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Supramolecular fibers acquired from 
the interface of two oppositely charged 
polyelectrolytes are usually formed 
through the interfacial polyelectrolyte 
complexation (IPC) process.[1] Due to the 
excellent advantages including high encap-
sulation efficiency, good preservation of 
bioactivity, and significant convenience of 
encapsulation and functionalization,[2] this 
kind of supramolecular fibers are regarded 
as promising materials in the fields of 
biological molecules delivery, flexible 
electronics, and tissue engineering.[3–7] 
Various polycation–polyanion pairs have 
been extensively employed to fabricate 
fibers,[2] one component of which is usu-
ally synthetic polymers or chemically-
modified biomacromolecules. In addition, 
poor cell adhesion and unexpected cell dis-
tribution were also observed in these fiber 
scaffolds. Chromatin is one classical type 

of intracellular supramolecular fibers mainly formed by DNA 
and histone proteins (H), from which taking inspiration micro-
scale biomimetic fibrous materials have been developed. These 
bimolecular fibers could be naturally metabolized into small 
molecules which were reutilized without adverse toxicity.[3] In 
addition, the high affinity between cells and proteins,[8] tight 
combination of DNA and H,[9] and the mild fiber formation 
condition at ambient temperature, neutral pH and aqueous 
solution[2] could also favor the biological applications of the 
chromatin-inspired supramolecular fibers in tissue-engineered 
construction or transplantation.

Stem cells including mesenchymal stem cells, embryonic 
stem cells and neural stem cells (NSCs) are ideal cellular source 
in regenerative medicine based on the capacities of self-renewal 
and differentiation into progenitor cells.[10–13] NSCs can generate 
extensive neural cell lineages,[13] and recent research findings 
have indicated that NSCs showed promising therapeutic effects 
on neurodegenerative diseases[14] and spinal cord injuries.[15,16] 
Under these conditions, well spatially patterned NSCs inside 
3D scaffolds played a vital role in augmenting cellular functions 
such as adhesion, proliferation, differentiation, and cell–cell 
communications.[17] Encapsulating NSCs inside 3D scaffolds 
formed by natural biological macromolecules has become an 
ideal strategy because of their excellent biocompatibility and 
biodegradability. Thus, the fabrication of chromatin-inspired 
supramolecular fibers to encapsulate neural stem cells will pave 
the way for spatially cellular organization, which would promote 
the developments in neural system-related tissue engineering.

Design and fabrication of fibrous materials by natural biological 
macromolecules in light of biomimetics to achieve spatially cellular 
arrangements are highly desirable in tissue engineering. Herein,  
chromatin-inspired supramolecular fibers formed through the interfacial 
polyelectrolyte complexation (IPC) process by DNA and histone proteins 
for encapsulation and in situ differentiation of murine brain-derived neural 
stem cells (NSCs) are reported. High cell viability of encapsulated NSCs 
demonstrates the excellent biocompatibility of fibers as 3D scaffolds. 
Moreover, a cell-adhesive peptide (K6-PEG-RGD) is introduced into fibers by 
electrostatic interaction to improve NSCs encapsulation efficiency and prevent 
them from migrating out of fibers for enhanced spatially cellular arrangement. 
In situ differentiation of NSCs into oligodendrocytes within fibers is 
revealed by immunocytochemical staining assay. Due to the robust abilities 
to encapsulate and in situ differentiate NSCs, these chromatin-inspired 
supramolecular fibers show great potential in neural system-related tissue.
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Herein, as shown in Scheme 1, the chromatin-inspired 
supramolecular fibers were developed by natural biomacromole-
cule DNA and H for murine brain-derived NSCs encapsulation 
and in situ differentiation. These supramolecular fibers formed 
through the electrostatic interactions between negatively 
charged DNA and positively charged histone proteins. High cell 
viability of NSCs encapsulated inside fibers demonstrated their 
excellent biocompatibility as new 3D scaffolds. The introduc-
tion of lysine modified Arg-Gly-Asp peptide (K6-PEG-RGD) into 
fibers by electrostatic interaction increased the NSCs encapsu-
lation efficiency and also prevented NSCs from migrating out 
of fibers for enhanced cellular spatial arrangement. In situ 
differentiation of NSCs into oligodendrocytes within fibers was 
detected by immunocytochemical staining method. According 
to these results, the chromatin-inspired supramolecular fibers 
as new 3D scaffolds for encapsulation and in situ differentia-
tion of NSCs showed great potentials in neural system-related 
tissue engineering, especially in regenerative medicine.

