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ABSTRACT 
This research addressed the implementation of biosensor prototypes to detect mi-

crobiological risks in environments with organic collections. During the first phase, 

different combinations of supports, culture mediums, and pH indicators were tested 

in order to design the prototypes in the laboratory, while the second phase saw the 

prototypes tested in collection storage environments. The best prototypes were 

chosen during the experimental phase, taking into account the criteria of colony 

forming-unit (cfu), amount of cfu in the biosensors, and the diversity of isolated 

fungi. During the second phase, it was possible to conclude that environmental 

conditions are determining factors for the prototypes’ functionality.

KEYWORDS
air, storage, biosensors, collections, organic materials, microorganisms

INTRODUCTION

M icroorganisms play an important role in the biodeterio-
ration of cultural objects, as a result of the processes of 
growth and development and also of metabolic activities 

which will eventually cause physicochemical and mechanical al-
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terations to their structure, with negative consequences for their 
preservation (Gacto & Gacto, 2011, pp. 108-110). Specimens made 
with organic material of protein or cellulose nature have been re-
ported in collections of documents, archaeological textiles, bone 
or mummified remains, wood and furs, among others (González, 
Acevedo, Cases & Valenzuela 2016, pp. 176-179); these substrata 
are potential niches for agents of biodeterioration to develop under 
favorable environmental conditions (Nitiu et al., 2015, p. 428).

The process of biodeterioration in organic collections is usually 
detected at an advanced stage (Rojas, 2019, p. 21) and the nec-
essary interventions by those responsible for their handling and 
storage to halt colonization and microbiological effects can involve 
other types of risks—some of an aesthetic nature—to the materials 
(Merritt, 2007, p. 2) or the modification of ultrastructural, chemical, 
and genetic components, which are usually a source of information 
for various studies (Lasprilla et al., 2014, pp. 25-26).

In Latin America, authors such as Borrego, Herrera, Paneque, 
and Quitral have confirmed the presence of airborne bacteria and 
fungi in libraries, archives, and museums and have linked this to 
the deterioration of collections as well as to the staff’s health (Bor-
rego, Herrara & Paneque, 2021, p. 10; Quitral, 2020, p. 86). Due to 
the importance of identifying the air quality in locations that host 
collections, Villalba (2015, p. 23) documented biocontamination by 
means of impact studies to establish an index of environmental 
microbiological contamination (icma).

The microorganisms reported include genera of fungi such as 
Aspergillus, Cladosporium, Penicillium, Curvularia, Alternaria, Fu-
sarium, Chaetomium, Phoma, Trichoderma, Mycelia sterilia, Mu-
cor, and Chrysonilia (Borrego et al., 2010, p. 125; Villalba, 2015, p. 
27), as well as bacteria, predominantly of the genera Micrococcus, 
Staphylococcus, and Bacillus (Skóra et al., 2015, p. 395). Many 
of these microorganisms have been reported to cause biodete-
rioration in various heritage materials as a result of their ability  
to produce hydrolytic enzymes, acids, and pigments that alter their 
properties (Borrego et al., 2010, p. 129).

Hence, a strategy for the early detection of the risk of microbi-
al colonization in stored cultural objects is required, which must 
include parameters of temperature (degrees Celsius) and rela-
tive humidity (rh) through the analysis of bioaerosols revealing air 
quality in the storage environment, as suggested by Valentín et 
al. (2017, pp. 102-107). However, museums rarely implement such 
practices (Valentín, 2015, p. 345) due to the cost involved in hiring 
specialists and acquiring laboratory equipment.
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Therefore, research into the biosensors developed—the most 
relevant of which is that by Nieves Valentín in 2015—in hand with 
the implementation of biosensors as alarm systems to detect the 
growth of microorganisms in display cases containing mummified 
human remains. Those biosensors were based on a support with 
high hygroscopicity composed of protein or cellulose materials, 
similar to those in the collections, along with a culture medium to 
which a marker could be added that changes color when microor-
ganisms grow under favorable conditions of temperature and rela-
tive humidity (Valentín, 2015, p. 346).

