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 The formation of 3D electrospun mat structures from alginate–polyethylene oxide 
(PEO) solution blends is reported. These unique architectures expand the capabilities 
of traditional electrospun mats for applications such as regenerative medicine, where 
a scaffold can help to promote tissue growth in three dimensions. The mat structures 
extend off the surface of the fl at collector plate without the need of any modifi cations 
in the electrospinning apparatus, are self-supported when the electric fi eld is removed, 
and are composed of bundles of nanofi bers. A mechanism for the unique formations 
is proposed, based on the fi ber–fi ber repulsions from surface charges on the negatively 
charged alginate. Furthermore, the role of the electric fi eld in the distribution of 
alginate within the nanofi bers is discussed. X-ray photoelectron spectroscopy is used 
to analyze the surface composition of the electrospun nanofi ber mats and the data 
is related to cast fi lms made in the absence of the electric fi eld. Further techniques to 
tailor the 3D architecture and nanofi ber morphology by changing the surface tension 
and relative humidity are also discussed. 
  1. Introduction 

 Electrospinning is a facile method to fabricate nanofi brous 

mats, which have a range of applications. The feature sizes of 

electrospun mats, such as fi ber diameters, can be tailored by 

the solution properties (e.g., viscosity, polymer concentration) 
© 2012 Wiley-VCH Verlag Gmb
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and process conditions (e.g., fl ow rate, electric fi eld). [  1  ]  The mat 

thickness is also affected by the total mass of deposited fi bers 

and size of the collector plate. As the mat thickness is much 

smaller than the mat diameter, it is commonly used in applica-

tions benefi ting from two-dimensional (2D), porous structures. 

For example, electrospun mats have been used as fi lters, [  2  ]  bat-

tery electrodes, [  3  ]  and separators. [  4  ]  In these applications, a high 

surface-area material with a small thickness ( < 100  μ m) may be 

desirable, because of the size constraints of the testing media. 

However, for other applications (i.e., tissue engineering) a 

2D mat is less ideal. One role of a tissue scaffold is to mimic 

the extracellular matrix, a fi brous 3D network that provides 

structural support for developing tissues. [  5  ]  Although elec-

trospun mats have shown promise as tissue scaffolds, [  6  ]  their 

feature sizes and topography also have drawbacks. Specifi cally, 

electrospun nanofi ber mats have a relatively fl at topography, 

limited thickness, and dense fi ber packing; as such, when used 

as tissue scaffolds, cell infi ltration can be restricted to the top 

layers of the electrospun mat (e.g., Bhattarai et al. [  7  ] ). Hence, 

without modifi cation, a traditional electrospun nanofi ber mat 

may have limited use in regenerative medicine. 

 Electrospun mat formations have been tailored by a 

variety of approaches in order to expand their capabilities. 
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One such route has been to modify the electrospinning setup. 

Changes to the collector plate, which vary in complexity 

from parallel plates [  8  ]  and screws, [  9  ]  to other custom-built fi x-

tures, [  10  ,  11  ]  have led to controlled arrangements of fi bers in 

2D and 3D mat structures. In addition, inert particle spacers 

(e.g., salts) [  12  ,  13  ]  and micrometer-sized fi bers [  14  ,  15  ]  have been 

introduced during electrospinning to increase the void space 

between nanofi bers. The mat porosity has also been mani-

pulated by post treatments of the conventional electrospun 

mats, such as photomasking [  16  ]  or stacking layered mats. [  17  ]  

Although these approaches may be novel, they add addi-

tional process steps and/or accessories, and some may have 

challenges associated with preserving the mat architecture 

during removal from the collector. 

 An alternative approach to making 3D mat structures, 

which has received little attention, focuses on the initial 

formulation of the electrospun solution. Careful selec-

tion of the solution components and properties may lead 

to arrangements of electrospun fi bers that extend outward 

from the surface of the collector plate (3D structures). [  13  ,  18  ]  

These 3D formations can be accomplished by fabricating 

fi bers containing a high charge density material (i.e., a 

polyelectrolyte) with the charges distributed on or near the 

outer surfaces, thus creating repulsive forces between adja-

cent fi bers. 

