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Abstract
Submicron fibers with bactericidal properties were prepared from electrospinning of blends containing cellulose acetate (CA) as a polymer
base, chlorhexidine (CHX) as a bactericidal agent, and organic titanate Tyzor� TE (TTE) as a cross-linker. A small amount of high molecular
weight poly(ethylene oxide) (PEO) was incorporated into the blends to facilitate the electrospinning, and its effect on the extensional properties
and spinnability of the N,N-dimethylformamide (DMF) solutions were evaluated. The CHX-containing fiber meshes were cured by TTE in the
presence of water vapor, which created covalent links between the CA and CHX. The immobilization of CHX on or within the fibers was con-
firmed by FTIR, Raman and XPS measurements. The resulting fiber meshes exhibited bactericidal properties on contact, due to the CHX im-
mobilized on the fibers, and within a zone of inhibition (ZoI), due to the release of unbound CHX. The relationship of ZoI for the gram-negative
Escherichia coli and the gram-positive Staphylococcus epidermidis to the amount of unbound CHX in the fibers is described by a simple dif-
fusion model. The contact bactericidal capacity against both E. coli and S. epidermidis was assayed after complete removal of unbound CHX
from the fibers. A post-spin treatment to attach CHX onto CAePEO fibers via TTE linkers was also shown to be effective.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Adhesion and proliferation of bacteria on the surfaces of
materials can induce severe health and environmental hazards
[1]. Hence, there is a great demand for bactericidal, antiseptic,
and bacteriostatic materials that can prevent attachment, pro-
liferation and survival of microbes on the material surface.
A broad range of antibacterial agents such as silver, quaternary
ammonium groups, hydantoin compounds, and tetracycline
antibiotics have been incorporated into or attached onto the
surfaces of various materials such as textiles and medical
devices [2e6].

Electrospinning is a simple and versatile method for fiber
preparation, which employs electrostatic forces that stretch
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a polymer jet to generate continuous fibers with diameters
ranging from micrometers down to several nanometers [7e
14]. Electrospun fiber meshes possess remarkable features
such as small fiber diameter, high specific surface area, high
porosity, and low fabric weight. These unique properties
have triggered a broad range of potential applications, includ-
ing nanocomposites [15,16], scaffolds for tissue engineering
[17], sensors [18], protective clothing and filtration mem-
branes [19,20], magneto-responsive fibers [21], and superhy-
drophobic membranes [22,23].

Currently, protective clothing is typically multilayered and
acts as an effective barrier by chemically or physically absorb-
ing chemical or biological hazards on the surfaces of the
fabrics [24]. Effective protection comes at the cost of undesir-
able heavy weight and heat burdens placed on the wearers.
This motivates the development of new protective clothing
systems. We have begun to develop reactive fibers capable
of destroying toxic chemical or biological agents on contact
[20]. The high specific surface area of electrospun fibers and

mailto:tahatton@mit.edu
mailto:rutledge@mit.edu
http://www.elsevier.com/locate/polymer


1267L. Chen et al. / Polymer 49 (2008) 1266e1275
the self-supporting nature of nonwoven meshes consisting of
these fibers make them good substrates for attachment of func-
tional compounds or biocides to generate reactive or bacteri-
cidal fibers that could be incorporated as reactive and/or
antibacterial layer(s) into new protective fabrics. Furthermore,
the high porosity and low weight of electrospun fiber mem-
branes can substantially mitigate the weight and heat burdens
while offering effective protection.

