the formation of functional TNTs through interaction with the Ral-exocyst pathway, 
and the remodeling of the actin cytoskeleton and vesicle trafficking are involved in M-Sec-mediated 
TNT formation [17,18]. These discoveries expanded the knowledge regarding the mechanisms of 
TNT-mediated cell communication. However, these researches are focused on the morphology and 
intercellular transport of membrane nanotubes, whereas the effect of microenvironment on nanotubular 
connection has not been investigated. 

Cell-material interaction is a key fundamental topic in the fields of biomaterials and regenerative 
medicine. Microscale topography on material surface influences adhesion, morphology, migration and 
differentiation in a wide variety of cell types, ranging from fibroblasts to MSCs [25]. The geometry 
and size of substrates can influence the extension and contact of the protrusions from cell membrane, 
such as filopodia and lamellipodia, then further results in the changes of cell morphology and  
functions [23,27]. Therefore, we proposed that surface topography may influence the extension of 
TNTs. TNT is a thin dynamic filopodia-like membrane protrusion connecting surrounding cells over 
long distances. Different from the structure of filopodia, TNTs have been described as stretched 
membrane channels between interconnected cells at their nearest distance, meanwhile they hover 
freely in the cell culture medium and do not contact with the substratum on flat surface [3,22]. 
However, the extension and connection of TNTs on microstructured surface is unclear. In order to 
study the effect of microenvironment on the nanotubular connection, we established a microstructured 
SF film to investigate the influence of micropillar structure on the intercellular nanotubular connection. 

TNT structures contain F-actin, and the nanotubular structure formation is generated by actin-driven 
protrusions of the cytoplasmic membrane [3,34]. After cell culture for 3 days, the F-actin labeled 
fluorescence images showed the formation of nanotubular connection between neighboring BMSCs on 
SF films (Figure 2, white arrows). On the flat film, the cells randomly spread and protruded plasma 
membranes, and protruded stretched nanotubes to connect surrounding cells (Figure 2A). On the 
microstructured surface, the SF micropillar structure provided a three-dimensional (3D) 
microenvironment for cell growth. Cell morphologies were regulated by the distribution of local 
micropillars. The cells spread on the top of the micropillars, and the cell membranes wrapped around 
the micropillars (Figure 3B). Several nanotubular structures, whose lengths ranged from several to tens 
of microns, could protrude from individual cell to form a nanotubular network with the surrounding 
cells (Figure 3A,B). The nanotubular structure provided a seamless connection between cells 
(Figure 3C). TNTs may connect to each other through two mechanisms: actin-driven filopodia-like 
protrusions of donor cells can connect to an acceptor cell, or attached cells can detach from one 
another [6,35,36]. As shown in Figure 3A, two filopodia-like protrusions were converging each other, 
might implying that the protrusions from individual cell were fusing into a nanotubular structure to 
connect neighboring cells. Furthermore, previous studies have demonstrated that large organelles and 
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vesicles can be transported through TNT [35,37]. The focal bulges were observed along the lengths of 
some nanotubes (Figure 3A,D, black arrows), which is consistent with Wittig et al.’s observation [38], 
indicating a possible transport of organelles or vesicles along nanotubes.  

Figure 2. Confocal laser scanning microscopy (CLSM) images of nanotubular connection 
on the SF films: (A) cells on a flat film; (B) cells on a microstructured film. Scale  
bars: 50 μm. 

 

Figure 3. SEM images of nanotubular network on the SF films: (A) cells on a flat film;  
(B,C) cells on microstructured films and (D) magnified image of the boxed region from 
Figure 3C. Scale bars: (A,D) 10 μm; (B) 50 μm; (C) 30 μm. 

 

2.3. Micropillars Provided Supporting Points for Nanotubular Connection 

In contrast to other cellular protrusions, TNTs hover freely in the cell culture medium and do not 
contact with the substratum in the standard culture system [35]. Furthermore, 3D analysis revealed that 
nanotubular structures between cells connected at their nearest distance without contact with substrate 
and were aligned mostly parallel to the substrate surface [22]. The results confirmed that TNTs can 

http://pubs.rsc.org/en/content/articlehtml/2002/jm/b206377h#fig2�
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span a long distance by hovering in the culture medium without contact with substrate. Here, the 
nanotubular structures were stretched between interconnected cells on the flat SF films (Figures 2A 
and 3A), which were similar to in the standard cell culture system. On the microstructured SF films, 
the nanotubular structure extended on the top of micropillars without contact with the underlaying 
substrate (Figure 4A); however, these hovering nanotubular structures contacted with micropillars and 
extended along the surface of micropillar (Figure 4A, white arrow). The result implied that the 
micropillars on the SF film may have a significant effect on nanotubular connection of BMSCs. 

