
Research Article

Caries Res

Fluorescence Spectroscopy Shows Porphyrins 
Produced by Cultured Oral Bacteria Differ 
Depending on Composition of Growth Media

Áine M. Lennon 

a, b    Leonora Brune 

c    Simone Techert 

d, e    Wolfgang Buchalla 

a

aDepartment of Conservative Dentistry and Periodontology, University Hospital Regensburg, Regensburg, 
Germany; bDepartment Oral and Maxillofacial Surgery, University Hospital Regensburg, Regensburg, Germany; 
cPrivate practice Soest, Soest, Germany; dDeutsches Elektronen-Synchrotron DESY, Hamburg, Germany; eInstitute of 
X-ray Physics, Göttingen University, Göttingen, Germany

Received: August 23, 2022
Accepted: December 13, 2022
Published online: December 16, 2022

Correspondence to: 
Áine M Lennon, aine.lennon @ ukr.de

© 2022 The Author(s).
Published by S. Karger AG, Basel

Karger@karger.com
www.karger.com/cre

DOI: 10.1159/000528731

Keywords

Fluorescence spectroscopy · Porphyrins · Caries · 
Periodontitis · Bacteria · Chlorophyll · Haem

Abstract

Red fluorophores synthesized by oral bacteria are important 
for fluorescence-based diagnosis and treatment because 
they are used as markers for bacterially infected tissue, ma-
ture plaque, or calculus. A range of porphyrins have been 
identified as the source of this fluorescence in carious tissue. 
It is not clear which of these porphyrins are produced by in-
dividual oral bacteria or whether this ability depends on oth-
er factors. This study examined and compared the fluores-
cence spectra produced by selected cultured oral bacteria 
when grown on agars containing different nutrients with 
spectra for protoporphyrin IX, Zn-protoporphyrin IX, haema-
toporphyrin, and haematin. Actinomyces israelii (Deutsche 
Sammlung von Mikroorganismen [DSM], 43320), Actinomy-

ces naeslundii (DSM 43013), Fusobacterium nucleatum (DSM, 
20482), Lactobacillus casei (DSM, 20011), Prevotella interme-

dia (DSM, 20706), Streptococcus mutans (DSM, 20523), Strep-

tococcus oralis (DSM, 20627), Streptococcus salivarius (DSM, 
20560) and Streptococcus sobrinus (DSM, 20742) were rehy-
drated and grown anaerobically on caso, caso blood (con-
taining 5% sheep blood), and caso chlorophyll (containing 

5% spinach extract) agar for 3 days at 37°C in the dark. Colo-
nies were harvested, transferred to ethanol, and centrifuged. 
Fluorescence emission spectra were recorded from the su-
pernatant at 405 nm excitation (Fluorolog 3–22, Jobin Yvon-
Spex ISA, Edison, NJ, USA). All Streptococci, L. casei, and F. 

nucleatum produced red fluorescence when grown on caso 
and caso chlorophyll agar but not on caso blood agar. A. 

naeslundii and P. intermedia emitted intense red fluores-
cence when grown on caso or caso blood agar but not on 
caso chlorophyll agar. Fluorescence emission spectra of A. 

naeslundii and P. intermedia grown on caso blood agar cor-
related exactly with both fluorescence peaks for protopor-
phyrin-IX at 632 and 701 nm. Most peaks observed could be 
correlated with at least one of the emission peaks of proto-
porphyrin IX, Zn-protoporphyrin IX, or haematoporphyrin. 
Oral bacteria emitted red fluorescence matching known por-
phyrins, but this depended on nutrients available in the agar.

© 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

A number of dental diagnostic tools, for example, flu-
orescence-aided caries excavation (FACE), QLFTM, DIA-
GNOdentTM, SOPROlife®, VistaCam®, SiroInspectTM, 
and Fluoresce HDTM, are based on detection of red fluo-
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rescence produced by bacteria in the mouth [Lennon et 
al., 2002; Coulthwaite et al., 2006; Kim, and Kim, 2017; 
Michou et al., 2020]. Their applications range from detec-
tion of various forms and stages of caries, plaque, and 
calculus, as well as infected pulp tissue, to identification 
of cracked teeth [Sainsbury et al., 2009; Ku et al., 2022]. 
They differ in their working principles and the wave-
lengths used for excitation or detection. Some produce a 
numerical score, while others produce an enhanced ca-
mera image or allow the operator to view the fluorescence 
directly through a filter. In addition to diagnostics, anti-
microbial phototherapies are also possible when endoge-
nously produced fluorophores serve as photosensitizers 
to allow photodynamic inactivation of bacteria [Cieplik 
et al., 2014].

