
1 
 

Sampling methods for outdoor sculptures: Comparison of swabs and 

cryogels by flow cytometry as novel alternatives for assessment and 

quantification of microbial contamination 

 

Nádia C. Silvaa, Manuela Pintadoa, Patrícia R. Moreiraa,b,* 

 

a Universidade Católica Portuguesa, CBQF – Centro de Biotecnologia e Química Fina – 

Laboratório Associado, Escola Superior de Biotecnologia, Rua Diogo Botelho 1327, 4169-005 

Porto, Portugal 

b Universidade Católica Portuguesa, CITAR – Centro de Investigação em Ciência e Tecnologia 

das Artes, Escola das Artes, Rua Diogo Botelho 1327, 4169-005 Porto, Portugal  

* Corresponding author 

 

Abstract 

Flow cytometry was evaluated for the first time for the microbiological characterisation of 

samples collected from the surfaces of stone and mortar sculptures. The study was carried out 

on outdoor sculptures located in the district of Porto (Portugal), from which samples were 

collected using swabs and poly(2-hydroxyethylmethacrylate) (poly(HEMA)) cryogels as non-

invasive sampling methods. The use of poly(HEMA) cryogels was tested as an alternative to 

swabbing due to the difficulties often encountered in sampling stone surfaces and retrieving 

microorganisms from swab fibres. The quantification of the microorganisms collected by the two 

sampling methods and the determination of their cell viability were performed using a combination 

of the fluorochromes thiazole orange (TO) and propidium iodide (PI). Both methods were effective 

to collect samples for analysis by flow cytometry, which proved to be a technique of interest and 

potential use for biodeterioration studies of cultural heritage (CH). Data visualisation of viable and 

non-viable microbial cells was clearer with cryogels, although higher concentrations of total 

microorganisms were achieved with swabs. Our results show that swab sampling is a more 

adequate method, although poly(HEMA) cryogels can be an option to consider for specific 

microbial viability analyses for biodeterioration evaluation of stone artworks. 
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1.  Introduction 

As the importance of the biodeterioration phenomena becomes more recognised, the 

need to establish the quantification and characterisation of the microbiological contamination of 

stone art objects and monuments, as part of conservation and restoration plans, has become 

more evident [1–6]. On the one hand, it is fundamental to acquire information about the 

composition and diversity of the microbial communities to establish the potential for 

biodeterioration to which the object or monument may be subjected. On the other hand, it is 



2 
 

important not to overlook the activity and viability of the microorganisms and gather data on their 

active, non-active or dormant state [7,8]. Until recently, most studies on microbial viability in CH 

involved measuring the concentration of fluorescein after fluorescein diacetate (FDA) hydrolysis 

by the enzymatic action of microorganisms or, more commonly, the detection of adenosine 

triphosphate (ATP) on the surfaces under investigation [7–14]. These assays, particularly those 

involving the detection of ATP by bioluminescence using commercial kits, are a quick, relatively 

cost-effective, and easy way to evaluate the microbiological contamination of various types of CH 

objects [7]. However, ATP measurements must be performed with caution, as the assay is more 

suitable for monitoring the overall surface contamination or testing the efficacy of a biocide 

treatment than to be used as the only method for evaluating microbial viability or for precise 

quantitative determinations [7,13]. This is partly because ATP assays also detect extracellular 

ATP, organic residues and contaminants (some of which originated from previous treatments 

applied to the artworks) and should not, therefore, be a direct and sole reflection of microbial 

viability and metabolic activity [7,15,16]. 

Therefore, the search for other techniques that complement the microbiological studies 

should be encouraged to allow for a broad view of the microbiomes in CH. The use of rapid and 

well-established techniques, such as flow cytometry, can be a valuable and effective tool not only 

to quantify the microbial communities present in the artworks but also to infer their viability and 

metabolic state using appropriate fluorochromes. Flow cytometry has been successfully used 

over the years in several fields of research, for the analysis of environmental, pharmaceutical, 

medical and food samples [17,18,27,28,19–26]. In the context of CH, however, its application is 

still limited, although some studies have used flow cytometry as a complement to other analytical 

tools, either in the study of the microorganisms involved in the biodeterioration processes of 

artworks or the evaluation of the efficiency of potential biocide treatments [29–34].  