Silver nanoparticles have been incorporated into electro-
spun fibers and shown to exhibit good antimicrobial activity
[25,26]. Recently, quaternized chitosan with quaternary am-
monium groups was electrospun into fibers by blending with
other polymers such as poly(vinyl alcohol) and demonstrated
high antibacterial activity [27,28]. In this work, we report on
electrospun fiber meshes containing the biocide chlorhexidine,
incorporated within and/or bound onto the surfaces of the
fibers to obtain bactericidal membranes, intended for use in
protective fabrics or antibacterial filtration media. Chlorhexi-
dine (CHX) (Scheme 1) has been widely used as an effective
antibacterial agent in applications that range from common
disinfectants to bactericidal agents in dentistry; this is largely
due to its broad range of antimicrobial activities against bac-
teria and fungi, high killing rate and nontoxicity toward
mammalian cells [29,30]. The commonly cited mechanism
of action of CHX is that two symmetrically positioned chlor-
ophenyl guanide groups can penetrate through the cellular
wall of bacteria and irreversibly disrupt the bacterial mem-
brane, thus killing the microorganism. In most materials that
include CHX as the biocide, CHX is simply enmeshed within
the material and gradually leaches out to kill the bacteria
[31,32]. The disadvantage of such a loose association is that
the antibacterial agent is eventually exhausted and the mate-
rial has a limited functional life. In this work, dually func-
tional antibacterial fibers were generated by electrospinning
a series of blends of cellulose acetate (CA) and CHX with
(a) a part of CHX bound to the CA polymer matrix by the or-
ganic titanate linker, Tyzor� TE (TTE), and (b) a significant
fraction of CHX unbound but embedded within the fibers. An-
tibacterial CHX fibers were also produced by a post-spin treat-
ment process to immobilize CHX on already prepared CA
fibers. The resulting bactericidal electrospun CAeCHX fibers
possessed significant antibacterial activity against both the
gram-negative strain of Escherichia coli (E. coli) and the
gram-positive strain of Staphylococcus epidermidis (S.
epidermidis).
NH NH
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NH NH
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Scheme 1. Chlorhexidine (CHX).
2. Experimental
2.1. Materials
Cellulose acetate (CA) (Mn¼ 50 kDa), chlorhexidine
(CHX) (98%), poly(ethylene oxide) (PEO) (viscosity-average
molecular weight, Mv¼ 2 and 5 MDa), and N,N-dimethylfor-
mamide (DMF) were purchased from SigmaeAldrich Chem-
ical Co. (St. Louis, MO) and used as received. Tyzor� TE
(TTE) (80 wt% titanium triethanolamine in isopropanol) was
kindly supplied by DuPont de Nemours & Co. (Wilmington,
DE) and used as received. Chlorhexidine digluconate aqueous
solution (20% w/v) was purchased from Alfa Aesar Co. (Ward
Hill, MA) and used as received. Bacteria E. coli and S. epider-
midis were purchased from ATCC (Manassas, VA) and stored
at �80 �C prior to use.
2.2. Polymer solution characterization and
electrospinning
DMF is a good solvent for chlorhexidine powders as well as
CA and thus was employed as the electrospinning medium in
this work. The lack of elasticity of the CA solutions in DMF
did not permit the formation of uniform fibers, however, and
droplets were formed instead. A recent study by Yu et al.
[33] demonstrated that the addition of a small amount of
high molecular weight PEO into the spin solution can signifi-
cantly increase the elasticity (extensional viscosity) of the
solution and thus facilitate the electrospinning process.
Following this approach, we incorporated relatively small
amounts of PEO (Mv¼ 2 or 5 MDa) into the spin solutions
in order to generate uniform fibers. A series of polymer solu-
tions of 3 wt% CA with various concentrations of PEO in
DMF were prepared. A capillary breakup extensional rheom-
eter (CaBER 1; Thermo Electron Co.) was used to examine
the extensional properties of the polymer solutions and relate
these to the properties of the resulting fibers, to determine the
concentration of PEO in polymer solutions required for the
formation of uniform fibers.

CaBER is a filament stretching apparatus that measures the
midpoint diameter, Dmid(t), of the thinning filament over time
when a fluid filament constrained axially between two coaxial
disks is stretched rapidly over a short distance [34,35]. In these
measurements, the Hencky strain, 3, and the apparent exten-
sional viscosity, happ, are related as follows [34]:

3¼ 2 ln

�
D0

DmidðtÞ

�
ð1Þ

happ ¼�
s

dDmidðtÞ=dt
ð2Þ

where D0 is the initial diameter of the filament before stretch-
ing and s is the surface tension of the fluid. The time evolution
of Dmid(t) for viscoelastic fluid is governed by a balance be-
tween surface tension and elasticity and can be described by
the following model [35]:
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DmidðtÞ ¼ D1

�
D1G

4s

�1=3

e�t=3lp ð3Þ

where D1 is the initial midpoint diameter just after stretching, G
is the elastic modulus, and lp is the fluid relaxation time, which
is the characteristic time scale of viscoelastic stress growth.

A series of polymer solutions of 3 wt% CA, 0.2 wt% PEO
(Mv¼ 5 MDa), 1 wt% TTE and various concentrations of
CHX (0.3, 0.6, 0.9 and 1.2 wt%) were prepared by adding
PEO, CA, chlorhexidine powders and TTE sequentially into
DMF. The solutions were heated to 50 �C upon addition of
PEO to facilitate the dissolution of the high molecular weight
polymer. Then the polymer blends were stirred at room temper-
ature until clear homogeneous solutions were obtained. The
CHX-containing fibers produced from these solutions are de-
noted as CAeCHX fibers. Polymer solutions of 3 wt% CA,
0.2 wt% PEO (Mv¼ 5 MDa) and 1 wt% TTE without CHX
were also prepared to produce nonfunctional cross-linked CA
fibers, which are denoted as CAeTTE fibers. In addition,
solutions of 3 wt% CA and 0.2 wt% PEO (Mv¼ 5 MDa) were
prepared for post-spin treatment to attach CHX on the fiber
surface. These fibers are denoted CAePEO fibers.

