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Aluminum plasmonic nanoshielding 
in ultraviolet inactivation of 
bacteria
Jeremy N. Kunz1,2, Dmitri V. Voronine1,2, Weigang Lu1, Zachary Liege1,2, Ho Wai Howard Lee1,2, 
Zhenrong Zhang1 & Marlan O. Scully1,2

Ultraviolet (UV) irradiation is an effective bacterial inactivation technique with broad applications in 
environmental disinfection. However, biomedical applications are limited due to the low selectivity, 
undesired inactivation of beneficial bacteria and damage of healthy tissue. New approaches are needed 
for the protection of biological cells from UV radiation for the development of controlled treatment 
and improved biosensors. Aluminum plasmonics offers attractive opportunities for the control of 
light-matter interactions in the UV range, which have not yet been explored in microbiology. Here, we 
investigate the effects of aluminum nanoparticles (Al NPs) prepared by sonication of aluminum foil 
on the UVC inactivation of E. coli bacteria and demonstrate a new radiation protection mechanism via 
plasmonic nanoshielding. We observe direct interaction of the bacterial cells with Al NPs and elucidate 
the nanoshielding mechanism via UV plasmonic resonance and nanotailing effects. Concentration and 
wavelength dependence studies reveal the role and range of control parameters for regulating the 
radiation dosage to achieve effective UVC protection. Our results provide a step towards developing 
improved radiation-based bacterial treatments.

Bacterial inactivation has recently received much attention due to the rising concern of antibiotic resistance1. 
Many alternative bacterial inactivation techniques have been developed, including the promising light-induced 
photo-inactivation methods such as photodynamic2–6 and photothermal7–11 treatments. The former relies on the 
interaction of light at frequencies typically in the visible and near-infrared range with photosensitizers which 
produce reactive species. The latter is based on the local heat generated using visible or near-infrared light inter-
acting with plasmonic nanostructures made of Ag, Au and other metals. The advantages of these techniques are 
high efficiencies, robustness to bacterial resistance, and localized treatments. However, the disadvantages are the 
limited selectivity and intrinsic toxicity of the metal nanoparticles to beneficial bacteria and healthy tissue12, 13. 
This requires developing complex photosensitizer delivery and nanoparticle functionalization methods.

Ultraviolet (UV) radiation has also been used for bacterial inactivation finding many applications such as the 
treatment of corneal14 and wound infections15, 16, medical device17, water18, 19 and air20–22 disinfection, and many 
others. UV radiation inactivates bacteria by damaging biomolecules such as DNA and proteins22–26. However, it 
does not discriminate between beneficial and pathogenic bacteria or healthy tissues. In order to develop selective 
bacterial UV disinfection treatments, it is necessary to improve UV protection techniques which could be used 
to counteract the UV inactivation for selected targets. Different mechanisms are responsible for the radiation 
damage in the three different spectral ranges: UVA (320–400 nm), UVB (290–320 nm), and UVC (100–290 nm). 
The UVC range was found to be the most efficient for the bacterial inactivation24, 26. Ag and metal oxide (e.g. 
ZnO, TiO2) nanoparticles were previously used in sunscreens for the protection against UVA and UVB radia-
tion27–29. The nanoparticles are more efficient UV protective agents than molecules due to their UV absorption 
and scattering properties as opposed to the mere molecular absorption. However, there is still a lack of studies on 
the efficiency of nanoparticle-based bacterial protection techniques against UVC. For example, there has been 
evidence for self-production of the UVC “sunscreen” based on Fe(III) compounds by some bacteria30. Also, the 
microparticle-based UVC protection of bacteria in wastewater was investigated17, 32. In the former case, only a 
few types of bacteria have the ability to synthesize Fe-based compounds. In the latter case, the disadvantages of 
the large size (>20 μm in ref. 32 and >60 μm in ref. 31) microparticles and low protection efficiency (<1%) limit 
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the practical applications. To overcome these disadvantages it is important to reduce the size of the UV shielding 
particles and to improve their protection efficiency. Aluminum plasmonics provides attractive opportunities for 
the control of light-matter interactions in the UVC range.

Plasmon-enhanced light-matter interactions have been intensively investigated using traditional coinage 
metals such as Ag and Au whose plasmonic resonances are in the visible spectral range. Al is an alternative, 
inexpensive plasmonic material with broad tunability from near-infrared to the deep UV33, 34. Therefore, Al nano-
structures may be used to extend plasmonic applications to biological systems with electronic UV resonances. 
This leads to interesting applications such as UV surface-enhanced fluorescence35–38 and Raman39, 40 bio-sensing 
and bio-imaging, plasmon enhanced light harvesting41, 42 and strong quantum plasmonics effects43. However, 
antimicrobial applications of the aluminum plasmonics have not yet been explored.

