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Propidium iodide staining 
underestimates viability of 
adherent bacterial cells
Merilin Rosenberg1,2, Nuno F. Azevedo3 & Angela Ivask1

Combining membrane impermeable DNA-binding stain propidium iodide (PI) with membrane-
permeable DNA-binding counterstains is a widely used approach for bacterial viability staining. In this 
paper we show that PI staining of adherent cells in bio昀؀lms may signi昀؀cantly underestimate bacterial 
viability due to the presence of extracellular nucleic acids (eNA). We demonstrate that gram-positive 
Staphylococcus epidermidis and gram-negative Escherichia coli 24-hour initial bio昀؀lms on glass consist of 
76 and 96% PI-positive red cells in situ, respectively, even though 68% the cells of either species in these 
aggregates are metabolically active. Furthermore, 82% of E. coli and 89% S. epidermidis are cultivable 

after harvesting. Confocal laser scanning microscopy (CLSM) revealed that this false dead layer of red 
cells is due to a subpopulation of double-stained cells that have green interiors under red coating layer 
which hints at eNA being stained outside intact membranes. Therefore, viability staining results of 
adherent cells should always be validated by an alternative method for estimating viability, preferably 
by cultivation.

Propidium iodide (PI) is widely used for bacterial viability staining, especially since Boulos et al. (1999) pub-
lished the method1. PI can only cross compromised bacterial membranes and is therefore considered to be an 
indicator of membrane integrity. It stains DNA and RNA inside of dead cells or the ones with reversibly damaged 
membranes. For viability staining PI is usually coupled with a universal stain that crosses intact membranes and 
stains nucleic acids (NA) of all cells, thereby enabling to obtain total cell counts. One of the most common exam-
ples of such co-stain is SYTO 9. During co-staining with PI and SYTO 9, SYTO 9 can enter all cells regardless of 
their membrane integrity, bind to DNA and RNA and emit green fuorescence while PI can only enter cells with 
compromised membranes, bind to DNA and RNA and emit a red fuorescent signal. With higher aonity to bind 
DNA and in suocient excess to SYTO 9, PI replaces SYTO 9, when both stains are exposed to the same DNA 
resulting in red fuorescent signal. As a result of coupling of those two DNA-binding and membrane permeability 
dependent stains red signals from cells are considered as <dead= and green signals as <alive=1–3. Although this 
principle is widely applied and proven to work well for an array of planktonic cultures, it has its limitations i.e. 
unequal SYTO 9 staining of viable and dead cells, incomplete replacement of SYTO 9 by PI or energy transfer 
during co-staining2,4. It has also been demonstrated that PI might in some cases provide false dead signals that 
could be associated with high membrane potential5, and that the staining result might be dependent on physio-
logical processes other than membrane damage6. PI-based viability staining results do not always correlate with 
cultivability also due to the viable but not cultivable (VBNC) state of bacterial cells7 or cell clumping8. Despite its 
above-mentioned draw-backs, PI and SYTO 9 co-staining is also a widely used and suggested method in bioflm 
research8–17.

Another factor to consider when staining cells with NA-binding fuorophores is that NAs are not always only 
localized inside bacterial cells and surrounded by a membrane. For example, extracellular DNA (eDNA) can be 
present in planktonic cultures in specifc growth phases18. During bioflm formation, eDNA mediates bacterial 
attachment to surfaces19, and it also plays a major role in mature bioflms. Ve importance of eDNA in bioflm 
formation has been proven by the fact that DNase I inhibits bioflm formation or detaches existing bioflm of 
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several gram-positive and gram-negative bacterial species20. For the same reason, DNase is also proposed to be 
used as an anti-bioflm agent21,22. Ve presence of DNA from non-viable sources (eDNA and DNA from dead 
cells) has also introduced the need to use ethidium monoazide (EMA), propidium monoazide (PMA) or endo-
nuclease (DNase I) treatment prior to viability assessment by quantitative polymerase chain reaction (qPCR)23–25. 
All the above-mentioned treatment agents, EMA, PMA as well as DNase I are intact membrane impermeable 
DNA-targeting compounds spatially targeting the same DNA as PI, depending on membrane integrity.

To get an overview whether the presence of eDNA in bioflms has been considered as a factor that may inter-
fere with PI-based fuorescent staining, we performed a search in Scopus database for <bioflm= and <propidium 
iodide= and received 683 results while adding <extracellular DNA= or <eDNA= to the search decreased the number 
of results to 43 indicating that while PI is used for staining bioflms, possible presence of eDNA is generally not 
taken into account in this context. In the literature we can fnd that PI is also used for staining of eDNA26,27, but 
no clear quantitative proof about PI not being suitable for bioflm viability staining because of the presence of NA 
in bioflm extracellular matrix (ECM). More surprisingly, viability staining based on intact membrane imper-
meable DNA-binding stains like PI are occasionally used even while specifcally studying eDNA28. Nonetheless, 
from some of the articles, hints of such threat can be found. For example, Gião and Keevil observed that some of 
Listeria monocytogenes bioflms in tap water and most of the old bioflms grown in rich media stained red with 
PI and SYTO 9 co-staining, but were cultivable and suspected red staining not to be indicative of dead cells but 
to be caused by eDNA29. From these sources it could be suspected that PI-based viability staining of bioflms, 
although commonly used, could be critically afected by eDNA and cause underestimation of bioflm viability. To 
address this possibility, we performed quantitative viability assessment of adherent cells using various staining 
and culture-based methods.

Results
A combination of epifuorescence microscopy (EM), fow cytometry (FCM) and confocal laser scanning micros-
copy (CLSM) performed on propidium iodide (PI) and SYTO 9 stained adherent and harvested bacterial cells 
in parallel with culture-based methods was used to reveal whether staining of adherent bacteria with PI may 
underestimate their viability. Initial (24 h) bioflms of gram-negative E. coli K-12 wild-type substrain MG1655 and 
a gram-positive S. epidermidis type strain DSM-20044 were used for the experiments. E. coli MG1655 is widely 
used in molecular biology and capable of forming bioflm under both aerobic and anaerobic conditions30–34. S. 
epidermidis strains have well established bioflm forming properties similarly to Staphylococcus aureus and have 
been shown to produce eDNA13,35. Ve bioflms of these two bacterial strains on glass surfaces were formed in 
phosphate bufered saline (PBS) to rule out potential efect of osmotic stress on bacterial membranes and possibly 
consequently on viability staining outcome.

Viability staining in situ. As can be seen on representative images (Fig. 1) and from quantitative data 
(Fig. 2), ager PI + SYTO 9 co-staining, most adherent cells (96.35 ± 5.30% of E. coli and 75.69 ± 18.44% of 
S. epidermidis cells) in 24 h bioflm in PBS stained red with PI in situ (Figs 1a,b and 2a,b) while most (about 
99%) planktonic cells from suspension above the respective biofilms stained green with SYTO 9 on a filter 
(Supplementary Fig. 1). Vis could normally be interpreted as simply showing the diferences in the physiology 
of adherent and planktonic cells and diferent proportion of dead and alive cells indicating better viability of 
planktonic cells. However, decreased viability of adherent cells was not an expected result. Adherent cells pre-
sented bioflm-specifc aggregation into microcolonies which is characteristic of viable initial bioflms. No toxic 
agent was used, and samples were rinsed before staining to ensure removal of loose dead planktonic cells. Also, 
the proportion of red-stained cells in the initial bioflms was surprisingly high. For example, using the same 
staining method, Wang et al. noted only a few dead cells among viable cells on a 24 h E. coli bioflm on silicone in 
PBS36. Starved bioflms incubated in PBS are more commonly used in oral health studies where most of the cells 
in bioflm tend to stain green similar to Zhu et al. reporting 76.7% viability of 24 h Streptococcus mutans bioflm 
on glass in phosphate bufer9. To exclude single stain efects, viable and ethanol-fxed bioflms were stained with 
PI, SYTO 9 and PI + SYTO 9 (Supplementary Figs 2 and 3). Single staining resulted in only red signals for PI 
and green signals for SYTO 9. Fixed samples stained with PI or PI + SYTO 9 showed only red cells. However, it 
could be observed that while single-stained fxed samples comprised of cells with similar PI or SYTO 9 intensity, 
variable signal intensities were observed for viable bioflms. Diferent binding aonity of SYTO 9 to viable and 
dead gram-negative bacteria is a known limitation of the method4. With adherent cells, we observed the same 
phenomenon also for gram-positive S. epidermidis.

