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Abstract: The fast and precise direct-printing of micro three-dimensional (3D) structures is the
important development trend for micro/nano fabrication technique. A novel method with
probe arrays was built up to realize the controllable deposition of 3D electrospun nanofibrous
structures. Firstly, several 3D nanofibrous structures were built on a single probe and 2-, 3-probes,
which indicated that the probe height and probe interval played a key role on the 3D structure
morphology. Then, different stereo nanofibrous structures based on multiprobe arrays were achieved
accurately and the effects of processing parameters, including the probe height, probe interval,
applied voltage and flow rate on the deposition behaviors of electrospun nanofiber over the probe
arrays were investigated. The deposition area of 3D electrospun nanofibrous structures decreased
with the increase of probe interval, applied voltage, and flow rate. Several 3D nanofibrous structures
of special shapes including convex, triangle wave, inverted cone and complex curved surface were
demonstrated by controlling the configuration of probe arrays and electrospinning parameters.
This work provides an effective and simple way for the construction of 3D electrospun nanofibrous
structures, which has great potentials in various medical and industrial applications.

Keywords: electrospinning; nanofiber; three-dimensional micro structures; probe arrays; induced
electrical field

1. Introduction

With special advantages, nanofibrous structures have been applied to various industrial fields,
such as bio-scaffold, tissue engineering, and composite materials, etc. [1–3]. Methods to construct
nanofibrous structures include etching, prototyping, polymer/fiber deposition, template synthesis,
nanosecond laser processing, self-assembly, and electrospinning [4–7]. Among these methods,
electrospinning, in particular, has been intriguing due to its characteristics of simple process, relatively
low cost, high efficiency, and good materials compatibility [8–10]. What is more, the electrospun
structures have remarkable features compared to those prepared by other technologies, including high
surface area-to-volume ratio, small pore size and good biocompatibility, making them more ideal for
applications of different industrial fields [11–13].

Fabrication of two-dimensional (2D) nanofibrous structures using electrospinning has been at
its mature age, while there is still a lot to explore for its three-dimensional (3D) counterpart [14,15].
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With the increasing demand for different applications, various electrospinning approaches have
been investigated and developed to prepare 3D structures according to their practical use [16,17].
A straightforward method is to continuously deposit nonwoven mats with the instable motion of liquid
jet. The residual charge on the nanofibrous membrane hinders the deposition of following nanofiber
that carries free charge from the nozzle, which blocks the fast fabrication of 3D microstructures [18,19].
Assistant external force should be utilized to promote layer-by-layer deposition of nanofibers to
build up 3D structures. The assistant force is also required urgently for the fast fabrication of
composite structure from different materials, which becomes the important trend for applications
of nanofibers. The as-prepared membranes could be post-processed by tailoring or rolling up to
form different patterns [20]. Self-assembled 3D structures could also be achieved by electrospinning
process. Loo et al. [21] investigated the nanofibrous 3D hydrogels that were self-assembled from
peptide bioinks–lysine-containing hexapeptides. However, most above-mentioned approaches can
only fabricate structures with uniform thickness or of certain shape.

In our previous works, we have fabricated successfully multiloop nanofibrous coils on the
plane collector by using the spiral motion of electrohydrodynamic direct-writing charged jet [22],
but the 3D structure was deposited randomly. This method cannot be used to build up complex
architectures. Tong et al. [23] proposed a novel technology with the alternate use of positive voltage
and negative voltage, which attained much better performance than the conventional electrospinning
in the view of fiber thickness. However, there is still some limitation on the shape of structures.
Then, the template-assisted collection was also introduced to realize layer-by-layer deposition of
electrospinning nanofiber, and attracts attention from many researchers, by which the shape and size
of 3D microstructures can be adjusted. For instance, Zhang et al. [24] reported the fabrication of 3D
fibrous tubes with 3D collecting templates. Mi et al. [25] reported a novel electrospinning setup with
a specially designed collector including a separate fiber removal device through which spun fibers
were removed without destruction. The collected fibers were of high alignment and desirable thickness.
Zhu et al. [26] introduced a “dumbbell” collector into the electrospinning process, and a special 3D
macrostructure made of multilayer fibrous membranes was collected.