Moreover, sampling art objects for biodeterioration studies can be a challenging task, with 

restores, conservators and scientists seeking to extract as much information as possible while 

causing the least damage to the artworks [35]. This challenge is emphasised when dealing with 

delicate and highly valuable artworks where there are limitations to the amount or number of 

samples that can be collected [35]. Also, the variety of analytical techniques and methodologies 

that can be applied, as well as the lack of standardised procedures, add extra difficulties to the 

choice of the most appropriate sampling method [36]. 

When studying the microbiological contamination of stone sculptures, buildings and 

monument façades, sampling frequently involves the collection of stone fragments and flakes 

[37]. However, this approach is not always possible, and there are cases where it is necessary or 

desirable to use non-invasive techniques. The most common non-invasive or micro-invasive 

sampling approaches in CH include the application of scalpels, swabs, membrane filters and 

adhesive tapes, which have been explored in several works over the years [38–45]. Nevertheless, 

new sampling techniques continue to be developed to increase the range of options available for 

the various types of case studies. For example, de Carvalho and co-authors (2019) [46] 

developed a method for sampling a canvas painting, by using sterilised filter tips connected to a 
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pipe and smoothly vacuuming several sampling points with a small vacuum pump. Later, Piñar 

and co-workers (2020) [35] adapted this approach and used micro-aspiration to collect dust 

particles, small fibres and microorganisms from the surfaces of some of the most emblematic and 

famous drawings by Leonardo da Vinci. 

 Sampling with swabs can be a simple, low-cost and practical choice. However, 

depending on the type of surface to be sampled, swabbing can be difficult (particularly in rough 

surfaces such as stone), as is the recovery of microbial cells from swab fibres for downstream 

analyses. It has been reported that the use of swabs has some disadvantages, particularly due 

to the difficulties associated with the recovery of bacterial cells for quantification purposes and 

poor correlations with the microbial quantification of surfaces, possibly related to the entrapment 

of microbial cells in the swabs’ fibres [47–49]. Some known challenges concerning surface 

sampling with swabs, that affect the reproducibility and repeatability of the technique, include (i) 

the difficulties to standardise the procedures for sample collection, such as the angle and pressure 

applied during sampling, (ii) the use of swab fibres made of different materials (cotton, polyester, 

rayon, etc.) and (iii) the multitude of wetting agents/diluents that can be used to moisten the swabs 

or to recover microorganisms from their fibres [48]. 

Alternatives to swab sampling of artworks have been investigated in the past. For 

example, Pinãr and co-authors (2015) [38] have demonstrated that the use of membranes, 

particularly those made of nylon, was a more accurate sampling method for fingerprinting and 

phylogenetic analyses of the microorganisms involved in the formation of foxing spots on 

Leonardo da Vinci´s self-portrait. It has been suggested that nylon membranes offer more 

accurate results than cotton swabs since swabs can overestimate the microbiome of the surfaces 

and do not account for the endolithic microorganisms [38]. Particularly concerning stone artwork, 

the epilithic microbiota, colonising the surfaces of artworks, may not always be directly involved 

or have a significant role in the biodeterioration of a particular historical object, since 

microorganisms can penetrate the pores of the stone and become endolithic to find protection 

from UV radiation and temperature and moisture fluctuations [50,51]. In such cases, swab 

sampling is unable to identify the endolithic microbiota and can bias the conclusions of the study 

if this issue is ignored. On the other hand, adhesive tapes can minimise these constraints and be 

an interesting technique for the study of the stratified microbiome of art objects, by successively 

peeling off the biofilm in the same sampling area to analyse the microbiome from the surface level 

to the deepest layers [40,52,53]. 