 The applied electric fi eld during electrospinning can have 

signifi cant consequences on the distribution of charged solu-

tion components in the formed fi bers. The movement of an 

ionic species within a DC electric fi eld is infl uenced by a 

variety of forces (e.g., Coulombic, electrophoretic). [  19  ]  In 

one predominant outcome, a negatively charged (macro)

molecule can be directed towards the positive polarity of the 

electric fi eld source. During electrospinning the negatively 

charged species can be preferentially driven to the Taylor 

cone and electrospun jet surfaces. [  20  ]  This phenomenon can 

be exploited to prepare electrospun fi bers with tailored sur-

face compositions. For example, Sun et al. electrospun a solu-

tion containing neutral (i.e., polyethylene oxide (PEO)) and 

charged (i.e., peptide-polymer conjugate) components, and 

observed that the charged peptide populated the outer sur-

faces, whereas PEO was found within the fi ber interiors. [  21  ]  

Thus, electrospinning solutions with ionic components can 

produce fi bers with charged surfaces. 

 In addition to the solution’s ionic conductivity, the rela-

tive humidity is another variable that has signifi cant effects 

on electrospinning. Humidity has been linked to the creation/

suppression of bead defects, [  22  ]  as well as porous surfaces, [  23  ,  24  ]  

in electrospun fi bers. For water-soluble polymers, reducing the 

humidity raises the rate of solvent evaporation, which causes 

the electrospun jet to solidify at a closer distance to the source 

(needle). [  25  ]  The solidifi ed jet no longer retains its viscoelastic 

behavior nor its ability to be elongated or subjected to addi-

tional capillary instabilities. Thus, water-soluble fi bers elec-

trospun at low humidities ( < 20%) can have larger diameters 

and fewer bead defects than at high relative humidity (RH) 

conditions ( > 40%). [  22  ]  Despite the implications on fi ber mor-

phology, few electrospinning studies typically report the RH, 

much less the control ambient experimental conditions. Vari-

ations in lab environments may hamper the reproducibility 
2 www.small-journal.com © 2012 Wiley-VCH V
of results caused by the week-to-week variations in the same 

lab, or between labs in different parts of the world. 

 In this study, not only do we control the humidity, we also 

use it to manipulate the formation of 3D structures in elec-

trospun fi ber mats. Polyelectrolytes forming solid substrates 

(i.e., fi lms) can be hydrated by water from a humid ambient 

atmosphere, leading to the solvation and higher mobility of 

the ions. [  26  ]  Thus, by changing the humidity of the electrospin-

ning conditions, we alter the concentration of dissociated ions 

in the fi bers, which affects the like-charge repulsions between 

fi bers and drives the 3D mat formation. 

 A few studies have reported the occurrence of 3D elec-

trospun mats from solutions containing charged species (e.g., 

salts, [  27  ]  polyelectrolytes [  13  ,  18  ] ). However, the proposed mecha-

nisms failed to address the infl uence of the positively charged 

electric fi eld at the needle source on negatively charged solu-

tion components. In this work, we prepare electrospun fi bers 

that contain sodium alginate, an anionic polyelectrolyte that 

has been shown to display electroresponsive behavior [  28  ]  

in DC fi elds. We propose that negatively charged groups 

(i.e., carboxylic acid) on alginate populate the surfaces of 

the electrospun fi bers aided by the attractive forces in the 

applied fi eld. The resulting fi bers have predominately nega-

tively charged surfaces, and experience repulsion from other 

charged, adjacent fi bers, causing them to extend away from 

the collector plate. This phenomenon can be manipulated 

by the number of disassociated ions within the fi ber, which 

is affected by the moisture content of the fi bers, by way of 

the RH. To our knowledge, we are the fi rst to methodically 

alter the formation of 3D electrospun structures using this 

approach. The 3D mats in this work have fascinating archi-

tectures, which could fi nd use in many applications, such as 

regenerative medicine. Our 3D structures contain alginate, 

a natural biocompatible polysaccharide, as well as PEO 

and Pluronic F127 (an ethylene oxide(EO)/propylene oxide 

(PO) block copolymer), both Food and Drug Administration 

(FDA)-approved polymers, which make the resultant scaf-

folds promising for biomedical applications.   

 2. Results and Discussion  

 2.1. Formation of 3D Electrospun Mats 

 We have observed 3D mat structures during the 

electrospinning of solutions containing alginate ( M  W  37 kDa) 

and PEO ( M  W  600 kDa), with and without Pluronic F127 

nonionic surfactant. We believe that the chemical structure of 

alginate, which contains carboxylic acid groups that can disso-

ciate into negatively charged ions, contributes to like-charge 

Coulombic repulsions. As a result, alginate-based fi bers are 

repelled by neighboring fi bers and create a 3D mat structure. 

