
Remote Detection of Biofilms on Stone 

Greg Bearman1*, Eric Doehne2, Luther Beegle3, William Hug4, Ray Reid4 and Rohit Bhartia3* 

1 ANE Image, Pasadena CA, 2. Conservation Sciences, Pasadena CA. 3 Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena CA. 4 Photon Systems Inc, Monrovia CA 

*corresponding authors: rbhartia@jpl.nasa.gov, gregb@snapshotspectra.com 

1 Abstract  

Biodeterioration of stone cultural heritage is a significant problem. Examples include the erosion and 
disfiguring of rock art, petroglyphs, excavated archeological sites, monuments such as Angkor Wat and 
outdoor sculpture. When these artifacts are exposed to the environment, microscopic pits and cracks offer 
an ideal location for biological habitats. Biofilms and other biological communities on stone damage it 
through several pathways. These pathways include 1)staining of stone with biological pigments, 2) the 
inclusion of extra cellular polymers (EPS) that result in mechanical stress leading to surface exfoliation and 
3) microbial communities altering pore size, water permeability and thermal gradients which cause structural 
damage. From a conservation standpoint, it is relatively easy to detect visible biofilms and biodeterioration 
but only after they reach a certain stage, “Therefore, attention to biodeterioration problems, and 
consequently the study of them, is very often given only after the appearance of visually perceptible signs” 
(Charola, Mcnamara, and Koestler 2011). We have developed a technique that utilizes UV induced 
fluorescence to identify surface and near subsurface microbes that enables early detection and treatment so 
that prevention of biodeterioration of invaluable cultural stone structures can be realized.  

2 Introduction 

There is a growing realization for a means to assess stony surfaces for microbial growth before it is obvious 
and visible. The current state-of-the-art technique requires the taking a swab of the structure, and 
transporting it to the laboratory, and running biochemical or genetic based tests for identification of 
genus/species. This is a labor-intensive practice that is costly and requires specialized equipment that is 
susceptible to chemical interferences from the sample and offers limited sensitivity. An additional constraint 
of these methods is their reliance on the need to swab; hence they are limited to the outer most surfaces 
and there is no correlation of how the microbes are spatially arranged. Spatial arrangement is an important 
component since the ubiquity of microbes in the environment suggests that simply detecting microbes from 
a surface does not directly indicate the presence of microbially mediated deterioration. Spatially cross 
referencing the microbial communities with structural deformities keeps biodeteriotation to a minimum.  

Fortunately, the issue of detecting, while preserving the spatial arrangement of microbes on a surface, is not 
limited to the field of cultural heritage preservation. New optical detection methods that identify biomass on 
surfaces are being developed by NASA, NSF and other agencies. These developments are providing 
capabilities that can be transitioned into conservation of cultural heritage. We have developed a method 
under NASA and other government funding for detecting biomass that utilizes a deep UV laser to induce 
fluorescence in organic containing compounds. We have found that the specificity of the induced 
fluorescence spectra, allows us to identify specific microbial communities and do so without making physical 
contact with the structures (Ammor 2007, Bhartia et al 2008, Bhartia et al. 2010). While deep UV 
spectroscopy has been around in the 1800’s, the advent of new deep UV sources is enabling the transition 
from its use in only specialized university research labs to hand-held, consumer market, portable 
instrumentation.  

As the deep UV technology develops, the utility for different disciplines is being assessed. The relatively 
recent reemergence of deep UV spectroscopy was initiated by NASA goal of identifying life on planetary 
bodies within the solar system such as Mars (Storrie-Lombardi et al. 2001; Nealson, Tsapin, and Storrie-
Lombardi 2002; Fries et al. 2010; Bhartia, Hug, Reid, et al. 2012; Bhartia, Hug, DeFlores, L. P., et al. 2012). 
With the exception of the surface types, a major goal for NASA Astrobiology, NASA Planetary Protection 
and cultural heritage preservation are all similar; non-contact detection of microbial features on opaque 
surfaces. The goal of the in situ search for life is to detect extant or extinct life, through a variety of 
biomarkers, and/or assess the habitability of a planetary surface. This search for life requires the rapid and 
accurate identification of microbes and organic molecules for both in situ analysis and organic contamination 
needs. Planetary Protection requirements are mandated through the Committee on Space Research 
(COSPAR) treaty that has identified the potential for colonization of terrestrial organisms.  Before a mission 
to a solar system body that may be able to support life can be launched, spacecraft have to have a well-
defined and verifiable total bioload. This includes all hardware that interacts with the surface to a bioburden 



(microbial load determined by the number of viable bacterial spores) as low as 30 spores/m2. Obviously, an 
instrument that can identify bioloads without contact is of great interest to NASA (Board 2012).  

