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In this work, a conceptual framework is proposed for translating microbial research into usable design tools in an urban built environment. This study on Microbiomes of the Built Environment (MoBE), specifically the cultivable microbial count, incorporates building code and built environment design factors applied in the Philippine setting. The National Building Code of the Philippines with focus on minimum habitable room specifications was used to provide basis for the framework process. Human presence and ventilation were used as parameters to produce data that can be used as design tools. Using passive air sampling, the three experiments were conducted within Metro Manila according to the proposed framework. The first experiment using settle plates of culture media in the morning and afternoon seeks to understand how bacterial and fungal counts are affected in a naturally ventilated and in a non-ventilated room. The second and third experiments were done to test the effects of different window sizes and the number of humans on bacterial count, respectively. Results showed higher bacterial count in the room with natural ventilation compared to the room with no ventilation. The use of different window sizes did not show significant difference in counts with the number replicates used but as the number of humans in the area increased, the bacterial counts also increased. Data produced in the preliminary experiments were used to conceptually design a space in this paper. The authors suggest that this building-code inspired framework be used as a guide for MoBE studies as a starting point and be further developed to understand and eventually produce healthier built environments.
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1 INTRODUCTION
Within the built environment (BE) are microbial communities shaped by the living that use the space. These microbial communities in that built environment, in turn, also affect other living organisms. There is an intricate relationship between the built environment, humans, and microorganisms, and that in the future, it is possible to manage microbiomes for the benefit of human health and wellbeing through our built environment (National Academies of Sciences, Engineering, and Medicine, 2017).
Humans spend a lot of time indoors. According to research done in the United States of America, and similarly in Canada, around 87% is usually spent indoors and 6% inside vehicles. There has been no significant change to this percentage over the decades (Klepeis et al., 2001). A similar study was done in England, UK, although only limited to office and laboratory workers. Results of the study have also shown that the majority of the people here also spend most of their time indoors, especially on weekdays (Baczynska et al., 2018).
Since humans spend most of their time indoors, it can be said that the indoor microbiome can affect the body’s microbiota, and thus affect health. Research has shown that environmental microbial ecosystems affect the microbiota and health of various species, and this includes humans (Flandroy et al., 2018). It is further discussed in their paper that there is a need to look at the bigger picture of how microbes in our whole ecosystem, including the human microbial ecosystem, are all interconnected. As humans, our choices and our behavior have a huge impact in the composition of the different microbial ecosystems.
While humans spend most of their time indoors, how indoor air is affected by exposure to outdoor air pollutants is also a concern in urban settings. They not only potentially carry pathogens that are connected to illnesses, they also lack microbial diversity that increases susceptibility to asthma and allergies as compared to rural areas that have a diverse microbiome (Franchitti et al., 2022). Research suggests that lack of exposure to diverse microorganisms is correlated to a variety of health problems (Thomas et al., 2017). As early as 1989, research results have shown that cleaner environments and better personal hygiene have resulted in a decline in cross infection among families, which in turn may have led to more people being more prone to allergies (Strachan, 1989). Two decades later, a review article was also published supporting this study (Okada et al., 2010). There were studies mentioned in this paper that suggest that exposure to microbes does indeed help with regulating diseases and disorders. One of the studies talked about here had results that show that increased number of siblings resulted in lesser risk of multiple sclerosis (Ponsonby et al., 2005). And another talks about how there were lesser cases of diabetes in children who had more siblings and those who changed locations often (Cardwell et al., 2008).
While it is still not yet known what a healthy and unhealthy microbiome is, what is known is that absolute sterility does not completely equate to good health (Bosch et al., 2024). But in the case of, for example, hospital settings, there is a need for hygiene and sterile environments to reduce the risk of spreading contagious diseases, and compromising the immunocompromised (Vandegrift et al., 2017). Residential spaces tend to collect bioaerosols which are particles in the air that consist of living and non-living things. Prolonged exposure to these can result in certain sicknesses (Chen et al., 2024). In these cases, mitigation of microbial load to prevent pathogens to spread is imperative (Brown et al., 2016).
It is too simplistic to state that too few microbial exposure is not healthy, nor it can be said that too much exposure is healthier. The study of microbes is too complex to box them in either A or B. The old adage in hygiene as ‘microbes being all bad and that we should get rid of them’ is outdated. Hygiene should be about the reduction of the spreading of pathogens and the recognition of the importance of a diverse microbiome for there are good microbes as well (Vandegrift et al., 2017). Exposure to a right range and composition of microorganisms may be more advantageous for health (Stephens, 2016).