An electrospinning apparatus similar to that described pre-
viously by Shin et al. [36] was used, except that the spun fibers
were collected on a rotating drum ground electrode (3.5 cm in
diameter, 20 cm in length and rotation rate of 250 rpm) instead
of a plate collector, where the collected fibers discharged less
efficiently and impeded accumulation of the fiber mesh. A
syringe pump (Harvard Apparatus PHD 2000) was used to
deliver polymer solution via a Teflon feedline to a capillary
nozzle. Voltages up to 30 kV, generated by a power supply
(Gamma High Voltage Research ES-30P), were applied
between the upper plate and the ground drum to provide the
driving force for electrospinning. The electrical potential, so-
lution flow rate, and distance between the capillary nozzle
and the collector were adjusted to 16e19 kV, 0.04 ml/min,
and 45 cm, respectively, to obtain a stable jet.
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Scheme 2. Binding of amino groups of CHX to hydroxyl groups of th
2.3. CHX binding to the fibers
TTE is an organic titanate that has been applied as a cross-
linking agent in adhesives, coatings, oil and gas products, and
textiles [37,38]. It cross-links or binds compounds with hy-
droxyl, amino, amido, carboxyl and thio groups [6,37e39].
The cross-linking and titanate polymerization to form titania
are activated at high temperature (100e250 �C) and/or in the
presence of water [37]. We conducted control experiments to
test the binding capability of TTE to CHX. The CHX powder
and TTE solution were mixed at a weight ratio of 1:8 to form
a yellowish homogeneous suspension. The suspension gradu-
ally became clear upon addition of a small amount of water
due to the reaction of TTE with CHX, which facilitates the dis-
solution of CHX. Heating the solution to 70 �C accelerated the
reaction process. The viscosity increased dramatically and the
solution gradually became pink and pasty or gel-like in appear-
ance, which is indicative of binding of TTE to CHX (Scheme 2).

In analogous experiments where binding between CHX and
the CA polymer matrix via TTE linkers in the fiber meshes
was desired, the fibers were placed in an environment of satu-
rated water vapor at 70 �C for 4 days. The fibers turned
slightly pink during the curing process, indicating the occur-
rence of a chemical reaction. A schematic of the binding
chemistry (Scheme 2) depicts the reaction of the organic tita-
nate TTE with the hydroxyl groups of CA and amino groups
of CHX via transesterification reactions, to covalently bind
CHX to the CA polymer matrix.
2.4. Quantification of CHX content in the fibers
Not all of the CHX molecules were covalently bound to the
polymer matrix during the curing experiments. To determine
the fraction of CHX that was not bound to the fibers, weighed fibers
(10 mg) were placed in a sufficient quantity of water (100e200 ml)
to ensure essentially complete release of free CHX. The unbound
O Ti
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CHX that was gradually released upon immersion of the mesh in
water was measured using a HewlettePackard 8453 UVeVis
spectrophotometer by monitoring a characteristic peak at 254 nm
and using calibration (absorbance vs. CHX concentration) curves.
2.5. Fiber characterization
The fibers were examined by scanning electron microscopy
(SEM) using a JEOL-6060 microscope (JEOL Ltd.) to visual-
ize their morphology. A thin layer of gold (ca. 10 nm) was
sputter-coated onto the fiber samples.

Prior to FTIR, Raman and XPS measurements, the cross-linked
CAeCHX fiber meshes were placed in excess water for 12 h to
remove completely the unbound CHX and dried under vacuum
at room temperature to constant weight. The complete removal
of the CHX not covalently linked to the fiber was ensured by mon-
itoring the CHX concentration in the wash-outs. When no further
removal of the CHX from the fibers into water was detected, the
fibers were considered to be fully depleted of the unbound CHX.

FTIR spectra were measured in absorbance mode using
a Nexus 870 spectrophotometer (Thermo Nicolet Co.) equip-
ped with an ATR accessory. Two hundred and fifty-six scans
were accumulated with a resolution of 4 cm�1.

Raman spectra were measured with a Kaiser Hololab
5000R Raman spectrometer (Kaiser Optical Systems Inc.)
with an excitation wavelength of 785 nm.

