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ABSTRACT 
In order to support the previous evidence of photocatalytic oxidation (PCO) effectively 
mineralizing airborne microorganisms, scanning electron microscopy (SEM) techniques were 
implemented to visualize stages of cellular destruction.  SEM was used to observe three 
different microorganisms exposed to various durations of PCO.  Purified microorganism 
suspensions were applied to photocatalyst coated aluminum disks, exposed to UV-A or stored 
in the dark, then processed by traditional fixation methods.  The extent and characteristics of 
mineralization varied between organisms.   Serratia marcescens showed the most significant 
changes in cell morphology by 11.75 hours and more than 99 percent destruction by 36 hours.  
Purified Bacillus subtilis and Aspergillus niger spores began showing changes by 11.75 hours 
and by 36 hours there were significant reductions in spores detected with nearly all the 
remaining spores showing some morphological changes.  This visual evidence of 
microorganism mineralization supports using PCO in applications where a self-cleaning air 
purification system is needed. 
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INTRODUCTION 
Titanium dioxide based PCO in water and air has been widely studied.  In air, PCO involves 
the action of low energy UV light on a catalyst in the presence of water vapor to generate 
hydroxyl radicals and superoxide ions that quickly oxidize volatile organic compounds 
(VOC), organic particulate, and microorganism adsorbed on the catalytic surface.  Since 
initial work using PCO to disinfect and decontaminate air (Goswami, Trivedi, Block, 1997; 
Goswami, Hingorani, Greist, et al., 1999),  multiple designs have been tested to effectively 
stabilize the catalyst while simultaneously filtering and destroying various organic species in 
air.  Bioaerosols are a significant indoor air quality (IAQ) problem.  The knowledge base and 
understanding of how PCO kills and mineralizes microorganism is growing.  PCO attacks the 
cell membrane, wall or outer surface eventually compromising the cell or phage then allowing 
interior genetic and cellular components to be oxidized (Maness, Smolinski, Blake, et al., 
1999; Huang, Maness, Blake, et al., 2000).  As the cell mass is exposed to PCO, carbon 
dioxide (CO2) and water vapor are the principal products formed.  Monitoring CO2 production 
and the carbon mass balance are effectively being used to monitor the PCO efficiency 
(Hingorani, Greist, Goswami, 2000). Electron microscopy has been used successfully to 
visualize aspects of the bactericidal mechanism (Saito, Iwase, Horie, et al., 1992; Kakita, 
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Obuchi, Nakano, et al., 2000) and capture pictures on the surface where PCO is taking place 
(Jacoby, Maness, Wolfrum, et al., 1998).  Using three different microorganisms, this paper 
centers on collecting images that show various stages of cellular destruction possibly 
depicting the previously proposed killing mechanisms and supporting PCO applications 
where a self-cleaning air purification system is needed. 
 
METHODS 
Microorganism Preparation 
Aspergillus niger spores were harvested from Potato Dextrose agar plates incubated at 30ºC 
until a solid black spore lawn formed using water with 0.01% AOT (a wetting agent) by 
gently rubbing surface with a glass bar.  The spore suspension was filtered through sterile 25 
µm filter paper to remove agar and hyphae.  Bacillus subtilis spores were collected from 
inoculated sporulation media incubated for 96 hours at 30°C (Maus, Goppelsröder, Umhauer, 
2001).  In order to obtain a purified spore suspension, the culture was pasteurized at 80ºC for 
30 minutes then centrifuged and washed with sterile deionized water.  The Schaeffer-Fulton 
endospore stain was used to confirm >95% spore concentration.  Serratia marcescens cultures 
were grown in Trypticase Soy Broth at 30°C for 24 hours then centrifuged and washed with 
autoclaved purified distilled waster.  Microorganism concentrations were estimated using a 
spectrophotometer and confirmed with serial dilutions plated on the respective agar plate and 
incubated at 30°C. 
 
Foil Sample Preparation 
Aluminum foil samples 1.21 cm2 coated with UAT20 (TiO2-based photocatalyst) were 
marked on one side.  The foil samples were attached to 50 x 24 mm glass cover slips.  Each 
sample was inoculated with 10 µl spore or bacterial suspension with an adjusted concentration 
to give approximately 1.0 x 106 colony forming units per foil sample.  Sample inoculation was 
staggered to coordinate UV-A exposure endpoints so that all sample exposures ended 
simultaneously. 
 
UV-A Exposure 
Half the samples were exposed to 0.475 mW/cm2 UV-A while the other half were stored in 
sterile petri dishes sealed with paraffin and protected from light after an initial 10 minute 
drying time.  Light intensity was measured using a wideband UV-A sensor measuring 
between 320 and 390nm. After UV-A exposure, the exposed samples were placed in sterile 
petri dishes and processed for electron microscopy. 
 