Here we investigate the effects of aluminum nanoparticles (Al NPs) on the UV inactivation of Escherichia coli 
(E. coli) K12 bacteria and demonstrate a new UV protection mechanism via plasmonic nanoshielding. Figure 1 
schematically depicts two different cases: (i) E. coli exposed to UV radiation without Al NPs (Fig. 1a and b), and 
(ii) E. coli exposed to UV radiation with Al NPs present in the solution (Fig. 1c and d). In the case (ii) the direct 
contact between E. coli and Al NPs is possible, and UV shielding via absorption and scattering of UV radiation 
may apply to both freely-suspended and nanoparticle-associated bacteria. Our results show that UV nanoshield-
ing has no effect on the freely-suspended bacteria and is primarily achieved due to the direct interaction between 
E. coli and Al NPs.

Materials and Methods
E. coli K12 bacteria was obtained in slant tubes from Carolina Biological. E. coli was removed from the slant tubes 
using a sterile inoculation loop and placed in a 10 ml Lysogeny broth (LB). The broth was then placed in an incu-
bating shaker (Fisher Scientific) at 37 °C and 180 rpm for 24 hours to obtain a final concentration of ~1.5 × 109 
colony forming units (CFU) per ml. The liquid broth culture was stored at 4 °C until use.

To fabricate the Al NPs, 0.16 g of Al foil (Reynolds Wrap®) was cut into 2 mm × 2 mm pieces and put into 
100 ml ethylene glycol. The mixture was put into Branson 2510 ultrasonic cleaner (Branson Ultrasonics Danbury, 
CT, USA) for ultrasonic milling. During the sonication, it was observed that Al foil gradually fragmented to 
smaller pieces and the color of the mixture solution slowly changed from a colorless to grayish black. After 
20 hours of sonication the mixture was left for an hour to settle. The upper layer from this solution was centri-
fuged at 2000 rpm (Beckman Coulter Optima XPN 1000) for 10 minutes to remove large particles. Al NPs of 
different sizes were separated at 8000, 12000, 20000 and 25000 rpm for 20 min, respectively. Scanning electron 
microscopy (SEM) was used to determine the average size of these Al particles to be >2 μm, ~2 μm, 1–2 μm, and 
<1 μm, respectively. Figure 2 shows SEM images of the Al particles precipitated from the first three solutions 

Figure 1. Shielding of E. coli bacteria from UV radiation using plasmonic aluminum nanoparticles (Al 
NPs). Schematic of the UV radiation effects on E. coli without (a,b) and with (c,d) Al NPs. After exposure to 
UV radiation, the unprotected bacteria are inactivated (b) but the protected bacteria are unharmed (d). The 
nanoshielding is achieved via absorption and scattering of UV radiation by the plasmonic Al NPs interacting 
with the bacterial cells.
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which all have large microparticles with the sizes of more than 1 μm. The effects of such micrometer size particles 
on the UV inactivation of bacteria were previously extensively studied and UV shielding was observed31, 32. Here 
we investigated the properties of the nanometer size Al NPs with the different UV shielding mechanism due to 
their aluminum plasmonics rather than the large size effect. Therefore, we discarded the first three solutions and 
used the solution obtained at 25000 rpm which mostly contained small nanometer sized Al NPs shown in Fig. 3a.

Al NPs were washed four times before adding to the E. coli solution by centrifugation in deionized water 
at 3700 rpm for 5 min. The fifth and final washing was similarly performed in deionized water at 3700 rpm for 
10 min. Supernatant was drained and Al NPs were stored at room temperature in deionized water before the 
addition to the E. coli solution. The sonication resulted in the suspension of disk-like Al NPs with ~200–1000 nm 
diameter and ~50–200 nm thickness (Fig. 3a and b).

The sample solution was prepared by combining 25% by volume E. coli liquid culture (1.5 × 109 CFU/ml) in 
LB broth with 25% Al NP solution (18.8 mg/ml); the remaining 50% of the solution was deionized water. 5 µl of 
the total sample solution was placed on nutrient agar in a petri dish and circularly spread to a diameter of approx-
imately 1.5 cm using a sterilized spatula. The sample was then placed in the beam path of a Xenon lamp (Spectral 
Products, ASB-XE-175) using a monochromator (Spectral Products, CM110) to select the desired UV spectral 

Figure 2. Scanning electron microscopy (SEM) images of the aluminum particles with different sizes. SEM 
images of the precipitated Al particles separated at 8000 rpm (a), 12000 rpm (b), and 20000 rpm (c). Large Al 
microparticles are present in all three cases but the number of large particles is reduced with the increased rpm. 
The scale bar is 2 μm.
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range. Illumination was performed for 5, 10, 20, and 30 minutes resulting in the UV doses of 9, 18, 36 and 54 mJ/
cm2, respectively. The samples were then incubated at 37 °C for 24 hours. Each set of measurements was repeated 
six to eight times with qualitatively similar results.

For the SEM measurements, the E. coli bacterial cells (with and without nanoparticles) were fixed with 2.5% 
glutaraldehyde in 0.06 M phosphate buffer (pH 7.2) for 90 minutes at room temperature and then washed 4 times 
10 minutes each in the buffer solution. The samples were then dehydrated using a graded series of ethanol for 
2 times 10 minutes at each step (50%, 70%, 90%, and 100%). After critical point drying (EM CPD300, Leica 
Microsystems, Wetzlar, Germany) the samples were mounted on stubs and sputter coated (EM ACE 600, Leica 
Microsystems) with approximately 15 nm of carbon. SEM measurements were performed in a Versa 3D scanning 
electron microscope (FEI, Hillsboro, OR, USA). Energy-dispersive X-ray spectroscopy (EDS) was performed 
with an Octane Pro Silicon Drift Detector (EDAX, Mahawah, NJ, USA).