As PI uptake by viable planktonic bacteria with increased membrane potential has been suggested by 
Kirchhof and Cypionka5 and bioflms have been shown to demonstrate membrane potential fuctuations37 a 
control experiment deploying 3,3′-diethyloxacarbocyanine iodide (DiOC2(3)) and membrane potential eliminat-
ing carbonyl cyanide m-chlorophenylhydrazone (CCCP) pre-treatment was executed. No increased membrane 
potential signals described by Kirchhof and Cypionka were observed for in situ DiOC2(3) staining and CCCP 
pre-treatment did not afect overall PI + SYTO 9 double- staining pattern of the bioflms (Supplementary Fig. 4), 
excluding the possibility of PI signals being caused by increased membrane potential.

To reveal the metabolic activity of E. coli and S. epidermidis in bioflms, we also stained the adherent cells 
with fuorescein diacetate (FDA), not a DNA-binding, but enzymatic activity indicative stain that emits green 
fuorescence ager intracellular enzymatic cleavage38. It was observed that 67.91% E. coli and 68.30% S. epidermidis 
cells were metabolically active compared to in situ PI + SYTO 9 total counts (Figs 1c,d, 2a,b). Comparison of the 
results from staining the cells with FDA and PI + SYTO 9 showed that for both species of bacteria, there is a sta-
tistically signifcant diference in FDA and SYTO 9 signal counts (Fig. 2a,b) but there is no signifcant diference 
between FDA and PI or total (PI + SYTO 9) signal counts. On the assumption that dead cells are not metaboli-
cally active, and starvation may even cause underestimation of viable cell count based on FDA staining, this result 
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sharply contradicts PI + SYTO 9 viability staining results. From these results demonstrating that most of the cells 
on glass surfaces are metabolically active and stain with PI while a minority of presumably viable cells stain with 
SYTO 9 only it can be concluded that SYTO 9 signal count signifcantly underestimates viability and PI signal 
count signifcantly overestimates dead cell count as a result of PI + SYTO 9 co-staining in situ. Counting possible 
weak background FDA signals from dead cells was ruled out as FDA-staining of ethanol-fxed bioflms did not 
produce observable signals (Supplementary Fig. 5). However, neither membrane integrity nor enzymatic activity, 
especially when incubated in a nutrient-poor environment, can truly indicate the reproduction capability of the 
cells. Vis can only be measured by cultivation-based methods.

Figure 1. Epifuorescence microscopy images of adherent E. coli (a,c,e)  and S. epidermidis (b,d,f) viability 
staining. 24 h initial monolayer bioflm formed on glass in PBS stained in situ with propidium iodide (PI) and 
SYTO 9 (a,b), with fuorescein diacetate (FDA) (c,d) or harvested via sonication, stained with PI and SYTO 9 
and collected on flter (e,f). Pie diagrams represent total cell count on surfaces with PI, SYTO 9 and FDA stained 
signal proportions marked in red, dark green and light green respectively. Scale bars correspond to 10 µm.
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Viability staining and cultivability of harvested cells. Adherent bacteria were harvested from the 
surfaces via ultrasonication optimized to acquire the maximum number of viable cells (Supplementary Fig. 6) 
and plated or stained with PI and SYTO 9 and analyzed by fow cytometry (FCM) or collected on flter fol-
lowed by epifluorescence microscopy (Figs 1e,f, 2c,d). Of the 96.35 ± 5.30% in situ PI-positive E. coli cells, 
only 43.50 ± 5.30% were PI-positive ager harvesting, subsequent staining and collection on flter, and only 
27.76 ± 9.61% of those cells could be assigned to the <dead= gate in FCM, based on ethanol-killed planktonic cells. 
Similarly, of the 75.69 ± 18.44% in situ PI-positive S. epidermidis cells, only 19.56 ± 8.93% were PI-positive ager 
harvesting, staining and collection on flter, and only 11.07 ± 10.70 those cells could be assigned to the <dead= gate 
in FCM. Vis result showing increased fraction of SYTO 9 stained cells ager harvesting of adherent cells via ultra-
sonication compared with adherent cells in situ (Fig. 1a vs 1e; 1b vs 1f) was rather surprising. One would expect 
that ultrasonication does not increase but rather decreases cellular viability due to physical damage as longer 
ultrasonication durations resulted in decreased planktonic cell viability as well as decreased viable yield of adher-
ent cells (Supplementary Fig. 6). However, due to the seemingly reversed red to green ratio ager ultrasonication 
we hypothesized that this treatment afects the staining of viable cells with PI. One of the possible explanations for 
that was partial removal of eNA containing ECM from adherent cells. Indeed, ultrasonication is a technique that 
is commonly used for ECM extraction39,40. Removal of eNA and false dead signals along with ECM was further 
confrmed by cultivating the harvested bacteria. Following the PI + SYTO 9 staining principle, plate counts could 
be expected to be smaller than the number of SYTO 9 signals from in situ staining due to possible cell aggregates 
forming only one colony but yielding several signals counted. On the contrary, compared to total signal counts 

Figure 2. Comparison of multiple approaches to evaluate adherent cell viability in E. coli (a,c) and S. 
epidermidis (b,d) bioflms on surface in situ (a,b) or ager harvesting via ultrasonication (c,d). 24 h initial 
monolayer bioflm formed on glass in PBS stained in situ (a,b) with propidium iodide (PI) and SYTO 9 or FDA 
followed by epifuorescence microscopy (EM) and signal counting or harvested (c,d) and cultivated for plate 
counts, co-stained with PI and SYTO 9 and analyzed by fow cytometry (FCM) or collected on flter followed 
by EM and signal counting. Cell counting results are presented as signals/cm2 where one signal counted 
corresponds to a single fuorescent cell or compact diplococcus (microscopy), a CFU (cultured plate count) 
or an FCM event. Live/dead gating of FCM signal populations was based on known proportions of viable 
and ethanol-killed planktonic bacteria. Mean and standard deviation of 4–6 independent values for in situ 
staining and fltering and 10–16 independent values for plate counts and FCM are shown and only statistically 
signifcant diferences (p < 0.05) marked on graphs (< < > 0.05; * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001).
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from harvested and PI + SYTO 9 stained samples at least 82.43% of E. coli and 89.02% of S. epidermidis cells were 
cultivable and formed colonies on nutrient agar.

Vere was no statistically signifcant diference in plate counts of bioflm harvested cells, FCM total event 
counts FCM <alive= event counts, and SYTO 9 counts of harvested, PI + SYTO 9 stained and fltered samples for 
neither species, indicating that the majority of the harvested cells are truly viable (Figs 2c,d) and the fact that they 
stained red with PI in in situ bioflms was indeed an artifact, most likely due to the presence of eNA in the bioflm 
matrix.

