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Abstract

A unique blowing-assisted electro-spinning process has been demonstrated recently to fabricate hyaluronic acid (HA) nanofibers. In this

article, effects of various experimental parameters, such as air-blowing rate, HA concentration, feeding rate of HA solution, applied electric

field, and type of collector on the performance of blowing-assisted electro-spinning of HA solution were investigated. With the assistance of

air-blowing, the solution-feeding rate could be increased to 40 ml/min/spinneret and the applied electric field could be decreased to

2.5 kV/cm. The optimum conditions for consistent fabrication of HA (with a molecular weight ofw3.5 million) nanofibers involved the use

of an air-blowing rate of around 70 ft3/h and a concentration range between 2.5 and 2.7% (w/v) in aqueous solution. Two benign methods to

fabricate water-resistant HA nanofibrous membranes without the use of reactive chemical agents were demonstrated: (a) the exposure of HA

membranes in hydrochloric acid (HCl) vapor, followed by a freezing treatment at K20 8C for 20–40 days; and (b) the immersion of HA

membranes in an acidic mixture of ethanol/HCl/H2O at 4 8C for 1–2 days. Although both methods could produce hydrophilic, substantially

water-resistant HA nanofibrous membranes (the treated membranes could keep their shape intact in neutral water at 25 8C for about 1 week),

the immersion method (6) was shown to be more versatile and effective. IR spectroscopy was used to investigate this ‘cross-linking’

mechanism in the solid HA membrane. Viscosity studies of acidic HA solutions under varying freezing conditions were also carried out. It

was found that when the freezing time exceeded 8 h, the HA solution became gel-like and exhibited a large increase in the hydrogen-bond

concentration. Thus, the resistance to water solubility could be due to the high density of hydrogen bonds in the solid HA membranes that

were treated by the ‘freezing’ approach.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electro-spun nanofibrous membranes exhibit many

potential applications, including tissue engineering, drug

delivery, filtration, protective clothing, sensors, etc. [1–8].

The electro-spinning process is relatively complex because

of the many controlling and coupled parameters, such as

applied electric field, solution feeding rate, solvent evapor-

ation rate, polymer solution concentration, degree of
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molecular entanglement in solution, etc. [9–14]. To date,

it is believed that nearly one hundred different polymers

have been successfully electro-spun [15]. However, there

are many more polymers that could not be electro-spun

successfully. One of them is the hyaluronic acid (HA), a

naturally occurring polysaccharide, commonly found in

connective tissues in the body such as vitreous, umbilical

cord, and joint fluid, due to its very high solution viscosity

and high surface tension, even at fairly low solution

concentrations. HA is a polyanionic acid that has unique

physicochemical properties and distinctive biological func-

tions. Its unusually high viscosity at low concentrations and

room temperatures has been utilized for surgical treatments

in ophthalmology as a viscoelastic biomaterial protecting

ocular cells from damage during surgery [16–22]. The
Polymer 46 (2005) 4853–4867
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chemical structure of HA, consisting of repeated disacchar-

ide units of D-glucuronic acid and N-acetyl-D-glucosamine,

is illustrated as follows.

Recently, we have successfully demonstrated the fabri-

cation of HA nanofibers using the blowing-assisted electro-

spinning technique (we previously termed it ‘electro-

blowing’), which combined the process of electro-spinning

with air-blowing capability around the spinneret [23]. We

demonstrated that there are at least four advantages in the

blowing-assisted electro-spinning process. (1) The combi-

nation of air-blowing force and the applied electric field is

capable of overcoming the high viscosity, as well as the high

surface tension, of the polymer solution. (2) The use of an

appropriate elevated temperature of the blown air can

further decrease the HA solution viscosity at the spinneret,

facilitating the jet formation of the HA solution at the

spinneret. (3) The blowing air can accelerate the solvent

evaporation process, a necessary condition for the fiber

formation before the jet reaches the ground collector during

the process. (4) The fiber diameter, which is one of the key

factors to control the physical properties of nanofibrous

membranes, can be tailored by controlling the air tempera-

ture, the direction of air-flow, and the air flowing rate. With

these advantages, it is expected that many useful polymers,

which could not be electro-spun before, can now be

processed by using the new blowing-assisted electro-

spinning approach. Furthermore, the blowing-assisted

electro-spinning process shall increase the production rate

and thus can lead toward more practical mass production

schemes.

Although our early study demonstrated the successful

fabrication of nanofibrous HA membranes by blowing-

assisted electro-spinning [23], the efficiency of nanofiber

production with consistency and uniform diameter output in

the range of 100 nm was relatively low. In order to produce

better quality HA nanofibrous membranes and higher

throughput, the first part of this study is devoted to the

investigation of several key parameters in blowing-assisted

electro-spinning, which includes the air-blowing rate, HA

solution concentration, feeding rate of HA solution, applied

electric field, and type of collectors, on the fabrication of

uniform HA nanofibers. The second part of this study aims

to resolve the following problem. The electro-spun HA

nanofibrous membranes, due to the very large surface-to-

volume ratios, dissolve instantly in water. As a result, an

effective post-processing procedure must be developed to

treat hydrophilic electro-spun HA membranes in order to

make them water-resistant. For biomedical applications, it is
also preferred not to use additional chemicals for the cross-

linking process.