Results
SEM images show Al NPs (Fig. 3a) and E. coli shielded by Al NPs (Fig. 4a). Most of the Al NP disks in Fig. 3a 
appear standing up and several disks lying flat, which clearly shows that the shapes of the Al NPs are flat irregular 
disks. The diameters of the Al NPs are ~200–1000 nm and the thicknesses are ~50–200 nm. After mixing Al NPs 
with E. coli, their aggregates are formed (Fig. 4a). Energy-dispersive spectroscopy (EDS) analysis was performed 
to confirm the elemental composition of the Al NPs attached to the bacteria. Figure 4b shows the presence of the 
Al and O elements in the nanoparticle-bacteria aggregate (corresponding to the red dashed square in Fig. 4a) and 
their absence in the substrate (corresponding to the blue dashed square in Fig. 4a). This confirms the presence of 
Al2O3 on the surface of Al NPs under ambient conditions. The oxidation state of the Al NPs corresponds to the 
core-shell metal/oxide NPs which was confirmed using EDS. This is consistent with the reported results on Al 
nanoparticles34, 44, 45.

Figure 3b shows extinction spectra of the Al NPs in ethylene glycol (blue squares) and after washing in water 
(red circles). The spectra in ethylene glycol reveal strong and sharp plasmonic resonances in the range between 
200 and 250 nm and a weak shoulder around 260 nm. The spectra in water were obtained by washing the Al 
NPs which were prepared in ethylene glycol and show a stronger peak at ~260 nm and a broad red-shifted band 
extending into the visible range. This spectral behavior may be attributed to the partial aggregation of small Al 
NPs which have a stronger UV resonance around at shorter wavelengths35, 36. The stronger resonances at 260 nm 

Figure 3. Characterization of aluminum nanoparticles (Al NPs). (a) Scanning electron microscope (SEM) 
image of the disk-like Al NPs. The scale bar is 500 nm. (b) Extinction spectra of Al NPs in ethylene glycol (blue 
squares) and after washing in water (red circles).
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and at longer wavelengths are suitable for the excitation wavelengths of 254 and 280 nm used for the UV inacti-
vation as described below.

The UV nanoshielding effect is demonstrated in the bacterial viability measurements shown in Fig. 5. 
Figure 5b shows a simplified setup for the nanoshielding experiments which consists of a UV lamp and a mon-
ochromator for wavelength selection. The focused UV radiation is directed onto the E. coli sample with or with-
out Al NPs placed on the surface of nutrient agar in a Petri dish. The radiation dosage was varied by changing 
the illumination time. After irradiation the samples were incubated for 24 hours and the resulting bacterial 
colony-forming units (CFUs) were counted. Figure 5a shows data from a single Petri dish with two separate 
irradiated sample areas highlighted by red circles. No significant E. coli colony formation after the 54 mJ/cm2 UV 
radiation dose without Al NPs was observed. However, with the addition of Al NPs, a fraction of E. coli bacteria 
were still able to thrive and form colonies after incubation. The UV dose-response dependence for the inacti-
vation of E. coli with and without Al NPs is shown in Fig. 5c. The E. coli survival ratio N/N0 was determined by 
direct counting of the CFUs in the Petri dishes and by using grey value image analysis for the UV doses higher 
and lower than 10 mJ/cm2, respectively.

We also performed control measurements under identical conditions with the same concentration of Al NPs 
placed on a quartz slide separating Al NPs and E. coli and exposed to UV radiation (not shown). Nearly all E. coli 
were inactivated after the 54 mJ/cm2 UV irradiation regardless of the presence of Al NPs similar to the results 
without NPs shown in Fig. 5. These control results, in conjunction with the results showing that Al NPs preserved 
E. coli CFUs in contact with nanoparticles, imply that the shielding effect is due to the direct interaction of E. coli 
with Al NPs.

The concentration dependence of the Al NPs and E. coli is shown in Fig. 6a and b, respectively. Figure 6a shows 
the dependence of the E. coli survival ratio log(N/N0) on the concentration of E. coli with 25% Al NPs in water 
without (black squares) and with 54 mJ/cm2 dose (red circles) UV radiation at 254 nm. As the Al NP concentra-
tion is increased, the shielding efficiency of E. coli bacteria from the damaging UV radiation increased (i.e. more 
CFUs were conserved, see Fig. 6a). The addition of increasing concentrations of Al NPs without exposure to UV 

Figure 4. Characterization of E. coli bacteria shielded by aluminum nanoparticles (Al NPs). (a) SEM image of 
the E. coli bacterial cells shielded by Al NPs. The scale bar is 2 μm. (b) EDS spectra show elemental compositions 
of the areas on the Al NPs (red) and on the substrate (blue) corresponding to the highlighted dashed red and 
blue areas in (a), respectively, confirming the physical “shielding” of E. coli by Al NPs.
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radiation showed no significant change in the number of viable CFUs; therefore, Al NPs themselves do not have 
any toxic effects on the E. coli. The maximum protection efficiency was achieved at 50% and higher concentration 
of Al NPs. Figure 6b shows a similar increase of the survival ratio for the increased E. coli concentration above 
50%. This indicates that a larger number of CFUs are shielded due to the increased probability of the direct inter-
action with the Al NPs.