The biosensors are placed in display cases, cupboards, and 
pieces of furniture or storage spaces along with the collection piec-
es and are linked to an apparatus that registers temperature and 
relative humidity to correlate the environmental conditions with 
the growth of microorganisms on the biosensor (Valentín, 2015, 
p. 344), which is influenced by micro-condensation within the dis-
play cases that hydrates the culture medium. The exposure time  
of biosen sors before the medium becomes denaturalized can be of  
up to three months (Valentín, 2015, p. 347). The alert system to 
rectify environmental conditions in the display cases, before biode-
terioration of the objects in the collection occurs, is the presence of 
microorganisms growing on the biosensors.

Bearing in mind that Colombia has no prior research into biosen-
sors, the aim of this research was to determine which characteris-
tics, composition, and environmental conditions were required for 
the biosensor prototype to function as a system to detect microbi-
ological risks and what types of microorganisms they detect in the 
storage environment of organic collections. 

METHODOLOGY 

Phase I. Design and Evaluation of Prototypes in the Laboratory
The features of the biosensor prototypes were selected in accor-
dance with annotations made by Valentín (2015). The size of the 
prototype support was 4 x 4 cm, and three types of material support 
were chosen: linen, crepe paper, and goose feathers based on the 
bibliography consulted and the ease of obtaining them (Valentín, 
2015, p. 348; Urkullu, 2001, p. 58; Assis et al., 2020, p. 5983).

We chose three types of culture medium: Sabouraud broth, 
which is widely used to recover filamentous fungi due to its com-
position of peptones and glucose (Guinea, Peláez, Alcalá & Bouza 
2005, pp. 333-334); DG18 broth (dicloran-chloramphenicol glyc-
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erol), with a low availability of water (Aw), that favors the growth 
of xerophilous microorganisms, such as certain filamentous fungi 
reported in museum and library environments (Manrique, Patiño 
& Gutiérrez 2012, pp. 5-6), and lastly, nutrient broth as a medium 
used to grow microorganisms with low nutritional requirements, in-
cluding fungi and bacteria.

Another characteristic of the biosensor prototype design was a 
pH indicator; four were proposed with the criteria of turning from 
neutral to slightly alkaline in a range of 7-8 or slightly acidic in a 
6-6.5 pH range (Martín & Villegas, 2021, p. 111). The chosen indica-
tors were bromothymol blue, bromocresol purple, litmus blue, and 
methyl red. An experiment in test tubes was conducted for all the 
indicators in order to identify the most appropriate. Each test tube 
had 3 ml of culture medium with one of the four indicators, to which 
were added 0.5 ml of a solution of Penicillium sp. conidia contain-
ing 4.8 x 10.5 (10^5-105) conidia/ml. The test tubes were incubated 
for a week at 25° C. The characteristics of the previously selected 
biosensors were combined, as seen in Figure 1.

Support Culture medium pH Indicator Repetitions Control

Linen Sabouraud broth With indicator 3 1

Linen Sabouraud broth Without indicator 3 1

Linen DG18 medium With indicator 3 1

Linen DG18 medium Without indicator 3 1

Linen Nutrient culture With indicator 3 1

Linen Nutrient culture Without indicator 3 1

Paper Sabouraud broth With indicator 3 1

Paper Sabouraud broth Without indicator 3 1

Paper DG18 medium With indicator 3 1

Paper DG18 medium Without indicator 3 1

Paper Nutrient culture With indicator 3 1

Paper Nutrient culture Without indicator 3 1

Feathers Sabouraud broth With indicator 3 1

Feathers Sabouraud broth Without indicator 3 1

Feathers DG18 medium With indicator 3 1

Feathers DG18 medium Without indicator 3 1

Feathers Nutrient culture With indicator 3 1

Feathers Nutrient culture Without indicator 3 1

FIGURE 1. Experimental design to evaluate the characteristics of supports, culture mediums, and 
pH indicators of different biosensor prototypes (Table: María C. Patiño Ramírez, August 31, 2021).
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Prepared in triplicate, in addition to a control, the linen, paper, 
and feather supports were sterilized in the autoclave, along with 
culture mediums with and without indicators, and the Petri dishes 
(121° C, 17 psi). They were subsequently oven dried at 70° C for 40 
minutes, until the liquid culture medium had dehydrated (Figure 2).