In this work, an inducing technique stemming from probe arrays is built up to realize the
fabrication of 3D nanofibrous structures; the effects of processing parameters were investigated, 3D
structures of different shapes were fabricated.

2. Materials and Methods

An electrospinning setup with induced probe arrays was built up as shown in Figure 1, including
a spinneret, a precision syringe pump (Pump 11 Pico Plus Elite, Harvard Apparatus, MA, USA), a high
voltage source (DW-SA403-1ACE5, 0~50 kV DC, Dongwen high-voltage power source Ltd., Tianjin,
China), a designed collector with probe arrays and a host computer. The high voltage source was
utilized to generate a high electric field between the spinneret and the collector. The prepared solution
was supplied to the spinneret at a constant flow rate by the precision syringe pump. An aluminum
wafer was used as the collector, on which iron probes were placed in arrays to induce the construction
of 3D stereo nanofibrous structure. The height of each probe could be adjusted by a micro motor,
which was fixed under the collector and controlled by a host computer, thus the electric field could
be changed according to the molding demand of 3D nanofibrous structures. The morphology of
the 3D nanofibrous structures was recorded by an optical microscope (Mitutoyo, Kanagawa, Japan).
The experiments were conducted under the temperature of 20~25 ◦C and the surrounding humidity of
40%~50% RH.



Micromachines 2018, 9, 427 3 of 9

Micromachines 2018, 9 3 of 9 

 

 

Figure 1. Schematic diagram of the proposed electrospinning setup and simulation of induced 

electrical field. (a) Experimental schematic diagram; (b) Electrical field distribution; (c) variation curve 

of electrical field along the line of probe tips (red line in Figure 1b). 

Poly (Ethylene Oxide) (PEO, Mw = 300,000 g/mol, Dadi Fine Chemical Co, Ltd., Changchun, 

China) solution was used as the electrospinning material in this experiments. To prepare the PEO 

solution, the powder was dissolved and stirred in a mixture solvent of deionized water and ethanol 

with volume ratio of 1:1. The ethanol was added to accelerate the evaporation rate and decrease the 

dielectric constant of solvent, which was contributed to increasing the diameter of nanofibers and 

promoting the construction of 3D electrospun structures [27,28]. Then, the mixture solution was kept 

at room temperature for 5 h to ensure full dissolution of polymer powder. 

3. Results and Discussion 

The induced electrical field was simulated using the finite element method, as shown in Figure 

1b, and the variation curve of electrical field along the line of probe tips was depicted in Figure 1c. 

From the simulation results, it could be seen that there was a concentrated electrical field on each tip 

of the probe array, contributing to the guidance of nanofibers deposited into a designed 3D 

controllable structure. In this simulation model, the applied voltage, the probe height, and the probe 

interval were set to be 20 kV, 20 mm, and 10 mm, respectively. 

The solution concentration was an important factor that affected the morphology of deposited 

nanofibers [29], so it was investigated first. As shown in Figure 2, when the solution concentration 

was below 10 wt %, the solvent could not evaporate completely, thus the nanofibers were easy to 

gather together or spread out, consisting of some bead structures as well. While the solution 

concentration increased to 12 wt %, it could be seen from Figure 2c that the deposited nanofibers 

were much smoother and more uniform, which would contribute to the construction of 3D structures 

with high mechanical strength and structural stability. However, if the solution concentration was 

too high, there would be a high viscous tension among deposited nanofibers, resulting in lots of fibers 

deposited on the probe tips, influencing the uniformity of nanofiber deposition. So, in our following 

experiments to build various 3D nanofibrous structures on probe arrays, PEO solution with 

concentration of 12 wt % was utilized. 