Figure 5. Nanoshielding effects in UV inactivation of E. coli bacteria. (a) Photographic images showing the 
culture growth of E. coli bacteria after exposure to 0, 9, 18, 36 and 54 mJ/cm2 dose of UV radiation at 254 nm 
with and without Al NPs. (b) Schematic of the experimental setup. (c) UV dose dependence of E. coli survival 
ratio (log(N/N0)) with and without Al NPs, where N0 and N are the numbers of the viable bacterial colony-
forming units (CFUs) before and after the irradiation, respectively.

Figure 6. Concentration and wavelength dependence of the aluminum nanoshielding effects in bacterial 
inactivation. Concentration dependence of the E. coli survival ratio (log (N/N0)) with varying concentration 
of Al NPs with 25% E. coli (a) and with varying concentration of E. coli with 25% Al NPs (b) at 254 nm UV 
irradiation. Wavelength dependence of the E. coli survival ratio without (c) and with 25% (d) Al NPs at 25% E. 
coli concentration. Dashed and dash-dotted lines are trend lines for the measurements performed at 254 nm and 
300 nm irradiation, respectively, for the doses >10 mJ/cm2.
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The wavelength dependence of the Al NP effects on the UV irradiation of E. coli is shown in Fig. 6c and d. 
The survival ratios log(N/N0) for the UVC irradiation at 254 nm (black squares) and 280 nm (green diamonds), 
UVB irradiation at 300 nm (red circles), and UVA irradiation at 350 nm (blue triangles) are shown for different 
dosages without (Fig. 6c) and with (Fig. 6d) Al NPs. Figure 5c shows that without Al NPs both the 254 nm and 
280 nm radiation was able to inactivate E. coli. In comparison, irradiation at 300 nm and 350 nm under identical 
conditions did not have any significant effects for the doses <80 mJ/cm2. When 25% of Al NPs were used, the 
inactivation of E. coli was suppressed at all wavelengths (Fig. 6d). The dashed and dash-dotted trend lines in 
Fig. 6c and d indicate the dependence of the survival ratios on the radiation dosage in the range above 10 mJ/cm2. 
The flat trend line in Fig. 6d for the case with the Al NPs shows a nanotailing effect of a weak dose dependence 
due to the effective shielding of the UV radiation by the Al NPs. This effect is absent in the case of the unprotected 
E. coli without Al NPs (Fig. 6c).

Discussion
Size and shape of Au and Ag NPs plays an important role in the efficiency of the bacterial inactivation due to the 
tunability of their plasmonic resonances in the visible and NIR ranges8–10. These nanoparticles may form aggre-
gates with varying photo-activities due to their different light scattering properties46. Similar effects are expected 
for the Al NPs whose plasmon resonances are tunable in a broad range from NIR to the deep UV. Plasmonic Al 
NPs may show photothermal bactericidal activities similar to those of Ag and Au NPs. However, the photother-
mal inactivation efficiency of the Al NPs is expected to be lower due to their smaller quality factors. Therefore, UV 
photothermal inactivation and UV protection are two competing effects in plasmonic Al NPs. Our results show 
the overall increased UV protection of E. coli by the Al NPs. The possibility of UV protection is a step towards 
developing new approaches for the controlled bacterial inactivation.

Our results show that Al NPs interact with E. coli to form aggregates that shield the bacteria from the harmful 
UV radiation. Because E. coli bacterial cells have a negative surface charge on the outer membrane47, 48, they can 
electrostatically attach to metallic nanoparticles. Since the Al NPs are efficient light absorbers and scatterers in 
the UV range (Fig. 3b)33, 34, they operate as nanoscale mirrors and attenuators, shielding the attached bacteria 
from the damaging UV radiation (Figs 1 and 5). We observed UVC shielding capabilities of Al NPs smaller than 
2 µm in size (Fig. 3a); whereas, other reports of UVC shielding using non-plasmonic materials were on the order 
of 20 µm and larger31, 32. The enhanced shielding efficiency may be due to the UV plasmonic resonances with 
enhanced extinction cross sections. In the future, the light scattering properties and UV shielding efficiencies of 
the Al NPs may be enhanced by the nanoparticle shape and by the thickness of the thin Al2O3 layer34, 49 which is 
ubiquitously present in the aluminum foil under ambient conditions.