Humans design the BE not knowing how much it influences the microbiome. While there are emerging studies that posit the connection between microbiomes and design, information related to this field of study typically only reaches those familiar in the field of scientific research. These studies fail to reach design practitioners. For instance, the architecture profession, where practitioners typically lack exposure to or training in reading peer-reviewed journals or attending scientific conferences, may find the scientific research irrelevant or challenging to translate into design guidelines (Brown et al., 2016). It is important that information about this field of study reach design practitioners, for they decide on the design and how spaces and buildings operate, which in turn affects the microbial composition of the space (Stephens, 2016). Some BE design considerations that are known to affect the Microbiomes of the Built Environment are sunlight, humidity, temperature, ventilation, human activity, season, time, materials, function of spaces, adjacency of spaces, and location. Refer to Table 1 for some research results linking the mentioned BE design considerations to microbial composition.
TABLE 1 | Research results linking built environment design considerations to microbes.
[image: Table 1]As humans, we each have our own preferences and intentions. Every human has their own take on what material to use, how much sunlight gets in, what room should be beside another room, what building typology should be built in the next block, and even what the zoning of cities should be. As evidenced in a study (Hormigos-Jimenez et al., 2019), as simple as determining the placement of furniture can affect air flow for improved Indoor Air Quality (IAQ). Through these (Table 1), the microbial composition of the built environment is influenced. It is influenced through design choices, and through how humans use space. By understanding how design shapes the BE microbiome, it is possible to design spaces that promote a healthy microbial composition which in turn affects human health (Kembel et al., 2014).
Since it is now known that humans, microbes, and the built environment are interconnected and that there is an influence to one another, and that the notion of “complete cleanliness is the best approach for good health” is not always true, humans should be more informed and conscious of the ways the built environment is designed. Learning how to modify the built environment to allow for a diverse and healthy microbiome is a must. The only problem is the concept of a healthy or ideal microbial environment remains unknown (Bosch et al., 2024).
According to an article (Matthews et al., 2024), incorporating green spaces to cities, including incorporation to building design, would help with the immune system. The green spaces would increase exposure to diverse microbes which would be good for health. It was also mentioned that while there are already existing efforts of this, data on how to optimize microbiomes in the BE is still lacking. In a study, outdoor air was found to be a primary source of bioaerosols in enclosed spaces, but even if this is the case, human-related microbes and potential pathogens still tend to gather more indoors. It was also discovered that the effects of natural ventilation on affecting the composition and abundance inside the space is low (Núñez and García, 2022).
As mentioned by Brown et al. (2016) and Stephens (2016), microbial studies fail to reach design practitioners and that there is difficulty translating these studies into design tools or guidelines. It is important to look at what design practitioners typically use as a guide when they plan or design the BE. One thing design practitioners consistently use as a guide is the building code.
By definition, a building code contains minimum standards for construction that “protect public health, safety and general welfare” (Penn State University, 2024). Given how this is a guidebook for how spaces are designed and constructed, to date, there are not much studies that directly incorporate the building code to microbial studies.
Since a building code can be unique to a country, this study incorporated a part of the National Building Code of the Philippines (NBCP) which is the Minimum Habitable Room (MHR). As the name implies, MHR contains the minimum standards for a habitable room in the Philippines.
To date, there are only a few studies that can be related to MoBE in the Philippines. Microbial composition of spaces in the Philippines that relates to human usage patterns are still under-studied (Laxamana et al., 2024). In this paper by Laxamana, they have found that human occupancy had effects on air and surface microbes. And while there have been efforts of Indoor Air Quality (IAQ) studies in the Philippines, they were more about chemical contaminants than microbes (Anastacio et al., 2011). It was also mentioned in this paper that the IAQ studies that were done were mostly conducted by mechanical engineers who have little to no background on microbiology, which leads us to the importance of promoting interdisciplinary studies and collaboration.
Due to the country’s susceptibility to environmental risk factors, especially to ones concerning diseases, understanding the impact of microbes to health is of utmost importance. Given how the Philippines is a developing country (United States Agency International Development, 2012; United Nations Department of Economic and Social Affairs, 2014; Australian Government Department of Foreign Affairs and Trade, 2022), it is difficult for a typical Filipino family to afford good living conditions that would be good for their health.
