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1. Introduction
Infection control continues to be a growing concern of hospitals and other medical and
healthcare facilities. According to the U.S. national Centers for Disease Control and
Prevention (CDC), the risk of acquiring a serious infection while being treated in a hospital
has risen over 35% in the last 20 years. A study released recently found that nearly 2 million
American patients contract nosocomial, or hospital-acquired, infections each year. Of these
patients, nearly 90,000 die each year as a result [1]. To all the medical and healthcare
facilities, the need for infection control guidelines and prevention methods is keen. A
scenario that shares this common concern is the occurrence of implant-associated infections;
therefore, various types of modified surfaces, which are often coated or integrated with
antibiotics or metal ions, have been proposed to disrupt the colonization of bacteria [2].
Even though the biocompatibility of most of these antimicrobial surfaces remains unknown,
research activities on new bactericidal materials or devices never cease.

Ti-based alloys are one of the most commonly used implant materials. The oxide of Ti,
titanium dioxide (TiO2), is known to act as a photocatalyst upon irradiation with ultraviolet
light. Electron-hole pairs are generated on TiO2 surface which result in a series of
photocatalytic reactions. The resultant hydroxyl radicals and superoxide ions are highly
reactive with contacting organic compounds. Since the year 1985 when Matsunaga et al. [3]
discovered the bactericidal activity of TiO2, this wide bandgap semiconductor and its
modified forms have been successfully applied as antimicrobial agents. Recent studies have
reported the successful attachment of TiO2 onto glass [4], carbon or glass fiber [5], optical
fiber [6–7], metal [8], and stainless steel [9]. They are of significant importance for different
applications, from the purification of air [10] and water [11–13] to the sterilization of food
preparation surfaces [14], hospital gears [15], and surgical implants [8]. A recent novel
application drew much attention in which TiO2 was applied to cotton textiles which are
found antibacterial while nontoxic to human dermal fibroblasts [16]. There has also been
effort to use TiO2 coated materials against bio-implant-related infections. Using ultrafine
TiO2 powders to destroy cancer cells, Cai et al. made one of the earliest attempts on new
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application of TiO2 photocatalyst for medical applications [17–18]. Since the surface of Ti-
implants is a stable layer of protective titanium dioxide through air-induced passivation [2],
Choi et al. recently conducted in vitro studies on the antibacterial response of titanium-made
orthodontic materials under UV irradiation against Lactobacillus acidophilus and
Streptococcus mutans [19–20]. Riley et al. reported a similar evaluation on the bactericidal
effect of these materials on E. coli strains [21].

Nevertheless, although there are numerous publications on the bactericidal effect of TiO2
materials upon irradiation, there have been very few thorough reports on the mechanism of
this bactericidal effect. Accordingly, this work has been designed to investigate the
mechanism of disinfection by TiO2 photocatalyst. The aims of this research are twofold.
First, we will evaluate the antimicrobial results of a modified TiO2-embedded fiber material
before and after being irradiated with visible-light. Second, we will give insight on the
reasons for bacterial viability loss. For these purposes, we will work with strains of E. coli
on PdO/TiON-embedded fiber.

Without exhaustive details, chemical and physical modifications to TiO2 in recent studies
have yielded a range of new photocatalysts with visible-light-induced activity [22–23].
Recently, the combination of Pd ion and nitrogen resulted in a visible-light activated PdO/
TiON photocatalyst, which has shown remarkable photocatalytic activities on a wide range
of organic [24], metallic [25]and microbiological species [26–29]. The addition of PdO
allows the electron transfer process on the photocatalyst to be “regulated” by storing and
releasing electrons to minimize electron-hole recombination [30] or to produce a long-
lasting photocatalytic ‘memory’ effect after light is turned off [28 31]. While the hydroxyl
radicals generated by the visible light photocatalysis are believed to be the working species
in bacterial inactivation [28 31], the mechanism by which the hydroxyl radicals effect the
bacterial killing on PdO/TiON photocatalyst remain unclear.