Chromatin-inspired supramolecular fibers were prepared 
through the IPC process by negatively charged DNA and posi-
tively charged H. As shown in Figure 1A, a pair of tweezers 
was utilized to draw supramolecular fibers from the interface of 
DNA and H droplets upon applying upward forces. To realize 
planar geometric patterning of the chromatin-inspired supra-
molecular fibers, a manual roller was designed and fabricated 
(Figure 1B). Different geometric patterns of fibers were achieved 
by changing the positions of the spinning rods inserted on a 
polytetrafluoroethylene round disk. Once the fiber was drawn 
out from the interface of the two oppositely charged droplets, 
it was attached to one rod on the disk and which was rotated at 
a constant rate until the fiber terminated. Supramolecular fiber 

with patterns of triangle (Figure 1C), trapezium (Figure 1D), 
and pentagon (Figure 1E) were prepared by this spinning 
method. These findings demonstrated the robust flexibility and 
3D controllability of the chromatin-inspired supramolecular 
fibers, and held excellent capacity as new 3D scaffolds for well-
organized spatially cellular arrangement.

Cell-adhesive molecules could provide strong cell-surface 
contact for 3D scaffolds, which promoted their capability for 
spatially cellular arrangement.[18] RGD peptides, as a class 
of cell-adhesive molecules, were of significant importance 
in mediating cell adhesion by binding to integrin receptors 
on cell membranes. With the aid of the unique IPC process 
of the supramolecular fibers, a new RGD type cell-adhesive 
linker (K6-PEG-RGD) was encapsulated inside the fibrous scaf-
folds to increase their cell adhesive capacities. As shown in 
Figure 2A, three essential parts were considered for designing 
K6-PEG-RGD. First, a peptide head with a sequence of GRGDS 
was designed to facilitate cell adhesion by binding to integrin 
receptors on cell membrane. Second, the linker contained a 
middle flexible polyethylene glycol (PEG) chain with four repeat 
units to promote the strong cell-linker interactions in optimal 
directions. Thirdly, a cationic tail of six lysine (K6) was incor-
porated to establish secure anchoring inside the fibers through 
the typical IPC process. 5-Carboxy-fluorescein labeled K6-PEG-
RGD (5-FAM-K6-PEG-RGD) was used to verify their distribu-
tion inside fibers. Confocal laser scanning microscopy (CLSM) 
images showed that 5-FAM-K6-PEG-RGD was uniformly 
anchoring in the supramolecular fibers, especially distributed 
in the fiber filament (Figure 2B). To gain deep insights into the 
formation mechanism of the supramolecular fibers, isothermal 
titration microcalorimetry (ITC) experiments were performed 
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Scheme 1. Schematic illustration of the chromatin-inspired supramolecular nanofibers for encapsulation and in situ differentiation of NSCs.
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to study the interactions of DNA/H and DNA/K6-PEG-RGD. 
Figure 2C exhibited the observed enthalpy changes (ΔHobs) 
changes during the process of DNA titrated into H solution. 
When the DNA/H molar ratio was less than 0.6, the ΔHobs 
value was positive (an endothermic process) and presented a 
platform. The electrostatic binding should be an exothermic  
process, but the heat released of DNA/H complex was overcome 
by the heat absorbed in the process of counterions and bound 
water releasing, so the positive ΔHobs value was observed. And 
it also indicated the electrostatic interaction was the dominant 
driving force to facilitate the binding of DNA and H. Phase sep-
aration occurred when the DNA/H molar ratio was above 0.6, 
and it ended when the molar ratio reached to 2.4, which sug-
gested H was totally bound to DNA. Further addition of DNA 
only generated dilution enthalpy. It could be concluded that 
the ΔHobs curves went through a three-step process during the 
titrating: an endothermic platform, a robust exothermic pro-
cess and a dilution process, which corresponded to a gradual 
binding of DNA with H, phase separation of DNA/H com-
plexes, and the dilution of DNA, respectively. The ITC result 
also revealed the strong electrostatic anchoring of K6-PEG-RGD 

into the supramolecular fibers. Figure 2D showed the ΔHobs 
change when DNA was titrated into K6-PEG-RGD solution. 
Similarly, it also experienced a three-step process similar to the 
DNA/H system, which indicated that cationic K6-PEG-RGD 
could strongly bind with DNA by electrostatic interactions. 
Additionally, a combined phenomenon was observed during 
DNA was titrated into the mixture solution of H and K6-PEG-
RGD (Figure 2E), and it proved that K6-PEG-RGD could 
robustly anchor inside the supramolecular fibers in the process 
of fiber fabrication. Thus, a new cell adhesive RGD peptide 
could be easily functionalized inside the fibers and distribute 
homogenously.