In the past, many attempts have been made to introduce

cross-linking sites into HA molecules to produce insoluble

or gel-like HA materials. The chemical cross-linking

reagents used in previous studies included diepoxy [24],

glutaraldehyde [25], carbodiimide [26,27] and disulfide

[28]. Unfortunately, conventional chemical modifications

and subsequent cross-linking of HA have an inevitable

problem of extra risks, such as toxicity and bio-incompat-

ibility, intrinsic to most chemical modifications. To the best

of our knowledge, there is only one physical method for

making ‘insoluble’ or ‘water resistant’ HA gels, which

involves simultaneous freezing and thawing of acidic

aqueous HA solution [29]. Some physical pathways,

which were inspired by this method of using only non-

toxic agents to generate water-resistant HA, were also

investigated in this study to produce water-resistant

nanofibrous HA membranes. Two criteria were set for the

successful preparation of these membranes: (1) the

nanofibrous texture in the post-processed electro-spun HA

membrane should remain intact after the treatment; (2) the

post-processed HA membrane should remain insoluble in

water for about 1 week, a time period that is sufficiently long

for specific applications in the prevention of post-operative

induced adhesions as well as in tissue engineering [30].
2. Experimental

2.1. Preparation of HA solution

The HA solution for blowing-assisted electro-spinning

was prepared using the same method as reported in our

previous paper [23]. High molecular weight HA (with a

weight average molecular weight, Mw, of about 3.5 million

g/mol), extracted from the culture broth Streptococcus equi,

was supplied by Denki Kagaku Kogyo Co. Ltd (Japan). The

HA powder sample was dissolved in an acidic aqueous

solution (pHZ1.5) by stirring. Upon the formation of

homogeneous HA solution, the sample was moved to the

syringe pump for solution delivery in the blowing-assisted

electro-spinning process.

2.2. Blowing-assisted electro-spinning of HA nanofibrous

membranes

The same blowing-assisted electro-spinning apparatus

introduced in our previous paper [23] was used for this study

(a schematic diagram of this apparatus is shown in Fig. 1).

The air-blowing rate ranged from 35 to 150 ft3/h. The HA

concentration ranged from 2.0 to 3.0% (w/v). The solution-

feeding rate was varied in the range of 20–60 ml/min. The

applied electric field ranged from 25 to 40 kV and the

distance between the spinneret and the ground collector

was set at 9.5 cm. The blowing rate and the temperature of



Fig. 1. Scheme diagram for electro-spinning and electro-blowing setup used in this study (figure is reproduced from Ref. [23] with permission).

X. Wang et al. / Polymer 46 (2005) 4853–4867 4855
air-blowing could be varied within a precision of about 2%

andG28, respectively. To examine the effects of the type of

collectors on the performance of blowing-assisted electro-

spinning, three different types of collectors were tested:

aluminum foil, wire screen, and wire screen on aluminum

foil. For the wire screen, different hole sizes, 1.7 and

6.3 mm, and different collection times, 20 and 40 min, were

used to investigate the effects of collection area and

collection time on the blowing-assisted electro-spinning

performance of HA solution.
2.3. Post-treatments to fabricate water resistant electro-

spun HA nanofibrous membranes

Two post-treatment processes, similar to the method

described by Miyata et al. [29], were first tested on the cast

HA films, prepared from a 1.5% (w/v) acidic aqueous HA

solution using the following procedures. The HA solution

was cast on a clean glass plate and subsequently dried at

25 8C for 3 days. The thickness of the cast HA film was

about 20 mm. The optimized conditions for these two post-

treatments were then applied to electro-spun HA nanofi-

brous membranes of similar (bulk) thickness.
2.3.1. HCl-vapor treatment

A cast HA film or an electro-spun HA membrane was

pasted on the inner surface of a petri dish, which was placed

on the top of a beaker containing 10-ml hydrochloride acid

(HCl) aqueous solution at varying concentrations (20–37%

(w/v)). After several minutes (up to 10 min.) of HCl-vapor

treatment, the film/membrane was taken out, sealed in a
bottle, and placed in a freezer at K20 8C for different

periods of time (20–40 days).
2.3.2. Solution treatment by acidic alcohol/water mixture

The HA sample (a cast film or an electro-spun

membrane) was directly immersed in a three-component

mixture, containing varying ratios of ethanol, water and

37% (w/v) HCl, with the percent of HCl being based on

water as 100% for different amounts of time (in the range of

days) and at different temperatures (K20 to 20 8C). Ethanol

was chosen because it is a non-solvent for HA and it is

completely miscible with water. In addition, it is considered

relatively ‘non-toxic’ for biomedical applications.
2.4. Sample characterizations

The key virtue of the above post-treatment process

utilized essentially only water, an acid and/or ethanol,

which were subsequently washed away upon the recovery of

the final samples. No additional chemicals of any kind were

involved in the cross-linking procedures.

The shear viscosity of the HA solution was measured by

using a rheometrics mechanical spectrometer (RMS-605E,

Rheometrics, Inc., USA) to investigate the effect of

viscosity on the performance of the blowing-assisted

electro-spinning process. The 50 mm plate–plate geometry

was utilized for rheological measurements. The shear rate

was changed from 1 to 1000 sK1 and the measurements

were performed at 25, 39, 47, and 57 8C, respectively.

The surface of as-spun or post-treated electro-spun HA

membranes was characterized by scanning electron

microscopy (SEM) (LEO1550, LEO, USA) to evaluate the
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effects of different processing parameters on the blowing-

assisted electro-spinning performance of HA solution. The

fiber diameters were determined from the SEMmicrographs

by using a custom code image analysis program, where the

average value was obtained from measurements of 50

different fibers in the electro-spun HA membrane.

To explore the possible mechanism of the ‘cross-linking’

process of HA membrane and solution under acidic

conditions, the following experiments were also carried

out. The HA powder was dissolved in Mill-Q water to

prepare a 1–2% (w/v) HA aqueous solution, where the pH

level of the solution was adjusted to 1.5 using 0.1 N HCl.