Of the approaches used for harvested cell viability assessment, FCM proved to be a quicker and less elab-
orate method than filtering stained samples and counting fluorescent signals from microscopy images but 
gating harvested sample signals in FCM proved to be problematic. FCM alive and dead gates were based on 
viable and ethanol-killed planktonic cultures but unlike planktonic samples from the same test system, ultra-
sonicated bioflm samples had much higher noise level and less defned and/or shiged <alive= signal populations 
(Supplementary Fig. 7) easily explained by partial ECM removal during harvesting and resulting double-staining 
of viable bacteria to various degrees in contrast to more strictly PI-defned <dead gate=.

Ve fact that viability estimate based on in situ PI-staining was signifcantly lower than the ones based on in 
situ FDA staining or harvested cell plate count (Table 1) suggested that eNAs could indeed play a major role in 
false <dead= PI-staining of bioflm bacteria in situ. To further confrm the hypothesis, confocal microscopy was 
used to better visualize the PI and SYTO 9 co-stained bacterial bioflms.

Confocal laser scanning microscopy (CLSM) of PI + SYTO 9 stained bio昀؀lms. CLSM cross-sections 
of monolayer bioflms revealed overlapping PI and SYTO 9 signals of E. coli (Fig. 3) and S. epidermidis (Fig. 4) 
creating a wider difuse red PI corona around SYTO 9 signals except for the most intensely red cells that lacked 
green signal and could presumably be true dead signals. It must be noted that the result was seriously afected 
by vertical resolution limit of CLSM due to bacterial cell size, especially for E. coli. However, it was still possible 
to bring light to the fact that a large proportion of the cells of both species demonstrated double-staining with 
green interiors under red PI-stained exteriors. Vis double-staining was only characteristic of viable bioflms 
and also not a single stain efect, as co-stained ethanol-fxed bioflms lacked green signals with the same CLSM 
setup and bioflms monostained with PI or SYTO 9 only produced signal in their respective emission channels 
(Supplementary Figs 8 and 9). Full width at half maximum (FWHM) measurements of CLSM cross-sections of 
non-saturated cellular signals confrm that red signals from double-stained cells of both species are signifcantly 
wider than green signals (Supplementary Fig. 10).

Species
In situ 
PI + SYTO 9

In situ FDA vs 
PI + SYTO 9 total count

Harvested, 
PI + SYTO 9, on flter

Harvested, PI + SYTO 
9, fow cytometry

Harvested, plate count vs 
PI + SYTO 9 total count on flter

E. coli 3.65 ± 5.30 67.91 56.50 ± 5.30 77.20 ± 9.60 82.43

S. epidermidis 24.31 ± 18.44 68.30 80.44 ± 8.93 88.90 ± 10.70 89.02

Table 1. Viability estimates (%)* of 24 h bioflms acquired with diferent methods. *Mean and standard 
deviation of 4–6 independent values for in situ staining and fltering and 10–16 independent values for plate 
counts and FCM are shown. Percentages calculated as ratios of mean values are presented without standard 
deviations.

Figure 3. Confocal laser scanning microscopy (CSLM) images of 24 h E. coli bioflm co-stained with propidium 
iodide (PI) and SYTO 9: vertical and horizontal cross-sections in multichannel (a), green channel (b) and red 
channel (c) view. Dead cells stained with PI are indicated with cyan and viable cells double-stained with PI 
and SYTO 9 with yellow arrows. Scale bars correspond to 5 µm. Single images of the Z-stack are available in 
Supplementary Album 1.
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As suspected from the comparison of staining of cells with PI + SYTO 9 in situ and ager ultrasonication, 
CLSM confrms that PI really does stain cells externally and is therefore not indicative of viability but produces 
false dead signals under these experimental conditions. Unfortunately, the CLSM resolution limit does not allow 
to confrm PI exclusion from cell interiors. To compare the staining pattern of PI + SYTO 9 to SYTO 9 co-staining 
with membrane or membrane-associated ECM components, we combined SYTO 9 with CellMask Orange 
(CMO), Nile red (NR) and Congo red (CR). NR + SYTO 9 staining resulted in the strongest signals of both NR 
and SYTO 9 (Supplementary Fig. 11) with a similar red corona around green cell interiors apparent in CLSM 
as was observed for PI + SYTO 9 staining (Fig. 4). CMO staining resulted in weaker signals for S. epidermidis 
(Supplementary Fig. 11) and was not usable for E. coli but demonstrated a similar red corona around green S. epi-
dermidis cells as PI + SYTO 9 and NR + SYTO 9. Due to imaging at the CLSM resolution limit, membrane signals 
(NR, CMO) can also be seen inside the cells similarly to PI signals on Figs 3 and 4. Expected extracellular DNA 
signal (SYTO 9) outside the membranes similar to extracellular PI signal in case of PI + SYTO 9 co-staining is 
lost in these images (Supplementary Fig. 11) possibly due to limited dynamic range and loss of weaker signals in 
single channel SYTO 9 acquisition as opposed to individually adjustable separate channels for intracellular SYTO 
9 and extracellular PI signal acquisition (Figs 3 and 4).

CR is an amyloid stain fuorescing red when bound to bacterial surface-associated amyloid fbrils (SAFs)41. CR 
signals appeared too weak and quickly bleaching to use in CLSM, but images could be attained in epifuorescence 
microscopy using long exposures. Interestingly CR + SYTO 9 staining pattern in epifuorescence microscopy 
(Supplementary Fig. 12) appears similar to that of PI + SYTO 9 (Fig. 1a,b) with some cells lacking red signals and 
staining green with SYTO 9 while most present red CR signals of variable intensities. It is also evident that SYTO 
9 signal is completely masked by more intense CR signals, similarly to PI + SYTO 9 with the signifcant diference 
that CR + SYTO 9 eliminates competing for DNA binding.

To further prove the role of eDNA in PI-staining, we also attempted to treat bioflms and similar amount 
of planktonic cells with DNase I, remove the cells from the surfaces by scraping, concentrate by centrifugation 
and demonstrate larger amount of DNase degradable DNA signal on adherent cells than on planktonic cells. 
Unfortunately, the number of adherent cells optimized for in situ counting was too low to provide a signal in 
ethidium bromide agarose gel electrophoresis. Also, ECM removed from scraped cells by suspending them in 
1.5 M sodium chloride42 did not produce DNA signal on gel likely due to too low amount of DNA. PI + SYTO 
9 staining and epifuorescence microscopy of 1.5 M NaCl-treated cells confrmed that most of the cells indeed 
stained green suggesting successful removal of ECM, including eDNA, from the cells. It was also empirically 
observed that physical manipulations of adherent cells from scraping to centrifugation, vortexing and ultrasoni-
cation all shiged the red to green staining ratio to more green, indicating (partial) ECM removal in various steps 
of the process which makes cell number normalization between planktonic and low numbers of adherent cells 
prior to analysis diocult to achieve without losing signifcant amounts of eDNA.