XPS measurements were carried out with a Krato Axis Ultra
Imaging X-ray photoelectron spectrometer (Kratos Analytical
Co.) equipped with a monochromatized Al Ka X-ray source.
2.6. Post-spin treatment of fibers
Bactericidal, CHX-containing CAeCHX fibers were also
produced by post-spin treatment of CAePEO fiber meshes.
CAePEO fibers were first electrospun from 3 wt% CA and
0.2 wt% PEO (Mv¼ 5 MDa) solutions in DMF. The CAePEO
fiber meshes thus formed were immersed for 1 h in 10 wt%
titanium triethanolamine solution in isopropanol, which was
obtained by dilution of the TTE solutions supplied by the manu-
facturer. The fiber meshes were cured at 110 �C for 10 min to
bind TTE to CA. The fibers were then rinsed with water several
times and dried. The resulting fibers were placed in 5% (w/v)
chlorhexidine digluconate aqueous solution for 1 h and cured in
the oven at 90 �C for 30 min to immobilize the CHX via the tita-
nate linkers. The treated fibers were rinsed with water several
times and dried under vacuum to constant weight. The applied
temperatures were used as in Ref. [6], where organic titanates
were successfully used to bind antibiotics onto cotton fabrics.
2.7. Antibacterial tests

2.7.1. Disk diffusion test
The release-killing capacity of unbound CHX in the CAe

CHX fibers was determined by the disk diffusion test method.
E. coli and S. epidermidis were cultured by adding 10 ml of the
bacteria to 5 ml LuriaeBertani (LB) broth and incubating it
under shaking at 37 �C overnight, followed by dilution with
a phosphate buffer solution (PBS, pH 7.0) to approximately
5� 106/ml. The bacteria were spread onto LB agar plates
with cotton swabs. The round slide disks (diameter¼ 22 mm),
to which the CAeCHX fibers were attached, were placed on
top of the agar plates. The agar plates were inverted and incu-
bated at 37 �C for 16e20 h. Duplicate experiments were con-
ducted and the zone of inhibition (ZoI) was measured.

2.7.2. ASTM E2149-01 method
The CAeCHX fiber meshes were placed in excess water

for 12 h to remove unbound CHX molecules, and dried under
vacuum to constant weight. The contact-killing capacity of
CAeCHX fibers was assayed according to a modified
ASTM E2149-01 method (dynamic shake flask test) [40].
Briefly, E. coli and S. epidermidis were cultured overnight
and diluted in PBS to approximately 106/ml. The fiber meshes
(100 mg) were placed in a 50 ml bacterial suspension in a ster-
ile flask and the suspension was shaken at 200 rpm at room
temperature for 1 h using an orbital shaker. A certain amount
of the suspension (100 ml) was retrieved from the flask before
and after exposure to the mesh and plated with serial dilutions.
After incubation of agar plates at 37 �C for 16e20 h, the num-
ber of viable colonies was counted visually and the reduction
in the number of viable bacteria colonies was calculated after
averaging the duplicate counts.

3. Results and discussion
3.1. Optimization of CAePEO electrospinning process
Fig. 1(a) shows the time evolution of the midpoint diameter
during the CaBER measurements for six CAePEO polymer
solutions consisting of 3 wt% CA with various concentrations
of PEO (Mv¼ 2 and 5 MDa) ranging from 0.1 to 0.5 wt%. The
filament breakup time increased with increasing PEO concen-
tration, and was significantly higher for the higher (5 MDa)
than for the lower (2 MDa) molecular weight PEO. The curves
of apparent extensional viscosity vs. Hencky strain for these
six solutions were derived from the time evolution data of
midpoint diameter using Eqs. (1) and (2) and are shown in
Fig. 1(b). A clear tendency toward extensional strain harden-
ing was observed for these polymer solutions. The apparent
extensional viscosity increased with the PEO concentration
and molecular weight. A more elastic solution possesses
a slower thinning rate and a longer breakup time due to the
resistance to the capillary breakup during extensional defor-
mation afforded by the elastic force. This accounts for the
observed increase in the filament breakup time as PEO con-
centration and molecular weight were increased.

Fig. 2 shows the typical morphologies of the CAePEO
fibers electrospun from the above solutions. The lack of elastic-
ity of the solutions with lower molecular weight and/or lower con-
centration of PEO leads to the formation of droplets (Fig. 2(a)). A
transition in fiber morphology from a beads-on-string structure
to a uniform fiber is observed with increasing PEO concen-
tration and molecular weight (Fig. 2(b) and (c)). Uniform
fibers are generated when the concentration of PEO



Fig. 2. Typical electrospun fiber morphologies for CAePEO solutions: (a)

3 wt% CA, 0.3 wt% PEO (2 M), De¼ 1.9, droplets; (b) 3 wt% CA, 0.1 wt%

PEO (5 M), De¼ 6.6, beads-on-string; (c) 3 wt% CA, 0.3 wt% PEO (5 M),

De¼ 18.7, uniform fibers.