These diagnostic and therapeutic methods assume 
that red fluorescence will be produced by active oral 
bacteria found in carious tissue, mature plaque, calculus, 
or infected pulpal tissue. However, there are conflicting 
reports as to which oral species indeed produce red fluo-
rescence and which do not [Koenig and Schneckenbur-
ger, 1994; van der Veen et al., 2006]. Although much is 
now known about the complexity and taxonomic diver-
sity of the oral microbiome (who they are), their metabo-
lic activities (what they are doing) remain poorly under-
stood [Takahashi, 2015]. It has been shown that oral 
microorganisms produce not only red but also green flu-
orescence with green fluorescence found predominantly 
in early colonisers and red fluorescence in species cha-
racteristic of deeper lesions and  periodontal pockets 
[Lennon et al., 2006]. A shift toward a redder and less 
green fluorescent biofilm indicates a dysbiotic change in 
composition of the biofilm which can be predictive of oral 
disease [Volgenant et al., 2016]. One reason for this shift 
may be the high concentration of iron available in the cre-
vicular fluid produced during gingivitis and periodontitis 
[Mukherjee, 1985].

Red autofluorescence in caries has long been attribut-
ed to porphyrins produced by oral microorganisms. More 
recently, the presence of porphyrins has been confirmed 
using high-performance liquid chromatography (HPLC), 
both in carious dentin and for individual bacterial species 
grown in culture [Buchalla et al., 2008; Fyrestam et al., 
2015]. Porphyrins and protoporphyrins are metabolic in-
termediates produced by microorganisms in the biosyn-
thesis of haem (ferriprotoporphyrin IX), a tetrapyrrole 
structure coordinating iron at its centre. Haem is essenti-
al for bacterial pathogens not only as a nutritional source 
of iron but also because of its electron transport capabili-
ty for a variety of cellular functions, so these microorga-

nisms need to synthesize haem or acquire it from the host 
[Choby and Skaar, 2016]. Gram-positive and gram-nega-
tive bacteria not only use different pathways to synthesise 
haem, they also use different methods to transport haem 
into and out of the cell [Mayfield et al., 2011]. In the last 
decade, new research has identified a third non-canonical 
pathway used by gram positive bacteria using a copropor-
phyrin rather than protoporphyrin intermediate for 
haem biosynthesis [Dailey et al., 2017]. Differences in 
microbial haem synthesis and transport systems are be-
ginning to be explored as targets for antimicrobials 
[Shisaka et al., 2019].

At present, little is known about how specific porphy-
rin synthetic pathways in oral microbes might be affected 
by the substrates available in culture media or in the 
mouth. Some oral bacteria may not produce porphyrins 
in vitro when a required substrate is missing. For other 
species, synergism with another microorganism may be 
crucial [van der Veen et al., 2006]. A better understanding 
of porphyrin metabolism, first in individual oral microbes 
and then in biofilms, is needed, not only so that species 
studied in the laboratory have the optimal substrates nee-
ded to fluoresce but also to further the development of 
new diagnostic and selective antimicrobial strategies tar-
geting haem synthesis and transport systems in the futu-
re.

One group has shown that different culture media ef-
fect fluorescence of individual oral microbes [Volgenant 
et al., 2013]. Although the porphyrin content of Aggrega-
tibacter actinomycetemcomitans and Porphyromonas gin-
givalis has been determined using liquid chromatogra-
phy, it is not known which specific porphyrins are produ-
ced by the wider range of oral bacteria and which nutrients 
they need to do so [Fyrestam et al., 2015]. The aim of this 
study was firstly to examine the fluorescence spectra pro-
duced by commonly found potentially pathogenic oral 
bacteria grown on culture media containing different 
porphyrin precursors and secondly to determine if spec-
tral peaks for specific porphyrins were identifiable depen-
ding on which culture medium was used.