A series of experiments were carried out to investigate the effects of processing parameters on 

the deposition of 3D nanofibrous structure. The distance between the spinneret and the collector was 

fixed to be 15 cm and the deposition time was set to be 15 min. Under the high electrical field between 

the spinneret and the collector, a charged jet ejected from the Taylor cone and travelled to collector 

and deposited over the tips of probe array to achieve the 3D microstructures. 

Figure 1. Schematic diagram of the proposed electrospinning setup and simulation of induced electrical
field. (a) Experimental schematic diagram; (b) Electrical field distribution; (c) variation curve of
electrical field along the line of probe tips (red line in Figure 1b).

Poly (Ethylene Oxide) (PEO, Mw = 300,000 g/mol, Dadi Fine Chemical Co, Ltd., Changchun,
China) solution was used as the electrospinning material in this experiments. To prepare the PEO
solution, the powder was dissolved and stirred in a mixture solvent of deionized water and ethanol
with volume ratio of 1:1. The ethanol was added to accelerate the evaporation rate and decrease the
dielectric constant of solvent, which was contributed to increasing the diameter of nanofibers and
promoting the construction of 3D electrospun structures [27,28]. Then, the mixture solution was kept
at room temperature for 5 h to ensure full dissolution of polymer powder.

3. Results and Discussion

The induced electrical field was simulated using the finite element method, as shown in Figure 1b,
and the variation curve of electrical field along the line of probe tips was depicted in Figure 1c. From the
simulation results, it could be seen that there was a concentrated electrical field on each tip of the probe
array, contributing to the guidance of nanofibers deposited into a designed 3D controllable structure.
In this simulation model, the applied voltage, the probe height, and the probe interval were set to be
20 kV, 20 mm, and 10 mm, respectively.

The solution concentration was an important factor that affected the morphology of deposited
nanofibers [29], so it was investigated first. As shown in Figure 2, when the solution concentration was
below 10 wt %, the solvent could not evaporate completely, thus the nanofibers were easy to gather
together or spread out, consisting of some bead structures as well. While the solution concentration
increased to 12 wt %, it could be seen from Figure 2c that the deposited nanofibers were much smoother
and more uniform, which would contribute to the construction of 3D structures with high mechanical
strength and structural stability. However, if the solution concentration was too high, there would
be a high viscous tension among deposited nanofibers, resulting in lots of fibers deposited on the
probe tips, influencing the uniformity of nanofiber deposition. So, in our following experiments to
build various 3D nanofibrous structures on probe arrays, PEO solution with concentration of 12 wt %
was utilized.

A series of experiments were carried out to investigate the effects of processing parameters on the
deposition of 3D nanofibrous structure. The distance between the spinneret and the collector was fixed
to be 15 cm and the deposition time was set to be 15 min. Under the high electrical field between the
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spinneret and the collector, a charged jet ejected from the Taylor cone and travelled to collector and
deposited over the tips of probe array to achieve the 3D microstructures.
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Figure 2. Scanning electron microscope (SEM) images of deposited nanofibers with different solution
concentrations. (a) 8 wt %; (b) 10 wt %; (c) 12 wt %. The applied voltage, the flow rate, and the distance
between the spinneret and the collector were 20 kV, 300 µL/h, and 15 cm, respectively.

The 3D nanofibrous structures that printed on a single probe under different voltages were
presented in Figure 3a–d. It was obvious that with higher applied voltage, the productivity of
nanofibers was higher, thus the fibers were stretched more completely and the thickness of the
nanofibrous membrane was more uniform. With the probe height of 5 mm, the thicknesses of fabricated
nanofibrous membrane were 156.1 nm and 102.5 nm, respectively, for applied voltage of 12 kV and
20 kV, while they were 51.2 nm and 75.7 nm, respectively, for the probe height of 10 mm.