One example of a 3D structure is shown in  Figure    1  a. This 

mat was formed by electrospinning an aqueous alginate–

PEO–Pluronic F127 blend (10.6:0.8:1.5 wt%) for 40 minutes 

(0.5 mL h  − 1 ) at 23  ° C and 30% relative humidity. A cone-like 

formation extends about 7 cm off the surface of the collector 

plate towards the needle. Smaller peaks ( < 1 cm tall) sur-

round the 3–4 cm wide base of the larger cone. Peaks also 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
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    Figure  1 .     a) Photograph and b–d) SEM images of electrospun cone formation, composed 
of layers of nanofi bers. The electrospinning solution contained: alginate–PEO–F127 
(10.6:0.8:1.5 wt%) in water (23  ° C, 30% RH).  
protrude from the cone tip and along the underside of the 

cone (near the bottom of the photograph). Bundles of fi bers 

span between the peaks and the cone base, which are ori-

ented parallel along the 3D structure, and perpendicular to 

the collector plate. Interestingly, the cone structure remains 

fi xed in place after removing the electric fi eld. The ability of 

the 3D mat structure to support its own weight together with 

the use of a conventional collector system, makes this a desir-

able approach from the perspective of possible mat damage 

associated with the removal from a complex collector plate 

confi guration (e.g., screws extending from the plate [  9  ] ). Fur-

thermore, the 3D structure is signifi cantly taller than conven-

tional nanofi ber mats, which are typically less than 100  μ m 

thick [  29  ]  after several hours of electrospinning. To our knowl-

edge, we are one of the fi rst to report the occurrence of a 

self-supporting 3D electrospun mat. 

 Examination of the 3D mat with scanning electron micro-

scopy (SEM) reveals that the cone tip has an asymmetrical 

appearance, consisting of several folds that run along the 

direction of its growth (Figure  1 b). Furthermore, the cone 

is composed entirely of layers of nanofi bers (Figure  1 c,d). 

Nanofi bers located at the base and pinnacle of the cone have 

similar diameters: 221  ±  31 and 249  ±  45 nm, respectively. 

This result was surprising to us, considering that the distance 

that the electrospun jet travels from the needle to the cone 

tip or base varies from 5 to 12 cm, corresponding to different 

amounts of stretching in the whipping instability region. This 

result suggests that most of the solvent evaporated and the 

jet solidifi ed within a short distance of the needle, which may 

have prevented the jet from experiencing further elonga-

tions and fi ber diameter reductions. Additionally, the fi bers 

shown in Figure  1 c,d have few bead defects. The occurrence 

of bead defects is affected by the solution surface tension and 

ambient RH, and will be addressed in detail later.  
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2012, 
DOI: 10.1002/smll.201101791
 The formation of the 3D structure 

was investigated as a function of time to 

gain a better understanding of its growth 

mechanism. The peak formation on the 

electrospun mat shown in  Figure    2  a 

occurs after 9 minutes with individual 

feature sizes on the order of 1 mm, which 

is on the threshold of detection by the 

naked eye. A textured appearance is 

more prominent in the center of the mat 

compared to the outer perimeter. SEM 

analysis of the formed structures revealed 

dense groupings of nanofi bers, the largest 

of which are about 150  μ m across and are 

on top of a base layer of fi bers (Figure 

 2 d,g,j). Holes or craters in the mat sur-

face can be attributed to capillary insta-

bilities, which caused the breakup of the 

jet [  30  ]  into droplets.  

 We hypothesize that, after 9 min of 

electrospinning, the base layer of fi bers 

prevented surface charges on the top-

most fi bers from being neutralized by 

the grounded collector plate. We further 

speculate that repulsions from excess 
negative surface charges between adjacent fi bers cause fi ber 

sections to extend from the surface of the mat as schemati-

cally depicted in  Figure    3  a. Repulsive forces between nearby 

fi bers have been previously shown [  31  ]  to occur with tradi-

tional electrospun mats, as well. Additional layers of fi bers 

that are deposited onto the mat are also repelled from the 

site of the protrusion, causing a peak to form. As the peak 

height increases, the spatial distribution of the electric fi eld 

between the needle and plate also changes. Compared to the 

fl at surface in a traditional electrospun mat, the peaks create 

differences in the topography across the mat, and cause local-

ized regions of a higher electric fi eld. As a result, subsequent 

layers of fi bers are preferentially deposited in the vicinity of 

the peaks. Several fi bers, centered on one peak (left side of 

image, Figure  2 d), also extend between other nearby peaks 

and form lines of parallel fi bers. The arrangement of uniaxially 

aligned fi bers has been previously reported [8  ,  32]  as the lowest 

energy confi guration for groups of highly charged fi bers, as 

a result of Coulombic repulsions. Additional layers of fi bers 

with negatively charged surfaces are continuously deposited 

near the peak sites, which cause the peaks to become more 

pronounced.  