In the UV/TiO2 system, researchers have proposed three different mechanisms of killing,
including a) detrimental effects on deoxyribonucleic acid (DNA) molecules [32]; b) cell
wall and cell membrane damage [33] that leads to leakage of the cell contents [34]; c)
observed decrease or loss of respiratory activities due to oxidation/loss of coenzyme A [3].
Although direct evidence for photocatalytic killing is still lacking, microscopy observations
have been reported of cell wall and cell membrane damage to E. coli [35–36]. On the other
hand, a CdSe/ZnS-photosensitized nano-TiO2 film was recently found to induce plasmid
DNA damage. Since most of these observations are made long after the photocatalysis
begins, the post-mortem examinations by a single technique alone cannot ascertain the
mechanism of bacterial inactivation by photocatalysts.

In this study, chemical assay and several microscopic techniques were combined to
characterize the cellular responses of E. coli to visible light photocatalysis at different
treatment intervals. With these techniques, a comprehensive view of the cellular response
was obtained, which not only documented the morphological changes in the cell wall and
membrane but also revealed the dynamic evolution of photocatalytic damages. By relating
such a comprehensive view of the photocatalytic damage process with the antimicrobial
properties of PdO/TiON photocatalyst, we concluded that the photocatalytic disinfection by
PdO/TiON results primarily from the oxidative attack from the exterior to the interior of the
bacterium by hydroxyl radicals.
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2. Materials and Methods
2.1 The photocatalyst

Our previous report on PdO/TiON-deposited fiber photocatalyst detailed the material
preparation procedure [27]. A mixture of titanium tetraisopropoxide and
tetramethylammonium hydroxide (mol ratio 4:1) was first made in absolute ethanol. Then a
proper amount of Pd(acac)2 dissolved in CH2Cl2 was added. Activated carbon-coated glass
fiber (ACGF) was soaked in the precursor mixture for 24 h at room temperature. After wash
and dry, fine crystallites of PdO/TiON nanoparticles deposited on fibers were obtained by
calcination (400°C, 3 h), followed by removal of carbon at 500°C for 1 h in air.

2.2 Bacteria cell viability assay
The disinfection experimental set-up and typical E. coli killing kinetics [26], as well as
determination of the key reactive oxygen species produced from irradiated PdO/TiON
photocatalysts, were previously reported elsewhere [28]. For viability assays, a typical
procedure of photocatalytic treatment is as follows. Overnight-cultivated E. coli AN387 was
washed and resuspended in buffer solution (0.05 M KH2PO4 and 0.05 M K2HPO4, pH 7.0)
to ca.109 colony-forming units per ml (cfu/ml). The cell suspension was pipetted onto a
sterile petri dish which was illuminated by a visible-light source (ca. 1.6 mW/cm2) in the
presence of the PdO/TiON fiber photocatalyst. At regular time intervals, 20 µL aliquots of
the irradiated cell suspensions were withdrawn. After appropriate dilutions in buffer,
aliquots of 20 µL together with 2.5 ml top agar were spread onto agar medium plates
(composition in Table 1) and incubated at 37°C for 18–24 h. The number of viable cells in
terms of colony-forming units was counted. The E. coli recA mutant strain AS224 was used
for a comparative study following the same viability assay. The hypersensitivity of AS224
mutants to DNA damage was first confirmed with in-house UV irradiation prior to use of the
bacteria.

2.3 Scanning electron microscopy
Overnight grown E. coli was washed and resuspended in buffer solution to ca.109 cfu/ml.
Cells without or with photocatalytic treatment were collected by centrifugation. The cell
pellet was fixed in 2.5% glutaraldehyde for 2 h in a refrigerator. After fixation, the cell
pellets were soaked in cacodylate buffer to remove excess fixative. Post-fixation processing
was carried out in 1% osmium tetroxide in cacodylate buffer for 90 min at room
temperature, and the pellets were then washed with cacodylate buffer. The samples were
dehydrated by successive soakings in 37, 67, 95% (v/v) ethanol for 10 min each and then
three soakings in 100% ethanol for 15 min each. Critical point drying was performed by
placing samples in hexamethyldisilazane (HMDS) for 45 min and overnight drying under a
fume hood after drawing the HMDS off. SEM images of the samples were obtained using a
scanning electron microscope Hitachi S-4700 (Hitachi, Tokyo, Japan) at an acceleration
voltage 5 or 10 kV.