Fig. 1. Extensional properties of CAePEO solutions: (a) filament diameter

evolution curves; (b) extensional viscosity vs. Hencky strain.
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(Mv¼ 5 MDa) is at least 0.2 wt% at 3 wt% CA in DMF
(Table 1). The relaxation times, lp, were obtained by fitting
the elastic model described in Eq. (3) to the time evolution
data of midpoint diameter in the range of exponential thinning.
A dimensionless Deborah number, De, was introduced to
examine the spinnability of the CAePEO solutions. De is
defined as the ratio of the fluid relaxation time, lp, to the
Rayleigh instability growth time, tR, as follows [35,41]:

De¼ lp

tR

ð4Þ

where

tR ¼
1

umax

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rR3

0

s

I0ðxRÞ
I1ðxRÞð1� x2

RÞxR

s
ð5Þ

in which umax is the largest instability growth rate, s is the sur-
face tension, r is the density, R0 is the initial radius of the
polymer jet (0.8 mm in this work), xR is the reduced wave
number, and I(xR) is the modified Bessel function. Prior stud-
ies [42,43] have shown that viscoelasticity does not signifi-
cantly affect the classical Rayleigh wavelength and only
slightly increases the growth rate. Therefore, the classical Ray-
leigh instability growth rate for Newtonian fluids was used to
estimate the instability growth time as shown in Eq. (5). The
most unstable mode, corresponding to umax, occurs at
xR¼ 0.697. If the fluid relaxation time is much greater than
the instability growth time (De> 1), the instability is fully
suppressed or arrested by the viscoelastic response to produce
uniform fibers. Table 1 summarizes the relaxation times, De
numbers and fiber morphology of all the six tested CAe



Table 1

Relaxation times, Deborah numbers and fiber morphology of CAePEO

solutions

Samplesa Relaxation

time lp (s)

surface tension

s (mN/m)

De Fiber

morphology

0.1 wt% PEO (2 M) 0.013 35.6 1.2 No fibers

0.3 wt% PEO (2 M) 0.020 35.3 1.9 No fibers

0.5 wt% PEO (2 M) 0.021 35.0 2.0 Beads-on-string

0.1 wt% PEO (5 M) 0.072 34.1 6.6 Beads-on-string

0.2 wt% PEO (5 M) 0.105 34.4 9.6 Uniform fibers

0.3 wt% PEO (5 M) 0.201 35.6 18.7 Uniform fibers

a CA (3 wt%) in DMF.
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PEO solutions. Only for De> 7 were uniform electrospun
fibers produced, which is in accordance with the results on
electrospun PEO/PEG fibers reported by Yu et al. [33]. There-
fore, De is a good indicator of the spinnability of CAePEO
solutions. The addition of a small amount of high molecular
weight PEO can increase the elasticity of polymer solutions
and substantially facilitate the electrospinning of CA fibers.
Fig. 3. SEM images of CAeCHX fibers: (a) as-spun fibers (fiber diameter:

950� 100 nm); (b) fibers after curing under saturated water vapor at 70 �C
for 4 days.
3.2. Bactericidal CAeCHX fibers electrospun from
polymer blends

3.2.1. Electrospinning
A series of solutions with 3 wt% CA, 0.2 wt% PEO,

1.0 wt% TTE and various concentrations of CHX (0.3, 0.6,
0.9 and 1.2 wt%) in DMF were electrospun successfully into
fibers. The addition of CHX and coupling agent TTE did not
impair the electrospinning process, and even facilitated it.
The time evolution curves by CaBER measurements for these
CHX-containing polymer solutions showed very similar or
slightly smaller relaxation times compared to those of the
CAePEO solution without CHX and TTE (Table 2). However,
the conductivity of polymer solutions was observed to increase
upon the addition of TTE and CHX (Table 2), which is known
to stabilize the electrospinning process [10,11]. Fig. 3(a) illus-
trates the typical morphology of electrospun CAeCHX fibers.
There was no obvious change in fiber size as the concentration
of CHX in the solutions was varied. The average size of these
fibers was about 950 nm in diameter with the fiber sizes rang-
ing from 700 to 1200 nm. A typical SEM image of fibers after
curing is shown in Fig. 3(b). While the fiber size was not af-
fected by the treatment, some fibers appeared to be coupled to-
gether at the junctions, and titanium clusters were observed to
form on the surfaces of some fibers. The resultant CAeCHX
fibers did not dissolve in THF, which indicated cross-linking
Table 2

Solution properties of polymer blends for electrospinning

Solutionsa Conductivity

(mS/cm)