 After 15 minutes, the largest peaks extend  > 1 cm off the 

surface of the collector plate (Figure  2 b). Furthermore, some 

of the smaller formations have evolved from disordered bun-

dles of fi bers that are about 50  μ m tall to peaks with defi ned 

features of about 200  μ m tall (Figure  2 e). Layers of fi bers 

connect the neighboring peaks, creating the ridges around 

the peak formations. Fibers that are not in the right position 

to connect the neighboring peaks are deposited randomly 

over the ridges (Figure  2 h). The peaks are composed entirely 

of nanofi bers (Figure  2 k), which suggest that the dynamics 

of the 3D mat formation occur after the jet has been elon-

gated to its fi nal dimensions. Therefore, the combination of 
3www.small-journal.com
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    Figure  2 .     a–c) Photographs and d–l) SEM images of the formation of a 3D mat structure after 9 (a,d,g,j), 15 (b,e,h,k), and 25 min (c,f,i,l) of 
electrospinning an aqueous alginate–PEO–F127 (10.6:0.8:1.5 wt%) solution (23  ° C, 40% RH).  
the electric fi eld and the surface charges on the fi bers alters 

their positions on the mat. 

 The 3D structures developed into macroscale formations 

after 25 minutes (Figure  2 c). Centimeter-sized peaks, con-

nected by layers of fi bers, made up the base of the structure 

that is 5–7 cm across. Figure  2 f shows that the mat has a com-

plicated structure with ridges and valleys (10–100  μ m wide). 

Topography on this scale may be advantageous if used as a 

scaffold for tissue engineering, as cells (which, when rounded, 

are roughly on the order of 10  μ m) would be able to move 

into these spaces. Figure  2 i and l show the structures at dif-

ferent magnifi cations revealing the presence of nanofi bers. A 

movie of the 3D mat structure forming off the collector plate 

is included in the Supporting Information. 

 Overall, the 3D structures have good repeatability. Dupli-

cate experiments using the same solution composition and 

ambient conditions yield 3D structures with comparable for-

mation dynamics, fi ber morphologies, and mat appearances 

(see Figure S1 and Table S1 in the Supporting Information). 

 As a result of these experimental observations, we hypoth-

esize that the 3D mechanism is based on the repulsions 

between neighboring fi bers from the charged groups (i.e., 

carboxylic acid) in alginate. In addition, we believe that the 
www.small-journal.com © 2012 Wiley-VCH V
concentration of the negatively charged groups is dispropor-

tionately distributed throughout the fi ber, favoring the outer 

surfaces, as a result of the electric fi eld. The interplay between 

the applied electric fi eld and repulsions between charged 

species infl uences the dynamics of the entire electrospinning 

process, from the spinneret [  21  ]  to the collector plate. [  30  ,  31  ]  As 

the polymer solution passes through the needle that is con-

nected to the power supply, negatively charged species are 

attracted to the positively charged electric fi eld on the needle 

walls, as well as the Taylor cone outer surfaces (Figure  3 b). [  20  ]  

In turn, alginate becomes concentrated near the solution–air 

interface of the electrospun jet and the resulting nanofi bers, 

whereas PEO remains within the interior (Figure  3 a). 

 X-ray photoelectron spectroscopy (XPS) confi rmed our 

hypothesis. Scans of the pure materials show that alginate 

and PEO have different atomic compositions of oxygen and 

carbon, 40.3:53.9 and 31.5:68.0, respectively ( Table    1  a and 

Figure S2 (Supporting Information)). (Sodium is unique to 

the alginate of the materials in this study.) In addition to 

the pure materials, we also analyzed fi lms and electrospun 

mats containing alginate–PEO (10.6:0.8 wt%) without the 

Pluronic surfactant, in order to investigate the surface seg-

regation of the alginate–PEO polymer blend. Analysis of a 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
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   Table  1a.     Surface atomic composition measured by XPS. 