2.4 Transmission Electron Microscopy (TEM)
Overnight-grown E. coli was washed and resuspended in buffer solution to ca.109 cfu/ml.
Cells without or with photocatalytic treatment were collected by centrifugation. The
collected E. coli cell pellet was processed, and TEM images were taken by specialists in the
Center for Microscopic Imaging (CMI) of the College of Veterinary Medicine, University of
Illinois at Urbana-Champaign. The pellet was fixed in Karnovsky's fixative at refrigerator
temperatures for a minimum of 3 h until processing. Microwave techniques were used for
fixation and other steps in the procedure. The sample was first washed with cacodylate
buffer and secondarily fixed in 2% osmium tetroxide, followed by the addition of potassium
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ferrocyanide. The sample was then washed in water and enbloc stained with uranyl acetate.
The cells were dehydrated by successive incubations in 25, 50, 75, and 95% (v/v) ethanol
for 8 min each, two incubations in 100% ethanol, and finally two incubations in 100%
acetonitrile. The sample pellets were then infiltrated with a mixture of epoxy resin and
acetonitrile (1:1 v/v) for 10 min, a mixture of epoxy resin and acetonitrile (4:1 v/v) for 20
min, and finally pure epoxy resin for 3 h at room temperature. Following infiltration, the
sample was placed in individual embedding capsules, spun down to a pellet, and then
polymerized at 85°C overnight. These samples were removed from the capsules and
trimmed. Ultrathin sections (60–90 nm) were mounted on copper grids and stained with
uranyl acetate and lead citrate. TEM images were obtained with a Hitachi H600
transmission electron microscope operated at 75 kV.

2.5 Fluorescence microscopy
A rapid epifluorescence staining method using the LIVE/DEAD® BacLight™ Bacterial
Viability Kit (Molecular Probes, Eugene, OR, USA) was applied to reveal the membrane
damage of E. coli after treatment. According to the manufacturer, BacLight is composed of
two nucleic acid-binding stains: SYTO 9™ and propidium iodide. SYTO 9™ penetrates all
bacterial membranes and stains the cells green, while propidium iodide only penetrates cells
with damaged membranes. The combination of the two stains produces red fluorescing cells.
The procedure followed the method previously described [37]. The two BacLight stains,
SYTO 9 and propidium iodide, were dissolved in DMSO, mixed together (300 µL+300 µL),
and diluted 1:10 in a NaCl solution (0.085%), providing 6 ml of BacLight stock solution.
The stock solution was kept at −20°C and protected from light. When needed, a volume of
30 µl of BacLight was added to 1 ml of sample. Samples were incubated in the dark at room
temperature for 20 min. After incubation, the stained sample was filtered through a 0.2-µm
Nuclepore black polycarbonate filter. The filter was then placed on a slide between two
drops of low fluorescence immersion oil (Cargille type DF), mounted in BacLight mounting
oil as described in the manual provided by the manufacturer, and covered with a clear glass
cover slip. At Backman Research Institute (UIUC), a Zeiss Axiovert 100 inverted research-
grade microscope was configured to perform fluorescence microscopy. An AttoArc HBO
100W mercury lamp was used as the light source, and a 480-nm excitation filter was used.
Images were obtained using a 100× oil immersion lens, recorded through a Hammamatsu
CCD camera.