Discussion
Ve need to study possible false dead results of PI-based viability staining arose from our previous experiments 
carried out with bacterial bioflms in water and PBS, where we have similarly to this study, observed a large frac-
tion of red PI-stained cells in bioflms on untreated glass but signifcantly smaller fraction of red-stained cells on 
glass surfaces with antibacterial treatment, although total cell counts on treated surfaces tended to be much lower 
than on untreated controls (unpublished data; Supplementary Fig. 13; surfaces described in43). Yet the morphol-
ogy of bioflms on untreated glass appeared normal while on antibacterial glass surfaces the bioflm structure as 

Figure 4. Confocal laser scanning microscopy (CSLM) images of 24 h S. epidermidis bioflm co-stained with 
propidium iodide (PI) and SYTO 9: vertical and horizontal cross-sections in multichannel (a), green channel 
(b) and red channel (c) view. Dead cells stained with PI are indicated with cyan and viable cells double-stained 
with PI and SYTO 9 with yellow arrows. Scale bars correspond to 5 µm. Single images of the Z-stack are 
available in Supplementary Album 1.
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well as S. epidermidis characteristic diplococcal aggregation was disturbed. Vis result suggested almost reverse 
staining of alive and dead bacterial cells with PI and SYTO 9 in bioflms. In this study we show that in similar 
conditions on untreated glass membrane integrity based viability staining with NA-binding PI can and will sig-
nifcantly overestimate the dead cell count in 24 h gram-positive and gram-negative monospecies bioflms in PBS. 
96.35 ± 5.30% of E. coli and 75.69 ± 18.44% of S.epidermidis cells stained red and according to general viability 
staining principles could be considered <dead= when co-staining with PI and SYTO 9 in situ compared to 67.91% 
E. coli and 68.30% S. epidermidis staining FDA-positive – metabolically active in situ, and at least 82.43% of E. 
coli and 89.02% of S. epidermidis cells being cultivable ager harvesting from bioflms via ultrasonication. It was 
also evident that the red (PI) to green (SYTO 9) signal ratio was reversed ager ultrasonication which indicates 
PI signal localization in the ECM and (partial) ECM removal during physical manipulation of the cells. To our 
knowledge, non-specifc fuorescence of PI in bioflm ECM has not been described as a factor possibly infuencing 
viability staining results. PI does also bind RNA, not only DNA. However, while the presence of eDNA in ECM 
is well described, not much is known about extracellular RNA (eRNA) in bioflms. It has been shown that bacte-
ria can secrete RNA in outer membrane vesicles (OMVs). For example, Ghosal et al. have demonstrated eRNA 
outside planktonic E. coli MG165544, the very same strain that was used in our experiments. Whether eRNA has 
a role in bioflm formation is yet scarcely studied, but it cannot be ruled out. For example, eRNA has been demon-
strated to be important in Haemophilus infuenzae in vitro bioflm formation45.

Compared to harvested cell plate count, FDA staining results in situ seem to underestimate viability (Table 1). 
Vis could be due to a few reasons. Firstly, the FDA method is challenging to work with due to weak fuorescent 
signals that require long exposures leading to photobleaching, high background fuorescence and varying sig-
nal intensities between individual cells (especially in the case of S. epidermidis). Secondly, FDA is indicative of 
metabolic activity, but bioflms were formed in a very nutrient-poor environment in which metabolic activity is 
expected to be slowed and as shown by Chavez de Paz et al. for oral bacteria, can reversibly afect FDA staining 
outcome46.

Confocal laser scanning microscopy revealed double-stained cells with green fuorescing interiors under red 
stained exteriors of individual cells and confrmed PI staining not only being indicative of membrane integ-
rity but rather staining of eDNA which is one of the components of bacterial ECM. Vis double-staining was 
only characteristic of viable bioflms as ethanol-fxed bioflms consistently produced only red signals in both 
EM (Supplementary Figs 2 and 3) and CLSM (Supplementary Figs 8 and 9). Due to CLSM resolution limit, 
super-resolution microscopy allowing for nanoscale discrimination between membrane and chromosomal DNA 
signals47 would be needed to confdently confrm PI exclusion from cell interiors.

CLSM results look similar to what has been previously demonstrated, but not quantifed in terms of falsely 
assigned dead signal counts for viability staining. For example, Vilain et al. demonstrated similar PI corona 
around adherent Bacillus cereus cells on glass wool48, although in their study, the bioflm was formed in rich 
medium. Gallo et al.41 also noted a similar picture using membrane-anchored surface amyloid fbril (SAF) pro-
ducing and GFP-expressing Salmonella typhimurium bioflm cells surrounded by a <corona= of PI-stained eDNA 
and SAF complexes concluding that PI stains the cells externally. SAF and eDNA interactions have also been 
demonstrated for other species. For example, eDNA has been shown to facilitate the polymerization of SAF mon-
omers in Staphylococcus aureus bioflms49 and E. coli SAF monomer has been shown to bind to DNA, promot-
ing SAF assembly50. SAF and eDNA have been shown to facilitate bacterial attachment to surfaces and cell-cell 
aggregation51. SAF and eDNA interactions in the context of bioflm formation and mechanical resistance need 
to be studied further to bring light to underlying mechanisms. We also demonstrated that amyloid stain Congo 
red stained both E. coli and S. epidermidis (Supplementary Fig. 12). CR combined with SYTO 9 presented similar 
staining pattern in epifuorescence microscopy as PI + SYTO 9 leading to hypothesis that eDNA-SAF complexes 
could bind PI, mask intracellular SYTO 9 signals and lead to false dead signals in epifuorescence microscopy. In 
mammalian amyloid diseases research, it has been observed that amyloids not only bind DNA, but also mediate 
its confgurational changes between B and Z form52–54. If it similarly applies to bacterial amyloids, then that might 
explain why this caveat in viability staining has not been shown to be a critical problem for older bioflms that 
quickly become insensitive to DNase during maturation20 and generally stain green with PI + SYTO 9. Vis could 
be due to Z-DNA not being eociently degraded by DNase I55 nor detected by ethidium bromide (EB)56, latter of 
which is structurally very similar to PI.

SAF-bound eDNA could also explain why PI stains bioflms on untreated glass and not on nano-ZnO coated 
surfaces (Supplementary Fig. 13) that release ionic Zn(II). Zn(II) in known to modulate amyloid formation. Exact 
mechanisms and related interactions are not well known, but Zn(II) has been demonstrated to inhibit fbrillar 
growth or cause destabilization of amyloid fbrils57–61. If Zn(II) prevents functional SAF formation or disrupts 
existing amyloids, then it could also prevent SAF-bound eDNA in close proximity to the cells. More specifcally, 
Tõugu et al.57 demonstrated dose-dependent inhibition of amyloid β fbril formation with strong efect at 5–10 µM 
Zn(II) in physiological conditions while Zn concentration in our bioflm experiment with nano-ZnO coated 
surfaces facilitating SYTO9-positive S. epidermidis bioflms in PBS reached about 15 µM with potentially higher 
local concentrations near the treated surface. Ve mechanisms behind DNA, amyloid and Zn or other metal ion 
interactions need further investigation and may reveal novel strategies to prevent bioflm formation.

Moreover, the role of eDNA in PI-staining of adherent bacterial cells may not be constant in diferent bioflms 
but signifcantly afected by bioflm growth conditions. In our study we used bioflms grown in nutrient-poor 
PBS at ambient temperature and no other conditions that could negatively afect adherent cultures were applied. 
However, in a more usual experimental setup, diferent treatments causing physical, toxic, starvation etc. stress 
to the bioflms, especially in antimicrobial or anti-bioflm research together with a negative no-stress control are 
used. In the light of eDNA interfering with viability staining results, these stress factors could not only afect cell 
viability but also adherence eociency and with that the amount of ECM and eDNA thereby potentially falsely 
exaggerating mortality of stress-treated samples compared to no-stress controls. For example, metabolic stress 
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due to sub-lethal concentrations of antibiotics or other toxic compounds has been shown to enhance bioflm 
formation and/or result in higher eDNA content of the bioflms62–65. Growth conditions, such as temperature, 
aerobic and starvation stress were reported to afect surface attachment and eDNA-mediated mechanism of bio-
flm formation of Campylobacter jejuni66. DNase-sensitive eDNA dependent bioflm formation of Streptococcus 
mutans was observed in low pH stress and not in neutral pH67. Higher eDNA content of bioflms subjected to 
physico-chemical stress was recently also observed for S. epidermidis68. Not only severe stress, but also growth 
media selection can be of importance. Kadam et al. observed highest bioflm formation in nutrient-poor medi-
ums and noticed that DNase-sensitive Listeria monocytogenes bioflms grown in nutrient broth consisted of 
clearly higher proportion of PI-positive cells during PI + SYTO 9 co-staining than DNase-insensitive bioflms 
of the same strains grown in a more nutrient rich brain heart infusion69. Also SAF biogenesis, discussed above, is 
stimulated by temperature below 30 °C and lack of nutrients70.