Peak position 
[eV]

PEO 
[%] a,b) 

Algina
[%] a,c

O 532 31.5 40.3

C 286 68.0 53.9

Na 1070 0 5.8

Si f) 151 0.4 0

 a) Atomic percentage is the average of at least two runs, standard deviation  < 2.5%;  b) Solvent cast fi lm

is present in PEO in the form of fumed silica. 

   Table  1b.     Surface atomic composition measured by XPS, with Pluronic F1

Peak position 
[eV]

PEO 
[%] a,b) 

Alginate 
[%] a,c) 

Pluronic F
[%] a,c

O 532 31.5 40.3 20.7

C 286 68.0 53.9 79.3

Na 1070 0 5.8 0

Si f) 151 0.4 0 0

    a) Atomic percentage is the average of at least two runs, standard deviation  < 2.5%;  b) Solvent cast

 f) Silica is present in PEO in the form of fumed silica.   

    Figure  3 .     The formation mechanism of 3D electrospun mats is 
attributed to Coulombic repulsions between neighboring electrospun 
fi bers. a) Fibers containing negatively charged alginate chains on their 
outer surfaces are pushed apart by like-charge repulsions. b) During 
electrospinning, alginate is preferentially directed to the surface of the 
Taylor cone and jet by the applied, positive-polarity electric fi eld source. 
PEO, a neutral polymer, remains predominantly within the interiors of 
the electrospun jet and fi bers.  

small 2012, 
DOI: 10.1002/smll.201101791
solvent-cast fi lm of the alginate–PEO blend reveals that the 

atomic concentration within 5–10 nm from the top surface 

matches that of PEO. In a thermodynamically stable polymer 

blend, the more hydrophobic polymer preferentially segre-

gates to the air interface. In contrast, the C and O compo-

sition of the outer surface of the electrospun nanofi bers 

practically matches that of alginate. (The presence of sodium 

might be related to ‘bound’ counter ions [  33  ]  in the vicinity 

of the charged polyelectrolyte.) Thus, the electric fi eld infl u-

enced the spatial composition within the fi bers, resulting in 

the negatively charged polyelectrolyte dominating the sur-

face composition.    

 2.2. Effects of Surfactants on 3D Electrospun Mat Formation 

 A nonionic surfactant is critical to the 3D mat forma-

tion and fi ber morphology. For the latter, the connection 

between reducing the surface tension in electrospinning 

solutions and the suppression of bead defects are well docu-

mented. [  7  ,  34  ]  We recently showed that a PEO-based nonionic 

surfactant, Pluronic F127, helped mitigate the formation of 

beads in alginate–PEO blends. [  35  ]  In this study, Pluronic 

F127 also aids in the 3D mat formation. Electrospun mats 

prepared from alginate–PEO (10.6:0.8 wt%) solutions have 

minimal 3D topography as compared to mats from solutions 

containing 1.5 wt% F127 in the same conditions, as shown 

in  Figure    4  a and  Figure    5  g, respectively. However, SEM 

analysis reveals that small peaks about 20–50  μ m across 

are present on the mats even without the surfactant, which 

validates our central hypothesis about like-charge repul-

sions (Figure  4 b). The addition of Pluronic F127 lowers the 

surface tension of the alginate–PEO solution from 57 to 
5www.small-journal.comH & Co. KGaA, Weinheim

te 
) 

Alginate-PEO d)  Film b)  
[%] a) 

Alginate-PEO d)  Electrospun Mat 
[%] a) 

29.6 38.7

64.8 56.9

2.8 4.2

2.8 0.2

;  c) Neat material;  d) Solution blend 10.6:0.8 wt% (93:7%);  e) Solution blend 10.6:0.8:1.5 wt%;  f) Silica 

27 surfactant. 

127 
) 

Alginate-PEO-F127 e)  Film b)  
[%] a) 

Alginate-PEO-F127 e)  Electrospun Mat 
[%] a) 

28.0 32.5

69.0 65.4

2.5 1.7

0.6 0.5

 fi lm;  c) Neat material;  d) Solution blend 10.6:0.8 wt% (93:7%);  e) Solution blend 10.6:0.8:1.5 wt%; 



C. A. Bonino et al.

6

full papers

    Figure  4 .     a) Photograph of electrospun mat with 2D visual appearance prepared from a 
surfactant-free solution containing alginate–PEO (10.6:0.8 wt%) at 23  ° C, 40% RH. b,c)
SEM images of peaks on the mat surface (b) and beaded nanofi bers (c) prepared from the 
surfactant-free solution. d) SEM image of nanofi bers prepared from the alginate–PEO solution 
containing Pluronic F127 surfactant (1.5 wt%).  
35 mN m  − 1  ( Table    2  ). We speculate that the reduction in 

surface tension allows for more alginate to migrate to the 

air–water interface with the applied electric fi eld, as com-

pared to the solution without the surfactant. XPS analysis 

of fi lms and electrospun mats from solutions containing 

Pluronic F127 differ from those in solutions without sur-

factant (Table  1 b and Table  1 a, respectively). Specifi cally, 

the surface concentration of the electrospun mats does not 

match the atomic composition of alginate (O/C 40.3:53.9). 