Bacterial cell survival behavior under exposure to radiation can be described using the multi-target or 
linear-quadratic models of the dose-response curves50. Both of these models exhibit a first, shoulder region, char-
acterized by an initially gentle slope for low UV dosage, followed by a second region of steeper decent for higher 
UV dosage. Our data show similar trends which are modified by the addition of the Al NPs to the E. coli solution 
substantially reducing the slope of the second region (Fig. 6c and d). This is known as “tailing” and has been used 
as an indicator of the protection of the bacterial cells from the UV radiation by association with micrometer size 
particles31, 51. Fractionation of the total dose could possibly provide a further reduction of the slope and more effi-
cient tailing. Here we achieve effective nanotailing behavior using submicrometer size particles which is advanta-
geous in terms of reducing the amount of the protection materials. It may also be used for the UV nanoshielding 
of viruses51 which are an order of magnitude smaller in size than bacteria. The nanotailing effect may be used to 
control the amount of the UV dosage for the selective inactivation of bacteria and protection of bacteriophages, 
which may result in more efficient synergistic bacterial inactivation methods.

Another promising future extension of this work may involve application of the Al NPs for the simultaneous 
UV nanoshielding and surface-enhanced UV resonance biosensing using fluorescence or Raman spectrosco-
pies. Fluorescence was previously used for bio-imaging37, 52. Resonant Raman spectroscopy in the UV range was 
used for the enhancement of weak Raman signals from biomolecules such as proteins53, 54 and for cell imaging55. 
Surface-enhanced resonance Raman spectroscopy (SERRS) was performed using aluminum nanoparticles and 
substrates having UV plasmonic resonances39. However, UV radiation used in these spectroscopies was often 
found damaging to the biological samples located on the surface. UV protection techniques based on energy 
transfer to lanthanide ions were developed for deep-UV biological imaging55. Our method provides an alternative 
strategy for the simultaneous UV shielding and biosensing/bio-imaging applications which will be explored in 
the future.

The plasmonic behavior of Al NPs may be tuned to optimize the desired performance. For example, the two 
competing mechanisms discussed above could be enhanced by increasing either scattering or absorption cross 
sections of the Al NPs. This will allow for controlling the UV shielding efficiency using various techniques which 
were developed for designing the plasmonic substrates based on Ag and Au. For example, the arrays of plasmonic 
nanostructures with desired properties can be fabricated56–60. Hot electron generation in Al nanocrystals may 
provide an alternative mechanism of the bacterial inactivation and will be investigated in the future61. Another 
inactivation mechanism may be realized using aluminum based nanoparticles with photoluminescence proper-
ties in the UV range62. The bacterial inactivation efficiency may be enhanced by combining these nanoparticles 
with plasmonic nanostructures. The irregular morphology often results from the spontaneous aggregation of the 
NPs and influences their plasmonic behavior. In some cases, the irregular or fractal NP aggregates of Ag and Au 
show strong field enhancement63–65. Similar fractal plasmonics behavior may be expected from the Al NP aggre-
gates which may influence the UV nanoshielding efficiency.

Cell toxicity was previously shown to be an important issue in the nanoparticle-based phototherapy6, 13 and 
UV protection66, 67. Here, Al NPs are non-toxic to E. coli bacteria and are similarly expected to be non-toxic to 
other types of biological cells. They may be functionalized with antibodies for the selective attachment to specific 
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cells and may be used in combination with Ag or Au NPs which may be functionalized for the attachment to other 
types of cells. This may provide a possibility for the selective inactivation of specific pathogens without damaging 
other beneficial bacteria or tissue.

UV nanoshielding may also be extended to the ultrashort laser pulse regime. We previously demonstrated 
single shot detection of bacterial spores using femtosecond adaptive spectroscopic techniques for coherent 
anti-Stokes Raman scattering (FAST CARS)68, 69. We also combined coherent Raman spectroscopy with the plas-
monic surface enhancement in time-resolved surface-enhanced CARS (SECARS) spectroscopy using Au nano-
particles70. The present results may be used to extend FAST CARS and SECARS to the UV range for ultrasensitive 
detection and simultaneous UV protection of biomolecules. Al NPs may also be used for developing new types of 
sunscreen and cosmetics. Our work opens new opportunities for applications of the UV aluminum plasmonics 
to quantum biophotonics71.

References
 1. CDC. Antibiotic Resistance Threats in the United States, 2013. U.S. Department of Health and Human Services, CDC.
 2. Chen, J., Cesario, T. C. & Rentzepis, P. M. Rationale and mechanism for the low photoinactivation rate of bacteria in plasma. PNAS 

111, 33–38 (2014).
 3. Vantansever, F. et al. Antimicrobial strategies centered around reactive oxygen species-bacterial antibiotics, photodynamic therapy, 

and beyond. FEMS Microbial Rev. 37, 955–989 (2013).
 4. Wu, J. et al. Eradication of bacteria in suspension and biofilms using methylene blue-loaded dynamic nanoplatforms. Antimicrob. 