To explore the potential applications of the chromatin-
inspired supramolecular fibers in neural tissue-engineering, 
encapsulation of NSCs inside the fibers was performed. 
Figure 3A showed the optimized NSCs encapsulation process 
for in situ differentiation. Trypsinized NSCs were washed with 
phosphate-buffered saline (PBS) and then dispersed in 100 µL 
DNA solution (isotonic glucose injection as solvent to keep the 
osmotic pressure) at a density of 1 × 107 cells·mL−1. Then, the 
fibers were fabricated from the interface of the two oppositely 
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Figure 1. A) Photographs of the fabrication process of chromatin-inspired supramolecular nanofibers. B) Schematic diagram showing planar geometric 
patterning process and photographs of a manual roller for planar geometric patterning of the fibers. Photographs of the spinning supramolecular 
nanofibers with patterns of C) triangle, D) trapezium, and E) pentagon. [DNA] = 10 mg mL−1, [H] = 20 mg mL−1.
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charged droplets. Subsequently, after culturing for 1, 2, 3, and  
8 d, live/dead staining assay was performed to visualize the 
NSCs viability and distribution inside the supramolecular 
fibers. In addition, cell encapsulation efficiency and cell adhe-
sion facilitated by K6-PEG-RGD were also studied. As shown 
in Figure 3B, inside DNA/H/K6-PEG-RGD fibers, the encapsu-
lated NSCs kept alive in a high ratio and negligible dead cells 
were observed in every record time point. Moreover, fusiform 
NSCs were attached tightly with obviously higher encapsula-
tion efficiency and distributed homogeneously inside the fiber. 
It should be noted that the increased fluorescence signal from 
dead cell channel after 3-day NSCs encapsulated in DNA/H/
K6-PEG-RGD fibers was mainly attributed to the bounded 
dead cell dye (ethidium homodimer-1) in DNA rather than 
dead NSCs. However, as shown in Figure 3C, although NSCs 
showed high cell viability inside DNA/H fibers, the migration 
of NSCs out of the fibers was obvious and the encapsulation 
efficiency was also lower than DNA/H/K6-PEG-RGD fibers. 
In addition, the encapsulated NSCs displayed a round shape 
rather than fusiform. As shown in Figure S1 in the Supporting 
Information, to get quantitative data for live/dead staining, 
we counted the live and dead cell numbers in several pictures  

and the average number of live/dead cell ratios was also  
calculated. For NSCs encapsulated in DNA/H/K6-PEG-RGD 
fibers, the ratios were increased from 8.25 to 34.72 while it 
only changed from 4.31 to 11.86 in DNA/H fibers. According 
to these research findings, the excellent biocompatibility of the 
chromatin-inspired supramolecular fibers was confirmed. The 
introduction of K6-PEG-RGD indeed increased the encapsula-
tion efficiency and avoided NSCs migration out of the fibers, 
leading to the robust cell attachment and a well-organized 
spatial arrangement of NSCs.

To figure out the differentiation propensity of NSCs encap-
sulated inside DNA/H/K6-PEG-RGD fibers, immunocyto-
chemical staining experiments were performed after 14-day cell 
culture (Figure 4A). Nestin was chosen as undifferentiated cell 
marker for NSCs and TUBB3 was selected as the marker for 
immature neurons while NeuN for mature neurons, GFAP for 
astrocytes and O4 for oligodendrocytes, respectively. Before cell 
encapsulations, the characterization of undifferentiated NSCs 
was performed first. As shown in Figure S2 in the Supporting 
Information, the obvious fluorescent signal of Nestin was 
observed, while no signals were detected in other marker chan-
nels, which demonstrated the undifferentiated characteristic of 
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Figure 2. A) Chemical structure of K6-PEG-RGD. B) Confocal laser scanning microscopy images of the supramolecular fibers with 5-FAM-K6-PEG-RGD. 
[DNA] = 10 mg·mL−1, [H] = 20 mg·mL−1, [5-FAM-K6-PEG-RGD] = 10 mg·mL−1. ITC data of titrating DNA into C) H, D) RGD, and E) the mixture of H 
and K6-PEG-RGD, respectively. [DNA] = 3 × 10−3 m, [H] = 0.33 × 10−3 m, [K6-PEG-RGD] = 8 × 10−3 m.
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NSCs before encapsulation. However, after cell encapsulation 
and 14-day culture, as shown in Figure 4B and Figure S3 in 
the Supporting Information, Nestin channel kept fluorescence 
silent confirming the loss of multipotency and successful dif-
ferentiation of NSCs. Few mature neurons appeared in the 
differentiation process of NSCs because of negligible signal 
in NeuN channel. Weak fluorescence detected in TuBB3 and 
GFAP channel indicated the less possibility of NSCs differ-
entiating into immature neurons and astrocytes, respectively. 