This acidic solution was frozen at K20 8C over different

time periods (0–3, 6, 8, 10, 40 h) and then thawed at 25 8C.

A 40-h freezing period was used as a reference point, which

yielded a spongy HA gel. Shear viscosity measurements of

acidic HA solutions that had been frozen for different time

periods were performed on the RMS 605E at room

temperatures using a parallel plate (50 mm diameter)

fixture. The intrinsic viscosity of diluted HA solution after

freezing was measured by using a Ubbelohde capillary

viscometer at 25 8C. FT-IR spectra of the electro-spun

membranes before and after cross-linking were measured

using a Nicolet 760 spectrometer.
Fig. 2. Effect of air-blowing rate on the morphology of HA nanofibers from 2.5%

(55 8C), (d) 150 ft3/h (56 8C).
3. Results and discussion
3.1. Processing effects on the performance of blowing-

assisted electro-spinning
3.1.1. Effect of air-blowing rate

As revealed in the previous article [23], the air-blowing

rate had an important role in changing the blowing-assisted

electro-spinning performance of HA solution. In the case of

air-blowing at room temperatures, although the electro-

spinning performance was improved by an increase in the

blowing rate, it did not allow the persistent production of

nanofibers, due mainly to the limited change in the

evaporation rate of solvent when the room temperature air

was employed. Therefore, in this study, we used hot air and

investigated the effects of air-blowing rate at higher

temperatures on the electro-spinning performance. Fig. 2

shows the morphological changes of electro-spun HA fibers

by controlling the air-blowing rate. When the air-blowing

rate was increased to 70 ft3/h, the bead formation was found

to be minimized. However, a further increase in the air-

blowing rate somewhat deteriorated the nanofiber formation

process, implying the existence of an optimal condition for

successful blowing-assisted electro-spinning of HA solution
(w/v) HA solution; (a) 35 ft3/h (61 8C), (b) 70 ft3/h (57 8C), (c) 100 ft3/h



Fig. 3. Effect of blow rate of air on the diameter of HA nanofibers electro-

spun from 2.5% (w/v) HA solution.

Fig. 4. Shear viscosity of HA solutions with various concentrations

(%(w/v)) at 57 8C.

Fig. 5. Effect of HA concentration on HA fiber diameter by using the

blowing-assisted electro-spinning process at 57 8C of air with 70 ft3/h of

blow rate.
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using the existing geometry of our current setup. In Fig. 2, it

is seen that temperature also affects the blowing-assisted

electro-spinning process. However, we could conclude that

this effect was minor in the chosen operating conditions

because the rate of 35 ft3/h, at a higher temperature (61 8C),

showed less distinct fiber morphology than the rate of 70 ft3/

h at 57 8C. The temperature variation at different tempera-

tures was due to the difficulty in controlling the air

temperature when the air-flowing rate became high.

It seems that the air-blowing rate at high temperatures

has a positive effect—a fast evaporation rate, as well as a

negative effect—a rapid viscosity increase due to the

concentration increase, on the blowing-assisted electro-

spinning process. It is conceivable that the effect due to an

increase in the drying rate is the predominant factor below

the air-blow rate of 70 ft3/h. At a rate above 70 ft3/h, the

rapid viscosity rise due to faster drying becomes unfavor-

able to the blowing-assisted electro-spinning process,

resulting in a decrease in the membrane quality. We noted

that the blowing-assisted electro-spinning performance was

improved with increasing air-blow rate at room tempera-

tures because a slower solvent evaporation rate could be

related to the air-blowing at room temperatures.

The diameter of electro-spun HA fibers resulting from

different air-blowing rates is shown in Fig. 3. With an

increase in the air-blowing rate (less than 100 ft3/h), the

fiber diameter was found to decrease. Above the rate of

100 ft3/h, no further change of the fiber diameter was

observed. This observation can be explained as follows. The

increase in the air-blowing rate can lead to an increase in the

solvent evaporation rate and consequently enhance the HA

polymer chain stretching during the blowing-assisted

electro-spinning process, because the entangled polymer

chains at higher concentrations could be stretched further

during the elongation process. However, if the concen-

tration increase becomes too fast (at a more rapid

evaporation rate), the chain stretching process may not
take place effectively, resulting in a reduction in the spin-

draw ratio and an increase in the fiber diameter. Thus, the

air-blowing rate at high temperatures can have multiple

implications in controlling the fiber formation. It is assumed

that the elongation effect by air-blowing is predominant at

the blowing rate below 100 ft3/h at about 60 8C. After that

rate, the effect of chain extension is hindered by the faster

evaporation rate leading to no further reduction in the fiber

diameter.
3.1.2. Effect of HA concentration

Polymer concentration has been known as one of the key

parameters in electro-spinning [31] because it determines

the solution viscosity, the polymer chain entanglements that

are essential for successful operation and the amount of

solvent that must be removed in the electro-spinning

process. The solution concentration also plays an important

role in blowing-assisted electro-spinning. SEM results of



Fig. 6. Effect of solution feeding rate on the diameter of electro-spun HA

fibers. The concentration, air temperature, and air-blowing rate were 2.5%

(w/v), 57 8C, and 70 ft3/h, respectively.
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electro-spun HA mats (not shown here) prepared at 57 8C,

70 ft3/h illustrated uniform fibrous morphology over a

narrow concentration range from 2.5 to 2.7% (w/v), which

appeared to be an optimal concentration range for blowing-

assisted electro-spinning of HA at the chosen conditions. At

higher solution concentrations, the electric force could not

overcome the high viscosity and the surface tension of the

fluid, resulting in the failure to produce a stable jet stream.