As Pluronic contains a polypropylene oxide (PPO) block 

that is more hydrophobic than the other materials in the 

solution, it is present at the surface of both the fi lms and 

the electrospun fi bers. However, because the XPS is only 

sensitive to the top 5–10 nm of the sample, it is likely that 

the atomic composition measurement also includes other 

blend components. Based on the XPS results from the sur-

factant-free solutions, we believe that the fi lm and electro-

spun surface compositions include Pluronic F127 with PEO, 

and Pluronic F127 with alginate, respectively.       

 2.3. Effects of Relative Humidity on 3D Electrospun Mat 
Formation 

 In addition to surfactants, humidity has a signifi cant effect 

on fi bers formed during electrospinning. As stated above, 

aqueous polymer solutions transition from uniform to beaded 

fi bers as the humidity is increased. [  22  ]  Moreover, the effects of 

humidity make the electrospinning process even more com-

plicated because of the presence of a polyelectrolyte compo-

nent in the initial formulations. High humidities ( > 40%) can 

cause beaded fi bers to form; moreover, the retained water in 
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA
the fi bers also causes the polyelectrolyte to 

dissociate into charged groups (R-COO  −  , 

Na  +  ), raising its charge density. As a result, 

fi bers can be reoriented by like-charge 

repulsions in adjacent fi bers (as well as 

by the electric fi eld) and can lead to a 3D 

mat structure. Thus, the relative humidity 

is a critical variable to manipulate the 3D 

structures in the electrospun mats. 

 Beginning at the low humidity condi-

tion (ca. 10%), only a small texture was 

visible by the naked eye on the surface 

of the mat. Analysis with SEM revealed 

that the mats contained uniform, bead-

free fi bers with average diameters of 300 

 ±  40 nm (Figure  5 a,b). Increasing the 

humidity beyond 10% RH has profound 

effects on the mat appearance. At 20% 

RH, a conical structure (2 cm tall, 2 cm 

diameter) was limited to a small region of 

the collector plate, whereas surrounding 

regions lacked 3D structures ( < 1 mm 

peaks) (Figure  5 c,d;  Table    3  ). The cone 

formed relatively slowly as the fi rst signs 

of peaks appeared after 30 min. With less 

water retained within the fi ber in the dry 

environment, there are fewer dissociated 
carboxylic acid groups and charges on the outer surfaces of 

the fi bers. Thus, neighboring fi bers are repelled over shorter 

distances compared to fi bers with greater concentrations of 

surface charges, and the 3D formation is a compact, slow-

forming structure.  

 The 3D structure became much larger in diameter and 

height at 30% RH (Figure  5 e,f). The structure also formed 

faster than under dryer conditions (1 cm tall in 10 min) 

because with more retained water, the alginate-based fi bers 

had more surface charges. Despite the unique shape of the 

mat, the fi bers were bead-free, with diameters of 237  ±  33 nm. 

Of all the conditions evaluated, the 3D mats prepared at 30% 

RH show a combination of uniformly sized fi bers and large 

structural formation. 

 At 40–50% RH, the electrospun mat transitions to a new 

3D formation (Figure  5 g-j). Instead of a self-supporting cone, 

0.5–2 cm wide strands form on the collector plate and align 

with the electric fi eld. A similar observation was reported 

previously with another charged polymer (i.e., poly( p -xylene-

tetrahydrothiophenium chloride), [  18  ]  which was attributed 

to the accumulation of excess charges on the sections of the 

electrospun fi bers. Recent work by our group also identifi ed 

a similar behavior with electrospun solutions containing pol-

yethylene oxide and sodium chloride. [  36  ]  Each strand starts 

from the pinnacle of a peak on the collector plate. As we dis-

covered with the cone structures, the strands are also com-

posed of sub-micrometer diameter fi bers ( Figure    6  a). One 

notable difference is that the strands contain clusters of fi bers 

oriented perpendicular to the collector plate (or parallel to 

the electric fi eld) (Figure 6b).  