We prepared a total of 108 biosensor prototypes for use in the 
Archivo Central de la Universidad Militar Nueva Granada (umng) 
in the Cajica, Cundinamarca campus. They were all placed in 
the center of the storage area, approximately one meter above 
ground, except for the control; the Petri dishes containing bio-
sensors were exposed to the environment for one hour, so the 
microorganisms suspended in the air could be sedimented onto 
the supports. After the period of exposure, the Petri dishes were 
closed and taken back to the laboratory where they were sepa-
rated into two sets of 54 prototypes each to begin the tests under 
different conditions of temperature and relative humidity.

The first set was exposed in a curing chamber in the umng Mate-
rials Laboratory under constant conditions of 90% hr and 23° C 
 for a period of four weeks, with weekly follow-up to photograph-
ically register and quantify the colony forming units (cfu) in the 
prototypes. The second was placed on a table in the umng Multi-
ple Laboratory I at ambient temperature and relative humidity. The 
monthly average of these environmental variables was obtained by 
placing the prototypes close to each other in an Onset hobo Dat-
alogger; the same photographic follow-up was carried out over a 
period of four weeks.

Following this, a qualitative and quantitative description was 
made of the colonies that grew on the prototypes in each set. In 
the case of filamentous fungi, morphotypes and even genus were 
identified by means of tinction with lactophenol blue, observation 
under the 40X optic microscope, and follow-up of taxonomic codes 

FIGURE 2. Design 
of the biosensor 

prototypes in Petri 
dishes 

a) Biosensor 
Prototype 

LINEN:DG18, 
b) Biosensor 

Prototype 
PAPER:CS, 

c) Biosensor 
Prototype 

FEATHER:DG18 
(Photograph: Lizeth 

P. Russy-Velandia, 
September 10, 2021).
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(Barnett & Hunter, 1998, pp. 6-197; Franco et al., 2012, pp. 137,138, 
184 and 434-437). The prototypes from both sets that did not 
present cfu growth after four weeks were rehydrated with a saline 
solution of 0.9% p/v (Valentín, 2015, p. 348) and incubated at 25° 
C to identify whether there were spores or conidia which had been 
unable to develop in the conditions they were under.

The best biosensor prototypes were selected based on three 
criteria: 1) time of appearance of the cfu of filamentous fungi over 
the course of four weeks, registering the first time colony growth 
had been observed on the biosensors with the formula: 

CFUH being the number of colonies counted on the biosensor; 
2) total cfu of filamentous fungi; and 3) diversity of filamentous 
fungi in relation to the different number of isolated morphologies 
for each support. The frequency of appearance (Fa) was calculated 
over the total number of isolated filamentous fungi in each proto-
type with the formula:

where N° CFUMorphotypes  is the number of times a certain mor-
photype appeared on the same support during the identification 
process, and the Total cfuHS is the type of cfu that grew on each 
support. The results were analyzed by means of descriptive sta-
tistics to compare those parameters in the evaluated prototypes.

Phase II. Evaluation of the Prototypes in 
Environments of Collection Storage
The prototypes that showed the least time for the appearance 
of cfu in Phase I, a significant number of accumulated cfu, and a 
greater diversity of morphologies were prepared once again and, 
along with a control, placed in triplicate next to a Datalogger in the 
storage areas of selected collections in the cities of Bogota, Mede-
llin, and the municipality of Cajica, Colombia. The biosensors were 
deployed over several weeks, with a weekly photographic registry 
to monitor the growth of cfu and filamentous fungi. The prototypes 

N° CFUH on 16 cm2

support area  (16cm2)'
  CFUH   cm2=

N° CFUMorphotypes

Total CFUHS

  Fa =      * 100,
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that showed no growth of cfu after four weeks were taken back 
to the laboratory, rehydrated with a saline solution of 0.9% p/v 
(Valentín, 2015, p. 348), and incubated at 25° C for two weeks. 
The results obtained were correlated with the variables of relative 
humidity and temperature (rh and T°) in each of the storage areas 
to analyze the prototypes’ performance.