On the other hand, at low concentrations, the polymer

chains are not sufficiently entangled to form fibrous

morphology. Thus, the combination of air-blowing and

electrical force increases the boundary conditions accep-

table for polymer solutions within a viscosity, surface

tension, concentration, and molecular weight range. The

optimum concentration range (2.5–2.7% (w/v)) for blow-

ing-assisted electro-spinning of HA of the given molecular

weight at 57 8C and 70 ft3/h corresponds to a viscosity range

from 200 to 800 Pa s, which is shown in Fig. 4. In our

previous report, the optimal viscosity range for blowing-

assisted electro-spinning of HA solution at room tempera-

ture was 3–30 Pa s. This suggests that the increase in

temperature effectively increases the viscosity range of the

solution that can be electro-spun.

With the increase in solution concentration, the average

fiber diameter of electro-spun fibers was found to increase

from 57 to 83 nm, which is shown in Fig. 5. The relationship

between fiber diameter and polymer concentration has been

reported by us earlier [14]. As a smaller amount of the

solvent at higher polymer concentrations needs to be

removed in a fixed time period, the faster evaporation of

the solvent at higher concentrations could reduce the spin-

draw ratio during blowing-assisted electro-spinning, result-

ing in a larger fiber diameter. It is interesting to note that the

blowing-assisted electro-spun HA fiber exhibits a smaller

diameter than that of polymer samples (other than HA)

prepared by the conventional electro-spinning technique.

This may be due to two reasons. The first reason is related to

the lower HA concentration we used in the blowing-assisted

electro-spinning process. As seen in Fig. 5, the diameter of

electro-spun fiber was increased with an increase in solution

concentration. Therefore, it is conceivable that the pro-

duction of smaller size fibers resulted from the lower HA

concentration. In general, a low concentration of around 2%

(w/v) is not easily electro-spun due to low viscosity, less

polymer chain entanglement, and high solvent amount;

therefore it is not easy to produce small fiber diameters

simply by reducing the polymer concentration. The second

reason is due to the high spin-draw ratio during our blowing-

assisted electro-spinning process. It is found that our

blowing-assisted electro-spinning system can generate a

higher spin-draw ratio than the conventional electro-

spinning system since the effective pulling force can be

enhanced by a combination of electric field and air-blowing.

3.1.3. Effect of solution feeding rate

The feeding rate of solution during blowing-assisted
electro-spinning is another factor affecting the fabrication

process including electro-spinnability [31], yield efficiency,

and fiber diameter. In this study, 2.5% (w/v) HA solution

was electro-spun by using different fluid feeding rates in

order to elucidate their effects on the process. By using SEM

to evaluate the performance of the final sample, the optimal

feeding rate was from 20 to 60 ml/min. Above 60 ml/min, an

unstable jet was developed abruptly. Thus, in our current

study, the optimum feeding rate was set to be 40 ml/min, in

order to maintain the jet stability and to increase the

production efficiency. We noted that the optimum feeding

rate for electro-spinning of HA at room temperature was 5–

10 ml/min, while the range of feeding rate for blowing-

assisted electro-spinning at 60 8C could be much higher

(20–60 ml/min). In a typical electro-spinning operation,

there is a narrow window of feeding rate for successful

processing because the consumption of solution being

electro-spun has to be limited to within a certain range in

order to maintain the Taylor cone at the spinneret. When the

solution-feeding rate is lower than this range, the Taylor

cone can be broken. When the solution-feeding rate is

higher than this range, the extra solution will drip out, which

can interfere with the electro-spinning process. For blow-

ing-assisted electro-spinning, the added parameter is the

introduction of air-blowing. As mentioned earlier, the air-

blowing has two major effects on the spinning process: (1)

an increase in the evaporation rate and (2) an enhancement

in the effective fiber pulling force. We believe that in the

chosen study to demonstrate the broadened capability of

blowing-assisted electro-spinning, the effect of increasing

evaporation rate is one of the dominant factors because the

faster evaporation rate by air-blowing will make the solution

around the spinneret dry faster. An increase in the solution-

feeding rate is needed in order to maintain the Taylor cone,

as a lower solution-feeding rate will result in the solidifica-

tion of the solution during spinning [14]. The fiber diameter



Fig. 7. Effect of electric field on the diameter of HA nanofiber electro-spun

from 2.5% (w/v) solution. The air temperature and the air-blowing rate

were 57 8C and 70 ft3/h, respectively.
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of electro-spun HA (from SEM images) was measured to

examine the effect of feeding rate on the fiber diameter, as

shown in Fig. 6. It was seen that the fiber diameter increased

with increasing solution-feeding rate up to 40 ml/min, above

which the fiber diameter remained nearly unchanged.

3.1.4. Effect of electric field

The applied electric field has also been known to be one

of the most important factors influencing the electro-

spinning process. We demonstrated that even with 40 kV

of applied electric field, the HA solution could still not be

electro-spun without the assistance of air due to the high

viscosity of HA solution. However, the implementation of

air-blowing significantly facilitates the spinning process by

changing the solvent evaporation rate and by adding an

extra pulling force. Results for the effect of electric field on

the blowing-assisted electro-spinning performance for HA

solution are shown in Fig. 7. The electric force could not

overcome the surface tension until the applied electric

potential reached beyond 24 kV. The jet became stabilized

at 25 kV and remained stabilized until 40 kV. Above 40 kV,

the blowing-assisted electro-spinning process became

unstable because of the sporadic electro-static discharge

from the humidity in the atmosphere. However, the

measurements of fiber diameters suggested that the electric

field strength in blowing-assisted electro-spinning could not

significantly influence the fiber diameter, which is quite

different from conventional electro-spinning [32].