Together, this hints that the external staining phenomenon of PI might not only be dependent on the species 
used or starvation conditions but is also attachment-specifc and dependent on conditions afecting matrix eDNA 
content, including diferent stress-responses.

Conclusion
Viability estimation is of critical importance in evaluating antimicrobial/anti-bioflm surfaces and substances 
eociency. Although the presence of extracellular nucleic acids in bacterial bioflm matrixes is well established in 
the literature, PI-based viability staining has remained a widely used tool for in situ viability estimate of adherent 
cells not taking into account possible eDNA interference in the viability staining results. From this study it can be 
concluded that membrane integrity based viability staining with DNA-binding dyes, including, but presumably 
not limited by PI, can signifcantly overestimate dead cell counts in the presence of eNA in bioflms. To overcome 
this, the possible efect of eNA should be controlled for by either: (1) using culture-based methods as a reference; 
(2) assess metabolic activity (e.g. staining for enzyme activity, respiration etc.) in parallel to NA-staining and/or 
(3) minimizing ECM co-harvesting if harvested cell viability is to be assessed by staining. None of the aforemen-
tioned approaches are perfect for bioflms, but combination of methods rather than one approach is expected to 
result in more accurate estimations of viability.

Methods
Preparation of glass surfaces for bacterial attachment. 18 mm × 18 mm soda-lime glass micros-
copy cover glasses (Corning, 2855-18) were used as bioflm carriers. Before inoculation carriers were rinsed with 
70 vol% ethanol in deionized water and dried in biosafety cabinet with ultraviolet light irradiation for at least 
20 minutes on both sides.

Bacterial strains and bio昀؀lm cultivation. S. epidermidis DSM-20044 and E. coli MG1655 were grown 
overnight in Luria-Bertani broth (LB: 10 g/L tryptone, 5 g/L yeast extract in deionized water) at 30 °C. Sterilized 
18 × 18 mm glass cover slips were placed into wells of 6-well polycarbonate non-tissue culture coated plates 
(Corning, 351146). Bacterial cells where washed twice with PBS (180 mM sodium chloride, 3 mM potassium 
chloride, 9 mM dibasic sodium phosphate, 1,5 mM potassium hydrogen phosphate in deionized water, pH~7) 
using centrifugation at 7000 g for 10 min. Cell suspensions were immediately diluted to OD600 0.01 in PBS and 
5 ml of inoculum was pipetted onto glass surfaces in each well of the 6-well plates. Serial dilutions of remaining 
inoculum were made and drop-plated on nutrient agar (NA: 5 g/L meat extract, 10 g/L peptone, 5 g/L sodium 
chloride, 15 g/L agar powder in deionized water) to confrm inoculum cell count. Plates with inoculated surfaces 
were covered with lids and incubated at room temperature and ambient indoor lighting for 24 h to acquire bioflm 
density suitable for consecutive counting.

Ethanol-fxation was used to kill and permeate bioflm samples used as controls. 24 h bioflms were dip-rinsed 
twice in PBS and drained. Bioflms were submerged in 70 vol% ethanol in deionized water, incubated 1 h at room 
temperature, liquid aspirated, and samples dried in 60 °C incubator for 5 min.

Staining. Staining with PI (81845, Sigma) 20 mM and SYTO 9 (S-34854, InvitrogenTM Thermo Fisher 
Scientifc) 3.34 mM stock solutions in DMSO was carried out according to BacLightTM Bacterial Viability Kit 
manual. Final concentrations of stains in 1:1 stain mixture in PBS was 30 µM PI and 5 µM SYTO 9. Stain mixture 
was either added to surfaces with bioflms (15 µl PBS-diluted stain mix pipetted straight onto surfaces and covered 
by cover slip), to cells harvested from surfaces by ultrasonication or to planktonic bacteria collected from above 
the bacterial bioflms. Ve stained samples were incubated for 15 minutes in the dark (foil covered box) at room 
temperature.

FDA (201642, Sigma) stock solution used was 5 mg/ml in acetone, diluted 200-fold in PBS and kept on ice 
during the experiment. 15 µl of the stain solution was pipetted directly onto surfaces, covered by coverslip and 
incubated in the dark for 10 min before microscopy. Longer incubation periods yielded in high background fuo-
rescence and not signifcantly stronger signals from cells and therefore longer incubation was not used to obtain 
stronger signals.

Final concentrations for other stains combined with 5 µM SYTO 9: 20 µg/ml Congo red (Merck), 1 µg/ml Nile 
red (Vermo Fisher Scientifc), 5 µg/ml (1×) CellMask Orange (Vermo Fisher Scientifc). Same staining condi-
tions were applied as for PI + SYTO 9, described above.

For membrane potential evaluation, 15 µl 30 µM 3,3′-diethyloxacarbocyanine iodide (DiOC2(3); 320684, 
Sigma) in PBS was used in situ followed by 5 min incubation in the dark and epifuorescence microscopy with or 
without 5 min pre-treatment submerged in 5 µM carbonyl cyanide m-chlorophenylhydrazone (CCCP; C2759, 
Sigma) in PBS. DiOC2(3) used by Kirchhof and Cypionka5 was chosen over Viofavin T used by Humphries et 
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al.37 for membrane potential staining due to Viofavin T being a widely used amyloid dye and potentially staining 
also amyloid fbrils57 present in bioflm matrix.

Ultrasonication. Branson Digital Sonifer model 450 (max power 400 W) equipped with horn model 101-
135-066 R was used to harvest adherent cells from glass surfaces. Ve protocol was optimized to achieve maximal 
viable cell yield for ultrasonication of glass surfaces in 50 ml glass beaker flled with 10 ml PBS at 25% sonication 
amplitude. For optimization, planktonic culture was used in parallel to bioflm and viability of both planktonic 
and harvested cells was evaluated during up to 30 sec sonication (Supplementary Fig. 6). Optimal time for soni-
cation to achieve maximal viable cell yield was found to be 15 seconds for both bacterial species. Ultrasonicated 
surfaces were stained with PI and SYTO 9 and microscoped to confrm removal of bioflm. Harvested bioflm 
samples were either stained as described above and analyzed by fow cytometry or fltered through 0.2 µm pore 
size flters (Whatman Nuclepore Polycarbonate Black Membrane Filter) prior to microscopy and counting or 
drop-plated for CFU counts on nutrient agar. For more reproducible result presentation, CFU and cell counts are 
given per cm2.

Microscopy. Epifuorescence microscopy (EM) was carried out using Olympus CX41 microscope equipped 
with 100x oil immersion objective. Excitation flter cube DMB-2 (exciter flter BP475, dichroic mirror DM500, 
barrier flter O515IF) was used to flter mercury lamp emission allowing detection of both FDA as well as simul-
taneous detection of PI and SYTO 9 fuorescent signals with 515 nm longpass flter. Images were captured with 
Olympus DP71 camera and Cell^B sogware.