2.6 Atomic force microscopy
Bacteria were attached through electrostatic interactions (physical adsorption) to a wafer
slide that had been positively charged by adsorption of poly-L-lysine hydrobromide. For
coating of the slide surface with poly-L-lysine hydrobromide (Sigma-Aldrich P0879, mol.
wt 1,000–4,000), these procedures were followed [38]. The wafer was cleaned by sonication
for 30 min in 1 M HCl (= 86.2 ml in 1 liter), rinsed thoroughly with deionized water, dipped
in methanol, and rinsed again with deionized water to remove any debris and to uniformly
wet the surface of the slide. Each wafer slide was placed into into a clean 40 mL-beaker. The
slide was then incubated for 30–60 min in sufficient 0.01% (wt/vol) poly-L-lysine
hydrobromide solution in 0.085% NaCl saline to completely cover the surface of the wafer
slide. The slide was then washed thoroughly with 0.085% NaCl saline to remove any excess
poly-L-lysine, which appears to be very toxic to cells. Slides were then allowed to dry
completely while being covered so that nothing stuck to the slide. After air-drying, the slide
was rinsed with deionized water and dipped into the bacterial suspension in water. After 15
min, the bacteria-attached slide was rinsed with deionized water to remove loosely attached
bacteria and was then immediately transferred to the AFM for observation. The AFM
instruments used include both Multimode AFM of Digital Instruments/Veeco and MFP-3D
AFM of Asylum Research. An important application of the atomic force microscope is in
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quantitative force measurements, a prerequisite of which is accurate knowledge of the
cantilever spring constant. Calibration of the AFM cantilever was performed with the
thermal noise method in the software.

3. Results
3.1 Quantification of the bactericidal effect

The effect of the photocatalyst on the viability of E. coli strains was studied by the plating
assay. We have previously reported the bactericidal effect of PdO/TiON-glass fiber material
to a starting ~107 cfu/ml cell population [26]. In the present study it started at ca.109 cfu/ml
cell population. Figure 1 shows that PdO/TiON treatment resulted in E. coli AN387 survival
ratio of ~80% after 5-min treatment, and ~10% survival ratio upon 30 min irradiation. A
steep curve of disinfection was observed after the initial 30 min, with ca. 10−4 surviving at
1-h irradiation, and <10−8 survival ratio upon 90 min treatment which indicates a complete
killing. A similar killing trend was observed in Figure 1 for the disinfection of the E. coli
recA mutant strain AS224. The two killing curves are comparable.

3.2 Indication of Membrane Damage
As mentioned earlier, the LIVE/DEAD® BacLight™ kit can indicate the membrane damage
through the color of stained cells under fluorescence microscopy [37]. Fluorescent images of
E. coli cells prior to and after photocatalytic treatment are presented in Figures 2(a) and (b),
respectively. It can be seen that the control cells prior to treatment are all stained green by
the LIVE/DEAD® BacLight™ kit. These cells are viable, as shown by the plating assay.
Complete disinfection of the 109 cfu/ml cell population was normally achieved when
illumination time was >1 h. Such photocatalytically treated cells in the fluorescent image of
Figure 2(b) are all red. BacLight™ is composed of two stains, of which propidium iodide
only penetrates cells with damaged membranes, staining the cells red. The observation of
red cells indicates that their membranes were damaged during photocatalytic treatment.
When the duration of treatment was 30 min, 90% of the cells failed to form colonies.
Fluorescent images revealed a mixture of both red and green cells (Figure 2c). Thus after
30-min photocatalytic disinfection treatment, some cells retain intact membranes, while
others do not.

3.3 Observation of Membrane Damage
SEM and TEM are suitable tools for investigation of morphology and microstructure of
bacteria cells. Figure 3(a) shows a representative SEM image of E. coli cells before
photosterilization treatment. In this control sample, the surfaces of rodlike bacteria are
smooth and damage-free. It indicates that the cells were healthy before they were treated
with PdO/TiON photocatalyst. However, after complete disinfection of the bacteria cells
under visible-light illumination for 2 h in the presence of PdO/TiON photocatalyst, the
morphologies of cells showed drastic changes. First, flagella which were observed in
untreated cells were completely missing in Figures 3(b) and (c) of treated cells. Second, in
nearly every cell, the appearance of rumples and a high degree of disconfigurations were
observed. Images in Figures 3(b) and (c) show that many E. coli cells were missing parts of
the cell wall and the cell membrane or even material inside, so that deep ‘holes’ appeared.
These images obtained in two separate sets of experiments verified that photocatalysis
caused oxidative damages on bacteria. The formation of rumples/holes in E. coli was in
good agreement with some previous reports [35].