RESULTS AND DISCUSSION 

Phase I. Design and Evaluation of the Prototypes in the Laboratory

Selection of pH indicator
Throughout the tests with pH indicators, bromothymol blue pre-
sented a change from neutral pH to acid in all the culture medi-
ums with Penicillium sp. activity; this indicator displayed a more 
noticeable change of color compared to all the other indicators in 
the nutrient broth; therefore, it was chosen as the pH indicator that 
would serve to observe color changes on the supports resulting 
from organic acids produced by metabolizing sugars contained in 
the culture medium (Arora, 2013, p. 3).

Selection of the Best Biosensor Prototypes
Selection was made exclusively with the data collected in the test 
of the first set of 54 prototypes conducted in the curing chambers 
(90% rh-23° C) since the test with the second set of prototypes 
exposed to ambient relative humidity and temperature on the lab-
oratory table did not present cfu growth until after they had been 
rehydrated with saline solution at the end of the fourth week. Fol-
lowing incubation, there was growth of Penicillium sp., Cladospo-
rium sp., Epicoccum sp., Paecilomyces sp., and Fusarium sp., a 
result that is linked to the environmental conditions, which did not 
exceed 70% rh or 23° C. The average monthly conditions in the 
laboratory were 55.5% rh and 18.95° C, hence natural rehydration 
of the culture mediums was not obtained and, therefore, no colo-
nies of filamentous fungi were observed.

Time of Appearance and Quantity of cfu/cm2 of Filamentous Fungi
As mentioned earlier, these criteria were only evaluated for the first 
set of prototypes that had microorganism growth. Through pho-
tographic follow-up over four weeks, we obtained an average of 
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growth replicas of cfu /16 cm2; that is to say, for the total area of 
supports (4 x 4 cm2) exposed to 90% rh and 23° C, we calculat-
ed the standard deviation (Figure 3), which allowed us to see how 
scattered our data was around the average value of the three tests 
(Lee et al., 2015, pp. 221-222).

High values for standard deviation in certain prototypes indicate 
that, in most cases, the data extends to a wider range with regard  
to the median (Barde & Barde, 2012, p. 113), which could be linked to  
the positioning of prototypes on shelves during the test in the curing 
chamber and its interaction with the surrounding water vapor.

Keeping in mind the criteria of time of appearance of cfu, 
quantity of cfu /cm2  of filamentous fungi so as to select the best 
biosensors, we identified that prototypes made of paper:cs, feath-
er:cs, and feather:cs:abt had the shortest time for cfu appearance 
(as of the first week) and showed the highest accumulated quan-
tity of cfu/cm2 of filamentous fungi by the end of the fourth week 
(Figure 4).

In the case of prototypes made with a linen support, we observed 
a growth of 0.02 cfu/cm2 during the first week in the Sabouraud 
culture medium; however, by the end of the test, there was greater 
isolation of filamentous fungi in the DG18 medium, indicating that 

FIGURE  3. Standard deviations obtained from the average of cFu/16 cm2 repetitions, with each 
biosensor prototype under conditions of 90% Rh-23° C in the curing chamber (Table: Lizeth P. 
Russy-Velandia, April 15, 2022).

*cs:Sabouraud broth, cn:nutrient broth, dg18:dichloran-glycerol chloramphenicol broth, abt:bromothymol blue
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although it takes a week longer to start detecting the microorgan-
ism, it is possible to isolate xerophile microorganisms that tend to 
grow with low water requirements. Based on the analysis present-
ed above, the best biosensors were paper:cs, feather:cs, qq total of 
18 morphotypes with the most frequent being Cladosporium sp. 
morphotype No. 1 with 22.2% (Figure 5).