Agents Chemother. 53, 3042–3048 (2009).
 5. Simon, T., Boca-Farcau, S., Gabudean, A. M., Baldeck, P. & Astilean, S. LED-activated methylene blue-loaded Pluronic-nanogold 

hybrids for in vitro photodynamic therapy. J. Biophotonics 6, 950–959 (2013).
 6. Lucky, S. S., Soo, K. C. & Zhang, Y. Nanoparticles in photodynamic therapy. Chem. Rev. 115, 1990–2042 (2015).
 7. Zharov, V. P., Mercer, K. E., Galitovskaya, E. N. & Smeltzer, M. S. Photothermal nanotherapeutics and nanodiagnostics for selective 

killing of bacteria targeted with gold nanoparticles. Biophys. J. 90, 619–627 (2006).
 8. Santos, G. M., Ferrara, F. I. S., Zhao, F., Rodrigues, D. F. & Shih, W. C. Photothermal inactivation of heat-resistant bacteria on 

nanoporous gold disk arrays. Optical Materials Express 6, 1217–1229 (2016).
 9. Castillo-Martinez, J. C. et al. Antibacterial and antibiofilm activities of the photothermal therapy using gold nanorods against seven 

different bacterial strains. J. of Nanomaterials 2015, 1–7 (2015).
 10. Austin, L. A., Mackey, M. A., Dreaden, E. C. & El-Sayed, M. A. The optical, photothermal, and facile surface chemical properties of 

gold and silver nanoparticles in biodiagnostics, therapy, and drug delivery. Arch. Toxicol. 88, 1391–1417 (2014).
 11. Jaque, D. et al. Nanoparticles for photothermal therapies. Nanoscale 6, 9494–9530 (2014).
 12. Sondi, I. & Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: a case study on E. coli as a model for Gram-negative 

bacteria. J. of Colloid and Interface Science 275, 177–182 (2004).
 13. Tay, C. Y., Setyawati, M. I., Xie, J., Parak, W. J. & Leong, D. T. Back to basics: Exploiting the innate physic-chemical characteristics of 

nanomaterials for biomedical applications. Adv. Funct. Mater. 24, 5936–5955 (2014).
 14. Dean, S. J. et al. Efficacy and safety assessment of a novel ultraviolet C device for treating corneal bacterial infections. Clinical and 

Experimental Ophthalmology 39, 156–163 (2011).
 15. Dai, T., Vrahas, M. S., Murry, C. K. & Hamblin, M. R. Ultraviolet C irradiation: an alternative antimicrobial approach to localized 

infections? Expert Review of Anti-Infective Therapy 10, 185–195 (2012).
 16. Gupta, A., Avci, P., Dai, T., Huang, Y. Y. & Hamblin, M. R. Ultraviolet radiation in wound care: sterilization and stimulation. 

Advances in Wound Care 2, 422–437 (2012).
 17. Madge, B. A. & Jensen, J. N. Ultraviolet disinfection of fecal coliform in municipal wastewater: effects of particle size. Water 

Environment Research 78, 294–304 (2006).
 18. Meulemans, C. C. E. The basic principles of UV-disinfection of water. Ozone. Science & Engineering 9, 299–313 (1986).
 19. Wolfe, R. L. Ultraviolet disinfection of potable water. Environ. Sci. Technol. 24, 768–773 (1990).
 20. Ko, G., First, M. W. & Burge, H. A. The characterization of upper-room ultraviolet germicidal irradiation in inactivating airborne 

microorganisms. Environmental Health Perspectives 110, 95–101 (2002).
 21. Reed, N. G. The history of ultraviolet germicidal irradiation for air disinfection. Public Health Reports 125, 15–27 (2010).
 22. Kowalski, W. J., Bahnfleth, W. P., Witham, D. L., Severin, B. F. & Whittam, T. S. Mathematical modeling of ultraviolet germicidal 

irradiation for air disinfection. Quantitative Microbiology 2, 249–270 (2000).
 23. Chang, J. C. H. et al. UV inactivation of pathogenic and indicator microorganisms. Applied and Environmental Microbiology 49, 

1361–1365 (1985).
 24. Hockberger, P. E. A history of ultraviolet photobiology for humans, animals and microorganisms. Photochem. Photobiol. 76, 561–579 

(2002).
 25. Jagger, J. Solar UV actions on living cells. Praeger Publishing, New York (1985).
 26. Santos, A. L. et al. Wavelength dependence of biological damage induced by UV radiation on bacteria. Arch. Microbiol. 195, 63–74 

(2013).
 27. Smijs, T. G. & Pavel, S. Titanium dioxide and zinc oxide nanoparticles in sunscreens: focus on their safety and effectiveness. 

Nanotechnol. Sci. Appl. 4, 95–112 (2011).
 28. Monteiro-Riviere, N. A. et al. Safety evaluation of sunscreen formulations containing titanium dioxide and zinc oxide nanoparticles 

in UVB sunburned skin: an in vitro and in vivo study. Toxicol. Sci. 123, 264–280 (2011).
 29. Tyagi, N. et al. Comparative analysis of the relative potential of silver, Zinc-oxide and titanium-dioxide nanoparticles against UVB-

induced DNA damage for the prevention of skin carcinogenesis. Cancer Letters 383, 53–61 (2016).
 30. Gauger, T., Konhauser, K. & Kappler, A. Protection of nitrate-reducing Fe(II)-oxidizing bacteria from UV radiation by biogenic 

Fe(III) minerals. Astrobiology 16, 301–310 (2016).
 31. El-Azizi, M. & Khardori, N. Efficacy of ultraviolet C light at sublethal dose in combination with antistaphylococcal antibiotics to 

disinfect catheter biofilms of methicillin-susceptible and methicillin-resistant Staphylococcus aureus and Staphylococcus epidermis 
in vitro. Infection and Drug Resistance 9, 181–189 (2016).