Figure 3e–h showed the 3D nanofibrous structures printed on a single probe with probe heights
of 5 mm, 10 mm, 15 mm, and 20 mm, respectively. When the probe height was lower than 10 mm,
the nanofibers deposited over the tip of probe and formed a conical shape. While it was higher
than 10 mm, the nanofibers deposited mainly on the tip of probe. Even for the probe with height
of 20 mm, non-uniformity of thickness appeared on the 3D structure, which was not desirable for
industrial applications.
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Figure 3. 3D nanofibrous structures printed on a single probe. (a) 12 kV and (b) 20 kV with 5 mm probe
height; (c) 12 kV and (d) 20 kV with 10 mm probe height; (e) 5 mm, (f) 10 mm; (g) 15 mm; (h) 20 mm
with applied voltage of 20 kV. The flow rate was 300 µL/h.

Figure 4 showed the structures deposited on 2-, 3-probe arrays with different probe intervals, of
which Figure 4a–c presented the probe intervals of 5 mm, 10 mm, 15 mm, respectively, when there were
2 probes, while Figure 4d–f illustrated the structures built on 3 probes. When the probe interval was
5 mm, the deposited nanofibers gathered together without a smooth morphology due to the inducing
effects of the probe tips on the electrical field, making it not suitable for the application of 3D structures.
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With the interval increased, the surface morphology became smoother and more uniform, and stable
structures could be obtained among the probes. However, when the probe intervals were too large,
each probe would take effect separately, and the structures among the probes were very fragile with
a low mechanical strength, or even there might not be any fibers connecting each two probes. From the
results, it could be concluded that a proper probe height and probe interval was important for the
construction of 3D nanofibrous membrane.Micromachines 2018, 9 5 of 9 
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when there was a larger probe interval, which hampered the larger-area deposition of nanofibrous 

structures.  

Figure 4. 3D nanofibrous structure printed on probe arrays with different intervals; (a) 5 mm, (b) 10 mm,
and (c) 15 mm of 2 probes; (d) 5 mm, (e) 10 mm, and (f) 15 mm of 3 probes. The probe height, the flow
rate, and the applied voltage were 10 mm, 300 µL/h, and 20 kV, respectively.

Then, the deposition characteristics of 3D electrospun nanofibrous structures induced by
multiprobe arrays were investigated further. Figure 5a showed a 3D structure printed on the probe
arrays with height of 20 mm and interval of 10 mm. With uniform probe heights of all the probes,
a flat 3D nanofibrous structure could be obtained, of which the majority of nanofibers were gathered
on the tip of probes due to the induced electrical field. Scanning electron microscope (SEM) images of
nanofibers were presented in Figure 5b,c. It could also be seen that the fiber density on the tip of probes
was much higher than that among the probes, which contributed to the construction of nanofibrous
structure and enhanced the mechanical strength to maintain a stable 3D shape.
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Figure 5. 3D nanofibrous structure printed on multiprobe arrays. (a) Photograph of 3D nanofibrous
structure; (b) SEM image of nanofibers deposited among the probes; (c) SEM image of nanofibers
deposited on the tip of probes. The probe height, probe interval, applied voltage, and flow rate were
20 mm, 10 mm, 25 kV, and 300 µL/h, respectively.

The effects of processing parameters of electrospinning on the deposition of 3D nanofibrous
structures were discussed further. Firstly, the effects of probe intervals were investigated, as shown in
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Figure 6. When the probe interval was 20 mm, the nanofibers were mostly deposited onto the tip of
probes just underneath the spinneret and the deposition area was 20.3 cm2, far smaller than that with
probe interval of 10 mm and 15 mm, because the induced electrical field was not high enough when
there was a larger probe interval, which hampered the larger-area deposition of nanofibrous structures.
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Figure 6. Effect of probe intervals on the printed 3D nanofibrous structures. (a) 10 mm; (b) 15 mm;
(c) 20 mm; (d) relationship between deposition area and probe interval. The probe height, applied
voltage, and flow rate were 20 mm, 25 kV, and 300 µL/h, respectively.