Materials and Methods

Bacterial Recultivation
The following species were obtained as dried cultures from the 

Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(Braunschweig, Germany):

Actinomyces israelii (DSM, 43320).
Actinomyces naeslundii (DSM, 43013).
Fusobacterium nucleatum (DSM, 20482).
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chromatic excitation radiation. The excitation radiation was di-
rected at a quartz cuvette (Hellma, quartz glass cuvette SUPRASIL, 
114F-QS, pathlength 10 mm, 1 mL). The emission path was 90° to 
the excitation path, spectrally split by a second double monochro-
mator, and fed into a photomultiplier. The photomultiplier signal 
was recorded and transferred to a Microsoft Excel table. The pa-
rameters for the spectrophotometer were controlled using the Da-
taMax 2.20 software package (Instruments SA, Inc., USA). The 
spectral data were processed and plotted graphically using Origin 
version 7 (Microcoal Origin, Microcoal Software, Inc., North-
ampton, MA, USA) and Microsoft Excel (Microsoft, Redmond, 
WA, USA).

The emission generated by excitation at 405 nm was scanned 
from 430 to 800 nm at 0.5 nm/s and recorded with a resolution 
of 1 nm. Slit width was set between 1 and 6 nm for excitation and 
emission. The spectra were corrected for excitation intensity, 
detector sensitivity, and spectral curve of the emission mono-
chromator according to the derived protocols for biochemical 
fluorescence and emission analysis [Ramos and Techert, 2003, 
2005].

Results

Emission Spectra of Ethanol, Growth Media, and 
Selected Porphyrins
Ethanol did not fluoresce but exhibited Raman scatte-

ring at 459–460 nm. All three agars used exhibited Raman 
scattering at 460 nm and green fluorescence with a peak 
between 504 nm and 509 nm. None of the growth media 
fluoresced in the red spectral region.

All the porphyrins investigated exhibited strong fluore-
scence in the red spectral region. Haematin and haemato-
porphyrin showed very similar first emission peaks at 630 
and 624 nm, respectively. The second peak for haematin 
was at 693 nm and that for haematoporphyrin at 691 nm. 
Protoporphyrin IX had two clear emission peaks in the 
same range at 633 and 701 nm. Zn-protoporphyrin IX, on 
the other hand, exhibited peaks at 589 and 646 nm (Fig. 1).

Fluorescence Emission from Bacterial Colonies
All bacterial emission spectra showed both a Raman 

peak for ethanol at 459–460 nm and a broad band of green 

Fig. 2. Fluorescence emission spectra for P. intermedia at 405 nm excitation on caso, caso blood, and caso chlo-
rophyll agars. The intensity on caso blood agar is normalised at 632 nm. The position of peaks measured for pro-
toporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, and haematin are shown in dotted lines. Blue arrow 
at 577 nm.
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fluorescence from the growth media between 504 and 509 
nm. Fluorescence peaks were observed within three 
bands, 570–590 nm, 620–635 nm, and 680–700 nm which 
corresponded with the fluorescence observed for the por-
phyrins tested.

P. intermedia
Caso Blood Agar
P. intermedia grown on caso blood agar produced the 

highest intensity red fluorescence recorded in this study 
(Fig. 2.) Note the intensity on caso blood agar in this fi-
gure is normalised at 632 nm = 1 to show the spectrum 
together with those for the other two agars. The three 
peaks recorded were at 589–590, 632–633, and 700 nm. 
The first peak matches the 589-nm peak recorded for Zn-
protoporphyrin. The second and smaller peak from Zn-
protoporphyrin at 646 nm was not visible but may be 
masked by the higher intensity peak at 632–633 nm. This 
peak was an exact match for the first peak found for pro-
toporphyrin IX. The peak at 700 nm is a clear match for 
the second protoporphyrin IX peak.

Caso Standard Agar
When grown on caso standard agar, strong red fluore-

scence was also found, although the intensity was not as 
high as when grown on caso blood agar. Again, 3 peaks 
were found. The second two also matched both peaks for 
protoporphyrin IX, while the first was a plateau between 
575 and 590 nm, corresponding to the first peak for Zn-
protoporphyrin.

Caso Chlorophyll Agar
In contrast, when grown on caso chlorophyll agar, red 

fluorescence was inhibited or very weak. Nevertheless, a 
slight plateau between 570 and 580 nm and a small peak 
at 631 nm matching the first peaks from haematin and 
protoporphyrin IX were found.