Electron Microscopy 
Serratia marcescens, Bacillus subtilis and Aspergillus niger were processed by traditional 
fixation methods after UV-A exposure or storage in the dark. The samples were fixed in 2% 
glutaraldehyde in Sorensen phosphate buffer solution (PBS) pH 7.2 followed by buffer 
washes and post-fixed with 1% buffered osmium tetroxide, dehydrated in a graded ethanol 
series and critical point dried. Samples were sputter coated with gold-palladium and examined 
using a Hitachi S-4000 scanning electron microscope. 
 
RESULTS 
The Serratia marcescens in Figures 1-5 show the progression from initial samples to 
significantly mineralized cells.  Figures 1, 2, and 4 show well formed cells that were probably 
still viable.  Figure 3 shows an irregular cell with catalyst that has a brighter white property.  
With longer UV-A exposure, areas where catalyst whitening has occurred are smaller and 
more difficult to detect. 
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Figure 4.  S. marcescens stored in the dark 
for 36 hours 

Figure 5.  S. marcescens exposed to PCO 
for 36 hours 

Figure 1.  S. marcescens without storage or 
PCO exposure 

Figure 3.  S. marcescens exposed to PCO 
for 11.75 hours 

Figure 2.  S. marcescens stored in the dark 
for 11.75 hours 

 
Figures 6-10 show the progression from initial Bacillus subtilis spore samples to samples that 
show significant cellular mineralization.  Figures 6, 7, and 9 show how there is little variation 
in spore morphology even with 36 hours storage in the dark.  Many spores showed a decrease 
in length and diameter (Figure 8).  Figure 10 shows how PCO has significantly altered one 
cell and almost completely mineralized another. 
 
The Aspergillus niger spore pictures in Figures 11-15 also show the progression from fully 
intact spores, to spores that show significant physical changes from PCO.   The Aspergillus 
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Figure 9.  B. subtilis spores stored in the 
dark for 36 hours 

Figure 8.  B. subtilis spores exposed to PCO 
for 11.75 hours 

Figure 7.  B. subtilis spores stored in the 
dark for 11.75 hours 

Figure 6.  B. subtilis spores without storage 
or PCO exposure 

Figure 10.  B. subtilis spores exposed to 
PCO for 36 hours 

niger spores in Figure 11, 12, and 14 have several surface patterns, but all spores appear intact 
and complete.  Figure 13 shows catalyst coating what was probably four spores with some 
color change in the catalyst’s appearance.  Figure 15 shows two spores with holes and cavities 
in their exterior surface. 
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Figure 14.  A. niger spores stored in the dark 
for 36 hours 

Figure 13.  A. niger spores exposed to PCO 
for 11.75 hours 

Figure 12.  A. niger spores stored in the dark 
for 11.75 hours 

Figure 11.  A. niger spores without storage 
or PCO exposure 

Figure 15.  A. niger spores exposed to PCO 
for 36 hours 

DISCUSSION 
These SEM images do not represent the true color of the catalyst, however, the catalyst 
whitening found on samples prior to complete mineralization indicates a change has taken 
place.  This whitening is apparent in intermediate samples (Figures 3, 5, 13, 10), but is not 
detected in longer exposure times.  This is likely from cellular material adsorbed onto the 
catalyst and may be an indication of incomplete mineralization.  The initial formations are 
usually the approximate size and shape of the respective microorganism being mineralized.  
Additional samples were prepared and exposed to UV-A for up to 90 hours.  These longer 
exposure samples rarely had any visible organisms or irregularities in catalytic surface. 
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We anticipated Serratia marcescens would be the most susceptible to PCO followed by the 
Bacillus subtilis and then the Aspergillus niger spores. Considerably more time was needed to 
find Serratia marcescens cells or cellular remnants on UV-A exposed samples than was 
required to find spores on their respective UV-A exposed samples.  Bacillus spores are 
designed to survive desiccation and harsh environments for extended time periods.  The 
spores shown in Figures 8 and 9 show a reduction in length and diameter possibly associated 
with desiccation or initial evidence that the spore coats have been compromised.  Figure 15 
shows the holes and cavities that would allow the internal components to be released and 
exposed to PCO.  As the spores are exposed to PCO and the hydrophobic exterior is 
mineralized, a more hydrophilic interior is revealed allowing the catalyst to more closely 
interact with the remaining unmineralized portion (Figure 13). 
 
CONCLUSION AND IMPLICATIONS 
This research provides additional evidence for bioaerosol mineralization on a PCO surface in 
the air.  Additional work needs to look at the microenvironments on the catalyst surface as the 
cellular components are being mineralized.  This will enhance our understanding of the 
changes occurring while the microorganisms change from completely viable, to partially 
mineralized, to completely oxidized to CO2 and water vapor.   
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