It is interesting to note that after treatment for 30 min (with ~90% cell population
“destroyed” as indicated by the viability assay), the cell morphology and its surface structure
changed little, as shown in Figure 3(d). Therefore, a mistaken conclusion of no cell wall or
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cell membrane damage is easily reached if the conclusion is solely based on this
morphological observation. More results will follow to show that at this disinfection stage,
when bacteria cells had just lost their viability, the exterior damage in morphology has
occurred; yet the damage was too subtle to be observed under SEM.

TEM images concurred with the previous SEM observation of membrane damage. Figure
4(a) is a representative TEM image of untreated E. coli cells that have a fluffy boundary.
The fluffy outer layer is considered to be the outer membrane of E. coli cell. It can be noted
that after photocatalytic disinfection, the outer membrane was completely decomposed. In
Figures 4(b)–(d) after treatment for 2 h, a noteworthy difference from the untreated sample
is that every treated cell has lost its outer membrane, i.e., the fluffy boundary. Some treated
cells show a clearly-cut edge, which indicates that the plasma membrane may have been
exposed after the outer membrane had decomposed. The other cells completely or partially
lost this edge, which is a severely damaged stage with plasma membrane also gone. An
extensively damaged ′ghost′ cell is apparent in the center of Figure 4(b). There remains no
more cell wall or cell membrane in this cell; instead, many dark granules appear. The
damage to the cell wall and the cell membrane observed in TEM are in good agreement with
the SEM results.

3.4 Observation of Interior Damage
TEM images also show remarkable interior damage of the cells after photocatalytic
disinfection. Normal E. coli cells exhibit a homogeneous microstructure in Figure 4(a). This
image shows that a healthy E. coli cell has a well-defined cell wall and a uniform interior
material distribution, which corresponds to an inner zone full of proteins and DNA
molecules [39–40]. In contrast, dark mass aggregates appeared in the 2-h well treated cells
in Figures 4(b) to (d). In some more severely compromised cells in Figures 4(c) and (d),
white center regions were observed.

TEM images of an intermediate killing stage, after treatment for 30 min, are shown as
Figures 5(a) to (c). Many cells still have a fluffy outer boundary, similar to that in control
cells. However, a remarkable material-light center tended to be formed in the E. coli cells. In
Figure 5(a) some substances are visible within the material-light region, in contrast to the
pure-white regions of Figures 4(c) and (d). These “struggling” substances were coiled or
twisted, like fingerprints. There were also some electron-dense granules/mass aggregates
near the cell wall and membrane boundaries. In Figure 5(c), an E. coli cell was more
severely damaged, as its outer membrane seemed to be decomposed (lacking the fluffy
edge) and its inner structure badly disturbed. A few individual cells appeared less damaged,
except for a few material-dense dark granules. It is reasonable that cells in the same batch
could be subject to different degrees of photocatalytic damage.

3.5 Probe of Membrane Damage
Atomic force microscopy has been used previously in cell-substrate interaction studies [38].
In the present report, AFM provides information not only on the morphology of cells but
also on the mechanical property of the cell surface, based on force measurements. A
conventional thermal noise method was adopted to calibrate the cantilever and yielded a
spring constant of the cantilever to be 34.5 N/m. Figure 6(a) is the AFM image of a healthy
E. coli cell. Figure 6(b) presents a well-treated E. coli cell which shows a severely disrupted
morphology. The force measurements were directed to each random site of interest, as
marked with numbers. One force curve is shown in Figure 7, and more force curves are
available in the Supplementary Data. The value of (surface) stiffness can be readily
calculated from the slope of each force curve. A comparison of the values in Figure 8 shows
a clear pattern: the surface of the healthy bacterium is ‘harder,’ with each stiffness value
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higher than that of the damaged bacterium. Although the methodology is quantitative, a
qualitative interpretation may be more reasonable. The general tendency clearly shows that
the surface layer on the well-treated cell is mechanically softer than the untreated cell. The
softness may be related with the loss of outer membrane as observed in SEM and TEM
images, as well as related with damage to the peptidoglycan and other cellular components.