Actinomyces
The two actinomyces species studied showed very dif-

ferent fluorescent behaviour depending on which agar 
was used (Fig. 3, 4). No fluorescence peaks were recorded 
for A. israelii when grown on either caso agar or on caso 

Fig. 3. Fluorescence emission spectra for A. israelii at 405 nm excitation on caso, caso blood, and caso chlorophyll 
agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, and 
haematin are shown in dotted lines. Blue arrow at 577 nm.
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blood agar. But when A. israelii was grown on caso chlo-
rophyll agar, it fluoresced in the red region, showing a 
small plateau at 624–630 nm, likely corresponding to the 
peaks found for haematoporphyrin and haematin and 
another small plateau at 666 and 676 nm, which did not 
match any of the porphyrins measured. A. naeslundii, on 
the other hand, fluoresced strongly in the red region on 
both caso blood and caso standard agars but only very 
weakly on caso chlorophyll agar. On caso blood agar, a 
high intensity peak at 631 nm corresponding to haematin 
and protoporphyrin IX and a second smaller peak at 699–
701 nm corresponding to protoporphyrin IX were found.

On caso standard agar, A. naeslundii produced three 
peaks. The first distinctive peak at 577 nm did not match 
any of the porphyrins tested; a second shoulder between 
621 and 632 nm corresponded to those found for haema-
toporphyrin, haematin, and protoporphyrin IX; and a 
third small plateau at 689–690 nm matched the second 
peak recorded for haematoporphyrin. On caso chloro-
phyll agar, the 577 nm peak was visible and a very slight 
shoulder at 622–626 nm was present, similar to the first 
two peaks found on caso standard agar.

F. Nucleatum
A large amount of intense green fluorescence with a 

peak between 505 nm and 510 nm was recorded for this 
species on all three of the growth media (Fig.  5). The 
green fluorescence intensity was higher than that 
measured for the growth media alone and was most pro-
nounced on caso blood agar. No red fluorescence peaks 
were recorded for this species when grown on caso blood 
agar. A small peak was found at 630–631 nm, correspon-
ding to the first peaks for protoporphyrin IX and haema-
tin, when grown on caso standard and on caso chloro-
phyll agars. On caso standard agar, a plateau was found 
at 700 nm which would correspond to the second peak for 
protoporphyrin IX.

L. casei
Three clear peaks were found for L. casei colonies 

when grown on caso chlorophyll agar. Peaks similar to 
the first two were also found when grown on caso stan-
dard agar. But when grown on caso blood agar, only a 
negligible plateau between 626 and 631 nm was found 
(Fig. 6).

Fig. 4. Fluorescence emission spectra for A. naeslundii at 405 nm excitation on caso, caso blood, and caso chlo-
rophyll agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, 
and haematin are shown in dotted lines. Blue arrow at 577 nm.
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The peaks around 630 nm match maxima recorded for 
haematoporphyrin, haematin, and protoporphyrin IX. 
Neither the first peak at 577 nm nor the third smaller peak 
between 668 and 672 nm on caso chlorophyll agar could 
be matched with any of the porphyrins measured. Red 
fluorescence was inhibited when L. casei was grown on 
blood agar.

Streptococci
All Streptococci showed high fluorescence intensity 

peaks in the yellow-red area of the spectrum when grown 
on caso and caso chlorophyll agars but not when grown 
on caso blood agar (Fig. 7–10). The emission spectra of 
the caso standard agar-grown Streptococcus colonies each 
showed a uniformly identical fluorescence maximum for 
all 4 strains at 577 nm and a second maximum between 
627 and 633 nm matching those for haematoporphyrin, 
haematin, and protoporphyrin IX. These maxima were 
also present on caso chlorophyll agar.

In all Streptococci, except S. oralis, a further small 
plateau was visible between 666 and 676 nm on caso 
chlorophyll agar. When grown on caso blood agar, S. 

mutans and S. salivarius both exhibited smaller peaks at 
631–633 nm, corresponding to haematin and protopor-
phyrin IX.

Peak at 577 nm
A clear and very intense peak was measured at 577 nm 

for all the Streptococci, A. naeslundii, and L. casei but only 
when grown on caso and caso chlorophyll agars and not 
on caso blood agar. This peak was not found for either F. 
nucleatum or A. israelii. A plateau was found at this wave-
length for P. intermedia on caso and caso chlorophyll 
agars. This peak could not be matched with any of the 
porphyrins tested.

Plateau at 666–676 nm
A smaller plateau was found between 666 and 676 nm 

for S. mutans, S. salivarius, S. sobrinus, A. israelii, L. casei, 
and F. nucleatum but only on caso chlorophyll agar. This 
plateau could not be attributed to any of the porphyrins 
included in this study.