In the continuous search for non-invasive and non-destructive sampling methods for CH 

objects, hydrogels and cryogels could represent an alternative for sampling stone surfaces and 

avoiding some of the drawbacks associated with swabbing. Polymeric hydrogels are already used 

in CH, usually containing variable concentrations of organic solvents, for cleaning easel paintings, 

sculptures and monuments [54–57]. As for cryogels, they usually have large pores, are made of 

inexpensive materials and can be produced in any desirable shape (blocks, cylinders, discs, etc.) 

[58,59], and may, therefore, be adapted to the surface chosen for sampling. 
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2.  Research Aim 

   This study aims to evaluate the use of flow cytometry to quantify and determine the 

viability state of microorganisms collected from outdoor stone and mortar sculptures. Additionally, 

this study compares the effectiveness of swabs and poly(HEMA) cryogels as non-invasive 

methods for sampling outdoor sculptures for microbiological contamination studies. The 

poly(HEMA) cryogels were chosen as a model for the use of gels for surface sampling and tested 

as a possible alternative to overcome the difficulties associated with swabbing uneven surfaces. 

The comparison of the sampling methods was performed by flow cytometry using the 

fluorochromes TO and PI.  

 

3.  Materials and Methods 

 

3.1.   Materials 

  HEMA, N,N´-methylene-bis(acrylamide), ammonium persulfate and N,N,N´,N´-

tetramethylethylnediamine for the preparation of the poly(HEMA) cryogels were obtained from 

Sigma-Aldrich (USA). Tween 80, peptone, Na2HPO4 and KH2PO4 were also obtained from Sigma-

Aldrich (USA). KCl was from Merck (Germany) and NaCl was acquired from Panreac (Spain). 

Yeast extract and the culture media Nutrient Agar (NA) and Potato Dextrose Agar (PDA) were 

acquired from BIOKAR Diagnostics (France), while Czapek Dox Liquid Medium was obtained 

from Oxoid (United Kingdom). Sterile 30 µm-pore-sized Celltrics® filters were acquired from 

Sysmex (Germany) and the BD™ Cell Viability Kit for flow cytometry was purchased from BD 

Biosciences (USA).  

 

3.2.   Sculptures and sampling sites 

 The samples were obtained from five outdoor stone and mortar sculptures, which are 

located in parks and public squares in urban regions of the district of Porto, Portugal (Figure 1). 

The sculptures were chosen in order to include artworks made of different materials, at different 

stages of degradation and visible biocontamination. In each sculpture, five areas were selected 

for sampling using swabs and cryogels. The selected sculptures are described below: 

 

- Sol, Lua e Vento (1997), a grey granite sculpture by Satoru Sato, located in Santo Tirso and 

part of the collection of the International Museum of Contemporary Sculpture (approximate 

coordinates: 41°20'35.3''N 8°28'15.6''W).  

 

- Movimento (1994), a marble sculpture by Augusto Jorge Ulisses, located in the gardens of the 

Faculty of Fine Arts of the University of Porto (approximate coordinates: 41°08'43.0''N 

8°36'02.7''W).  
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- Repouso (1953), a mortar sculpture by Gustavo Bastos, located in the gardens of the Faculty of 

Fine Arts of the University of Porto (approximate coordinates: 41°08'44.1''N 8°36'01.8''W).  

 

- Rosalía de Castro (1951), a pink granite sculpture by Salvador Barata Feyo, located in Praça 

da Galiza, Massarelos (approximate coordinates: 41°09'08.3''N 8°37'36.1''W).  

 

- Afonso de Albuquerque (1930), an Ançã limestone sculpture by Diogo de Macedo, located in 

Largo de D. João III, Lordelo do Ouro (approximate coordinates: 41°09'27.2''N 8°39'39.0''W).  