 We hypothesize that increasing the humidity leads to an 

increase in the density of charges on the fi ber surfaces. The 
, Weinheim small 2012, 
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    Figure  5 .     Photographs (a,c,e,g,i,k) and SEM images (b,d,f,h,j,l) of 
electrospun mat structures and nanofi bers, respectively, prepared 
at six different relative humidity conditions by electrospinning an 
alginate–PEO–F127 (10.6:0.8:1.5 wt%) solution. The temperature was 
maintained at 23  ° C. Each solution was electrospun for 40 minutes. The 
scale bars on the photographs are 2 cm.  

   Table  2.     Properties of electrospinning solutions evaluated for 3D mats. 

Alginate-PEO-F127 a) Alginate-PEO b) 

Zero Shear Viscosity [Pa s] 4.3 4.2

Conductivity [mS cm  − 1 ] c) 13.2  ±  1.3 14.1  ±  1.4

Surface Tension [mN m  − 1 ] c) 35  ±  1 57  ±  1

Electrospinning Comments 3D mat 2D mat

    a) Solution blend 10.6:0.8:1.5 wt%;  b) Solution blend 10.6:0.8 wt%;  c) Values are averages  ±  

standard deviations of fi ve measurements.   

small 2012, 
DOI: 10.1002/smll.201101791
like-charge repulsions between fi bers result in parallel align-

ments, in order to minimize the electrostatic forces. The 

strands of fi bers that are anchored to the mat surface at one 

point extend outward along the fi eld lines. Subsequent layers 

of fi bers are deposited on top of the aligned fi ber clusters, 

which increase the size of the strand. In addition, bead defects 

are present on these fi bers, which are consistent with water-

soluble polymers electrospun in 40–50% RH. [  22  ]  Compared 

to the 3D structure at 30% RH, the strands formed at 40 and 

50% RH are taller (up to 7 cm), and spread over a larger 

area on the mat (6 cm  ×  10 cm). However, the strands took 

longer to form than the cone structure, 16–18 min as opposed 

to 10 min, respectively (Table  3 ). We hypothesize that the 3D 

formation under high humidity conditions was distributed 

over a vast area on the collector plate as a result of the fi bers’ 

high surface charge densities. In addition, the size of the mat 

may be the result of large regions of whipping instabilities [  34  ]  

that occur in a partially solidifi ed jet. Thus, the 3D structure 

was distributed over a vast area, leading to a slower rate of 

formation compared to the 30% RH condition. Furthermore, 

the greater regions of whipping instabilities in the jet contrib-

uted to the formation of bead defects, as well as smaller fi ber 

diameters. 

 At even higher RH (60%) the 3D structure did not form 

within 40 minutes of electrospinning. The 2D mat was com-

posed of heavily beaded fi bers, probably because of the whip-

ping instabilities in the jet (Figure  5 k,l). Humid conditions 

contribute to a high concentration of dissociated carboxylic 

groups at the fi ber outer surfaces and the water vapor in the 

air may also cause charge screening, as well as a breakdown 

of the electric fi eld. 

 The variety of 3D mat structures prepared under a range 

of humidity conditions can be customized for the desired 

use. The driest conditions are most suitable for uniform fi ber 

diameters and relatively fl at mat topographies, whereas cone 

and strand structures form at moderate humidity levels. High 

humidity levels are appropriate if alginate beads/spheres are 

preferred to fi bers.    

 3. Conclusion 

 Blends of alginate and PEO, with and without Pluronic F127 

surfactant, were electrospun into 3D formations composed 

of nanofi bers. The formation of these 3D nanofi brous struc-

tures can be attributed to the polyelectrolytic nature of algi-

nate and the electrospinning conditions. In particular, we 

explained the 3D structure as a result of repulsions between 

neighboring fi bers, related to surface charges. We showed by 

XPS analysis that alginate, a negatively charged polyelec-

trolyte, is preferentially distributed on the outer surfaces of 

the electrospun fi bers, whereas PEO preferentially surface-

segregates in the absence of an electric fi eld. The relative 

humidity changes the 3D structure, which we attribute to a 

greater number of surface charges from the dissociated algi-

nate chains. This approach to making 3D nanofi brous archi-

tectures from solutions containing charged components is a 

strategy to expand the capabilities of electrospinning beyond 

traditional 2D mat structures. For instance, the more porous 
7www.small-journal.com & Co. KGaA, Weinheim
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   Table  3.     Observations of electrospun formations at various relative humidities. 