Fig. 5. Fluorescence emission spectra for F. nucleatum at 405 nm excitation on caso, caso blood, and caso chlo-
rophyll agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, 
and haematin are shown in dotted lines. Blue arrow at 577 nm.
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Discussion

This study compared the fluorescence spectra produ-
ced by a selection of commonly found oral bacteria asso-
ciated with both health and disease with those of known 
porphyrins [Marsh and Martin, 1992]. Species associated 
with health in one niche may be associated with disease 
in another. S. oralis and S. salivarius are part of the normal 
oral flora but can rarely cause opportunistic infections in 
other parts of the body. Some cariogenic bacteria like S. 
mutans and Lactobacilli are associated with health regar-
ding periodontitis most likely due to their ability to cause 
a reduction in pH. In the same way, some periodontal 
pathogens like F. nucleatum have been associated with 
health regarding caries [Zaura et al., 2014].

To date, information on which porphyrins are produ-
ced by specific oral microbes is scarce. Protoporphyrin IX 
is one of the most frequently identified but not the only 
porphyrin produced by oral bacteria [Buchalla et al., 
2008]. Soukos et al. [2005] have shown that the most com-
mon porphyrins produced by oral black-pigmented 

bacteria are protoporphyrin followed by coproporphyrin 
and small amounts of uroporphyrin. A more recent study 
found only uroporphyrin and heptacarboxyl porphyrin 
in Fusobacterium cultures [Fontana et al., 2015].

The 405 nm excitation wavelength was chosen becau-
se it resembles the Soret band, that is the main excitation 
band of a huge variety of porphyrin compounds and has 
been identified as the optimal wavelength for excitation 
of red caries autofluorescence that is used in numerous 
caries diagnostic tools [Lennon et al., 2002; Buchalla et al., 
2004; de Joselin de Jong et al., 2009; Gomez et al., 2016; 
Macey et al., 2020]. The range of porphyrins and proto-
porphyrins included for direct comparison has previous-
ly been established as the main source of red fluorescence 
in carious dentin [Buchalla et al., 2008].

The bacteria were incubated on 3 different growth me-
dia. Caso agar was chosen as a base agar because it lacks 
both X and V factors (haemin and NAD+/NADP). Pep-
tones contained in caso agar are a source of amino acids, 
including glycine. Bacteria produce 5-aminolevulinic 
acid (ALA) from glycine as a first step and can go on to 

Fig. 6. Fluorescence emission spectra for L. casei at 405 nm excitation on caso, caso blood, and caso chlorophyll 
agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, and 
haematin are shown in dotted lines. Blue arrow at 577 nm.
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form haem, producing various porphyrins as intermedi-
ates via the classical or the non-canonical pathway [Cho-
by and Skaar, 2016]. Caso blood agar, on the other hand, 
contains 5% sheep’s blood, providing haem. Caso chloro-
phyll agar, prepared from spinach extract, was used to 
provide another potential porphyrin precursor in the 
form of chlorophyll, which contains a fifth ring in additi-
on to the tetrapyrrole structure with a magnesium ion at 
its centre. Spinach also contains vitamins A, B1-6, C, E, 
and K and minerals including iron, copper, zinc, and po-
tassium, providing further sources of both porphyrin ring 
structures and metals, so chlorophyll is not an exclusive 
source of porphyrin precursors in this case [Nemzer et al., 
2021].

Most previous studies on fluorescence of oral bacteria 
have used agars containing blood and/or haematin and 
vitamin K to provide substrates for fluorophore produc-
tion [Lennon et al., 2006; Zhu et al., 2015]. So far, only one 
other group has looked at the effect of metalloporphyrins 
in growth media on fluorescence also using spinach ex-
tract to introduce chlorophyll to the nutrient agar [Vol-
genant et al., 2013]. In contrast to this group, we found 

that quite some species, notably the Streptococci, produ-
ced red fluorophores when grown on caso standard agar 
in the absence of blood or spinach extract.

A clear peak was detected at 577 nm for several species 
but only when grown on caso and caso chlorophyll agars. 
This peak in the yellow area of the visible spectrum can-
not be attributed to any of the porphyrins we included in 
the study. The 577 nm peak is most likely caused by a me-
talloporphyrin. A fluorescent component with emission 
at around 580 nm has been described by Melø et al. [1985] 
in the emission spectra for Propionibacterium acnes at 
415 nm excitation. In a further study, this peak was shown 
to be separate from those recorded for coproporphyrin III 
and protoporphyrin IX but thought to be derived from 
coproporphyrin III because of the reduction of the copro-
porphyrin peak, with simultaneous increase in the 580 
nm peak after storage in darkness. The incorporation of 
a metal ion, such as copper, zinc, or potassium, which is 
available in spinach but also in blood, into a porphyrin or 
coproporphyrin may explain this shift in emission maxi-
ma.