Figure 7 showed the relationship between the deposition area and the applied voltage.
With applied voltages of 15 kV, 17.5 kV, 20 kV, 22.5 kV, and 25 kV, the deposition area were 29.1 cm2,
26.2 cm2, 24.7 cm2, 22.9 cm2, and 21.8 cm2, respectively. Figure 8 illustrated the relationship between
the deposition area and the solution flow rate with a probe height of 20 mm, a probe interval of
10 mm and an applied voltage of 25 kV. When the flow rate increased from 100 µL/h to 500 µL/h,
the deposition area decreased from 36.3 cm2 to 17.8 cm2. A higher applied voltage and a larger flow
rate resulted in a higher initial ejection speed of the charge jet, thus the time for jet in flight was
shortened and there was not enough time for the jet to whip in a large area, leading to a smaller
deposition area of 3D nanofibrous structures.
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(c) 20 kV; (d) 22.5 kV; (e) 25 kV; (f) relationship between deposition area and applied voltage. The probe
height, probe interval, and flow rate were 20 mm, 10 mm, and 300 µL/h, respectively.
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Figure 8. Effect of flow rates on the printed 3D nanofibrous structures. (a) 100 µL/h; (b) 200 µL/h; (c)
300 µL/h; (d) 400 µL/h; (e) 500 µL/h; (f) relationship between deposition area and flow rate. The probe
height, probe interval, and applied voltage were 20 mm, 10 mm, and 25 kV, respectively.

Particularly, more 3D electrospun nanofibrous structures with different special shapes could
be obtained by adjusting the probe heights and intervals in a designed configuration. For instance,
a typical convex shape could be obtained by raising the probes in the central area of the probe arrays.
Similarly, by raising the probes in one row and lowering that in the next row, a triangle wave shape
could be formed. By arranging the multiple probes in special arrays to manipulation the distribution
of induced electrical field, several 3D structures, such as convex, triangle wave, inverted cone and even
complex curved surface with no specific shapes were achieved successfully, as shown in Figure 9. In this
way, 3D stereo structures with complex shapes of large area could be obtained in a simple way without
designing a fixed-shape template to meet the application requirements of electrospun nanofibers.
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Figure 9. 3D nanofibrous structures printed on probe arrays with non-uniform probe heights.
(a,b) Convex; (c) triangle wave; (d) inverted cone; (e,f) complex curved surface.

4. Conclusions

Stereo nanofibrous structures could be obtained by manipulation of the electric field in the
electrospinning process. In this work, induced probe arrays were introduced to build the 3D
nanofibrous structures with complex shapes. The probe tips provided an inducing electrical field to
guide the deposition of electrospun nanofibers, which also enhanced the mechanical strength and
stereo stability of constructed 3D structures. The effects of the processing parameters, including the
probe height, the probe interval, the applied voltage, and the solution flow rate on the fabrication of
3D nanofibrous structures on multiple probe arrays were investigated. It was found that a moderate
probe height and probe interval played an important role for the construction of 3D stereo structures.
The deposition areas of 3D nanofibrous structures decreased with the increase of probe intervals,
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applied voltage, and solution flow rate. By adjusting the probe heights, various 3D nanofibrous
structures with special shapes, such as convex, triangle wave, inverted cone, and complex curved
surface with areas larger than 20 cm2 were obtained. The introduction of induced probe arrays provides
an effective method in the controllable deposition of 3D electrospun nanofibrous structures, which will
promote its applications in many fields.

Author Contributions: Y.L., R.L., X.W., W.L., and G.Z. conceived and designed the experiments; R.L., X.W., and
J.J. performed the experiments; R.L., X.W., and J.L. analyzed the data; J.J., S.G., and G.Z. wrote the manuscript.
All authors contributed to the writing and revisions.