Appearance time of ufC/cm2 and amount of ufC during each week (90% Rh-23 °C)
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FIGURE 4. Number of cFu/cm2 for each biosensor prototype over the four-week test period under 
conditions of 90% Rh-23° C in the curing machine (Table: Lizeth P. Russy-Velandia, May 18, 2022).
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Frequency of morphotypes on linen support

Cladosporium sp. Morphotype No. 1

Aspergillus flavus

Penicillium sp. Morphotype No. 2 white

Penicillium sp. Morphotype No. 1 green

Cladosporium sp. Morphotype No. 2

Fusarium sp.

Aspergillus niger

Orange sterile mycelium

Epicoccum sp.

Paecilomyces sp.
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FIGURE 5. Percentage of frequency of morphotypes identified on the linen support (Table: Lizeth 
P. Russy-Velandia, May 30, 2022).

*cs:Sabouraud broth, cn:nutrient broth, dg18: dichloran-glycerol chloramphenicol broth, abt: bromothymol blue
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The prototypes with the greatest diversity of morphotypes on a 
linen support were the prototypes linen:cs and linen:cs:abt, with four 
morphotypes each, and  linen:dg18 and linen:dg18:abt, presenting 
three and four morphotypes (Figure 6). Based on the selection cri-
teria, it was determined that the prototype with the greatest detec-
tion capacity for the linen support was linen:dg18, with a cumulative 
average of 1.83 cfu/cm2. Although the appearance of filamentous 
fungi was slowin the first week, by the end of exposure in opti-
mal conditions it produced the highest number of colony growth  
(Figure 7).

CN

NO

NO

NO

YES

YES

YES

DG
18

CS

Fusarium sp.

Cladosporium sp. Morphotype No. 2

Penicillium sp. Morphotype No. 2 white

Penicillium sp. Morphotype No. 1 green

Aspergillus flavus

Cladosporium sp. Morphotype No. 1

0 1 2 3 4 5

Presence of morphotypes on linen support

FIGURE 6. Presence of morphotypes on the linen support according to the three culture mediums, 
with and without indicator (Table: Lizeth P. Russy-Velandia, June 21, 2022).

FIGURE 7. a) 
Biosensor Prototype 

linEn:dG18, b) 
Support of the same 

prototype sown in 
culture medium 

dicloran-glycerol 
chloramphenicol: the 
growth of Penicillium 

sp. morphotype No. 
2 can be observed 

(Photograph: Lizeth 
P. Russy-Velandia, 

June 2, 2022).
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Regarding biosensors made of paper, a total of 22 morphotypes 
were obtained, with the most frequent being Cladosporium mor-
photype No. 1 (27.3%) and Penicillium sp. morphotype No. 1 green 
(18.2%) (Figure 8).

The greatest diversity of morphotypes were found on prototypes 
made of crepe paper (paper:cs, with six morphotypes) (Figure 9). 
Based on the selection criteria, it was determined that among the 
crepe paper supports, the prototype with the greatest detection 
capacity was paper:cs, with a cumulative of 2.31 cfu/cm2 and a 
brief time before the appearance of cfu, even during the first week, 
showing a greater cumulative growth of fungi colonies when com-
pared to other prototypes at the end of the test.

The prototypes made of goose feathers (Figure 10) presented 
the following frequency over a total of 21 morphotypes: 23.8% 
Cladosporium morphotype No. 1, 23.8% Aspergillus flavus, and 
19.0% Aspergillus niger.

The greatest diversity of morphotypes were found on prototypes 
feather:cs and feather:cs:abt, with five morphotypes each (Figure 
11). Based on the selection criteria, it was determined that the 
goose feather support prototype with the best detection capacity 
was feather:cs, with a cumulative of 1.25 cfu/cm2 and rapid detec-
tion of colonies of filamentous fungi as of the first week of the test.
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es

Percentage

Frequency of morphotypes on paper support

Cladosporium sp. Morphotype No. 1

Penicillium sp. Morphotype No. 1 green
Aspergillus flavus

Penicillium sp. Morphotype No. 2 white

Cladosporium sp. Morphotype No. 2

Orange sterile mycelium

Epicoccum sp.

Paecilomyces sp.

Aspergillus niger

Fusarium sp.