3.1.5. Effect of collector type

Thus far, aluminum foil has been used as one of the most

popular collectors in electro-spinning. However, it is well

known that different types of collectors can result in

different electro-spinnability or the resulting fiber mor-

phology. The different collectors include wire screen,

conducting cloth and conducting paper. Typically, when
HA is electro-spun on the aluminum foil, it is difficult to

separate the membrane from the collector. Since the wire

screen allows an easier separation between the collector and

the electro-spun membrane, we used wire screen as a base

collector for blowing-assisted electro-spinning of HA and

investigated the effect of configuration (e.g. hole size) on the

blowing-assisted electro-spinning performance of HA.

Although blowing-assisted electro-spinning of HA on the

wire screen collector showed good overall fiber formation,

some beads were still observed in the SEM image (Fig.

8(a)), implying that the blowing-assisted electro-spinning

performance using the wire screen collector was not as

consistent as that using the aluminum foil (Fig. 2). With an

increase in the collection time (40 min, Fig. 8(b)), the

performance became worse with more bead formation. This

canbeexplained as follows.As the surface areaof the collector

is decreased (wire collector), the actual electrical force (per

area) between the spinneret and the collector may also be

reduced, resulting in a change in blowing-assisted electro-

spinning performance. In addition, with increasing collection

time,more fibers are accumulated on the collector,making the

wire screen less conductive and leading to a decrease in the

electric force between the spinneret and the collector. To

check the validity of this hypothesis, we carried out blowing-

assisted electro-spinning of HA solution using a wire screen

with a larger hole size and a smaller ‘wire’ surface area. Our

hypothesis was partially confirmed since no fiber was formed

on the collector (Fig. 8(c)), indicating that a smaller collection

area has a negative effect on the blowing-assisted electro-

spinning performance.

Another major difference between the aluminum foil

collector and the wire screen collector was the permeability

of air flow. Using the aluminum foil as the collector, air-

blowing will experience a hindrance imposed by the

collector, and the reflected air stream can interfere with

the descending airflow. Such a complication could be

substantially reduced with the wire screen collector since

the air could permeate, at least partially, through the

collector during the beginning of the process before the

fibers substantially covered the screen. Therefore, we used a

combination of aluminum foil and wire screen as a collector

to elucidate the effect of permeability of the collector on the

blowing-assisted electro-spinning performance. As shown

in Fig. 8(d), the blowing-assisted electro-spinning perform-

ance of HA solution became worse when the wire screen

attached with aluminum foil was used as the collector.

Several features of different collectors on the blowing-

assisted electro-spinning performance could be derived.

First, we can compare the two air impermeable collectors:

aluminum foil (Fig. 2) and wire screen on aluminum foil

(Fig. 8(d)). The aluminum foil collector, which had a

larger conductive area, showed a better performance than

the wire screen on the aluminum foil collector. This verified

our hypothesis that a smaller conductive area of the

collector had a negative effect on the performance of

blowing-assisted electro-spinning. Second, we could



Fig. 8. Effect of type of collector used and collection time on blowing-assisted electro-spinning of HA solution: (a) wire screen (20 min, 1.7 mm of hole size),

(b) wire screen (40 min, 1.7 mm hole size), (c) wire screen (40 min, 6.3 mm hole size), and (d) wire screen (40 min, 1.7 mm hole size) on aluminum foil.
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compare the performance from the collectors of the same

conductive area but different air permeability; wire screen

with (Fig. 8(d)) and without aluminum foil (Fig. 8(b)). The

pure wire screen collector with good air permeability

showed much better consistency on fiber formation.

Measurements of electro-spun HA fiber diameters were

also informative in achieving a better understanding of the
Fig. 9. Partial pressure of aqueous HCl solutions as a function of HCl

concentration at 20 8C [33].
blowing-assisted electro-spinning process. A comparison

between the air permeable and impermeable collectors

indicated that the air permeable collector (wire screen)

produced finer fibers, perhaps due to the fact that the air

permeable collector allowed a stronger air-flow, resulting in

thinner fiber formation. In contrast, in the case of imperme-

able collectors, as the collector generated reflected air it

could interfere with the descending air stream, resulting in

lower spin draw ratio. It is also interesting to note that the air

permeable collector can generate fibers with a narrower

variation in size distribution, when compared with that from

the impermeable collector, probably because of more

homogeneous air-flowing streams for the air permeable

collector. If there were interferences between the descend-

ing air stream and the reflected air stream, an inhomo-

geneous air environment could be generated, resulting in a

broader degree of size distribution in the fiber diameter.

3.2. Post-treatments to produce water resistant electro-spun

nanofibrous HA membranes

3.2.1. HCl-vapor treatment

The method to produce water-‘insoluble’ HA gels by



Fig. 10. SEM images of electro-spun HA membranes treated with HCl vapor for 3 min (height: 5 cm from HCl solution) from HCl aqueous solutions at

different HCl concentrations: (A) 29, (B) 24, (C) 20, (D) 26% (w/v).

Fig. 11. SEM images of electro-spun HA membranes treated with HCl vapor from 26% (w/v) HCl aqueous solution (height: 8 cm—membrane at about 8 cm

from the liquid surface) for 10 min (A, B, and C) and 25 min (D), then kept at K20 8C for: (A) 0 day; (B) 10 days; (C) 35 days; (D) 35 days.
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Fig. 12. SEM images of HA membrane soaked in: (A) 3:1 ethanol/HCl

mixture for 60 h at 4 8C; (B) 5:1 ethanol/HCl mixture for 1 h, then kept at

K20 8C for 60 h.