The NASA applications, have, in part, driven the deep UV instrument development and it ability to detect 
microbes on an opaque surface (mineral/rock, metal, etc) and organic contamination. In many NASA 
applications Remote/standoff detection is a key feature as it reduces mobility requirements and allows 
analysis of larger areas and objects. While Planetary Protection requirements are only interested in viable 
cell counts, organic contamination minimization and characterization is scientifically driven.  Organic 
contamination can manifest itself as false positives resulting in inaccurate scientific conclusions about the 
conditions on planetary bodies. For example, samples passed over hardware can pick up organics and 
deliver it to sensitive analytical instruments, where it can be detected and thought to be part of the planetary 
environment (Anderson et al. 2012; Conrad et al. 2012). In a similar vein to other optical remote sensing 
spectral imaging instruments (Bearman and Spiro 1996; Marengo et al. 2011), we are now presenting the 
use for deep UV fluorescence spectroscopy as a solution for detecting microbial communities on stone 
cultural heritage.  

3. Deep UV spectroscopy 

Microbial detection with deep UV native fluorescence spectroscopy capitalizes on both the intrinsic chemical 
constituents such as aromatic amino acids (tryptophan, tyrosine, phenylalanine) in a cell and the close 
chemical associations (nearest neighbors) ((Ammor 2007; Bhartia et al. 2008; Bhartia, Salas, et al. 2010; 
Brosseau, Vesley, and Rice 2000; Leblanc and Dufour 2002)). The intrinsic fluorescence from microbes, 
when excited with a wavelength <250 nm, generates a signature that is uniquely differentiable from free 
organics in the environment, and more importantly, differentiable from the majority of natural surfaces 
(Bhartia et al. 2008; Bhartia, Fries, et al. 2010). This is accomplished through no addition of a fluorescent 
dye/tag. In addition to a unique spectral signature the method is highly sensitive with demonstrated 
sensitivity of a single (1) microbial cell with a microscopic objective ((Copeland, Mortelmans, and Bronk 
1996; Faris and Copeland 1997; Bhartia, Hug, DeFlores, L. P., et al. 2012). While single cell detection at 
standoff distances is not practical for a number of reasons (collection mirror characteristics, number of 
collected photons, scanning rate and pointing accuracy to name a few), the instrument has a sensitivity 
sufficient to observe microbes at a concentration of <100cell/cm2 level from a few meters.     

We have developed an instrument called the Microbial and Organic Surface Analyzer and Image 
Constructor (MOSAIC), which can operate in a distant standoff mode (~ meters) and a proximity mode. In 
both conditions, it is a multiband fluorescence mapping instrument that moves a low power laser beam 
rapidly over a surface (rastering). It incorporates a deep UV excitation laser  (224 nm) to induce 
fluorescence that is detected through six (6) discrete detectors. These bands then segments and classifies 
the images using spectral analysis methods such as Principle Component Analysis (PCA) as described in 
Bhartia et al. 2008. The collected spectral information can differentiate Polycyclic aromatic hydrocarbons 
(PAH), free amino acids, proteins, and can even differentiate between fungi, bacteria and photosynthetic 
organisms due to their unique chemical make-ups. The instrument is field portable and is connected to a 
raster scanner that raster’s the laser/detection spot to obtain an image over a predefined area. The field 
version, operating in an a standoff mode, has a spot size of ~ 3 mm while the lab operation uses the 
proximity mode to provide higher resolution images with a ~200!m diameter beam.  The field version was 
used in the Huntington Gardens statues while the lab version was used to analyze samples acquired from 
the Huntington Gardens.  

4. Analysis of statues at the Huntington Gardens and Library 

The Huntington Gardens and Library (San Marino, CA) allowed us to image several outdoor statues (Figure 
1). With visible inspection pre-scan, the first statue, the Temple of Love had an apparent black 
cyanobacteria growth and green bacteria that was potentially photosynthetic. The second statue had 
recently been cleaned both with a biocide and mechanically and was considered to be free of biofilms. 
Figure 1 (a) shows a scan of the statue with biofilm present while a scan of the cleaned statues is in Figure 
1 (b).  

 

 

 



 

Figure 1.  (Left) is a MOSAIC deep UV fluorescence scan image of the Temple of Love statue at the Huntington 
Gardens, San Marino, CA. The color image has been overlayed with an RGB composite of three fluorescent bands; 
these report on microbes containing proteins that incorporate tryptophan, tyrosine and phenylalanine (aromatic amino 
acids). It should be noted that the bright green regions on flower features show no visible indications microbial growth 
but are detectable by the instrument (Right) A scan of a recently cleaned statue on the right shows that there are no 
biological markers, as expected, and not false positives.  