27.3%

18.2%

9.1%

9.1%

9.1%

9.1%

9.1%

9.1%

0.0%

0.0%

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0%

FIGURE 8. Percentage of frequency of morphotypes identified on the paper support (Table: Lizeth 
P. Russy-Velandia, June 23, 2022).
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Orange sterile mycelium

Cladosporium sp. Morphotype No. 2

Penicillium sp. Morphotype No. 2 white

Penicillium sp. Morphotype No. 1 green

Aspergillus flavus

Cladosporium sp. Morphotype No. 1

0 2 4 6 8

Presence of morphotypes on paper support

FIGURE 9. Presence of morphotypes on the paper support, according to the three culture 
mediums, with and without indicator (Table: Lizeth P. Russy-Velandia, June 23, 2022).
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Frequency of morphotypes on feather support

Cladosporium sp. Morphotype No. 1

Aspergillus flavus

Aspergillus niger

Cladosporium sp. Morphotype No. 2

Paecilomyces sp.

Fusarium sp.

0.0%

45.5%

36.4%

Penicillium sp. Morphotype No. 1 green 0.0%

Penicillium sp. Morphotype No. 2 white 0.0%

Orange sterile mycelium 9.1%

Epicoccum sp. 9.1%

0.0%

0.0%

0.0%

0.0% 10.0% 20.0% 30.0% 40.0% 50.0%

FIGURE 10. Percentage of frequency of morphotypes identified on the feather support (Table: 
Lizeth P. Russy-Velandia, May 30, 2022).
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During the course of the tests, it was concluded that the pH 
indicator was not crucial for making biosensors since the results 
obtained were very similar with or without it and did not affect the 
growth of cfu/cm2, while the changes of color with the bromoetha-
nol blue indicator were imperceptible.

As for the results obtained in the curing chamber, the biosensor 
prototypes made with nutrient culture isolated eight morphotypes 
of bacteria. Given that these were not visible to the naked eye, the 
growth of bacteria could only be observed once the supports were 
transferred and planted in Petri dishes with the same culture medi-
um used to create the biosensors and incubated in the laboratory 
at 37° C for a week; hence they were not taken into consideration 
for the study.

Phase II. Evaluation of Prototypes in 
Environments of Collection Storage
The same biosensor prototypes were set out in two different Co-
lombian cities in order to compare them. Bogota has an ambient 
temperature range between 14.5 and 22.5° C and a percentual 
relative humidity between 77 and 83 points (Natarajan, Rodríguez 
& Vellei., 2015, p. 244), while Medellin presents a range between 
23.3 and 27.2° C and 62.6% rh (Restrepo-Betancur, Peña-Serna 
& Martínez-González, 2019, p. 315). Figure 12 summarizes the lo-
cations of the biosensors, the type of collection stored, as well as 
the average monthly temperature and relative humidity.
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Epicoccum sp.

Orange sterile mycelium

Aspergillus niger

Penicillium sp. Morphotype No. 2 white

Penicillium sp. Morphotype No. 1 green

Aspergillus flavus

Cladosporium sp. Morphotype No. 1

0 1 2 3 4 5 6

Presence of morphotypes on feather support

FIGURE 11. Presence of morphotypes on the feather support, according to the three culture 
mediums, with and without indicator (Table: Lizeth P. Russy-Velandia, June 25, 2022).
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The prototype placed in the Colonial Museum of Bogota did not 
show any detection of cfu or filamentous fungi. The same occurred 
with the prototypes exposed in the umng, a result that is linked to 
the temperature and relative humidity registered in the three stor-
age environments (Figure 12): on the one hand, in every collection, 
it does not go above 20° C, and although average monthly relative 
humidity can reach 62% in the José Ricardo Cure Hakim Zoologi-
cal Collection, no microorganism growth was detected there either. 

FIGURE 12. Location and collections of an organic nature in storage, where the best types of 
biosensor prototypes were placed as a system to detect microbiological risk, along with a record 
of the monthly average of temperatures and relative humidity (Table: Lizeth P. Russy-Velandia, July 
11, 2022).