  

3.3.   Sampling methodology 

3.3.1.  Preparation of poly(HEMA) cryogels 

 Poly(HEMA) cryogels were prepared according to Keleş and co-authors (2015) [58] with 

slight modifications. Briefly, 21.43 mmol HEMA was mixed with N,N´-methylene-bis(acrylamide) 

solution (3.67 mmol in 20 mL of deionised water). The cryogels were synthesised by free radical 

polymerisation by adding 0.175 mmol ammonium persulfate to the solution and cooling it in an 

ice bath for 3 min, followed by the addition of 0.335 mmol N,N,N´,N´-tetramethylethylnediamin 

and stirring of the reaction mixture for 1 min.  The reaction mixture was poured into Petri dishes 

and frozen at -20 °C for 24 h. The cryogels were thawed at room temperature, washed with 

deionised water to remove unreacted monomers and cut into circular discs (1 cm2). Finally, the 

cryogel discs were sterilised by immersion in ethanol, washed with sterile deionised water and 

put under UV-C lights for 15 min. The cryogel discs were stored in sterile deionised water at room 

temperature until use.  

 

3.3.2.  Sample collection 

 Sterile cotton swabs were pre-moistened in a working solution (1% Tween 80 in 1 g L-1 

peptone water) and used for swabbing the surfaces of the sculptures methodically, in several 

directions, while rolling the swabs to expose unused sides. The samples from each sampling area 

were obtained by swabbing two adjacent zones of 1 cm2. The swabs were placed inside sterile 

tubes containing 10 mL of working solution by breaking off the swabs’ heads. Sampling with 

poly(HEMA) cryogels was performed in a similar way,  by applying sterile circular discs (1 cm2) to 

the sampling areas of each sculpture and gently pressing them against the surfaces. The cryogel 

discs were placed in tubes containing 10 mL of working solution. All samples were immediately 

transported to the laboratory at room temperature and promptly processed for flow cytometry 

analysis.  
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Figure 1 – Identification of the sculptures, in the district of Porto, Portugal. A – Sol, Lua e Vento, made of grey granite. B – marble sculpture Movimento. C –  
Repouso, made of mortar. D – pink granite sculpture Rosalía de Castro. E - Afonso de Albuquerque, made of Ançã limestone. 
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3.3.3.  Sample preparation 

 The preparation of the samples for flow cytometry was performed following a protocol 

adapted from Anvarian and co-authors (2016) [60]. The tubes containing the samples collected 

with swabs and cryogels were vortexed for 2 min and put in an ultrasonic bath for 15 min to 

release the microbial cells to the working solutions. In a sterile environment, the swabs and the 

cryogels were removed and discarded. To eliminate large dust particles and debris, the 

suspensions were firstly centrifuged at 1,600 rpm (292 ×g) for 5 min at 4 °C. The obtained pellets 

(Pellet 1) were dispersed in 0.5 mL of phosphate-buffered saline (PBS) (8 g L-1 NaCl, 0.2 g L-1 

KCl, 1.44 g L-1 Na2HPO4, 0.24 g L-1 KH2PO4) and kept in an incubator at 4 °C, whereas the 

supernatants were transferred to clean sterile tubes and centrifuged at 4,000 rpm (1,825 ×g) for 

20 min at 4 °C to harvest the microbial cells. The pellets collected from this centrifugation (Pellet 

2) were resuspended in 5 mL of PBS and kept at 4 °C, and the supernatants were centrifuged at 

4,000 rpm (1,825 ×g) for 45 min at 4 °C to collect remaining cells. Lastly, the supernatants from 

this final centrifugation were discarded and the pellets (Pellet 3) were dispersed in 0.5 mL of PBS. 

Under sterile conditions, the resuspended pellets were sequentially filtered (Pellet 2, 3 and 1) 

through sterile 30 µm-pore-sized filters and the filtrates were stored at 4 °C until flow cytometry 

analysis. 

 

3.4.  Flow cytometry 

 Flow cytometry analysis was performed using a BD Accuri™ C6 flow cytometer (BD 

Biosciences, USA) equipped with two lasers (488 nm and 640 nm) and four optical filters 

(FL1 533/30 nm, FL2 585/40 nm, FL3 >670 nm, and FL4 675/25 nm). FSC and SSC detectors 

were also used for observation of forward and side light scatter parameters, respectively. The 

samples were firstly analysed without the addition of fluorochromes and were appropriately 

diluted when necessary. Data acquisition per sample was limited to 10,000 events and 25 µL at 

a flow rate of 14 µL min-1. To detect cells of interest and evaluate cell viability, the samples were 

stained with TO and PI according to the manufacturer’s instructions (BD™ Cell Viability Kit, BD 

Biosciences, USA) and data were acquired under the same conditions. The final concentrations 

of the fluorochromes were 420 nmol L-1 for TO and 43 µmol L-1 for PI.  