Relaxation

time lp (s)

Surface tension

s (mN/m)

0 wt% TTE, 0 wt% CHX 0.23 0.105 35.6

1.0 wt% TTE, 0 wt% CHX 0.36 0.104 34.6

1.0 wt% TTE, 0.3 wt% CHX 0.92 0.101 34.3

1.0 wt% TTE, 0.6 wt% CHX 1.50 0.096 34.5

1.0 wt% TTE, 0.9 wt% CHX 1.23 0.092 33.9

1.0 wt% TTE, 1.2 wt% CHX 1.45 0.081 34.5

a CA (3 wt%) and 0.2 wt% PEO (5 M) in all solutions.
of the fiber meshes by the organic titanate, while CAePEO fi-
bers produced without titanate dissolved in THF readily.

3.2.2. Quantification of CHX content in the fibers
Table 3 shows the extent of CHX binding in the fibers

determined by the UVevis measurements.
As is seen, not all of the CHX was bound to the CA poly-

mer matrix during the curing experiments. In the case of
7.0 wt% total CHX content in the fibers, almost all of the
CHXs were coupled to the polymer matrix via TTE linkers.
With increasing concentration of CHX in the fibers for a con-
stant TTE concentration (1 wt% in spin solutions), the amount
of unbound CHX increased dramatically, while the
Table 3

Extent of binding of CHX to the fibers

Total concentration of

CHX in fibersa (wt%)

7.0 13.0 18.4 23.1

Bound CHX (wt%) 6.8� 0.1 5.5� 0.4 7.3� 0.7 8.1� 1.6

Unbound CHX (wt%) 0.2� 0.1 7.5� 0.4 11.1� 0.7 15.0� 1.6

a Derived from the solution compositions for electro spinning: 3.0 wt% CA,

0.2 wt% PEO, 1.0 wt% TTE and 0.3, 0.6, 0.9 or 1.2 wt% CHX.



Fig. 5. XPS spectrum of fully washed CAeCHX fibers with 7.3 wt% of bound

CHX.
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concentration of bound CHX varied in a narrow range between
5 to 9 wt%. When the TTE concentration was increased from
1 to 2 wt% for fixed CHX concentrations in spin solutions, the
resulting fibers possessed a similar concentration of bound
CHX to that of the fibers electrospun from 1 wt% TTE solu-
tions, suggesting that both CHX and TTE concentrations
have a weak effect on the extent of CHX binding in these fi-
bers. Thus, the concentration of bound CHX varies in a narrow
range in these fibers while concentration of unbound CHX can
be manipulated by controlling the concentration of CHX in the
spin solutions.

3.2.3. Fiber characterization
The CAeCHX fibers were characterized by FTIR and

Raman spectroscopies. FTIR and Raman spectra of fully
washed CAeCHX fibers and cross-linked nonfunctional
CAeTTE fibers are shown in Fig. 4.

The characteristic IR peaks of CHX observed between
1500 and 1650 cm�1 (C]N stretching and aromatic C]C
bending vibrations, respectively) marked by a star (*) indicate
the presence of CHX bound to the CA of the fibers. The same
characteristic peaks were observed in the ATR-FTIR spectrum
of CAeCHX fibers as well, indicating the presence of CHX on
the fiber surface. Note the absence of these peaks when the
CAeTTE fibers contained no CHX. In the Raman spectrum
of the CAeCHX fibers, the characteristic CHX peak at
1610 cm�1, as indicated by an arrow in Fig. 4, was observed.
The peak is shifted 40 cm�1 to higher wavenumbers compared
to that of pure CHX powders (1570 cm�1), which could be at-
tributed to the interaction of CHX with the polymer matrix in
the fibers [44].

XPS was used to determine the surface composition of
CAeCHX fibers; a typical XPS spectrum of fully washed
CAeCHX fibers is shown in Fig. 5. The presence of titanium
coupling agents on the surface layer was verified by the char-
acteristic binding energy of Ti at 455 eV. The appearance of
characteristic binding energies of N and Cl in the spectrum
confirmed the presence of CHX bound within 10 nm of the
surface of the fibers. The atomic ratio of Cl to C on the surface
obtained from XPS measurements increased from 0.02 to 0.05,
Fig. 4. FTIR and Raman spectra of fully washed CAeCHX fibers and non-

functional CAeTTE fibers.
while the atomic ratio of Cl to O increased from 0.07 to 0.30,
as the concentration of CHX in the spin solutions was in-
creased from 0.3 to 1.2 wt%. Both atomic ratios on the surface
layer of these fibers were much greater than their bulk values
(Cl/C: 0.01e0.02, Cl/O: 0.01e0.03) obtained by elemental
analysis; this is indicative of enrichment of CHX on the sur-
face of the fibers rather than in the core. CHX has been re-
ported to be a surface-active compound and to form small
aggregates in aqueous solution [45]. Such surface-active prop-
erties may promote the accumulation of CHX close to or on
the surface of the jet during the electrospinning process.

