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This paper reports the development of nonwoven nanofibers of pure and iron-doped
titanium dioxide (TiO2) and evaluation of their antimicrobial attributes for using them as
disinfectant gauze for wound healing upon brief activation by ultraviolet/infrared (UV/IR)
illumination. It was found that the fibers exhibited superior bactericidal affinity when
exposed briefly (3–12 s) to either multiphoton laser or infrared radiations. On the other
hand, exposure to a UV beam for up to 20 min was not effective in mitigating the bacterial
colonization of the Escherichia coli.

I. INTRODUCTION

Tissue engineering has received extensive attention in
recent years as an emerging and rapidly growing field.
The ultimate goal of tissue engineering as a treatment
concept is to replace or restore the anatomic structure
and the function of damaged, injured, or missing tissue
or organs following any injury or pathological process.
This is facilitated by combining biomaterials, cells, tis-
sue, biologically active molecules, and/or stimulating
mechanical forces of the tissue microenvironment. The
scaffolds ought to be hierarchical, porous structures to
allow seeding of cells at high densities and, upon implan-
tation into the body, to facilitate the infiltration and for-
mation of large numbers of blood vessels for supplying
nutrients to the transplanted cells and the removal of
waste products.

In this context, metal-containing nanoparticles (mostly
quantum dots) have been exploited extensively. However,
they still remain attractive merely as chemical, pharmaco-
logical, and medical toolboxes but not a clinical solution
for diagnosis or therapy. Recent reviews have provided
instructive examples of nanotechnology application in
basic neurosciences and its use in addressing interesting
biological questions.1–7

One of the most promising techniques of fabrication
of biodegradable and/or physiologically benign and bio-
sorbable scaffolds is electrospinning. Electrospun fibers
are found to possess features that bear morphologic simi-
larity to the extracellular matrix (ECM) of natural tissue,

such as high porosity and effective mechanical properties.
Because the natural scaffold consists of a multilayered
fibrous and porous architecture, the possibility of using
electrospinning as a novel nanomanufacturing technique
applicable to tissue engineering makes sense. The tech-
nique of electrospinning uses external electrical forces to
produce novel fibers of nearly uniform diameters in the
range tens of nanometers and ranging in length from sev-
eral micrometers to few millimeters. Potential application
of this technology in the bioengineering area includes
membranes for immobilized enzymes, artificial blood ves-
sels, antiseptic wound-dressing materials, to name a few.
It is possible to assemble truly porous and nonwoven
polymeric or ceramic mats with nanofeatures by this tech-
nique. The possibility of extending the concept applying
nanoscale materials and systems to the biological systems
in the area of tissue engineering pertaining to spinal infec-
tions is relevant. Owing to the great similarities between
the makeup, morphology, and structure of the natural
extracellular matrix in human body and the synthetically
fabricated nanofibers, this has opened a new era in the
application of nanosystems to the treatment of infections
and traumatic injuries.8

We have initiated systematic research to evaluate the
prophylactic/therapeutic antimicrobial efficacy of nano-
structured titanium dioxide (TiO2) as an adjunctive treat-
ment for wounds. One of the unique physical properties
of TiO2 is its photoactivated antimicrobial/disinfective
activity (photocatalysis). When irradiated (photoactivated)
with light of proper wavelength, reactive oxygen-free
radicals are generated from TiO2 that oxidize organic mat-
ter. This property makes TiO2 a candidate for numerous
medical applications where infection control is needed.
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Viability Kits (Invitrogen, Carlsbad, CA) provide a novel
two-color fluorescence assay of bacterial viability that is
useful for diverse bacterial genera. In this work, SYTO9
and propidium iodide stains (1 mL of each) were used.
The E. coli was left in complete darkness for 15 min
at 21 �C to complete the staining. Then 40 mL of this
solution was pipetted into 35 � 14 mm glass bottom
microwell dish with No. 15 cover glass. To this was
introduced approximately 6 mg of the nanofibers. To
view the fluorescence given off by these stains, the dish
was positioned centrally in the multiphoton laser scan-
ning confocal microscope (model TCS SP5, Leica
Microsystems, Bannockburn, IL). Upon photoexcitation,
the E. coli stained with SYTO9 fluoresces green and that
stained with propidium iodide fluoresces red. The exci-
tation and emission of SYTO9 occurs at 480 and 500 nm,
respectively. The excitation and emission of propidium
iodide occurs at 490 and 635 nm, respectively.

G. In situ image analysis

To photoactivate the titania nanofibers submerged in
the E. coli suspension, the confocal multiphoton micro-
scope system (Leica TCS SP5 MP, Leica Microsystems)
was used. This instrument allows adapting the multi-
photon system by optimally choosing from IR to pico-
second or femtosecond laser and performing experiments
with minimal phototoxicity. The reduced phototoxicity
due to spatial confinement of excitation is ideal for living
cells, which is crucial for this work to establish unequiv-
ocally that the observed bactericidal effect is due to the
photocatalytic artifact of the titania nanofibers upon
excitation and not due to photons alone.