 Flow cytometry data were observed and analysed with BD Accuri™ C6 v1.0.264.21 

software (BD Biosciences, USA). The identification of the microorganisms (TO-positive) was done 

by analysing the fluorescence peaks on the FL1 channel. Once the areas corresponding to TO-

positive populations were determined, the discrimination of viable and non-viable populations on 

FL2 (PI) vs FL1 (TO) plots was performed and gates corresponding to these populations were 

drawn. Negative controls were carried out with the working solution. Isolates of Bacillus cereus, 

Chlorella vulgaris and Penicillium chrysogenum obtained from our laboratory collection were used 

to prepare single suspensions of cells (B. cereus and C. vulgaris) and spores and mycelia (P. 

chrysogenum); these suspensions were stained with TO and PI and used as controls to 

distinguish and gate the regions of labelled microorganisms from background noise. To prepare 

these controls, B. cereus colonies grown in NA plates at 30 °C for 24 h were suspended in the 
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working solution. C. vulgaris was grown in BG-11 liquid media [61] at 25 °C for 14 d with constant 

light and then transferred to the working solution. The P. chrysogenum spore suspension was 

prepared by growing the strain in PDA plates at 25 °C for 6 d, followed by the addition of working 

solution to the plates to release and collect the spores. The suspensions were diluted as 

necessary to obtain final concentrations of 1-2 x 107 CFU mL-1, as calculated by Neubauer 

chamber counting. For the preparation of the P. chrysogenum mycelia suspension, the strain was 

grown in Czapek Dox Liquid Medium supplemented with 5 g L-1 of yeast extract, at 25 °C and 80 

rpm for 6 d, and then filtered in a sterile environment; the filtered mycelia were transferred to a 

sterile flask, diluted in deionised water to reach a final concentration of 1 g mL-1 and then 

fragmented using a T 25 digital ULTRA-TURRAX® (IKA, Germany) at 25,000 rpm for 30 s.  

 

3.5.  Statistical analysis 

Statistical analysis was performed using IBM SPSS® Statistics v27 software (IBM, USA) 

to check for statistically significant differences in the concentrations of microorganisms and viable/ 

non-viable cells obtained from swab and cryogel samples, for each sculpture. The Shapiro-Wilk 

test was used to confirm that the values were normally distributed, followed by the t-test for 

independent samples to compare the samples collected with swabs and cryogels.  

 

4. Results 

Figure 2 shows some examples of the density plots of FL2 (PI) vs FL1 (TO) fluorescence 

obtained from swab and cryogel samples, where the regions comprising the particles of interest 

(TO-positive) are shown separated by vertical markers to isolate them from the regions containing 

debris, acellular particulates and background noise. The same figure shows the populations 

corresponding to viable (TO-positive/PI-negative) and non-viable (TO-positive/PI-positive) cells, 

which were defined based on the fluorescence properties of the particles stained with PI. 

The flow cytometry data that resulted from the analyses of the samples obtained from the 

surfaces of the five sculptures using the two sampling methods are summarised in Figure 3. All 

samples yielded high concentrations of total microorganisms, ranging from 5.51 ± 0.22 and 6.18 

± 0.17 log10 cells mL-1 for the swab samples and from 4.84 ± 0.15 to 5.43 ± 0.30 log10 cells mL-1 

for the cryogel samples, and regardless of the material from which the sculptures are made. 