4. Discussion
4.1 The antimicrobial effect

Throughout the above results, there is no doubt on the bactericidal effect of PdO/TiON upon
visible-light excitation. E. coli is Gram-negative bacilli responsible for many urinary tract
infections. Other infectious diseases caused by E. coli include wound infections, neonatal
meningitis, inflammation of abdominal wall, bacteremia and pneumonia [1]. The anti-
bacterial results suggest the potential use of PdO/TiON for reducing the risk of infections.
Furthermore, PdO/TiON photocatalyst has shown antimicrobial effect on virus [29], other
Gram-negative bacteria strains of Pseudomonas aeruginosa [5 26], Gram-positive strains
Staphylococcus aureus [26], and the Bacillus subtilis spores [27].

Traditional TiO2 material is effective only upon UV-irradiation at intensities that would
induce severe damage to human cells. A modified metal-ion and non-metal co-doped TiO2
photocatalyst such as this PdO/TiON not only responds to visible-light illumination but also
acts at rather fast rates, which makes it a better candidate than pure TiO2 to be considered in
implanted biomaterials. Within recent years different groups have tried to find some ways of
using TiO2 photocatalysis in the bio-implant field. Shiraishi et al. [8] reported the viability
of Staphylococcus aureus strains against two different TiO2 coated materials under UV
irradiation. Cheng et al. developed some carbon-containing TiO2 nanoparticles for
bactericidal effect on several select bacteria strains under visible-light illumination [41]. The
study conducted by Cushnie et al. [42] showed the influence of different variables on the
TiO2 antimicrobial properties using some bacteria of clinical interest. Although the
biocompatibility of most of these anti-infective materials needs to be clarified, these
pioneering works gave insight on future clinical studies for PdO/TiON-based antimicrobial
materials to be used in fighting infection.

4.2 Mechanisms underlying the antimicrobial effect
In TEM, the appearance of apparently clear, white-color areas may result from several
possible events. One could interpret the white areas to be aggregated DNA molecules [40].
It is fair to conjecture that the gross morphology of the DNA may have changed, meaning
that its higher-order organization may have been disrupted upon the impact of
photocatalysis, such as reported elsewhere [32 40]. Another interpretation of the
phenomenon is the leaking of interior components after rupture of the cell membrane [39].
Yet another explanation might be the decomposition of interior components upon oxidation
by reactive oxygen species. Although evidence should be sought to provide a solid answer,
the first interpretation is more likely to be the case than the others. As reported elsewhere
[28 43], the reactive oxygen species generated in the present experimental set-up are mainly
hydroxyl radicals. They are known to be too reactive to diffuse the long distance through the
compromised cell wall/cell membrane so that they might reach the cell center. Furthermore,
if leaking or decomposition of the interior components occurs, it is more likely to start with
the border areas near the cell membrane, not the center. The areas surrounding the cell
membrane shall suffer the most severe consequences, not the center.

In the literature, membrane damage and DNA damage are presented as the two major
theories of the mechanism of photocatalytic killing of bacteria. The images-based results
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above did not distinguish which damage occurs first to cause the disinfection of E. coli. It
was reported previously that E. coli cells filament as a consequence of the SOS response to
DNA damage [44]. The SOS response is a post-replication DNA repair system that allows
DNA replication to bypass lesions or errors in the DNA. The SOS uses the RecA protein.
The RecA protein, stimulated by single-stranded DNA, is involved in the inactivation of the
LexA repressor thereby inducing the response. Cells will form long filaments when they are
stressed to the point of death through DNA damage/cell division defects, while their
metabolism still functions. The common disinfectants of UV irradiation and hydrogen
peroxide result in filamentation of certain bacteria, including E. coli [44–45]. In the present
visible-light-activated photocatalytic treatment, E. coli cells did not exhibit the phenomenon
of filamentation. In experiments for a ~80% survival ratio of the 109 cfu/ml cell population
after 5-min treatment, not a single cell was observed to form long filament after 8-h post-
treatment incubation in LB (composition see Table 1) nutrient media (Supplementary Data).
The results indicate that at the death point of E. coli cells, they have already lost their normal
metabolism activity (which could be due to membrane damage).