In one experiment, the multiphoton beam (l ¼ 820 nm)
generated by the in-built pulsed IR laser was turned
on for 3 s and multiple real-time videos and still shots
were recorded for 5 min segments. The activity with
respect to the bacterial colony was captured within the
intervening period. The reason for using the MP beam
(l ¼ 820 nm) is owing to its use in the photoactivation
of green fluorescent proteins.16 After several iterations,

it was found that only 3 s of excitation by the MP beam
was adequate for causing effective bacterial death. In a
simulated experiment, the E. coli broths containing tita-
nia nanofibers were also irradiated by a handheld por-
table IR flashlight (l ¼ 830 nm; www.maxmax.com,
Carlstadt, NJ). In this case, the flashlight was turned on
for 12 s; longer exposure time (compared with the MP
laser) is due to the low intensity of the IR flashlight.
Because a majority of bactericidal experiments using
titania photocatalyst to date have used a UV source,17–21

one set of data were created by using a handheld UV
light source (l ¼ 365 nm; Spectroline, model ENF-
260C, Westbury, NY) for ready comparison of the results.
In the case of UV exposure, excitation duration was
varied between 3 s and up to 20 min.
The survival rate of the microorganism was deter-

mined by using the imaging software called ImageJ
(image processing and analysis in Java—National Insti-
tute of Health). This software allows one to count the
bacteria to determine the amount of live cells compared
with the total number of cells.

III. RESULTS AND DISCUSSION

The morphological features of the as-spun titania and
iron-doped titania cermer composite nanofiber are shown
in Figs. 2(a) and 2(b), respectively. Images in Figs. 2(c)
and 2(d) show the microstructure in the pure and doped
samples fired at 700 �C for 2 h.
The intact nature of the nanofibers in layered nonwo-

ven matty format seen in the as-spun materials was
retained in the calcined samples as well. This is by virtue
of the scheme of slow ramp rate of firing adopted in this
work. Even a slightly higher ramp rate has been found to
cause severe fiber rupturing, due to faster combustion of
the polymer with a concomitant and sudden release of
copious amount of gaseous products, rendering them into
a powdery mass. The energy-dispersive spectra (EDS;
not shown here) collected on the two fired compositions
did not show any peak belonging to carbon, signifying
that the heating profile selected in this work was able to

TABLE I. Summary of the results and comparison with the literature.

Bacteria Light source l (nm) Exposure time Intensity (W/cm2) Photon energy (J) Photon/areaa Survival rate (%) Reference

Staphyloccocus

aureus

UV 352 60 min 1.82 � 10�3 5.647 � 10�19 1.16 � 1019 9.4 Koseki et al.b

Bacillus pumilus UV 365 120 min 630 � 10�6 5.446 � 10�19 8.33 � 1018 �50 Yu et al.b

Methicillin-resistant

Staphylococcus

aureus (MRSA)

UVA 365 60 min 1.1 � 10�3 5.446 � 10�19 7.27 � 1018 7 Oka et al.b

Escherichia coli IR/MP 820 3 s 2 2.424 � 10�19 2.48 � 1025 10 This workc

aIncident photons per unit area during exposure time and obtained by multiplying the ratio of intensity (W/cm2) and photon energy (J) with the time of

exposure (s).
bTitania powder.
cTitania nanofibers.
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eliminate the polymeric components quantitatively.
X-ray diffraction patterns collected on the powders of
the pure and doped TiO2 nanofibers shown in Fig. 3 were
identical, conforming to a mixture of anatase þ rutile
phases (ICCD cards 78-2486 and 78-1508/09); the in-
tensity of peaks belonging to anatase phase diminished
significantly in the doped sample.

The irreversible transformation of the metastable
phase of titania (anatase) into a thermodynamically
more stable modification, namely, rutile, occurs upon
high-temperature calcination. This phase transition and
its kinetics have been studied in great detail in the past
and has been shown to be strongly influenced by parti-
cle size,22 cationic and anionic impurities and their
nature,23–37 processing parameters,38 and other factors.39

The most important of all, (i) small particles lead to the
transformation at low temperatures and (ii) the conver-

sion from anatase to rutile is also greatly assisted by the
presence of impurities. In particular, cationic impurities
of valence lower than 4 þ accelerate the A to R transi-
tion by providing a charge compensation mechanism via
oxygen ion vacancy creation that aids atomic transport.
The extent of transformation was calculated by calculat-
ing the percentage of rutile phase in the two samples,
using the Spurr–Myer equation40