Regarding the analyses of cell viability, most of the cells appear to be non-viable or to have 

compromised membranes. The higher concentrations of non-viable cells compared to viable cells 

could be related to either the low availability of nutrients in the stone/mortar substrates or to the 

methodology adopted for processing the samples to reduce the amount of debris, which may 

have, at some point, contributed to the disruption of the cell membranes. Further studies may be 

required to better elucidate the high number of non-viable cells. Additionally, it was observed, for 

both sampling methods, that a large part of the events detected by flow cytometry seems to be 

debris and particulate matter collected from the surfaces of the sculptures. As an example, over 

87% of the recorded events in the swab samples from Afonso de Albuquerque were not stained 

by TO (data not shown), even after sample processing prior to the analyses.
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Figure 2 – Density plots obtained by flow cytometry analysis of some of the samples collected with swabs (top) and poly(HEMA) cryogels (bottom) from the 
sculptures Sol, Lua e Vento (SLV), Movimento (M), Repouso (R), Rosalía de Castro (RDC) and Afonso de Albuquerque (ADA). The samples were stained with 
thiazole orange (TO) and propidium iodide (PI). The vertical markers separate the TO-labelled events from the regions containing debris, acellular particulates 
and background noise, while the regions comprising viable (PI-negative) and non-viable (PI-positive) cells are outlined in the TO-positive regions.  

 

 

 

 

SLV M R RDC ADA 



10 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Quantification of microbial cells by flow cytometry of samples collected with swabs and poly(HEMA) cryogels from the sculptures Sol, Lua e Vento 
(SLV), Movimento (M), Repouso (R), Rosalía de Castro (RDC) and Afonso de Albuquerque (ADA). The values shown are the mean ± SD (n = 10). Within each 
sculpture, the symbol * indicates statistically significant differences between poly(HEMA) cryogels and swabs and the letters ns indicate non-significant 
differences (t-test for independent samples; α = 0.05). 
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When comparing the two sampling methods concerning the concentrations of total 

microorganisms, viable cells and non-viable cells (Figure 3), statistically significant differences (p 

< 0.05) were found, for each sculpture, between the capacity of swabs and cryogels to collect and 

retrieve microbial cells, despite the very high standard deviation values obtained for some of the 

samples. When considering the concentrations of total microorganisms, a greater number of cells 

were identified in the samples collected with swabs than with cryogels. The same trend was 

observed when considering the recovery and identification of non-viable cells, but only in the 

sculpture Sol, Lua e Vento the concentrations of viable cells were significantly higher (p < 0.05) 

in the swab samples than in those obtained with cryogels. 

Lastly, it is noteworthy that even though the overall number of events recorded by the 

flow cytometer was higher in the swab samples, a clearer and more defined separation of cell 

populations based on viability was observed in the samples collected with cryogels (Figure 2). 

 

5. Discussion 

Sampling with cryogels allowed the recovery of microorganisms and the discrimination of 

viable and non-viable populations by flow cytometry, but cell concentrations were significantly 

lower than those obtained from swabs. It seems that even though swabbing environmental 

samples has some known disadvantages, particularly for quantification purposes, in some cases 

swab sampling may still be the most adequate method available [62]. In our study, the use of 

swabs proved to be a more fitting approach to ensure a greater recovery of microorganisms from 

the surfaces of the sculptures, despite all the drawbacks that may exist associated with swab 

sampling. However, sampling with cryogels still allowed the recovery of a substantial number of 

microorganisms, and the separation of microbial cell populations based on their membrane 

integrity was clearer than with swabs, which facilitated the evaluation of the viability state of the 

microorganisms. It is not clear why this happened, though the porous nature of the cryogels [59] 

might have contributed to the better preservation of the cells as opposed to the swabs, which may 

have contributed to the rupture of cell membranes by mechanical action during sampling and to 

the lower concentrations of viable cells obtained from some of the sculptures [48]. If the objective 

of the research is a clear separation of these populations or a flexible sampling method due to 

the possibility of preparing the cryogels in any desirable shape adaptable to the surfaces (blocks, 

discs, etc.), then the use of a gel, such as the one tested in our study, might be a choice to 

consider. 