Funding: This research was financially supported by the National Natural Science Foundation of China
(No. 51575464), Science and Technology Planning Project of Fujian Province (2017H0037, 2017J01099), Science and
Technology Project of Guangdong Province (No. 2017B090911012), Science and Technology Plan of Guangzhou
(No. 201803010065), Collaborative Innovation Center of High-End Equipment Manufacturing in Fujian.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, X.; Zhang, Y. Tissue engineering applications of three-dimensional bioprinting. Cell Biochem. Biophys.
2015, 72, 777–782. [CrossRef] [PubMed]

2. Bottino, M.C.; Yassen, G.H.; Platt, J.A.; Labban, N.; Windsor, L.J.; Spolnik, K.J.; Bressiani, A.H.A. A novel
three-dimensional scaffold for regenerative endodontics: Materials and biological characterizations. J. Tissue
Eng. Regen. Med. 2015, 9, E116–E123. [CrossRef] [PubMed]

3. Yao, Q.; Cosme, J.G.; Xu, T.; Miszuk, J.M.; Picciani, P.H.; Fong, H.; Sun, H. Three dimensional electrospun
PCL/PLA blend nanofibrous scaffolds with significantly improved stem cells osteogenic differentiation and
cranial bone formation. Biomaterials 2016, 115, 115–127. [CrossRef] [PubMed]

4. Hamza, S.; Kiani, A. A rapid and easy procedure of conductive 3D nanofibrous structure induced by
nanosecond laser processing of Si wafer coated by Au thin-film. Sens. Bio-Sens. Res. 2017, 16, 6–11.
[CrossRef]

5. Xu, L.; Zhao, X.; Xu, C.; Kotov, N.A. Water-rich biomimetic composites with abiotic self-organizing nanofiber
network. Adv. Mater. 2018, 30, 1870007. [CrossRef]

6. Ren, W.; Zheng, Z.; Xu, C.; Niu, C.; Wei, Q.; An, Q.; Zhao, K.; Yan, M.; Qin, M.; Mai, L. Self-sacrificed
synthesis of three-dimensional Na3V2(PO4)3 nanofiber network for high-rate sodium–ion full batteries.
Nano Energy 2016, 25, 145–153. [CrossRef]

7. Bai, L.; Jia, L.; Yan, Z.; Liu, Z.; Liu, Y. Plasma-etched electrospun nanofiber membrane as adsorbent for dye
removal. Chem. Eng. Res. Des. 2018, 132, 445–451. [CrossRef]

8. Richner, P.; Kress, S.J.P.; Norris, D.J.; Poulikakos, D. Charge effects and nanoparticle pattern formation in
electrohydrodynamic nanodrip printing of colloids. Nanoscale 2016, 8, 6028–6034. [CrossRef] [PubMed]

9. Ahmed, F.E.; Lalia, B.S.; Hashaikeh, R. A review on electrospinning for membrane fabrication: Challenges
and applications. Desalination 2015, 356, 15–30. [CrossRef]

10. Zheng, G.F.; Jiang, J.X.; Wang, X.; Li, W.W.; Zhong, W.Z.; Guo, S.M. Self-cleaning threaded rod spinneret for
high-efficiency needleless electrospinning. Appl. Phys. A-Mater. 2018, 124, 473. [CrossRef]

11. Wang, X.; Ding, B.; Li, B. Biomimetic electrospun nanofibrous structures for tissue engineering. Mater. Today
2013, 16, 229–241. [CrossRef] [PubMed]

12. Wu, R.X.; Zheng, G.F.; Li, W.W.; Zhong, L.B.; Zheng, Y.M. Electrospun chitosan nanofiber membrane
for adsorption of Cu(II) from aqueous solution: Fabrication, characterization and performance.
J. Nanosci. Nanotechnol. 2018, 18, 5624–5635. [CrossRef] [PubMed]