Table 1

Component contents in the ethanol/HCl/H2O mixture

(EtOH/37% (w/v) HCl)/H2O (ml/ml)

(3:1) 34/2 (4:1) 16/2 (5:1) 17/2

HCl (% (w/v)) 11.7 8.9 7.6

Ethanol (% (v/v)) 70.8 71.1 74.6

H2O (% (v/v)) 23.4 24.6 21.8
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freezing and thawing acidic aqueous solutions (pHw1.5) of

HA has been reported before Ref. [29]. As the electro-spun

HA membrane could be dissolved almost instantly in water,

we have attempted two post-treatment methods to ‘cross-

link’ the nanofibrous membrane. The first method involved

the exposure of electro-spun HA membrane in HCl-vapor. It

was found that the HCl-vapor from 37% (w/v) HCl solution

could damage the fibrous structure of electro-spun HA

membrane in a few minutes, indicating that the decrease in

the concentration of HCl solution was necessary. In order to

optimize the HCl concentration for treating the electro-spun

HA membranes, the partial pressure of HCl as a function of

the HCl concentration [33] is shown in Fig. 9. The partial

pressure of HCl increases rapidly when the HCl concen-

tration is higher than 30% (w/v). Therefore, for the

following experiments, we chose the HCl concentration to

be in the range of 20–30% (w/v) in order to provide a milder

HCl-vapor treatment.

Fig. 10 shows the SEM images of electro-spun HA

membranes treated with HCl-vapor for 3 min (height: 5 cm)

using more diluted HCl aqueous solutions at different HCl

concentrations: (a) 29%, (b) 24%, (c) 20%, (d) 26% (w/v).

The fibers were kept intact and there was no major change in

the surface morphology of HA membranes after the HCl-

vapor treatment by exposing the membrane at lower HCl-

vapor pressures. After the HCl-vapor treatment, the electro-

spun HA membranes were kept in sealed bottles and placed

in the freezer at K20 8C for weeks.

Fig. 11 shows the SEM images of HA samples treated for

different time periods in HCl-vapor and kept in a freezer at

K20 8C. With short HCl-vapor exposure times, the

membranes could swell in Mill-Q water and become

transparent. The swollen HA membranes would not

disappear in water for more than one week, but they did

become very soft and difficult to pick up from the aqueous

fluid. With longer HCl-vapor exposure times, the membrane

could keep its shape and did not swell much in the

translucent state in Mill-Q water, suggesting a higher degree

of cross-linking. However, its mechanical strength remained

very weak, as the membrane could break into pieces when

being handled. The above results indicate that the cross-

linking of electro-spun nanofibrous HA membranes can be

performed by HCl-vapor treatment; however, the desired

mechanical strength cannot be achieved by this approach.

3.2.2. Treatment by ethanol/HCl/H2O mixtures

It has been demonstrated that HA could be chemically

cross-linked with glutaraldehyde [25] or water-soluble

carbodiimide [26] in ethanol or acetone–water mixtures.

The organic solvent content in the mixture was at least 65%

(v/v) in order to prevent the dissolution of HA. Inspired by

this strategy, in the following experiments, we attempted to

‘cross-link’ the electro-spun HA nanofibrous membrane in

acidic ethanol–water mixtures. Three different effects

probably take place simultaneously in such mixtures—(1)

the presence of sufficient amounts of ethanol would prevent
the dissolution of HA in the ethanol/water mixture, (2) the

presence of sufficient amounts of HCl would destabilize HA

and induce ‘cross-linking’, and (3) the cooling of the

mixture would slow down the reaction. Our results using

different treatment conditions can be summarized as

follows.

3.2.2.1. Ethanol/H2O mixtures at pH 1.5. In our first trial,

ethanol/H2O mixtures at pHZ1.5 were prepared for the

post-treatment of electro-spun HA membranes. The volume

ratio of ethanol in the mixtures was varied from 65 to 80%

(v/v). Three soaking temperatures were selected: K20, 4

and 20 8C. The treatment time was varied from one day to

one month. It was found that the fibrous structure of the HA

membranes was relatively intact after treatment, but the

resulting membranes could be dissolved in neutral water in

about 1 s. Thus, the acid content in these mixtures was

insufficient, and was increased substantially.
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3.2.2.2. Ethanol/HCl (37%(w/v)) mixtures. In this case, the

chosen volume ratios of ethanol and 37% (w/v) HCl were

3:1, 4:1, and 5:1, respectively. The electro-spun HA

membranes were immersed into the above ethanol/37%

(w/v) HCl mixtures and kept at different temperatures for

different time periods. Fig. 12 shows the SEM images of HA

membranes soaked in the ethanol/HCl/HA mixture and then

kept at different temperatures. In another set of experiments,

HA membranes were soaked in the ethanol/HCl mixture,

and the membranes were taken out and heated in an oven or

a microwave oven for a few minutes (the high temperature

treatments were intended to promote the cross-linking

process). All samples treated by these very strong acidic

ethanol/HCl mixtures showed some degree of cross-linking.

The treated membranes could float on the surface of water

for several minutes before being immersed into the liquid.

The cross-linking of HA membranes was still relatively

weak even when treated by such strong acidic ethanol/HCl

(37% (w/v)) mixtures. It should be noted that the slightly

swollen HA nano-fibers in the non-woven membrane could

probably not yet be fully exposed in the strong acid solution.