Signals were manually counted in ImageJ sogware using <point= tool thereby acquiring cell counts for E. coli 
and diplococcal counts for S. epidermidis. Compact diplococci with one green and one red cell were counted as 
separate signals. For counting purposes at least 10 images were taken per sample at random locations. <Subtract 
background= (rolling = 50) function of ImageJ was used on FDA-stained images prior to counting signals with 
recognizable cell morphology. For more reproducible result presentation, cell/diplococcal counts are given per 
cm2.

Confocal laser scanning microscopy (CSLM) was carried out using Zeiss LSM 510 META equipped with 
100x oil immersion objective and acquired images analyzed in Zeiss LSM Image Browser. For acquiring SYTO 9 
signals, 488 nm laser and 505–550 nm emission flter was used. For PI, NL and CMO, 561 nm laser in combina-
tion with 575 nm longpass emission flter was used. Separate tracks were employed for both excitation/emission 
paths to avoid signal bleed-through between emission channels. To obtain more precise Z-stack imaging interval, 
motorized piezo stage was used to image at 0.1 µm interval (PI + SYTO9 samples) or at 0.15 µm (SYTO 9 + NL/
CMO). Full Z-stacks for cross-sections on Figs 3 and 4 can be found in Supplementary Album 1.

Full width at half maximum (FWHM) was measured from non-saturated double-stained cells separately from 
green and red channels from the same line selection in ImageJ using Gaussian ft function.

Flow cytometry. FCM analysis of PI and SYTO 9 co-stained bacteria was carried out using BD Accuri™ C6 
device (BD Biosciences). Primary forward scatter (FCS-H) and secondary fuorescence signal (FL1-H) thresholds 
were used to flter out noise with minimal loss in bacterial cell signals and live-dead gating was done for E. coli 
and S. epidermidis using diferent proportions of viable overnight culture and ethanol-killed overnight culture 
(1 h incubation in 70% ethanol) confrmed by plate counts. Gating of dead and alive signal populations was 
executed on SYTO 9 (FL1-A; 533/30 nm)/Propidium iodide (FL3-A; 670 nm LP) scatter plot as illustrated on 
Supplementary Fig. 7. For more reproducible result presentation, event counts are given per cm2.

DNase treatment. 15 surfaces per condition were prepared and rinsed as described and incubated with 
500 µl 1x DNase I bufer (10x bufer: 100 mM Tris-HCl (pH 7.5), 25 mM MgCl2, 1 mM CaCl2) with or without 
DNase I (fnal concentration 100 U/ml, EN0523, Vermo Fisher Scientifc). As a planktonic control, 3 ml of E. coli 
and 20 ml of S. epidermidis planktonic fraction, with estimated cell count similar to adherent cells on 15 surfaces 
were pelleted at 7000 g for 10 minutes, supernatant discarded and pellet suspended in DNase bufer with or with-
out DNase I. Both, surfaces with bioflm and tubes with planktonic bacteria were incubated at 37 °C for 4 hours. 
Adherent cells were harvested by scraping with cell scraper in the same bufer and pelleted by centrifugation at 
7000 g for 10 min, suspended in 300 µl 1.5 M NaCl to remove ECM as described in42, thoroughly vortexed and 
pelleted again to remove cells from ECM fraction. 30 µl of ECM fraction in the supernatant was run on agarose gel 
electrophoresis (0.8% agarose in Tris-acetate-EDTA (TAE) bufer, stained with 0.5 µg/ml ethidium bromide; 60 V, 
60 min, visualized on UV-transilluminator). Pelleted cells were resuspended in PI and SYTO 9 co-stain solution 
in fnal concentrations as described above and either analyzed by FCM or 5 µl pipetted onto microscopy slide, 
covered by cover slip, incubated in dark for 15 min and visualized with epifuorescence microscope.

Statistical analysis. Mean values and standard deviations were calculated by Microsog Excel standard func-
tions. P-values used in Fig. 2 were acquired using analysis of variance (ANOVA) followed by Tuckey9s multiple 
comparisons test at α = 0.05 in GraphPadPrism 7.04 where analysis was executed individually for data presented 
on each graph (Fig. 2a–d). P-values used in Supplementary Fig. 10 were calculated in Microsog Excel using 
two-tailed T-test.

Data Availability
Ve data generated in the current study is available from the corresponding author on reasonable request.

https://doi.org/10.1038/s41598-019-42906-3


1 0SCIENTIFIC REPORTS |          (2019) 9:6483  | https://doi.org/10.1038/s41598-019-42906-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
 1. Boulos, L., Prévost, M., Barbeau, B., Coallier, J. & Desjardins, R. LIVE/DEAD® BacLightTM: application of a new rapid staining 

method for direct enumeration of viable and total bacteria in drinking water. J. Microbiol. Methods 37, 77–86 (1999).
 2. Stocks, S. M. Mechanism and use of the commercially available viability stain,BacLight. Cytometry 61A, 189–195 (2004).
 3. User Manual: LIVE/DEAD BacLight Bacterial Viability Kits. (2004).
 4. Stiefel, P., Schmidt-Emrich, S., Maniura-Weber, K. & Ren, Q. Critical aspects of using bacterial cell viability assays with the 

fuorophores SYTO9 and propidium iodide. BMC Microbiol. 15, 36 (2015).
 5. Kirchhof, C. & Cypionka, H. Propidium ion enters viable cells with high membrane potential during live-dead staining. J. Microbiol. 

Methods 142, 79–82 (2017).
 6. Yang, Y., Xiang, Y. & Xu, M. From red to green: the propidium iodide-permeable membrane of Shewanella decolorationis S12 is 

repairable. Sci. Rep. 5 (2016).
 7. Gião, M. S., Wilks, S. A., Azevedo, N. F., Vieira, M. J. & Keevil, C. W. Validation of SYTO 9/Propidium Iodide Uptake for Rapid 

Detection of Viable but Noncultivable Legionella pneumophila. Microb. Ecol. 58, 56–62 (2009).
 8. Auty, M. A. E. et al. Direct In Situ Viability Assessment of Bacteria in Probiotic Dairy Products Using Viability Staining in 

Conjunction with Confocal Scanning Laser Microscopy. Appl. Environ. Microbiol. 67, 420–425 (2001).
 9. Zhu, M., Takenaka, S., Sato, M. & Hoshino, E. Infuence of starvation and bioflm formation on acid resistance of Streptococcus 

mutans. Oral Microbiol. Immunol. 16, 24–27 (2001).
 10. Guggenheim, B., Giertsen, E., Schüpbach, P. & Shapiro, S. Validation of an in vitro Bioflm Model of Supragingival Plaque. J. Dent. 