13. Yuan, C.H.; Wu, T.; Mao, J.; Chen, T.; Li, Y.T.; Li, M.; Xu, Y.T.; Zeng, B.R.; Luo, W.A.; Yu, L.K.; et al. Predictable
particle engineering: Programming the energy level, carrier generation, and conductivity of core-shell
particles. J. Am. Chem. Soc. 2018, 140, 7629–7636. [CrossRef] [PubMed]

14. Zhang, B.; He, J.; Li, X.; Xu, F.; Li, D. Micro/nanoscale electrohydrodynamic printing: From 2D to 3D.
Nanoscale 2016, 8, 15376. [CrossRef] [PubMed]

15. Sun, B.; Long, Y.Z.; Zhang, H.D.; Li, M.M.; Duvail, J.L.; Jiang, X.Y.; Yin, H.L. Advances in three-dimensional
nanofibrous macrostructures via electrospinning. Prog. Polym. Sci. 2014, 39, 862–890. [CrossRef]

http://dx.doi.org/10.1007/s12013-015-0531-x
http://www.ncbi.nlm.nih.gov/pubmed/25663505
http://dx.doi.org/10.1002/term.1712
http://www.ncbi.nlm.nih.gov/pubmed/23475586
http://dx.doi.org/10.1016/j.biomaterials.2016.11.018
http://www.ncbi.nlm.nih.gov/pubmed/27886552
http://dx.doi.org/10.1016/j.sbsr.2017.09.003
http://dx.doi.org/10.1002/adma.201870007
http://dx.doi.org/10.1016/j.nanoen.2016.03.018
http://dx.doi.org/10.1016/j.cherd.2018.01.046
http://dx.doi.org/10.1039/C5NR08783J
http://www.ncbi.nlm.nih.gov/pubmed/26928324
http://dx.doi.org/10.1016/j.desal.2014.09.033
http://dx.doi.org/10.1007/s00339-018-1892-y
http://dx.doi.org/10.1016/j.mattod.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25125992
http://dx.doi.org/10.1166/jnn.2018.15433
http://www.ncbi.nlm.nih.gov/pubmed/29458618
http://dx.doi.org/10.1021/jacs.8b03010
http://www.ncbi.nlm.nih.gov/pubmed/29792331
http://dx.doi.org/10.1039/C6NR04106J
http://www.ncbi.nlm.nih.gov/pubmed/27479715
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.002


Micromachines 2018, 9, 427 9 of 9

16. Sheikh, F.A.; Ju, H.W.; Lee, J.M.; Bo, M.M.; Park, H.J.; Lee, O.J.; Kim, J.H.; Kim, D.K.; Chan, H.P. 3D
electrospun silk fibroin nanofibers for fabrication of artificial skin. Nanomed. Nanotechnol. 2015, 11, 681–691.
[CrossRef] [PubMed]

17. Capulli, A.K.; Macqueen, L.A.; Sheehy, S.P.; Parker, K.K. Fibrous scaffolds for building hearts and heart parts.
Adv. Drug Deliv. Rev. 2016, 96, 83–102. [CrossRef] [PubMed]

18. Khorshidi, S.; Solouk, A.; Mirzadeh, H.; Mazinani, S.; Lagaron, J.M.; Sharifi, S.; Ramakrishna, S. A review of
key challenges of electrospun scaffolds for tissue-engineering applications. J. Tissue Eng. Regen. Med. 2015,
10, 715–738. [CrossRef] [PubMed]

19. Luo, G.; Teh, K.S.; Liu, Y.; Zang, X.; Wen, Z.; Lin, L. Direct-write, self-aligned electrospinning on paper for
controllable fabrication of three-dimensional structures. ACS Appl. Mater. Interfaces 2015, 7, 27765. [CrossRef]
[PubMed]

20. Shim, I.K.; Suh, W.H.; Lee, S.Y.; Lee, S.H.; Heo, S.J.; Lee, M.C.; Lee, S.J. Chitosan nano-/microfibrous
double-layered membrane with rolled-up three-dimensional structures for chondrocyte cultivation. J. Biomed.
Mater. Res. A 2009, 90A, 595–602. [CrossRef] [PubMed]