In an article by the World Health Organization in 2016, environmental risk factors (pollution, chemical exposure, climate change, UV radiation) have accounted for hundreds of diseases and injuries in the world. In their data in 2006 about the Philippines, 22% of diseases and 6% deaths were connected to environmental risk factors. While already being a country prone to disasters, communicable and non-communicable diseases are also rampant (World Health Organization, 2016). With the rampancy of these diseases, the Philippines had been hit extra hard by the COVID-19 pandemic. And with lockdowns being the prevailing means to mitigate the virus, it had one of the worst outbreaks in Southeast Asia (National Library of Medicine, 2021).
To give an overview of the existing standards for minimum standard of living in the country, Table 2 compares the contents of two building codes relating to space and ventilation.
TABLE 2 | Comparison of two of the building regulations in the Philippines relating to the minimum standards of living.
[image: Table 2]According to the Philippine Statistics Authority (2022), the typical Filipino household size is 4.1 persons (Philippine Statistics Authority, 2022). If we were to follow the minimum air space required for a person, a Filipino household would need about 56 m3 of air space which translates to at least 28 m2 for socialized/economic housing or around 21 m2 for MHR. To give a perspective on current conditions, in 2023, 28 m2 socialized housing in subdivisions costs Php 850k. In condominium socialized housing units, it costs Php 933k for 22 m2 units, and Php 1.06m for 25 m2, and Php 1.145m for 27 m2 (Philippine Daily Inquirer, 2023b; Philippine Daily Inquirer, 2023a). To give more perspective, an average Filipino family has an average annual income of Php 353,230 with an annual expense of Php 258,050 (Philippines Statistics Authority, 2024). Converting this to monthly, income would fall short of Php 30k and expenses would roughly be Php 21k. It is worth noting that this is for an average household and there are still minimum wage earners or combined family income that get a monthly income of Php 25k (Philippine Daily Inquirer, 2023b). In 2021, there was also news that wages were as low as Php 10k and lower pre pandemic which went further down to Php 6k during the pandemic (Philippine Daily Inquirer, 2021). There is a potential need to revise the current standards to make the space healthy and livable for a typical household.
This study proposes a framework for MoBE studies using microbial experiments with building code and BE design considerations using ventilation and human presence as parameters, being major drivers of microbes in a space (Meadow et al., 2014).
It is also important to note the scope and limitations of this paper, namely,.
• Design microbial experiments relevant to BE design. MHR from the NBCP and household size from PSA were used for Ventilation Sizes and the Number of Humans studies.
• Passive air sampling technique was used with results expressed as the number of cultivable bacteria and fungi. The funding limited the experiments’ samples size, and Experiment 2’s controlled setup. The preliminary data is used as proof of concept that can be translated into tools/guides for design practitioners.
• Develop an understanding on how much bacteria and fungi are affected by outdoor air in a naturally-ventilated and in a non-ventilated room (Experiment 1)
• Develop an understanding on the effects of ventilation sizes on bacterial count (Experiment 2).
• Develop an understanding on the effects of the number of humans on bacterial count (Experiment 3).
2 MICROBIAL EXPERIMENTS METHODOLOGY
2.1 General methodology
Passive air sampling was used to collect microbial samples from the air for all the experiments. Petri dishes (65 cm2) were pre-poured and air-dried. The Petri dishes made of Plate Count Agar (PCA) and Yeast Extract Glucose Chloramphenicol (YEGCA) (for Experiment 1 only) were used to collect and count bacteria and fungi, respectively. Plate Count Agar is a non-selective medium for the growth of bacteria (Rice and Bridgewater, 2012) and YEGCA is selective medium used to enumerate mold and yeasts in samples (Neogen, 2021). To avoid contamination, gloves were worn in the setting up and collection of exposed plates/samples on sanitized surfaces with plastic covering. Duplicate plates were placed at the center of the room of each set-up (Experiment 1 and 3). For Experiment 2, a box was built for a scaled set-up of an MHR for base value consistency. The experiments were conducted in single-detached residential houses located in the highly urbanized Metro Manila.