Fig. 7. Fluorescence emission spectra for S. mutans at 405 nm excitation on caso, caso blood, and caso chlorophyll 
agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, and 
haematin are shown in dotted lines. Blue arrow at 577 nm.
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grown on caso standard or caso chlorophyll agars [Len-
non et al., 2006]

P. intermedia and A. naeslundii on the other hand pro-
duced fluorescence peaks matching Zn protoporphyrin 
IX, protoporphyrin IX, and haematin when grown on 
blood or caso agar. This effect was missing on caso chlo-
rophyll agar. The actinomyces behaved differently with 
A. naeslundii producing three different porphyrin pro-
files on each of the three agars and A. israelii producing 
small peaks matching haematoporphyrin, haematin, and 
protoporphyrin IX but only on caso chlorophyll agar.

It is now known that the bacterial haem biosynthesis 
pathways for most gram-positive (via the coproporphy-
rin III intermediate) and most gram-negative (via the 
protoporphyrinogen IX intermediate) species differ 
[Mayfield et al., 2011]. But neither this nor differences in 
aerobic fastidiousness can explain the inhibition on diffe-
rent nutrient agars as all these combinations were found 
both in the species with porphyrin inhibition on blood 
agar and in those with inhibition of fluorescence on chlo-
rophyll agar.

In general, we found that the nutritional dependent 
fluorescence behaviour of the strains could be split into 
two groups with porphyrin production being inhibited or 
absent either on blood or on chlorophyll agar. For exam-
ple, in Streptococci,L. casei, and F. nucleatum porphyrin 
production was inhibited on agar containing blood. In P. 
intermedia and A. naeslundii porphyrin production was 
inhibited on agar containing spinach extract.

The Streptococci and L. casei produced strong fluore-
scent peaks when grown on caso standard or caso chloro-
phyll agar plates but not on caso blood agar. This con-
firms previous research where red fluorescence was ab-
sent for Streptococci grown on blood agar, although this 
was recorded as a visual impression rather than spec-
troscopy [Lennon et al., 2006]. The first peak at 577 nm, 
most likely indicates an unidentified but specific porphy-
rin. A shoulder between 627 nm and 633 nm for both 
Streptococci and L. casei corresponds with peaks found 
for haematoporphyrin, haematin, and protoporphyrin 
IX. F. nucleatum produced not only strong green fluore-
scence as reported earlier but also red fluorophores when 

Fig. 8. Fluorescence emission spectra for S. salivarius at 405 nm excitation on caso, caso blood, and caso chloro-
phyll agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, 
and haematin are shown in dotted lines. Blue arrow at 577 nm.
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During an infection, the human body sequesters haem 
so that less is available for invading microbes [Anzaldi 
and Skaar, 2010]. To combat this, all bacteria have evol-
ved mechanisms for the capture and uptake of haem but 
also for its excretion to prevent iron toxicity [Choby and 
Skaar, 2016].

It is possible that it is not the absence of a substrate but 
the presence of one in excess, for example, haem in blood 
agar that results in the inhibition of fluorophore produc-
tion via a feedback mechanism. Since haem is the end 
product, its overabundance is likely to downregulate its 
production, explaining the lack of fluorescence in some 
species when grown on blood agar.

Each of the porphyrins measured in this study produ-
ced both first and second peaks when measured individu-
ally, but usually only one peak could be identified from 
the bacterial samples due to overlapping by other peaks. 
Some porphyrins present may not have been identified 
for this reason. On the other hand, some peaks were iden-
tified in addition to the porphyrins we included, indica-
ting that in future a larger range of porphyrins and me-

talloporphyrins should be included for this type of inve-
stigation. Another limitation is that spectra were measured 
at only one point in time although porphyrin production 
is known to shift over time due to pH changes or passa-
ging [Fyrestam and Östman, 2017]. The fact that porphy-
rin production differs for individual microorganisms 
opens the possibility of using fluorescence methods to 
identify specific groups of bacteria in plaque or dentin. 
Furthermore, haem synthesis and transport pathways are 
of interest as potential antimicrobial targets in the future.