Relative Humidty 10% 20% 30% 40% 50% 60%

Time for 1 mm tall formation 

[min] a) 

– 30 5 12 17 –

Time for 1 cm tall formation 

[min] a) 

– 35 10 16 18 –

2D mat diameter [cm] 14 14 17 17 16 16

3D mat diameter [cm] b) – 2 6 7−10 6−10 –

3D mat height [cm]  < 0.1 2 5 7 7  < 0.1

Average fi ber diameter [nm] c) 300  ±  40 294  ±  44 237  ±  33 239  ±  41 171  ±  40 80  ±  23

Comments on mat textured appearance small cone wide cone strands strands textured appearance

Comments on fi bers uniform diameters uniform diameters uniform diameters a few bead defects bead defects heavily beaded fi bers

    a) Maximum dimensions of 3D structure off of collector plate, monitored up to 40 min;  b) For 3D regions  > 1 mm in height off collector plate;  c) Average  ±  standard deviation (100 fi bers/sample).   

    Figure  6 .     SEM image of a section of a horizontal ‘strand’ on a 3D 
electrospun mat (from Figure  5 g), prepared by electrospinning an 
alginate–PEO–F127 solution (10.6:0.8:1.5 wt%) at 23  ° C, 40% RH. The 
arrows indicate the direction of the applied electric fi eld.  
3D nanofi brous structures could have potential use as tissue-

engineering scaffolds. Another important contribution of this 

work is that it substantiates the importance of controlling the 

relative humidity during any electrospinning procedure.   
www.small-journal.com © 2012 Wiley-VCH V
 4. Experimental Section 

  Materials : Sodium alginate was obtained from FMC Biopoly-
mers (Princeton, NJ) and its molecular weight ( M  W ) was reduced 
from 196 kDa to 37 kDa by 5 Mrad gamma irradiation (Phoenix Lab-
oratory, University of Michigan, Ann Arbor, MI). Additional details 
on the irradiation procedure have been previously reported. [  37  ]  
Polyethylene oxide ( M  W  600 kDa, Dow) and Pluronic F127 nonionic 
surfactant (Sigma Aldrich, St. Louis, MO) were used as received. 
Solutions containing alginate–PEO (10.6:0.8 wt%) and alginate–
PEO–F127 (10.6:0.8:1.5 wt%) were prepared following a procedure 
previously reported. [  35  ,  38  ]  Briefl y, alginate and PEO were dissolved 
into water in separate solutions, and then combined together 
with F127. Blended solutions were mixed by magnetic stirring for 
 16–24 h prior to electrospinning. 

  Solution Characterization : Ionic conductivities of the polymer 
solutions were measured using a potentiostat (Gamry Instruments) 
that was calibrated with a 1 mS cm  − 1  potassium chloride standard 
(Fisher Scientifi c). Steady-state fl ow rheological experiments were 
performed on an AR2000 stress-controlled rheometer (4 cm, 2 °  
cone, TA Instruments, New Castle, DE) at 25  ° C. Surface tensions 
were measured using a pendant drop analyzer from SEO Co. Ltd 
(model Phoenix 300, Lathes, South Korea). 

  Electrospinning of 3D Mats : The electrospinning setup con-
sisted of a syringe pump (model NE-1010, New Era Pump Systems, 
Inc., Wantagh, NY), high-voltage power supply (model AU-60P0.5, 
Matsusada Precision, Inc. Kusatsu-City, Japan), and a ground 
collector plate covered with aluminum foil. The solutions were 
pumped through a syringe with a 22-gauge needle at 0.5 mL h  − 1 . 
The distance between the needle tip and the collector plate was 
fi xed at 12 cm. During electrospinning, the power supply voltage 
was adjusted in order to maintain the formation of a Taylor cone on 
the solution droplet. Timed experiments typically were terminated 
after 40 minutes. All electrospinning experiments were conducted 
within a plexiglass glove box to control the ambient conditions. The 
temperature and relative humidity within the chamber were moni-
tored using a hygrometer (Fisher), and adjusted by fl owing dry, 
compressed air into either an empty or water-fi lled fl ask (Figure 
S3, Supporting Information). 

  Characterization of Electrospun Mats : The electrospun mats 
were photographed using a digital SLR camera (EOS Rebel XS, 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
DOI: 10.1002/smll.201101791
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