Res. 80, 363–370 (2001).
 11. Azeredo, J. et al. Critical review on bioflm methods. Crit. Rev. Microbiol. 43, 313–351 (2017).
 12. Magana, M. et al. Options and Limitations in Clinical Investigation of Bacterial Bioflms. Clin. Microbiol. Rev. 31, e00084–16 (2018).
 13. Rice, K. C. et al. Ve cidA murein hydrolase regulator contributes to DNA release and bioflm development in Staphylococcus 

aureus. Proc. Natl. Acad. Sci. 104, 8113–8118 (2007).
 14. Haagensen, J. A. J. et al. Diferentiation and Distribution of Colistin- and Sodium Dodecyl Sulfate-Tolerant Cells in Pseudomonas 

aeruginosa Bioflms. J. Bacteriol. 189, 28–37 (2007).
 15. Hope, C. K., Clements, D. & Wilson, M. Determining the spatial distribution of viable and nonviable bacteria in hydrated microcosm 

dental plaques by viability profling. J. Appl. Microbiol. 93, 448–455 (2002).
 16. Webb, J. S. et al. Cell Death in Pseudomonas aeruginosa Bioflm Development. J. Bacteriol. 185, 4585–4592 (2003).
 17. Guilbaud, M., Piveteau, P., Desvaux, M., Brisse, S. & Briandet, R. Exploring the Diversity of Listeria monocytogenes Bioflm 

Architecture by High-Throughput Confocal Laser Scanning Microscopy and the Predominance of the Honeycomb-Like 
Morphotype. Appl. Environ. Microbiol. 81, 1813–1819 (2015).

 18. Shi, L. et al. Limits of propidium iodide as a cell viability indicator for environmental bacteria. Cytometry A 71A, 592–598 (2007).
 19. Whitchurch, C. B. Extracellular DNA Required for Bacterial Bioflm Formation. Science 295, 1487–1487 (2002).
 20. Okshevsky, M. & Meyer, R. L. Ve role of extracellular DNA in the establishment, maintenance and perpetuation of bacterial 

bioflms. Crit. Rev. Microbiol. 41, 341–352 (2015).
 21. Hymes, S. R., Randis, T. M., Sun, T. Y. & Ratner, A. J. DNase Inhibits Gardnerella vaginalis Bioflms In Vitro and In Vivo. J. Infect. Dis. 

207, 1491–1497 (2013).
 22. Okshevsky, M., Regina, V. R. & Meyer, R. L. Extracellular DNA as a target for bioflm control. Curr. Opin. Biotechnol. 33, 73–80 

(2015).
 23. Àlvarez, G., González, M., Isabal, S., Blanc, V. & León, R. Method to quantify live and dead cells in multi-species oral bioflm by 

real-time PCR with propidium monoazide. AMB Express 3, 1 (2013).
 24. Nocker, A. & Camper, A. K. Novel approaches toward preferential detection of viable cells using nucleic acid amplification 

techniques. FEMS Microbiol. Lett. 291, 137–142 (2009).
 25. Reyneke, B., Ndlovu, T., Khan, S. & Khan, W. Comparison of EMA-, PMA- and DNase qPCR for the determination of microbial cell 

viability. Appl. Microbiol. Biotechnol. 101, 7371–7383 (2017).
 26. Okshevsky, M. & Meyer, R. L. Evaluation of fuorescent stains for visualizing extracellular DNA in bioflms. J. Microbiol. Methods 

105, 102–104 (2014).
 27. Allesen-Holm, M. et al. A characterization of DNA release in Pseudomonas aeruginosa cultures and bioflms. Mol. Microbiol. 59, 

1114–1128 (2006).
 28. Mann, E. E. et al. Modulation of eDNA Release and Degradation Afects Staphylococcus aureus Bioflm Maturation. PLoS ONE 4, 

e5822 (2009).
 29. Gião, M. S. & Keevil, C. W. Listeria monocytogenes Can Form Bioflms in Tap Water and Enter Into the Viable but Non-Cultivable 

State. Microb. Ecol. 67, 603–611 (2014).
 30. Ito, A., May, T., Kawata, K. & Okabe, S. Signifcance of rpoS during maturation of Escherichia coli bioflms. Biotechnol. Bioeng. 99, 

1462–1471 (2008).
 31. Wood, T. K., González Barrios, A. F., Herzberg, M. & Lee, J. Motility infuences bioflm architecture in Escherichia coli. Appl. 

Microbiol. Biotechnol. 72, 361–367 (2006).
 32. Gonzalez Barrios, A. F. et al. Autoinducer 2 Controls Bioflm Formation in Escherichia coli through a Novel Motility Quorum-

Sensing Regulator (MqsR, B3022). J. Bacteriol. 188, 305–316 (2006).
 33. Bayramoglu, B., Toubiana, D. & Gillor, O. Genome-wide transcription profling of aerobic and anaerobic Escherichia coli bioflm and 

planktonic cultures. FEMS Microbiol. Lett. fnx006, https://doi.org/10.1093/femsle/fnx006 (2017).
 34. Lacqua, A., Wanner, O., Colangelo, T., Martinotti, M. G. & Landini, P. Emergence of Bioflm-Forming Subpopulations upon 

Exposure of Escherichia coli to Environmental Bacteriophages. Appl. Environ. Microbiol. 72, 956–959 (2006).
 35. Qin, Z. et al. Role of autolysin-mediated DNA release in bioflm formation of Staphylococcus epidermidis. Microbiology 153, 

2083–2092 (2007).
 36. Wang, R. et al. Inhibition of escherichia coli and proteus mirabilis adhesion and bioflm formation on medical grade silicone surface. 

Biotechnol. Bioeng. 109, 336–345 (2012).
 37. Humphries, J. et al. Species-Independent Attraction to Bioflms through Electrical Signaling. Cell 168, 200–209.e12 (2017).
 38. Lundgren, B. Fluorescein Diacetate as a Stain of Metabolically Active Bacteria in Soil. Oikos 36, 17 (1981).
 39. Comte, S., Guibaud, G. & Baudu, M. Relations between extraction protocols for activated sludge extracellular polymeric substances 

(EPS) and EPS complexation properties. Enzyme Microb. Technol. 38, 237–245 (2006).
 40. Pan, X. et al. A comparison of five extraction methods for extracellular polymeric substances (EPS) from biofilm by using 

threedimensional excitation-emission matrix (3DEEM) fuorescence spectroscopy. Water SA 36 (2010).
 41. Gallo, P. M. et al. Amyloid-DNA Composites of Bacterial Bioflms Stimulate Autoimmunity. Immunity 42, 1171–1184 (2015).
 42. Chiba, A., Sugimoto, S., Sato, F., Hori, S. & Mizunoe, Y. A refned technique for extraction of extracellular matrices from bacterial 

bioflms and its applicability: Extraction of ECM from bacterial bioflms. Microb. Biotechnol. 8, 392–403 (2015).
 43. Visnapuu, M. et al. UVA-induced antimicrobial activity of ZnO/Ag nanocomposite covered surfaces. Colloids Surf. B Biointerfaces 

169, 222–232 (2018).
 44. Ghosal, A. et al. Ve extracellular RNA complement of Escherichia coli. MicrobiologyOpen 4, 252–266 (2015).
 45. Domenech, M., Pedrero-Vega, E., Prieto, A. & García, E. Evidence of the presence of nucleic acids and β-glucan in the matrix of 

non-typeable Haemophilus infuenzae in vitro bioflms. Sci. Rep. 6 (2016).

https://doi.org/10.1038/s41598-019-42906-3
https://doi.org/10.1093/femsle/fnx006


1 1SCIENTIFIC REPORTS |          (2019) 9:6483  | https://doi.org/10.1038/s41598-019-42906-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 46. Chavez de Paz, L. E., Hamilton, I. R. & Svensater, G. Oral bacteria in bioflms exhibit slow reactivation from nutrient deprivation. 
Microbiology 154, 1927–1938 (2008).

 47. Spahn, C. K. et al. A toolbox for multiplexed super-resolution imaging of the E. coli nucleoid and membrane using novel PAINT 
labels. Sci. Rep. 8 (2018).