 32. Yong, H. N., Farnood, R. R., Cairns, W. & Mao, T. Effect of sonication on UV disinfectability of primary effluents. Water Environ. 
Res. 81, 695–701 (2009).

 33. Gerard, D. & Gray, S. K. Aluminum plasmonics. J. Phys. D: Appl. Phys. 48, 1–14 (2015).
 34. Knight, M. W. et al. Aluminum for plasmonics. ACS Nano 8, 834–840 (2014).
 35. Chowdhury, M. H., Ray, K., Gray, S. K., Pond, J. & Lakowicz, J. R. Aluminum nanoparticles as substrates for metal-enhanced 

fluorescence in the ultraviolet for the label-free detection of biomolecules. Anal. Chem. 81, 1397–1403 (2009).
 36. Forestiere, C., Handin, A. & Del Negro, L. Enhancement of molecular fluorescence in the UV spectral range using aluminum 

nanoantennas. Plasmonics 9, 715–725 (2014).
 37. Kikawada, M., Ono, A., Inami, W. & Kawata, Y. Enhanced multicolor fluorescence in bioimaging using deep ultraviolet surface 

plasmon resonance. Appl. Phys. Lett. 104, 223703 (2014).



www.nature.com/scientificreports/

9Scientific RepORtS | 7: 9026  | DOI:10.1038/s41598-017-08593-8

 38. Kikawada, M., Ono, A., Inami, W. & Kawata, Y. Surface plasmon-enhanced fluorescence cell imaging in deep-UV region. Appl. Phys. 
Express 8, 072401 (2015).

 39. Jha, S. K., Ahmed, Z., Agio, M., Ekinci, Y. & Loeffler, J. F. Deep-UV surface-enhanced resonance Raman scattering of adenine on 
aluminum nanoparticle arrays. J. Am. Chem. Soc. 134, 1966–1969 (2012).

 40. Taguchi, A., Hayazawa, N., Furusawa, K., Ishitobi, H. & Kawata, S. Deep-UV tip-enhanced Raman scattering. J. Raman Spectroscopy 
40, 1324–1330 (2009).

 41. Lee, M. et al. Aluminum nanoarrays for plasmon-enhanced light harvesting. ACS Nano 9, 6206–6213 (2015).
 42. Zheng, B. Y., Wang, Y., Nordlander, P. & Halas, N. J. Color-selective and CMOS-compatible photodetection based on aluminum 

plasmonics. Adv. Mater. 26, 6318–6323 (2014).
 43. Kulkarni, V., Prodan, E. & Nordlander, P. Quantum plasmonics: optical properties of a nanomatryoshka. Nano Lett. 13, 5873–5879 

(2013).
 44. Ramaswamy, A. L. & Kaste, P. A ‘Nanovision’ of the Physiochemical Phenomena Occurring in Nanoparticles of Aluminum. J. Energ. 

Mater. 23, 1–25 (2005).
 45. Chan, G. H., Zhao, J., Schatz, G. C. & Van Duyne, R. P. Localized Surface Plasmon Resonance Spectroscopy of Triangular Aluminum 

Nanoparticles. J. Phys. Chem. C. 112, 13958–13963 (2008).
 46. Perni, S. et al. Antibacterial activity of light-activated silicone containing methylene blue and gold nanoparticles of different sizes. J. 

Clust. Sci. 21, 427–438 (2010).
 47. Pidhatika, B. et al. The role of the interplay between polymer architecture and bacterial surface properties on microbial adhesion to 

polyazoline-based thin films. Biomaterials 31, 9462–9472 (2010).
 48. Liu, L. et al. Self-assembled cationic peptide nanoparticles as an efficient antimicrobial agent. Nature Nanotechnology 4, 457–463 

(2009).
 49. Ayas, S. et al. Exploiting native Al2O3 for multispectral aluminum plasmonics. ACS Photonics 1, 1313 (2014).
 50. Hall, E.J. & Giaccia, A.J. Radiobiology for the Radiologist. Lippincott Williams & Wilkins, Philadelphia (2006).
 51. Hijnen, W. A. M., Beerendonk, E. F. & Madema, G. J. Inactivation credit of UV radiation for viruses, bacteria and protozoan (oo)

cysts in water: a review. Water Research 40, 3–22 (2006).
 52. Jamme, F. et al. Deep UV autofluorescence microscopy for cell biology and tissue histology. Biol. Cell 105, 277–288 (2013).
 53. Song, S. & Asher, S. A. UV resonance Raman studies of peptide conformation in poly(L-lysine), poly(L-glutamic acid) and model 

complexes: the basis for protein secondary structure determinations. J. Am. Chem. Soc. 111, 4295–4305 (1989).
 54. Rodgers, K. R., Su, C., Subramaniam, S. & Spiro, T. G. Hemoglobin R->T structural dynamics from simultaneous monitoring of 

tyrosine and tryptophan time-resolved UV resonance Raman signals. J. Am. Chem. Soc. 114, 3697–3709 (1992).
 55. Kumamoto, Y., Fujita, K., Smith, N. I. & Kawata, S. Deep-UV biological imaging by lanthanide ion molecular protection. Biomed. 