Thus, the cross-linking reaction had not been fully initiated

in the interior of those fibers.

3.2.2.3. Ehanol/37% (w/v) HCl/H2O mixtures. In this set of

experiments, extra water was introduced into the etha-

nol/37% (w/v) HCl mixture. Different ratios of the
Fig. 13. SEM images of HA membrane treated by: (A) ‘1-ml H2OC17-ml

3:1 ethanol/HCl (37% (w/v))’ 4 8C for 16 h; (B) ‘2-ml H2OC16-ml 4:1

ethanol/HCl (37% (w/v))’, 4 8C for 20 h.
ethanol/37% (w/v) HCl mixtures (3:1, 4:1, 5:1) were diluted

with water. The three component mixture was checked

continuously by dropping one small piece of electro-spun

HA membrane until the HA membrane changed from

complete dissolution to no noticeable shrinkage. The

contents of ethanol, H2O and HCl were then calculated

and are summarized in Table 1. The electro-spun HA

membranes were immersed into the above three-component

mixtures at different temperatures (K20, 4, 20 8C) for

different time periods.

The resulting membranes under such post-treatment

conditions were well cross-linked in the mixture of ‘3:1

ethanol/HClCH2O’ and ‘4:1 ethanol/HClCH2O’ at 4 8C, as

shown in Fig. 13. The cross-linked membrane could keep its

shape intact in neutral water for at least 1 week at 25 8C. The

cross-linking of samples treated by ‘5:1 ethanol/HClCH2O’

mixture at 4 8C was a little weaker, whereby the films

became transparent in neutral water. Fig. 14 shows the SEM

images of HA membranes treated by ‘H2OCethanol/HCl’

mixture and then soaked in neutral water for different time

periods. By treating the samples with H2O/ethanol/HCl

mixture at K20 8C or at 20 8C, the HA membrane would

still be dissolved fairly fast in water if the sample was

treated in H2O/ethanol/HCl mixture at K20 8C and for

periods even longer than 1 week, indicating that the cross-

linking reaction could not occur substantially when the

sample was treated in the mixture at low temperatures (e.g.

K20 8C). For the sample treated at 20 8C, the mechanical

strength of HA membrane was very weak and broke into

pieces when soaked in neutral water for several hours,

implying that the strong acid would destroy the fibers at

higher temperatures (e.g. at 20 8C).

Thus, for the optimal content of ethanol in the mixture, it

should be about 71% (v/v). Otherwise, the HA membrane

would dissolve or shrink significantly if the ethanol content

were a little lower than 71% (v/v). The optimal water

content should be about 24% (v/v). If the water content was

lower than 23% (v/v), there would not be enough water to

ensure the membrane to be sufficiently swollen and the

resulting cross-linked HA membranes would be less

resistant to water dissolution.

3.3. Probing the possible mechanism of cross-linking HA

under acidic conditions

3.3.1. FTIR spectroscopy

To gain some insight into the chemical structure of the

cross-linked HA molecules, IR spectroscopy was conducted

on the electro-spun membranes before and after cross-

linking. The results are shown in Fig. 15 for the HA powder,

electro-spun HA membranes before and after treatment in

acidic condition. The representative bands can be assigned

as follows [34]: the intense group of bands extending from

1500 to 1800 cmK1 are super-positions of amides I and II

bands and of various carbonyl and carboxyl nCaO bands.

The bands extending between 950 and 1100 cmK1 are



Fig. 14. SEM images of HA membrane treated by ‘2-ml H2OC16-ml 4:1 ethanol/HCl’, 4 8C for 20 h: (A) sample dried by filter paper; (B) soaked in water for

5 min; (C) soaked in water for 10 min; (D) soaked in water for 1 day.
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mainly resulted from different vibrations of the pyranose

ring, corresponding to nC–OH. The shoulder at 1155 cmK1

can be assigned to nC–O–C. As seen in Fig. 15 (A) and (B), no

appreciable difference can be observed in the IR spectra

between the virgin powder and the electro-spun HA

membrane before treatment, except for the change due to

the ion exchange of carboxyl group in HA (from 1600 to

1645 and 1735 cmK1) from –COOKNaC to –COOH

induced by HCl. Comparing the IR spectra (Fig. 15 (B)
Fig. 15. FTIR spectra of: (A) HA powder; (B) electrospun HA membrane

before cross-linking; (C) cross-linked electrospun HA membrane by acidic

ethanol/H2O mixtures.
and (C)) of electro-spun HA membrane before and after

cross-linking under acidic environment, no new peak

appeared and no peak shift could be identified. However,

the peaks at 1043 and 1078 cmK1, corresponding to nC–OH,

were changed from sharp to blunt. This phenomenon can be

attributed to the hydrogen bond of C–OH being strongly

enhanced by acid treatment. The results from the IR spectra

indicated that the cross-linking of HA in the nanofibrous

membrane was probably due to the formation of a

hydrogen-bonding network among the chains, leading to

an absence of change in the chemical structure, at least from

the IR spectroscopic perspective.
3.3.2. Viscosity changes of acidic HA aqueous solution after

freezing

As reported previously [29], when acidic HA solution

was allowed to freeze at K20 8C and was followed by the

thawing process, insoluble HA gel could be obtained. In this

set of experiments, we attempted to identify the optimal

freezing time for acidic HA solution under which the

viscosity of HA solution could be increased significantly but

in the absence of gel formation. For this purpose, the acidic

HA aqueous solution was frozen at K20 8C for different

time periods. After freezing, the frozen samples were

thawed at room temperature. The final solutions after thaw-

ing were transparent, similar to that of the starting solution,

if the freezing time was no more than 6 h. However, if



Fig. 17. Extrapolated zero shear viscosity of acidic HA solution versus

freezing time.
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freezing time was longer than 8 h, the final solution after

thawing looked like putty, indicating the onset of gel

formation. Spongy gels were obtained when the freezing

time was longer than 40 h.