Furthermore, flow cytometry was adopted to quantify the microorganisms collected by 

both swabs and cryogels and to infer their viability by evaluating the integrity of their cell 

membranes. Flow cytometry has been largely used in various fields of expertise, not only to 

characterise human cells but also to study microorganisms and biofilms collected from various 

sources. The applications of flow cytometry include, among others, the study of natural and 

agricultural soils, sediments and sludge samples, the characterisation of bacterial cells in marine 

and freshwater, the study of the effects of antibiotics on cell viability, the quantification of viable 
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bacterial cells in milk powders and the characterisation of yeasts in the beer and wine industries 

[63,64,73,65–72]. Flow cytometry has also become a promising analytical tool in the context of 

CH, even though its use for these types of samples is still not common practice. In fact, to the 

best of our knowledge, flow cytometry has not yet been established for the quantification of 

microorganisms directly obtained from CH samples and our study is the first attempt to use flow 

cytometry for cell quantification and assessment of cell viability in studies concerning the 

biocontamination of sculptures. Nonetheless, some studies have been published where flow 

cytometry was applied in the context of CH. Mesquita and co-authors (2013) [29] used flow 

cytometry to evaluate the growth, viability and metabolic activity of P. chrysogenum, Aspergillus 

nidulans and A. niger spores, as common contaminants of CH objects, after a disinfection 

treatment with increasing levels of gamma radiation. The differences in the size and complexity 

of the spores were evaluated by FSC and SSC detectors, as well as their viability and metabolic 

activity through staining with PI and dihydroethidium (DHE) [29]. In the work of Silva (2017) [30], 

the physiology of Bacillus sp. cells was investigated by flow cytometry using a multi-parameter 

analysis with Annexin V and 7-aminoactinomycin D (7-AAD) to monitor the response of the 

bacterial cells to nutrient starvation and supplementation and to evaluate the production of 

bioactive compounds with potential to be applied as green biocides for CH applications. Gheorghe 

and co-authors (2021) [31] reported the efficiency of MgB2 materials against several strains of 

filamentous fungi isolated from wooden and stone CH objects. The authors used flow cytometry 

to evaluate the toxicity effects of MgB2 nanoparticles against Hep2 cells after staining with PI, for 

the assessment of MgB2 as an environmentally safe antifungal [31]. The identification of the 

microorganisms involved in the occurrence of a rosy-red discolouration on frescoes in the St. 

Brizio Chapel (Orvieto Cathedral, Italy) was performed by Cappitelli and co-authors (2009) [32]. 

The authors cultivated microbial cells extracted from samples of the frescoes and implemented a 

flow cytometry protocol to confirm cyanobacteria as the principal cause of the discolouration of 

the frescoes, by observing the green fluorescence given by the SYBR-Green I staining of non-

pigmented microorganisms and the red-orange autofluorescence of the natural pigments of 

phototrophic microorganisms [32]. Likewise, studies have been published in which fluorescent 

probes and hybridisation techniques were used in combination with flow cytometry to characterise 

CH samples. González-Pérez and co-authors (2017) [33] developed an RNA-fluorescence in situ 

hybridisation (RNA-FISH) protocol for the analysis of bacteria and yeasts and used flow cytometry 

to analyse isolates of Escherichia coli and Saccharomyces cerevisiae labelled with Cy3 and 6-

FAM fluorophores. Flow cytometry was used to analyse the impact of cell growth phase and 

[probe]/[cell] ratios on the fluorescence intensity of probe-labelled cells, and the results pointed 

out the possible use of RNA-FISH in combination with flow cytometry (Flow-FISH) for the analysis 

of microorganisms present in CH samples [33]. Similarly, Vieira and colleagues (2016) [34] 

developed a FISH protocol for the detection of bacteria and yeasts present in mortars. Flow 

cytometry was applied to observe the fluorescence decay of E. coli cells after long exposure to 

UV-C light, thus helping the authors in the choice of appropriate filters to achieve long-lasting and 

stable signals for the study of the samples by epifluorescence microscopy [34]. The average 
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fluorescence intensity and the percentage of fluorescent cells after the application of the FISH 

protocol to bacteria and yeast cells suspensions was also evaluated by flow cytometry [34]. 