 48. Vilain, S., Pretorius, J. M., Veron, J. & Brozel, V. S. DNA as an Adhesin: Bacillus cereus Requires Extracellular DNA To Form 
Bioflms. Appl. Environ. Microbiol. 75, 2861–2868 (2009).

 49. Schwartz, K., Ganesan, M., Payne, D. E., Solomon, M. J. & Boles, B. R. Extracellular DNA facilitates the formation of functional 
amyloids in S taphylococcus aureus bioflms: eDNA promotes functional amyloid formation. Mol. Microbiol. 99, 123–134 (2016).

 50. Fernández-Tresguerres, M. E., Moreno-Díaz de la Espina, S., Gasset-Rosa, F. & Giraldo, R. A. DNA-promoted amyloid proteinopathy 
in Escherichia coli: Synthetic bacterial amyloidosis. Mol. Microbiol. 77, 1456–1469 (2010).

 51. Van Gerven, N., Van der Verren, S. E., Reiter, D. M. & Remaut, H. Ve Role of Functional Amyloids in Bacterial Virulence. J. Mol. 
Biol. 430, 3657–3684 (2018).

 52. Suram, A., Rao, J. K. S., Latha, K. S. & Viswamitra, M. A. First Evidence to Show the Topological Change of DNA from B-DNA to 
Z-DNA Conformation in the Hippocampus of Alzheimer9s Brain. NeuroMolecular Med. 2, 289–298 (2002).

 53. Yu, H., Ren, J. & Qu, X. Time-Dependent DNA Condensation Induced by Amyloid β-Peptide. Biophys. J. 92, 185–191 (2007).
 54. Hegde, M. L. et al. First Evidence for Helical Transitions in Supercoiled DNA by Amyloid β Peptide (1–42) and Aluminum: A New 

Insight in Understanding Alzheimer9s Disease. J. Mol. Neurosci. 22, 19–32 (2004).
 55. Suck, D. & Oefner, C. Structure of DNase I at 2.0 Å resolution suggests a mechanism for binding to and cutting DNA. Nature 321, 

620–625 (1986).
 56. Walker, G. T., Stone, M. P. & Krugh, T. R. Ethidium binding to leg-handed (Z) DNAs results in regions of right-handed DNA at the 

intercalation site. Biochemistry 24, 7462–7471 (1985).
 57. Tõugu, V. et al. Zn(II)- and Cu(II)-induced non-fbrillar aggregates of amyloid-β (1–42) peptide are transformed to amyloid fbrils, 

both spontaneously and under the infuence of metal chelators. J. Neurochem. 110, 1784–1795 (2009).
 58. Sarell, C. J., Wilkinson, S. R. & Viles, J. H. Substoichiometric Levels of Cu2+ Ions Accelerate the Kinetics of Fiber Formation and 

Promote Cell Toxicity of Amyloid-β from Alzheimer Disease. J. Biol. Chem. 285, 41533–41540 (2010).
 59. Abelein, A., Gräslund, A. & Danielsson, J. Zinc as chaperone-mimicking agent for retardation of amyloid β peptide fbril formation. 

Proc. Natl. Acad. Sci. 112, 5407–5412 (2015).
 60. Ma, B., Zhang, F., Wang, X. & Zhu, X. Investigating the inhibitory efects of zinc ions on amyloid fbril formation of hen egg-white 

lysozyme. Int. J. Biol. Macromol. 98, 717–722 (2017).
 61. Ban, D. K. & Paul, S. Nano Zinc Oxide Inhibits Fibrillar Growth and Suppresses Cellular Toxicity of Lysozyme Amyloid. ACS Appl. 

Mater. Interfaces 8, 31587–31601 (2016).
 62. Chang, W. et al. Methicillin-Resistant Staphylococcus aureus Grown on Vancomycin-Supplemented Screening Agar Displays 

Enhanced Bioflm Formation. Antimicrob. Agents Chemother. 59, 7906–7910 (2015).
 63. Marchal, M. et al. Subinhibitory Arsenite Concentrations Lead to Population Dispersal in Viomonas sp. PLoS ONE 6, e23181 

(2011).
 64. Doroshenko, N. et al. Extracellular DNA Impedes the Transport of Vancomycin in Staphylococcus epidermidis Bioflms Preexposed 

to Subinhibitory Concentrations of Vancomycin. Antimicrob. Agents Chemother. 58, 7273–7282 (2014).
 65. Schilcher, K. et al. Modulation of Staphylococcus aureus Biofilm Matrix by Subinhibitory Concentrations of Clindamycin. 

Antimicrob. Agents Chemother. 60, 5957–5967 (2016).
 66. Feng, J., Ma, L., Nie, J., Konkel, M. E. & Lu, X. Environmental Stress-Induced Bacterial Lysis and Extracellular DNA Release 

Contribute to Campylobacter jejuni Bioflm Formation. Appl. Environ. Microbiol. 84 (2017).
 67. Kawarai, T., Narisawa, N., Suzuki, Y., Nagasawa, R. & Senpuku, H. Streptococcus mutans bioflm formation is dependent on 

extracellular DNA in primary low pH conditions. J. Oral Biosci. 58, 55–61 (2016).
 68. Olwal, C. O., Ang9ienda, P. O., Onyango, D. M. & Ochiel, D. O. Susceptibility patterns and the role of extracellular DNA in 

Staphylococcus epidermidis bioflm resistance to physico-chemical stress exposure. BMC Microbiol. 18 (2018).
 69. Kadam, S. R. et al. Diversity assessment of Listeria monocytogenes bioflm formation: Impact of growth condition, serotype and 

strain origin. Int. J. Food Microbiol. 165, 259–264 (2013).
 70. Barnhart, M. M. & Chapman, M. R. Curli Biogenesis and Function. Annu. Rev. Microbiol. 60, 131–147 (2006).

Acknowledgements
We would like to thank Dr. Heiti Paves for consulting on CLSM imaging. This work was supported by the 
Estonian Research Council grants IUT 23-5, PUT 748, European Regional Development Fund project TK134 
and ERDF project Centre of Technologies and Investigations of Nanomaterials (NAMUR+, project number 
201402020.4.01.1600123) and EU COST Action CA15114 <Anti-Microbial Coating Innovations to prevent 
infectious diseases= (AMICI). N.F.A. also acknowledges project POCI-01-0145-FEDER-006939 (Laboratory for 
Process Engineering, Environment, Biotechnology and Energy – UID/EQU/00511/2019), funded by the European 
Regional Development Fund (ERDF) through COMPETE2020 – Programa Operacional Competitividade 
e Internacionalização (POCI), and by national funds (PIDDAC) through FCT – Fundação para a Ciuncia e a 
Tecnologia/MCTES; project <LEPABE-2-ECO-INNOVATION= – NORTE001001450FEDER0000005, funded 
by Norte Portugal Regional Operational Programme (NORTE 2020), under PORTUGAL 2020 Partnership 
Agreement, through the European Regional Development Fund (ERDF).

Author Contributions
M.R. executed the experiments, participated in planning of the experiments and writing the paper. A.I. and N.F.A. 
participated in planning of the experiments, writing the paper and providing background information on the 
subject.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42906-3.

Competing Interests: Ve authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional aoliations.

https://doi.org/10.1038/s41598-019-42906-3
https://doi.org/10.1038/s41598-019-42906-3


1 2SCIENTIFIC REPORTS |          (2019) 9:6483  | https://doi.org/10.1038/s41598-019-42906-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

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. Ve images or other third party material in this 
article are included in the article9s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article9s 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/.
 
© Ve Author(s) 2019

https://doi.org/10.1038/s41598-019-42906-3
http://creativecommons.org/licenses/by/4.0/