Conclusions

Oral bacteria involved in caries and periodontitis sho-
wed red fluorescence emission matching known porphy-
rins, depending on nutrients available in the culture me-
dium. Many oral bacteria synthesise porphyrin com-
pounds without using tetrapyrroles already existing in the 
agar. Non-red-fluorescing porphyrin-like precursors 
(haem, chlorophyll) may facilitate or inhibit synthesis of 

Fig. 9. Fluorescence emission spectra for S. oralis at 405 nm excitation on caso, caso blood, and caso chlorophyll 
agars. The position of peaks measured for protoporphyrin IX, Zn-protoporphyrin IX, haematoporphyrin, and 
haematin are shown in dotted lines. Blue arrow at 577 nm.
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red-fluorescing porphyrin compounds. The cause for in-
hibition of red fluorescence on blood or chlorophyll agar 
in some species is currently not known. F. nucleatum syn-
thetized primarily green fluorescing compounds under 
the conditions tested in this study.
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and haematin are shown in dotted lines. Blue arrow at 577 nm.



Oral Bacteria and Porphyrin Fluorescence 
Depending on Growth Media

13Caries Res
DOI: 10.1159/000528731

References

Anzaldi LL, Skaar EP. Overcoming the heme par-
adox:  heme toxicity and tolerance in bacterial 
pathogens. Infect Immun. 2010; 78(12): 4977–
89.

Buchalla W, Attin T, Niedmann Y, Niedmann 
PD, Lennon ÁM. Porphyrins are the cause of 
red fluorescence of carious dentine:  verified 
by gradient reversed-phase HPLC. Caries Res. 
2008; 42(3): 223.

Buchalla W, Lennon AM, Attin T. Comparative 
fluorescence spectroscopy of root caries le-
sions. Eur J Oral Sci. 2004; 112(6): 490–6.

Choby JE, Skaar EP. Heme synthesis and acquisi-
tion in bacterial pathogens. J Mol Biol. 2016; 

428(17): 3408–28.
Cieplik F, Späth A, Leibl C, Gollmer A, Regens-

burger J, Tabenski L, et al. Blue light kills Ag-
gregatibacter actinomycetemcomitans due to 
its endogenous photosensitizers. Clin Oral 
Investig. 2014; 18(7): 1763–9.

Coulthwaite L, Pretty IA, Smith PW, Higham SM, 
Verran J. The microbiological Origin of fluo-
rescence observed in plaque on dentures dur-
ing QLF analysis. Caries Res. 2006; 40(2): 112–
6.

Dailey HA, Dailey TA, Gerdes S, Jahn D, Jahn M, 
O’Brian MR, et al. Prokaryotic heme biosyn-
thesis:  multiple pathways to a common essen-
tial product. Microbiol Mol Biol Rev. 2017; 

81(1): e00048–16.
de Josselin de Jong E, Higham SM, Smith PW, van 

Daelen CJ, van der Veen MH. Quantified 
light-induced fluorescence, review of a diag-
nostic tool in prevention of oral disease. J 
Appl Phys. 2009; 105(10): 102031.

Fontana CR, Song X, Polymeri A, Goodson JM, 
Wang X, Soukos NS. The effect of blue light 
on periodontal biofilm growth in vitro. Lasers 
Med Sci. 2015; 30(8): 2077–86.

Fyrestam J, Bjurshammar N, Paulsson E, Jo-
hannsen A, Östman C. Determination of por-
phyrins in oral bacteria by liquid chromatog-
raphy electrospray ionization tandem mass 
spectrometry. Anal Bioanal Chem. 2015; 

407(23): 7013–23.
Fyrestam J, Östman C. Determination of heme in 

microorganisms using HPLC-MS/MS and 
cobalt(III) protoporphyrin IX inhibition of 
heme acquisition in Escherichia coli. Anal 
Bioanal Chem. 2017; 409(30): 6999–7010.

Felix Gomez G, Eckert GJ, Ferreira Zandona A. 
Orange/red fluorescence of active caries by 
retrospective quantitative light-induced fluo-
rescence image analysis. Caries Res. 2016; 

50(3): 295–302.
Kim HE, Kim BI. Analysis of orange/red fluores-

cence for bacterial activity in initial carious le-
sions may provide accurate lesion activity as-
sessment for caries progression. J Évid Based 
Dent Pract. 2017; 17(2): 125–8.

Koenig K, Schneckenburger H. Laser-induced au-
tofluorescence for medical diagnosis. J Fluo-
resc. 1994; 4(1): 17–40.