The protocol implemented for the analysis of the swab and cryogel samples obtained 

from the five sculptures involved a gating strategy using a combination of TO and PI. On the one 

hand, the ability of TO to bind to nucleic acids allows the labelling of all cells, regardless of their 

physiological state, which facilitates the distinction between microbial cells and noise signals or 

debris present in the cell suspensions [60,74]. On the other hand, staining with PI was used to 

infer cell viability, as cells with intact membranes are impermeable to PI (suggesting viability), 

while damaged membranes (occurring in non-viable cells) allow PI to enter the cells and compete 

with TO for DNA binding sites [60,75]. As with all analytical techniques, some challenges were 

encountered, which are mostly related to the microbiological diversity of the samples and to 

impurities that remained in the suspensions after the cleaning protocol. The great diversity of 

taxonomic groups found in these types of samples, as well as the presence of microorganisms 

with different cell membrane integrity and at different metabolic states, can influence the 

identification and quantification of microorganisms by flow cytometry. Additionally, membrane 

permeability and binding efficiency to nucleic acids vary significantly among fluorochromes and 

groups of organisms [63,76]. Moreover, even though the samples were processed before the 

analyses, a large number of inorganic particles or cell debris were detected (over 50% of all 

events detected were not stained by TO; data not shown), which were not eliminated during the 

cleaning process due to their small sizes and may have hampered the penetration of the 

fluorochromes into the cells. The presence of inorganic or dead organic particles in the samples, 

particularly when attached to bacteria and extracellular DNA, can reduce the accuracy of the 

technique and bias the cell counts due to the difficulty to distinguish particles of interest from 

interfering compounds [63,64]. These difficulties may have contributed to the high standard 

deviation values obtained for some of the samples, although flow cytometry is still an interesting 

and promising analytical tool for this research field. 

To further clean the samples before the analyses and remove extra interfering particles, 

one could consider using filters with smaller pore sizes, although this may result in the loss of 

cells of interest, such as filamentous fungi and microalgae of larger sizes. A compromise must be 

found between the elimination of contaminating particles that may contribute to non-specific 

staining and the excessive removal of cells that could significantly bias the quantification of 

microorganisms [64,77]. Furthermore, the addition of ethylenediamine tetraacetic acid (EDTA) to 

the working solutions used for sample collection or to the staining buffers could be useful to 

chelate metal ions and reduce their possible interference with flow cytometry analyses. Also, 

EDTA facilitates the detachment of bacterial cells from biofilms; however, its use must be carefully 

considered when performing cell viability assays due to the chelation of cations necessary for 

membrane stability and its effect on cell lysis [48,78,79], which may skew the results. Moreover, 

a multiparametric analysis involving other fluorescent probes for staining specific structures of 

microbial cells, such as Nile Red, fluorescein isothiocyanate (FITC) and calcofluor white for 

labelling of membrane lipids, proteins and carbohydrates [28,76], could be suitable not only to 
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distinguish particles of interest from interfering compounds but also for screening particular 

groups of microorganisms. The addition of fluorochromes to measure the metabolic activity of 

microbial cells, such as DHE for the detection of reactive oxygen species (ROS) [29,76], may also 

be of interest to help quantify the microorganisms with real risk to contribute to the biodeterioration 

processes of stone, particularly when combined with the analysis of the membrane integrity of the 

cells.  

 

6. Conclusions 

 The use of swabs is a more adequate sampling method for the quantification of 

microbiological communities colonising stone and mortar sculptures when compared to 

poly(HEMA) cryogels. Although data visualisation of the viable and non-viable cells populations 

was clearer when sampling with cryogels, swab sampling allowed a greater recovery of total 

microorganisms from the surfaces of the sculptures, which may be relevant for quantification 

studies of microbiological contamination. Moreover, flow cytometry proved to be an efficient and 

useful technique for biocontamination and biodeterioration assessments of outdoor sculptures, 

both for microbial quantification and cell viability purposes. 
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