Figure 4. SF micropillars provided supporting points for nanotubular connection.  
(A) Tunneling nanotubes (TNT) extended on the top of micropillars; (B) nanotubular 
structures between neighboring cells; (C,D) represent magnifications of the boxed regions 
in Figure 4B. Scale bars: (A) 20 μm; (B) 50 μm; (C) 2 μm; (D) 5 μm. 

 

To further determine the influence of the micropillar structure on the nanotubular connection, we 
observed the contact points between the nanotube and micropillar (Figure 4B). At the contact points, a 
sheet and a lump-like structure formed at the micropillar surface (Figure 4C,D). The sheet-like 
structure wrapped around the micropillars to form a stable anchor. Confocal fluorescence imaging 
(Figure 2B, white arrow) confirmed the wrapped anchoring at the micropillar surface. These results 
indicated that the SF micropillars provided supporting points for nanotubular connection of BMSCs. 
For the formation of an intercellular connection, membrane nanotube may begin growing as 
filopodium-like pertrusion [19], then extend and slide to connect target cell in culture medium at a hovering 
form. On the flat film, TNT can form a stretched connection. However, the raised micropillars would 
disturb and prevent the extension of long nanotubes. Consequently, when the ongoing nanotube 
encounter a micropillar during long-distance extension, the nanotube can interact with micropillar and 
form a stable anchoring at contact points for continued extension. The results impliy TNTs can form a 
stable anchoring for further extension when encounter a raised roadblock. 
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2.4. Micropillars Influenced the Extension Direction of Nanotubular Structure 

The 3D micropillar structure provided a spatially structured microenvironment for the hovering 
extension of nanotubular structure, and the supporting points might give rise to the change of extension 
route. As shown in Figure 4B, the micropillar (black arrow) influenced the extension direction of 
nanotubular structure. However, the nanotubular structure was described as stretched connection 
between cells at their nearest distance in standard culture [3,12]. Therefore, we further observed the 
extension direction of nanotubular structure on microstructured films. Interestingly, the nanotubular 
structure was able to bridge neighboring cells in a circuitous route rather than at the nearest distance 
(Figure 5A). Several micropillars provided supporting points for the circuitous extension (Figure 5A, 
white arrows), and the nanotubular structure was stretched between adjacent micropillars. At the 
micropillar surface, the nanotubular structure sharply swerved toward target cell (Figure 5B, black 
arrow), indicating that the micropillar topography affected the extension direction of nanotubular 
structure through stable supporting points. These findings demonstrated that a micropillar array 
provided supporting points for nanotubular structure and further affected their extension direction, 
implying that surface microtopography significantly affects intercellular nanotubular connection. 

Figure 5. The extension direction of nanotubular connection was influenced by micropillar 
structure. (A) A circuitous extension between interconnected cells; (B) magnified image of 
swerved section in Figure 5A. Scale bars: (A) 40 μm; (B) 10 μm. 

 

Cell-to-cell communication plays a crucial role in the development and maintenance of multicellular 
organisms [19]. TNTs have been shown to transport various cellular components, including cytoplasmic 
contents, plasma membrane components and organelles [35]. On the microstructured surface, membrane 
nanotubes can interact with micropillar structure and showed a circuitous extension, suggesting surface 
topography may have an important effect on the intercellular transport and communication. To better 
understand the effect of microstructure on the cell-to-cell communication mediated by nanotubular 
structures, the change of intercellular transport should be further observed in the future. On the other 
hand, TNTs are brittle to light excitation and mechanical stress, and TNTs showed dynamic nature and 
transient lifetime [3]. Moreover, no TNT-specific protein markers are known [28]. These factors make 
it difficult to clarify the molecular mechanism of TNT-micropillar interaction. Future research on 
TNTs should pay attention to the molecular mechanism of TNT-substrate interaction at anchoring 
points, which will facilitate the clarification of the sensing mechanism of TNT to substrate topography. 
  