Although recA mutants are hypersensitive to all known types of DNA damage, they were
not unusually sensitive to visible-light-induced photocatalysis. Data in Figure 1 indicate that
the disinfection behaviors of AN387 and AS224 are similar. This result clearly shows that
DNA damage is not the initial mechanism of killing during PdO/TiON photocatalytic
treatment. If DNA damage were the first-step cause of disinfection, a steep rapid killing-
curve for the recA mutant AS224 is expected [44]. On the other hand, Figure 1 indicates the
dose-response kinetics. On the semilog plot the killing curve has an obvious shoulder. A
shoulder is typically observed when multiple damage events are necessary to kill a cell, such
as when a membrane has to be destroyed. In contrast, DNA damage usually leads to killing
without much of a shoulder [44].

It has long been a difficult task to specify the sequence of membrane damage and interior
alteration in former studies on the bactericidal reactions of TiO2. That is, the two events
seem to occur close together in time, making it hard to know which event may cause death.
Our presented results suggest that the delicate cell membrane is subject to oxidative damage
first by the very reactive hydroxyl radicals. The initial membrane damage is so subtle that it
is not detectable in SEM and TEM until the damage advances to a greater level. But as soon
as the cell’s first line of defense (which is the cell wall and membrane) is broken, some
interior substances (including the sensitive DNA molecules) were damaged almost
immediately, and readily observable in TEM. And later both TEM and SEM clearly detect
the damages. In the microbiology field, the work of Yatvin et al. [46] shows that the
physical state of the membrane during irradiation of the cell strongly influences survival.
Disruption of membrane integrity can irreversibly de-energize cells and release essential
metabolites.

5. Conclusions
The mechanisms by which the visible-light-induced photocatalytic activity of PdO/TiON
nanoparticulate-embedded fiber kills bacteria are suggested to be initial oxidative lesions to
the cell wall and the cell membrane, followed by damage to the interior DNA molecules,
eventually causing severe morphological and structural injuries to the cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix
More AFM force-displacement curves and microscopic E. coli images are available as
Supplementary Data. Some figures in this article have parts that are difficult to interpret in
black and white. The full color images can be found in the on-line version, at doi:
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Figure 1.
The killing curves of normal E. coli strain AN 387 (red circles) and the recA mutant AS 224
(black squares) on PdO/TiON under visible light irradiation. (Note: the lines merely guide
the eyes.)
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Figure 2.
E. coli viability as detected by SYTO 9™ and propidium (a) untreated, green cells are
viable; (b) after photocatalytic treatment for 2-h; (c) after photocatalytic treatment for 30
min.
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Figure 3.
SEM images of E. coli cells (a) untreated; (b) and (c) after photocatalytic inactivation
treatment for 2-h; and, (d) after photocatalytic inactivation treatment for 30 min.
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Figure 4.
TEM images of E. coli (a) untreated; (b), (c), and (d) after photocatalytic inactivation
treatment for 2-h.
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Figure 5.
TEM images of E. coli cells after photocatalytic inactivation treatment for 30 min.
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Figure 6.
AFM images of E. coli cells (a) untreated; and, (b) after photocatalytic treatment. (Note:
marked sites for force probing.)
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Figure 7.
Representative load-displacement curve obtained from AFM nanoindentation and force
measurement on Site 3 as marked in Figure 6(b).
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Figure 8.
Comparison of stiffness values obtained for the healthy cell in Figure 6(a) and the damaged
cell in Figure 6(b).
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Table 1

Media Composition (per liter)

Liquid LB medium (pH=7.0) 10 g bactotryptone + 5 g yeast extract +10 g NaCl

Medium for plating Liquid medium + additional 15 g bactoagar

Top agar Liquid medium + additional 8 g bactoagar
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