Importantly, strong fluorescence signal was observed in O4 
channel, proving the largest propensity of NSCs differenti-
ating into oligodendrocytes. Additionally, statistical analysis 
was performed on immunocytochemical staining by normal-
izing the differentiated mature neuron number as 1. As shown 
in Figure S4A in the Supporting Information, after 14-day  
differentiation, in one CLSM picture area, only 6 mature 
neurons appeared inside fiber, while 27 immature neurons, 
33 astrocytes, and 66 oligodendrocytes appeared. By taking 
the differentiated mature neuron numbers as 1, the rations 
increased to 4.63, 6.33, and 11.36 for immature neurons, 
astrocytes and oligodendrocytes, respectively (Figure S4B, 
Supporting Information). Oligodendrocytes are neuroglia 
which are mainly focused on providing support and insula-
tion to axons in the central neural system (CNS) of some verte-
brates. Extensive research findings have revealed that stem cells 
could sense their extracellular microenvironment by integrin-
mediated focal adhesion.[19–23] The association of focal adhesion 
structure in stem cells could induce cell cytoskeleton reorgani-
zation and regulate gene expression, cell survival, proliferation, 
and differentiation.[24] RGD was a kind of classic peptide used 
to improve cell attachment of substrates, enabling cells to con-
struct and maintain contractile forces so that accelerating the 
formation of focal adhesions and stress scaffolds.[19] Figure 3B 
showed the introduction of K6-PEG-RGD indeed increased 
the encapsulation efficiency and avoided NSCs migration 
out of the fibers, leading to the robust cell attachment and a 
well-organized spatial arrangement of NSCs. In addition, the 
encapsulated-NSCs in DNA/H/K6-PEG-RGD fibers displayed a 
fusiform shape rather than round, suggesting the appearance 
of cytoskeleton reorganization. On the other hand, oligodendro-
cytes were major myelin-forming cells in CNS, and nanofiber-
based scaffolds were reported to provide immediate contact 
guidance for neural system regeneration.[25,26] The nanofibers, 
featuring high surface-to-volume ratio and surface area, could 
enhance the capacity for cell adhesion, growth and differentia-
tion into oligodendrocytes. Because of the clear oligodendrocyte 
differentiation of encapsulated NSCs, the chromatin-inspired 
supramolecular fibers formed by natural biomacromolecules 
are considered as an excellent fibrous material for spatial 
arrangement of NSCs and in situ differentiating into oligoden-
drocytes. The fibers also show great potentials for spinal cord 
injury repairing and neural system-related tissue engineering.

In summary, we developed chromatin-inspired supramole-
cular fibers through IPC process for encapsulation and in 
situ differentiation of NSCs. The supramolecular fibrous 
material provided biocompatible microenvironment for 
NSCs to survive and in situ differentiate into oligodendro-
cytes. The cell affinity was enhanced and the migration of 
NSCs out of the scaffold was also prevented by the introduc-
tion of K6-PEG-RGD. Most importantly, the fibers encap-
sulating cells could be regarded as cell wires and showed 
excellent potentials in tissue engineering. Besides, this 
unique IPC process imparted the supramolecular fibers with 
significant flexibilities for encapsulation and functionaliza-
tion. By this approach, various bioactive molecules, such as 
growth factors and chemotactic factors, could also be incor-
porated to further facilitate in cell fate regulations and tissue 
reconstructions.
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Figure 3. A) Schematic illustration of the process for fiber fabrication and 
in situ differentiation of NSCs. Live/dead staining of NSCs encapsulated 
in B) DNA/H/K6-PEG-RGD fibers and C) DNA/H fibers after culture for 
1, 2, 3, and 8 d, respectively. [DNA] = 10 mg·mL−1, [H] = 20 mg mL−1, 
[K6-PEG-RGD] = 10 mg mL−1.
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