Opt. Express 7, 158–170 (2015).
 56. Tao, A., Sinsermsuksakul, P. & Yang, P. Tunable plasmonic lattices of silver nanocrystals. Nat. Nanotechnol. 2, 435–440 (2007).
 57. Andrés, J. et al. Structural and electronic analysis of the atomic scale nucleation of Ag on α-Ag2WO4 induced by electron 

irradiation. Sci. Rep. 4, 5391 (2014).
 58. Rodrigues, T. S., da Silva, A. G. M., de Moura, A. B. L., Freitas, I. G. & Camargo, P. H. C. Rational design of plasmonic catalysts: 

matching the surface plasmon resonance with lamp emission spectra for improved performance in AgAu nanorings. RSC Adv. 6, 
62286–62290 (2016).

 59. Ross, M. B., Mirkin, C. A. & Schatz, G. C. Optical Properties of One-, Two-, and Three-Dimensional Arrays of Plasmonic 
Nanostructures. J. Phys. Chem. C. 120, 816–830 (2016).

 60. Santos, F. G. et al. Antibacterial Performance of a PCL–PDMAEMA Blend Nanofiber-Based Scaffold Enhanced with Immobilized 
Silver Nanoparticles. ACS Appl. Mater. Interfaces. 9, 9304–9314 (2017).

 61. Zhou, L. et al. Aluminum Nanocrystals as a Plasmonic Photocatalyst for Hydrogen Dissociation. Nano Lett. 16, 1478–1484 (2016).
 62. Batista, F. M. C. et al. A joint experimental and theoretical study on the electronic structure and photoluminescence properties of 

Al2(WO4)3 powders. J. Mol. Struct. 1081, 381–388 (2015).
 63. Shalaev, V. M. & Stockman, M. I. Fractals: optical susceptibility and giant raman scattering. Z. Für Phys. At. Mol. Clust. 10, 71–79 

(1988).
 64. Shalaev, V. M. Optical Properties of Nanostructured Random Media. Springer Science & Business Media (2002).
 65. Volpe, G. & Quidant, R. Fractal plasmonics: subdiffraction focusing and broadband spectral response by a Sierpinski nanocarpet. 

Opt. Express. 19, 3612–3618 (2011).
 66. Nohynek, G. J., Lademann, J., Ribaud, C. & Roberts, M. S. Grey goo on the skin? Nanotechnology, cosmetic and sunscreen safety. 

Critical Reviews in Toxicology 37, 251–277 (2007).
 67. Landsiedel, R. et al. Gene toxicity studies on titanium dioxide and zinc oxide nanomaterials used for UV-protection in cosmetic 

formulations. Nanotoxocology 4, 364–381 (2010).
 68. Pestov, D. et al. Optimizing the laser-pulse configuration for coherent Raman spectroscopy. Science 316, 265–268 (2007).
 69. Pestov, D. et al. Single-shot detection of bacterial endospores via coherent Raman spectroscopy. PNAS 105, 422–427 (2008).
 70. Voronine, D. V. et al. Time-resolved surface-enhanced coherent sensing of nanoscale molecular complexes. Sci. Rep. 2, 891–896 

(2012).
 71. Voronine, D.V. et al. The dawn of quantum biophotonics. In Optics in Our Time. Al-Amiri, M. D., El-Gomati, M. M. & Zubairy, M. 

S. (editors) Springer/Open, pp. 147–176 (2016).

Acknowledgements
This work was supported by the Office of Naval Research Grant N00014-16-1-3054 and Robert A. Welch 
Foundation Award A1261. The authors would like to thank the CMI (Center for Microscopy and Imaging) at 
Baylor University (Waco, TX) for technical support during microscopy and image analysis. The authors also 
thank Prof. Touradj Solouki for helpful discussions.

Author Contributions
J.N.K., D.V.V., Z.Z., H.W.H.L. and M.O.S. conceived and supervised the project. J.N.K. built the experimental 
setup and performed the measurements. Z.L. performed SEM imaging. J.N.K. and D.V.V. analyzed the data. W.L. 
provided Al nanoparticles. All authors discussed the results and wrote the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.



www.nature.com/scientificreports/

1 0Scientific RepORtS | 7: 9026  | DOI:10.1038/s41598-017-08593-8

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Aluminum plasmonic nanoshielding in ultraviolet inactivation of bacteria
	Materials and Methods
	Results
	Discussion
	Acknowledgements
	Figure 1 Shielding of E.
	Figure 2 Scanning electron microscopy (SEM) images of the aluminum particles with different sizes.
	Figure 3 Characterization of aluminum nanoparticles (Al NPs).
	Figure 4 Characterization of E.
	Figure 5 Nanoshielding effects in UV inactivation of E.
	Figure 6 Concentration and wavelength dependence of the aluminum nanoshielding effects in bacterial inactivation.