FR ¼
1

1 þ 1:26 � ½ðIA 101h iÞ=ðIR 110h iÞ�
;

where FR is the mass fraction of rutile in the sample, and
IAh101i and IRh110i are the integrated h101i intensity of
the anatase phase and h110i intensity of the rutile phase,
respectively. From the raw diffraction intensity data,
values of 69.6% and 88.1% were computed for the rutile
fraction in pure and Fe-doped titania nanofibers. Accord-
ingly, presence of iron in the doped titania fibers led to the
accelerated transition of anatase into rutile phase, though,
due to rather low percentage, it was difficult to discern
iron oxide in the XRD. The elemental mapping and EDS
signature, however, showed the presence of iron in the
doped titania nanofibers, as shown in Figs. 4 and 5, re-
spectively. The field emission scanning electron micros-
copy (FESEM) and TEM images are shown in Fig. 6.

It is evident that the heat treatment used in the present
work has preserved the fibrous artifact in the processed
material. Moreover, the titania fibers are porous and less
than 150 nm across; they comprised interconnected
nearly monosized grains (�20 to 25 nm) making the

FIG. 2. SEM of the (a) as-spun TiO2 cermer, (b) as-spun iron-doped TiO2 cermer, (c) TiO2 cermer fired at 700 �C for 2 h, and (d) iron-doped TiO2

cermer fired at 700 �C for 2 h.

FIG. 3. XRD patterns of the pure TiO2 and iron-doped TiO2 after

calcining the composites at 700 �C for 2 h.
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calculations based on the intensity of the incident beam
and the time of exposure in each case show that the
number of incident photons per unit area during the
exposure time is higher in the case of the present work

using IR beam. This in turn, translates into higher effi-
ciency of the IR light compared with UV by several
orders of magnitude (photons/cm2), because there are
more photons for the time duration compared with the
UV; this explains why the IR method used in this work
even for shortest period of exposure was much more
effective than longer exposure by UV in the cases
reported in the literature. We believe that the demon-
stration of the efficacy of IR light toward infection
mitigation in terms of biocidal activity is the first of its
kind.
From the foregoing discussion, it is clear that a judi-

cious combination of catalytic artifacts of titania and
incident photons is effective in inhibiting bacterial colo-
nization. While ultraviolet beam is effective in treating
bacterial infection, it however, necessitates longer expo-
sure to be of quantitative value; in some cases the expo-
sure could last from 20 to 60 min. In comparison, the
present work demonstrates that better bactericidal activi-
ties were observed with IR exposure for a far shorter
duration (3–12 s). Furthermore, a combination of titania
in nanofibrillar format with infrared excitation in miti-
gating colonization is reported for the first time. Finally,
the results also demonstrate that the presence of iron
oxide in small concentration as a second phase augments
these activities. This opens up the possibility of using a
nonwoven mat of Fe-doped titania irradiated by a very
short pulse of an infrared beam, as an infection mitiga-
tion device.
With regard to the next steps in terms of evaluating the

electrospun nanofibrillar mats, we plan to gauge the
effectiveness (efficacy and/or toxicity) of the material
on the underlying wounds or infections. Experiments are
in progress to examine the efficacy of titania against
S. aurous because it is a BSL2 g-positive bacterium
while E. coli is a gram-negative BSL1 agent. The gram-
positive bacterium has stronger membrane and is likely
to be more resistant to the reactive-free radicals created
with the photoexcitation of titania.

FIG. 9. Confocal images of the bacterial colonies in pure TiO2

suspension at different times after exposure to the multiphoton (MP)

beam for 3 s. (color online)

FIG. 8. Confocal images of the bacterial colonies in pure TiO2

suspension at different times after exposure to UV light for 20 min.

(color online)

FIG. 10. Confocal images of the bacterial colonies in Fe-doped TiO2

suspension at different times after exposure to infrared (IR) light with

a handheld flashlight for 12 s. (color online)
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IV. CONCLUSIONS

Breathable nanofibers of pure and iron-doped titania
with interconnected grains were fabricated by the
electrospinning technique, using a benign Ti4þ precur-
sor. The ceramic fibers were obtained from the ceramic–
polymer composite by following a well-designed proc-
essing protocol and characterized thoroughly for their
structural integrity and microstructural features. Their
efficacy for the inhibition of bacterial colonization of
E. coli was evaluated by irradiating with multiphoton IR
laser for 3 s, UV for 20 min, and a handheld IR beam for
12 s. The confocal microscopic results demonstrated that
almost complete bactericidal activities were observed
with IR exposure for a far shorter duration (3–12 s).

To expand the application of nanofibers for wound
mitigation and disinfection, assessing their effect on the
bacterial spores commonly accepted by medical device
community, such as Bacillus pumilus and Staphylococ-
cus aurous is under progress.
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