3.2.4. Antibacterial activity
The release-killing capacity of unbound CHX in the fibers

was evaluated by disk diffusion tests. The zone of inhibition
(ZoI) was observed in all of the tested fiber samples, as indi-
cated by the arrow shown in Fig. 6(a). In this test, unbound
CHX in the fibers diffused out of the fibers, killing the bacteria
nearby until the minimum inhibitory concentration of CHX
(2e8 mg/ml for E. coli and 0.5e2 mg/ml for S. epidermidis
[46]) was reached, below which bacteria can survive and pro-
liferate. This resulted in the formation of a circular area where
no bacterial colonies were observed. The size of the ZoI was
measured from the edge of the circular fiber sample (22 mm
in diameter) to the edge of the inhibition zone. Fig. 7(a) shows
the ZoI determined by the disk diffusion tests against E. coli
and S. epidermidis for four different fibers electrospun from
four different CHX concentrations. Each datum point repre-
sents one type of fiber sample. The amount of CHX released
per unit area was calculated from the weight of the circular fi-
ber sample with a diameter of 22 mm (3e5 mg) and the con-
centration of unbound CHX in the fibers listed in Table 3. The
curve shapes of ZoI vs. amount of CHX released per unit area
(M ) are very similar for E. coli and S. epidermidis. The ZoI
increased significantly between 0 and 0.05 mg/cm2 of CHX re-
leased, and then increased more gradually for amounts of the
released CHX in excess of 0.05 mg/cm2. Since this test
method is based on the diffusion of unbound CHX, a simple
one-dimensional diffusion model can describe the dependence
of ZoI on the amount of released CHX from the fibers. That is,



Fig. 6. Images of agar plates after disk diffusion tests (E. coli): (a) CAeCHX

fibers without water treatment; (b) CAeCHX fibers completely washed out

prior to test. (The two samples shown in (b) are identical.)

Fig. 7. Disk diffusion test results for CAeCHX fibers: (a) zone of inhibition

(ZoI) vs. the amount of CHX released per unit area (M ) of the fibers for E.

coli and S. epidermidis (The solid curves were obtained by translating the cor-

responding linear regression lines of (ZoI)2 vs. ln(M ) in (b) into the ZoI vs. M
plots.); (b) (ZoI)2 vs. ln(M ) for E. coli and S. epidermidis. (The solid lines are

linear regression lines of (ZoI)2 vs. ln(M ).)

Table 4

Results of the contact-killing test by a modified ASTM E2149-01 procedure

against E. coli and S. epidermidis

CHX concentration

in spin solutions (wt%)

Bound CHXa (wt%) Bactericidal efficiency (%)

E. coli S. epidermidis

0.3 6.8 94.2 96.4

0.6 5.5 96.0 99.0

0.9 7.3 98.1 96.0

1.2 8.1 99.1 99.9

a Bulk value determined in Table 3.
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assuming radial diffusion of CHX the following relationship
between M and ZoI can be derived [47,48]:

ðZoIÞ2¼ 4Dt

�
ln

�
M

M0

�
þ ln C

�
ð6Þ

where M0 is the critical inhibition amount of CHX released per
unit area, below which bacteria can survive, D is the diffusion
coefficient of CHX under the test conditions, t is the critical
time for the formation of the inhibition zone (less than the in-
cubation time), and C is a constant. Therefore, ln(M ) should
be linearly proportional to (ZoI)2. The (ZoI)2 vs. ln(M ) depen-
dencies were linear (R2> 0.99) for both E. coli and S. epider-
midis, as shown in Fig. 7(b).