A simple RGB mapping of three of the fluorescence bands at 300, 320, and 340 nm easily shows the 
presence of organisms which map over what we see visually, which is not unexpected for a heavily covered 
object. However in addition to the covered regions, the bright green regions (figure 1) shows areas that are 
not dominated by visibly dark colored fungal feature but yet has a microbial signature. This is evident from a 
strong 320/340 nm signal at a ratio that is indicative of microbes. In the lower portion of the scanned area 
the signature is different and appears more like clean limestone. However there is a weaker but significant 
presence of the 340 nm band that accounts for the amino acid tryptophan. While 320/340 ratio is not present, 
the presence of the 340 band suggests that the surface contains a low concentration of proteinaceous 
material. When we compare the Temple of Love statue with the cleaned one, we see no evidence of 
microbial features or protein residues (see figure 1). In this case, the cleaning and biocide treatment appear 
effective.  

In addition to the field analysis, we analyzed a piece of concrete from the statue “graveyard” at the 
Huntington and imaged it with the laboratory version of MOSAIC. The “graveyard” sample comes from a 
covered area with statues in various stages of disrepair. Unfortunately the majority of the pieces were too 
large to transport so the sample that was collected was a small piece of cement in the middle of the yard 
that was covered with biofilms, presumably similar to that growing on the limestone or marble parts next to it. 

Using the lab version of the MOSAIC, the proximity mode provides a much higher resolution and shows the 
diverse microbial population inhabiting the sample. Using a simple band analysis combinatorial method, the 
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six spectral bands are combined as a color image where color similarity equates to chemical similarity. This 
is primarily a visualization method as the information content is much greater than what can be displayed. 
Therefore to determine what the detected spectral features correlate to, we use cluster analysis to form 
spectrally similar groups and PCA (Principle Component Analysis) to determine how the groups are related. 
Additionally, the spectral groups are compared to a database of standards, which include microbes (fungi, 
bacteria, yeasts, spores), amino acids, PAHs, minerals, etc. When the statistical operations are performed 
on this sample from the graveyard, the fungal, bacterial, and photosynthetic biomass is evident. These not 
only match known samples from the database, but also have correlating Raman data (data not shown). 

 

Figure 2. (top) A color visible light image and a false color image of the same object using bands from the 
MOSAIC instrument. (Below) Detailed analysis of the microbial communities identified by the MOSAIC 
laboratory system.  

 



There are many kinds of organic organisms on stone-biofilms, moss, lichens, fungi and algae to name a few. 
Our detection method involves illuminating the surface with photons and detecting the returned fluorescence 
photons (longer wavelength than the illuminating wavelength). This requires that the laser and the resulting 
fluorescence both have direct line of sight access to the area under investigation. A reasonable question to 
ask when looking at stone is whether or not we can expect to see anything below the surface, since a major 
goals is to look for subsurface colonization before it becomes visible either by reaching the surface, color 
changes or create surface exfoliation from below. After all, one tends of think of stone as being opaque! For 
our method to work as well as desired, the stone needs to transmit light some distance into the surface; the 
laser needs to get in and the fluorescence signal needs to get out.  

It turns out that nearly all stone materials of interest will transmit light, sometimes up to a few mm and 
sometimes much more, depending on the stone type and parameters such as grain size and composition 
((Hall et al.; Hall 2010) (Hall, Guglielmin, and Strini 2008)). For marble, this is well established and part of 
the appeal of marble visually is that it is translucent and light can penetrate as much as a centimeter into it. 
In fact, laser 3D scanning of marble can be significantly off since the surface cannot be located just from 
reflection ((Angelo, Levoy, and Blais 2001). While one may think otherwise from appearances, light can 
penetrate a few mm or more into limestone, basalt and granite, although the exact amount and distance 
varies depending on grain size and composition.   

 

5. Conclusions 

We utilized a field portable instrument, MOSAIC, to perform a non-destructive standoff scan of several 
statues at the Huntington Gardens and Library in San Marino Ca. These scans were done at a standoff 
distance of a few meters in the middle of the day and clearly show biomass on the statue. This includes the 
co-location of obvious microbial communities that manifest themselves through dark cyanobacteria, as well 
as some locations that have the start of communities, but not enough to make them visibly apparent. This 
technique allows for rapid accurate identification of biomass before biodeterioration can take place. It also 
results in the verification of the cleaning effectiveness of stone techniques.  
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