Location of 
exposure

Biosensor 
Prototypes Organic Collection T° %RH

Museo Colonial

(Bogota)

Linen with dg18 
broth

Collection of Colonial furniture: tapestries of 
various types, vegetable fibers and animal 
fur; also includes textiles with silver, gold, 
or copper thread as well as hand-painted 
textiles

17.8 52.9

Universidad 
Militar Nueva 

Granada 

(Cajica)

Paper with 
Sabouraud broth

Central archive: Documents, accounting 
ledgers, and registries in cardboard boxes 19.9 59.2

Feather with 
Sabouraud broth

José Ricardo Cure Hakim Zoological 
Collection: mammal furs and birds in storage 17.7 62.0

Museo 
Universitario 

Universidad de 
Antioquia

(Medellín)

Linen  with dg18 
broth

Anthropological collection: vegetable fiber 
textiles and archaeological textiles. 22.7 57.3

Paper with 
Sabouraud broth

Historical Collection: paintings, graphic 
works, photographs, texts and books in 
cardboard boxes

Not 
reported

Not 
reported

Feather with 
Sabouraud broth

Natural Science Collection: taxidermied 
animals, skeletons, study skins, among other 
specimens

 

19.5 58.7
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In the city of Medellin, the registered average monthly tempera-
ture range was between 22.7 and 19.5° C, with a relative humidity 
of 58.7-57.3% (Figure 12); that is to say, quantities under 60%, 
which prevented the rehydration of the culture medium in those 
environmental conditions.

Since it did not display growth of cfu of filamentous fungi in any 
of the storage environments located in the different cities, the pro-
totypes were taken to the laboratory to be rehydrated and incubat-
ed for a week at 25° C; thus, we proved that the prototypes had 
sedimented spores which did not grow until they were placed in 
optimal temperature and humidity conditions. Fungi of the genera 
Cladosporium, Penicillium, and Aspergillus grew, which are typi-
cally reported as biological contaminants in indoor sites (Khan & 
Karuppayil, 2012, pp. 406-414; Cepeda et al., 2019, pp. 42-44). 
The microorganisms found in those environments and recovered 
from the biosensors match the results obtained by Valentín (2015, 
p. 349), who reported contamination by environmental micro-
organisms corresponding to Cladosporium sp. and Penicillium 
chrysogenum (2017, p. 349) as well as by Borrego, Herrera, and 
Paneque and Penicillium in storage environments (2021, pp. 5-6), 
who reported the predominance of Aspergillus, Cladosporium. 

The reported optimal conditions for the growth of microorgan-
isms are between 25 and 30° C and 70 to 75% rh (Mallo et al., 
2017, p. 621); however, none of the storage environments in this 
study reached an average monthly temperature over 25° C, and 
the highest percentage of relative humidity was 62 points. When 
environmental conditions are not favorable, the microorganisms’ 
capacity to begin reproductive processes diminishes (Mallo et al., 
2017, p. 621). These results concur with those obtained in Phase I 
of the tests.

CONCLUSIONS 
The environmental conditions of the positive control in Phase I 
(90% rh, 23° C) were determining factors for the development of 
filamentous fungi on our biosensor prototypes; the results obtained 
in the field phase demonstrate that the use of such biosensors is 
not viable in open storage environments with environmental con-
ditions of relative humidity ranging between 52.9 and 62.0% rh 
and temperature ranging 17.7-19.9° C. The results of this study cor-
roborate what was reported by Valentín, who stated that, as a rule, 
one does not visually detect the development of microorganisms 
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on biosensors in museum display cases with reasonably good envi-
ronmental conditions for a period of 30 to 60 days (Valentín et al., 
2017, p. 104).

Moreover, placing biosensors in open spaces could promote the 
dehydration of the supports, which is why Valentín proposed that 
this strategy for preventing biodeterioration be applied in casings 
and containers (Valentín, 2015, p. 347). Among the microorganisms 
recovered from the biosensors, the most prominent are the fungi 
Cladosporium sp. and Penicillum., sp, as well as certain potential-
ly dangerous species such as Aspergillus flavus, microorganisms 
that are frequently signaled as bio-contaminants in indoor spaces.
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