Ku HM, Kim E, Kim B-I. Red fluorescence for as-
sessing longitudinal tooth fractures. Photodi-
agnosis Photodyn Ther. 2022; 38: 102845.

Lennon AM, Buchalla W, Brune L, Zimmermann 
O, Gross U, Attin T. The ability of selected 
oral microorganisms to emit red fluorescence. 
Caries Res. 2006; 40(1): 2–5.

Lennon AM, Buchalla W, Switalski L, Stookey 
GK. Residual caries detection using visible 
fluorescence. Caries Res. 2002; 36(5): 315–9.

Macey R, Walsh T, Riley P, Glenny A-M, 
Worthington HV, Fee PA, et al. Fluorescence 
devices for the detection of dental caries. Co-
chrane Database Syst Rev. 2020; 12(12): 

CD013811.
Marsh P, Martin M. Oral Microbiology. 3rd ed. 

New York:  Chapman and Hall;  1992.
Mayfield JA, Dehner CA, DuBois JL. Recent ad-

vances in bacterial heme protein biochemis-
try. Curr Opin Chem Biol. 2011; 15(2): 260–6.

Melø TB, Reisaeter G, Johnsson A, Johnsson M. 
Photodestruction of propionibacterium 
acnes porphyrins. Z Naturforsch C Biosci. 
1985; 40(1-2): 125–8.

Michou S, Benetti AR, Vannahme C, Hermanns-
son PG, Bakhshandeh A, Ekstrand KR. Devel-
opment of a fluorescence-based caries scoring 
system for an intraoral scanner:  an in vitro 
study. Caries Res. 2020; 54(4): 324–35.

Mukherjee S. The role of crevicular fluid iron in 
periodontal disease. J Periodontol. 1985; 

56(11 Suppl): 22–7.

Nemzer B, Al-Taher F, Abshiru N. Extraction and 
natural bioactive molecules characterization 
in spinach, kale and purslane:  a comparative 
study. Molecules. 2021; 26(9): 2515.

Ramos ASF, Techert S. A directly linked pyrene:  
dimethylaniline derivative as a potential bio-
chemical sensor for the microenvironmental 
dielectric properties of the active site of en-
zymes. Phys Chem Chem Phys. 2003; 5(23): 

5176–81.
Ramos ASF, Techert S. Influence of the water 

structure on the acetylcholinesterase efficien-
cy. Biophys J. 2005; 89(3): 1990–2003.

Sainsbury AL, Bird PS, Walsh LJ. DIAGNOdent 
laser fluorescence assessment of endodontic 
infection. J Endod. 2009; 35(10): 1404–7.

Shisaka Y, Iwai Y, Yamada S, Uehara H, Tosha T, 
Sugimoto H, et al. Hijacking the heme acqui-
sition system of Pseudomonas aeruginosa for 
the delivery of phthalocyanine as an antimi-
crobial. Acs Chem Biol. 2019; 14(7): 1637–42.

Soukos NS, Som S, Abernethy AD, Ruggiero K, 
Dunham J, Lee C, et al. Phototargeting oral 
black-pigmented bacteria. Antimicrob 
Agents Chemother. 2005; 49(4): 1391–6.

Takahashi N. Oral microbiome metabolism:  from 
“who are they?” To “what are they doing?”. J 
Dent Res. 2015; 94(12): 1628–37.

van der Veen MH, Thomas RZ, Huysmans MC, 
de Soet JJ. Red autofluorescence of dental 
plaque bacteria. Caries Res. 2006; 40(6): 542–
5.

Volgenant CMC, Hoogenkamp MA, Krom BP, 
Janus MM, ten Cate JM, de Soet JJ, et al. Red 
and green fluorescence from oral biofilms. 
PLoS One. 2016; 11(12): e0168428.

Volgenant CMC, van der Veen MH, de Soet JJ, ten 
Cate JM. Effect of metalloporphyrins on red 
autofluorescence from oral bacteria. Eur J 
Oral Sci. 2013; 121(3 Pt 1): 156–61.

Zaura E, Koopman JE, Mostajo MFY, Crielaard 
W. In:  Marchesi JR, editor. The Oral Micro-
biome. Wallingford, UK:  CABI;  2014. p. 20–
31.

Zhu H, Lao W, Chen Q, Zhang Q, Chen H. A 
study of the fluorescence characteristics of 
common cariogenic microorganisms. Int J 
Clin Exp Med. 2015; 8(3): 3651–61.