Materials 2014, 7 4635 
 
3. Materials and Methods 

3.1. Preparation of Silk Fibroin Solution 

Regenerated SF solution was prepared as described previously [23]. Briefly, Bombyx mori  
raw silk fibers (Huzhou, China) were degummed three times in 0.05 wt% Na2CO3 at 98–100 °C for  
30 min and dried in an oven after rinsing. The degummed fibroin was dissolved in a ternary 
CaCl2:CH3CH2OH:H2O solvent (mole ratio, 1:2:8) at 72 ± 2 °C for 1 h. A 3.2 wt% SF solution was 
obtained after dialysis (MWCO 9000–14000) in deionized water for 4 days. 

3.2. Mold Preparation 

PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) was mixed at a weight ratio of 10:1 
(base:agent), degassed under vacuum to remove bubbles and then poured into the upper side of fresh 
lotus leaves. The PDMS was heated at 40 °C for 8 h and peeled from the lotus leaves. The solidified 
PDMS was cut into 2.5 cm × 2.5 cm squares after thorough rinsing. 

3.3. Preparation of Silk Fibroin Films 

The SF solution was centrifuged at 5000 r/min for 10 min to remove particles and bubbles, and  
1 mL of a 3% SF solution was then cast on the PDMS molds. The molds were covered with a venting 
lid and allowed to air dry at 25 °C in a clean environment [32]. Flat SF films were obtained by casting 
the SF solution on polystyrene dishes, and the film thickness was regulated by adjusting the ratio 
between the SF solution and the mold area. The films were peeled from the molds after drying and 
then immersed in 80% ethanol for 2 h to create water-insoluble SF films through inducing structural 
transition from random coil to the β-sheet [29]. 

3.4. Cell Culture 

Bone marrow was flushed from the femur of 4-6-week-old Sprague-Dawley rats (SPF grade, male) 
and resuspended in DMEM/F-12 culture medium (HyClone, Logan, UT, USA) supplemented with 
10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and a 1% penicillin-streptomycin solution 
(Beyotime, Nantong, China). The animal experiments were approved by the Jiangsu Province in 
experimental animals management rules ([2008] No. 26) [23]. The cells were cultured in a humidified 
incubator with 5% CO2 at 37 °C, and fresh culture medium was added to remove nonadherent cells 
after 24 h. The culture medium was replaced every 3 days, and the cells were passaged when they were 
almost confluent. To prevent the loss of stem cell characteristics in long-term in vitro culturing, only 
BMSCs from passages 3–6 were used for experiments. 

The SF films were cut into discs of 1.5 cm diameter and immersed in 75% ethanol for 15 min. 
Sterilized samples were then placed in 24-well plates and washed three times with sterile  
phosphate-buffered saline (PBS; 0.1 M, pH 7.4) for cell seeding. The samples were fixed on the 
bottom of the culture well using sterilized polystyrene tubes, and BMSCs were then seeded on the SF 
films at 4 × 104 cells/cm2. Cells were fixed for observation after 3 days culture. 
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3.5. Scanning Electron Microscopy 

SEM (S-4800, Hitachi, Tokyo, Japan) was used to observe the surface morphology of the SF films. 
The cell culture samples were rinsed in PBS three times and fixed in 2.5% glutaraldehyde at 4 °C for  
6 h followed by three washes in PBS. The fixed samples were dehydrated by an ascending graded  
ethanol series (50%, 70%, 90% and 99.7%) for 5 min each step and then further dried using 
hexamethyldisiloxane (HMDS; Sigma-Aldrich, St. Louis, MO, USA) for 3 min. The dried samples 
were observed using SEM after gold sputter coating. 

3.6. Immunofluorescence Labeling 

BMSCs were rinsed with PBS and fixed with 4% paraformaldehyde in PBS for 15 min at room 
temperature, permeabilized with 0.2% Triton X-100 in PBS for 5 min and then blocked with 2%  
BSA (Millipore, Bedford, MA, USA) in PBS for 30 min. The cells were incubated in 5 μg/mL  
FITC-phalloidin (Sigma-Aldrich, St. Louis., MO, USA) for 2 h at room temperature, and the samples 
were then rinsed three times with PBS for confocal laser scanning microscopy (CLSM; IX81/FV1000, 
Olympus, Tokyo, Japan) observation by applying a laser beam at a wavelength of 488 nm. 

4. Conclusions 

Here we provide the first evidence on the effect of biomaterial surface microtopography on the 
nanotubular connection of BMSCs. We found that nanotubular structure adapts to the 3D micropillar 
topography. The spatially arranged micropillars on the SF film provided supporting points for a 
nanotubular structure. Furthermore, the extension direction of nanotubular connection is affected by 
the micropillar structure. These findings show the crucial effect of the surface microtopography on the 
intercellular connection mediated by nanotubular structure. 
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