As shown in Fig. 16, the shear viscosity of thawed HA

solution after freezing for different time periods increased

with increasing freezing time from 0 to 6 h. The measured

apparent shear viscosity then decreased for the samples

frozen for more than 8 h. The reason for this phenomenon

was that gel particles began to appear in the HA solution

after having been frozen for more than 8 h. The inhomo-

geneous solution could result in a lower viscosity. Fig. 17

showed the relationship between the extrapolated zero-shear

viscosity values of the acidic HA solution and the freezing

time. The zero-shear rate viscosity of HA solution increased

after a short freezing time period and then decreased with

further freezing time. This result indicated that after 6-h of

freezing, the acidic HA solution was slightly cross-linked and

its viscosity increased significantly with the solution still

remaining in a homogeneous solution state. Longer freezing

times resulted in the formation of cross-linked HA gel and the

occurrence of micro-gel particle formation after thawing.

With the cross-linking reaction occurring in acidic HA

solution after a short time period of freezing (less than 6 h),

we tried to estimate the molecular weight changes after the

freezing process by viscosity measurements. When the

thawed solution was neutralized with 0.2 M NaOH solution

and then diluted with 0.1 M NaCl solution, the final solution

was clear if the freezing time was lower than 6 h. The

intrinsic viscosity of diluted HA solution with 0.1 M NaCl

before and after 6 h of freezing showed very similar values,

as shown in Fig. 18, indicating the reversible nature of this

weak cross-linking reaction caused by the freezing process

upon dilution.

Fig. 19 shows the shear viscosity of HA solution

neutralized with 0.2 M NaOH solution after freezing and

thawing processes against the shear rate for two samples

frozen at K20 8C for 0 and 6 h, respectively. By comparing

the results with those in Fig. 17, it was found that, after

neutralization, the viscosity of HA solution remained

essentially the same before and after the freezing process,
Fig. 16. Effect of freezing time on the shear visc
indicating that the cross-linking of HA solution came from

relatively weak interactions, in agreement with the argu-

ment of increasing hydrogen bonds. Such a cross-linking

reaction is reversible upon neutralization and/or dilution.
4. Conclusions

In this study, the effects of various experimental

parameters, including the air-blowing rate, HA concen-

tration, feeding rate of solution, electric field, and type of

collectors, on the blowing-assisted electro-spinning per-

formance of hyaluronic acid (HA) were investigated.

Scanning electron microscopy (SEM) results revealed that

a blowing rate of 70 ft3/h with the HA concentration range

from 2.5 to 2.7% (w/v) formed the optimum conditions for

the fabrication of HA nanofibers. Several different types of

collectors were compared, which elucidated that the air

permeable collector could accelerate the elongation of

spinning solution. It was found that there was a strong

relationship between the experimental parameters and the

diameter of spun nanofibers. As the air-blowing rate was
osity of 1.6% (w/v) HA solution (pH 1.5).



Fig. 18. Relationship between hsp/C, ln(hr/C) and relative concentration C of dilute HA solutions before and after freezing treatment.
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increased to 100 ft3/h, the fiber diameter was decreased

from 87 to 67 nm (above that blowing rate, no further

change in the fiber diameter was observed). The concen-

tration also exhibited a linear relationship with the fiber

diameter.

The cross-linking of electro-spun HA membranes has

been achieved by either the exposure of HCl vapor or by

simply immersing the membrane into an ethanol/H2O/HCl

mixture at 4 8C for about 20 h. In the mixture, both the

contents of ethanol and of water are very crucial for the

successful cross-linking of electro-spun HA membranes.

The ethanol content in the mixture should be about 71%

(v/v), ensuring that the membrane will not be dissolved or

even change its shape significantly. The water content

should be about 24% (v/v), ensuring the fibers in the

membrane to be slightly swollen to allow the diffusion of

HCl into the nanofibers in order for the cross-linking

reaction to occur. The cross-linked membrane could keep its

shape in neutral water for at least 1 week at 25 8C. The

results from IR spectra indicated that the cross-linking of

HA in the membrane probably should be attributed to the

formation of higher hydrogen-bonding concentration,
Fig. 19. Shear viscosity of 1.5% (w/v) HA neutralized solution (freezing

time: 0 and 6 h).
leading to the formation of the hydrogen-bonded network

of the chain.

The cross-linking of acidic HA solution upon freezing

was studied by viscosity measurements. The viscosity of

HA solution after the freezing-thawing process increased

significantly when the freezing time was less than 6 h.

However, after neutralization/dilution processes, viscosity

measurements showed that the slightly cross-linked HA had

almost the same molecular weight as that of the original HA,

indicating that the cross-linking of HA solution after

freezing for short times was a very weak interaction caused

probably by hydrogen bonds, and such a cross-linking

reaction could be reversible upon neutralization and/or

dilution of the concentrated HA solution. However, the HA

solution became gel-like if the freezing time was longer than

8 h, implying that the generation of more hydrogen bonds

could form a stronger hydrogen-bonded network. In the

current study, we have illustrated that even with the

presence of multiple (and often coupled) parameters in

the blowing-assisted electro-spinning process, it is feasible

to seek a pathway to optimize a specific process and to

achieve a reasonable objective.
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