21. Loo, Y.; Lakshmanan, A.; Ni, M.; Toh, L.L.; Wang, S.; Hauser, C.A.E. Peptide bioink: Self-assembling
nanofibrous scaffolds for three-dimensional organotypic cultures. Nano Lett. 2015, 15, 6919–6925. [CrossRef]
[PubMed]

22. Zheng, G.; Yu, Z.; Zhuang, M.; Wei, W.; Zhao, Y.; Zheng, J.; Sun, D. Electrohydrodynamic direct-writing of
three-dimensional multi-loop nanofibrous coils. Appl. Phys. A-Mater. 2014, 116, 171–177. [CrossRef]

23. Tong, H.-W.; Wang, M. A novel technique for the fabrication of 3D nanofibrous scaffolds using simultaneous
positive voltage electrospinning and negative voltage electrospinning. Mater. Lett. 2013, 94, 116–120.
[CrossRef]

24. Zhang, D.; Chang, J. Electrospinning of three-dimensional nanofibrous tubes with controllable architectures.
Nano Lett. 2008, 8, 3283–3287. [CrossRef] [PubMed]

25. Mi, S.; Kong, B.; Wu, Z.; Sun, W.; Xu, Y.; Su, X. A novel electrospinning setup for the fabrication of
thickness-controllable 3D scaffolds with an ordered nanofibrous structure. Mater. Lett. 2015, 160, 343–346.
[CrossRef]

26. Zhu, P.; Lin, A.; Tang, X.; Lu, X.; Zheng, J.; Zheng, G.; Lei, T. Fabrication of three-dimensional nanofibrous
macrostructures by electrospinning. AIP Adv. 2016, 6, 055304. [CrossRef]

27. Wu, D.; Xiao, Z.; Teh, K.S.; Han, Z.; Luo, G.; Shi, C.; Sun, D.; Zhao, J.; Lin, L. High-throughput rod-induced
electrospinning. J. Phys. D Appl. Phys. 2016, 49, 365302. [CrossRef]

28. Song, Z.; Chiang, S.W.; Chu, X.; Du, H.; Li, J.; Gan, L.; Xu, C.; Yao, Y.; He, Y.; Li, B. Effects of solvent on
structures and properties of electrospun poly(ethylene oxide) nanofibers. J. Appl. Polym. Sci. 2017, 135, 45787.
[CrossRef]

29. Zheng, G.; Li, W.; Wang, X.; Wu, D.; Sun, D.; Lin, L. Precision deposition of a nanofibre by near-field
electrospinning. J. Phys. D Appl. Phys. 2010, 43, 415501. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.nano.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25555351
http://dx.doi.org/10.1016/j.addr.2015.11.020
http://www.ncbi.nlm.nih.gov/pubmed/26656602
http://dx.doi.org/10.1002/term.1978
http://www.ncbi.nlm.nih.gov/pubmed/25619820
http://dx.doi.org/10.1021/acsami.5b08909
http://www.ncbi.nlm.nih.gov/pubmed/26592741
http://dx.doi.org/10.1002/jbm.a.32109
http://www.ncbi.nlm.nih.gov/pubmed/18563820
http://dx.doi.org/10.1021/acs.nanolett.5b02859
http://www.ncbi.nlm.nih.gov/pubmed/26214046
http://dx.doi.org/10.1007/s00339-014-8264-z
http://dx.doi.org/10.1016/j.matlet.2012.12.015
http://dx.doi.org/10.1021/nl801667s
http://www.ncbi.nlm.nih.gov/pubmed/18767890
http://dx.doi.org/10.1016/j.matlet.2015.07.042
http://dx.doi.org/10.1063/1.4948797
http://dx.doi.org/10.1088/0022-3727/49/36/365302
http://dx.doi.org/10.1002/app.45787
http://dx.doi.org/10.1088/0022-3727/43/41/415501
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