The contact-killing capacity of CHX bound to the fibers
was tested via a modified ASTM E2149-01 procedure.
Fig. 6(b) shows a typical image of the disk diffusion test re-
sults for these fully washed fibers. The absence of the ZoI con-
firmed the complete removal of free CHX. In the control
experiment, the CAeTTE fibers without CHX were tested and
did not show any killing of E. coli or S. epidermidis. Table 4
shows contact-killing bactericidal activity of the CHX fibers.
Since all four series of the tested fibers possessed a similar
content of bound CHX, the fibers demonstrated similar con-
tact-killing efficiencies, ranging from 94.2 to 99.9%. The
XPS measurements indicate a trend toward increasing surface
concentration of bound CHX with increasing CHX concentra-
tion in the spin solution, which could explain the slight in-
crease in bactericidal efficiency (Table 4). Although the
immobilization of CHX on/in the fibers may affect the CHX
structure and the surrounding environment, our results indicate
that the CHX bound on the CA fibers is still capable of killing
the bacteria with as high as 3 log reduction or 99.9%
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bactericidal efficiency of the viable bacteria in 1 h. For com-
parison, identical fibers with the unbound CHX not washed
out were tested using the modified ASTM E2149-01 proce-
dure. The fibers with a total CHX content of 7.0 wt% exhibited
a bactericidal efficiency similar to that of washed fibers with
the same overall CHX content, because almost all of the
CHX in the unwashed fibers was bound. However, the other
three series of fibers with almost equal contents of the bound
CHX ranging from 5 to 9 wt% and yet significant contents of
unbound CHX (Table 3) showed more than 6 log reduction of
viable bacteria due to the release of unbound CHX. Hence, the
release of the unbound CHX in the fiber proximity seemed to
lead to higher fiber efficiency.
3.3. Post-spin treatment of CAePEO fibers
Fig. 8. SEM images of (a) as-spun nonfunctional CAePEO fibers and (b) post-

spin treated CAePEO fibers with the attachment of CHX onto the fibers.
In addition to producing CHX-containing CAeCHX fibers
via electrospinning of the blends of CA and CHX, we investi-
gated a post-spin treatment process to prepare bactericidal fi-
ber meshes. The post-spin treatment allowed us to attach the
CHX onto the CAePEO fibers via titanate linkers. The non-
functional CAePEO fiber meshes were immersed in diluted
TTE solution and chlorhexidine digluconate solution, respec-
tively, with each step followed by a curing process in the
oven to covalently bind CHX onto the fibers. Fig. 8 shows
SEM images of as-spun CAePEO as well as post-spin treated
fibers. The size of CAePEO fibers is 920� 120 nm, which is
similar to that of CAeCHX fibers electrospun from the blends
(Fig. 3(a)). The fiber size was not affected by the post-spin
treatment process (Fig. 8(b)), but formation of the titania clus-
ters (ca. 150 nm in diameter) on the post-spin treated fibers
was clearly discernible. The fiber meshes remained intact after
the post-treatment while the porosity of the fiber mats may
have changed during the treatment, as evidenced by a slight
but visually observable shrinkage of the fiber meshes. Appear-
ance of the characteristic peaks of CHX located at 1500e
1650 cm�1 in ATR-FTIR spectra of the post-spin treated fibers
confirmed the presence of CHX bound on the fibers after
washing. Elemental analysis indicated that the amount of
CHX attached onto the post-spin treated fibers was approxi-
mately 1e2 wt% of the total fiber weight. The antibacterial
tests by the modified ASTM E2149-01 method showed that
post-spin treated fibers (100 mg) were effective against E.
coli with 99.6% reduction and S. epidermidis with 95.0% re-
duction of viable bacteria in 1 h. Compared with the results
of the contact-killing tests of the CAeCHX fibers electrospun
from polymer blends (Table 4), the post-spin treated fibers can
achieve a similar antibacterial capacity with a much lower
concentration of CHX attached to the fibers. We believe that
repeated post-spin treatment of the fibers would increase the
fiber loading for the bactericide, which would further enhance
the bactericidal efficiency of the fibers.

4. Conclusions

Bactericidal fiber meshes were successfully produced by
the electrospinning of polymer blends containing the biocide,
chlorhexidine (CHX). We show that the addition of a high mo-
lecular weight PEO to CA solutions significantly improves the
elasticity of the CA solutions and facilitates the formation of
fibers. A dimensionless De number, defined as the ratio of
fluid relaxation time to instability growth time, was used to
characterize the spinnability of the blends. It was found that
uniform fibers were produced in the region of De> 7. The
CAeCHX fibers demonstrated bactericidal capability not
only through a gradual release of unbound CHX from the fi-
bers but also via contact with CHX bound on the fibers. Anti-
bacterial fiber mats were also obtained by post-spin treatment
of CAePEO fibers to immobilize CHX on the fibers via tita-
nate linkers. The post-spin treated fibers achieved similar bac-
tericidal efficiency compared to that of the CAeCHX fibers
electrospun from the blends, even with a much lower CHX
content. We surmise that a repeated post-spin treatment of
the fiber could result in even higher CHX loading on the fiber
surface and may further enhance the bactericidal properties of
the fibers. We believe that the strategies presented in this work
are not limited to incorporation of CHX only, but will also en-
able incorporation of a wide range of antibacterial agents such
as antibiotics in/on the fibers.
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