After collection of the exposed plates at measured exposure times, the plates were sealed and brought to the Natural Sciences Research Institute (NSRI) for incubation (2–3 days) and for counting. The microbial count per plate is reported as colony forming units (CFU). To convert CFU to CFU/m3, the equation by Omeliansky below was used (Hayleeyesus and Manaye, 2014; Andualem et al., 2019):
[image: image]
Where N = microbial CFU/m3 of indoor air.
a = number of colonies per Petri dish
b = dish surface (cm2)
t = exposure time in minutes.
After the CFU/m3 values were calculated, the values were averaged to get the percent differences. The plates with spreader results (Figure 1) were not included in the average. Values presented in the Results section are already averaged and adjusted for comparison and analysis.
[image: Figure 1]FIGURE 1 | Spreader colony samples.
The typical experiment setup can be seen in Figure 2. Variations in methodology or computation adjustments are included in each experiment’s section.
[image: Figure 2]FIGURE 2 | Typical Experiment Setup. (A) Experiment 1 setup; (B) Experiments 2 and 3 setup.
2.2 Experiment 1 – bacteria and fungi dispersion in a naturally ventilated room and non-ventilated room
To understand the sampling method of collecting bacteria and fungi in a built environment, exposures of duplicate plates of PCA and YEGCA were done for 3 days, twice a day per pair (morning and afternoon) with 5 h exposure time each. The bedrooms used in the experiment all belonged to the same house and are adjacent to one another. The temperature and humidity were not taken into account. The rooms were not disinfected prior. Figure 3 shows the setup for this experiment. Results from this initial experiment influenced the conduct of Experiments 2 and 3.
[image: Figure 3]FIGURE 3 | Diagram showing the setup for experiment 1.
2.3 Experiment 2 – bacterial count in scaled room setup using different window sizes
To determine the effect of different ventilation conditions on bacterial count, a 1:2 scaled room of an MHR (actual size dimensions: 3 m × 2 m × 2.7m; scaled room dimensions: 1.5 m × 1 m × 1.3m) based on the NBCP (refer to Table 2) was built to simulate an actual room with different window sizes. In an experiment done by Qiu et al. (2022), they built a clear test chamber to be able to determine how humidity and ventilation impact bacterial growth. In the case of our paper, given the limited funding, the team only managed to build a single setup using boards with the openings covered/uncovered to create the different window sizes to test ventilation effects on bacterial counts. The temperature and humidity were not taken into account. The data were collected under the following ventilation conditions: 1) Baseline (no opening), 2) Small Ventilation (SV) - minimum window size is 10% of floor area, 3) Medium Ventilation (MV) – window size is 20% of floor area, and 4) Large Ventilation (LV) window size is 30% of floor area. Two PCA agar plates were exposed for 1 h under each of these conditions. The experiment was done only for bacteria with a shorter exposure time to manage cost and time. The setup was not disinfected before and after each modification. Figure 4 shows the setup of this experiment.
[image: Figure 4]FIGURE 4 | Diagrams showing the setups for experiment 2. (A) Baseline/no opening; (B) small ventilation (SV); (C) medium ventilation (MV); (D) large ventilation (LV).
2.4 Experiment 3 – bacterial dispersion based on the number of humans
To determine the effect of the number of humans on bacterial count, semi-controlled setups (3 bedrooms of close dimensions) were used. The bedrooms all belonged to the same house and are adjacent to one another. The rooms were not disinfected prior, but they are all mechanically ventilated (air-conditioning unit). The data were collected under the following conditions: 1) 0 Human (0H) in a 15.83 m3 room, 2) 1 Human (1H) being one male (age 17) in a 15.83 m3 room, and 3) 3 Human (3H) comprised of two males (both 24) and one female (age 26) in a 21.85 m3 room. Two PCA agar plates for each setup were exposed for 1 h. The activities done by the humans in their respective rooms as well as the temperature and humidity were not accounted for. You may refer to Figure 5 for the setup of this experiment.
[image: Figure 5]FIGURE 5 | Diagrams showing the setups for experiment 3. (A) 0 human; (B) 1 human; (C) 3 human.
3 MICROBIAL EXPERIMENTS RESULTS
3.1 Experiment 1 – bacteria and fungi dispersion in a naturally ventilated room and non-ventilated room
Figure 6 shows the bar graph of daily average counts of cultivable bacteria and fungi for 3 days in a Naturally Ventilated Room and in a Non-Ventilated Room.
[image: Figure 6]FIGURE 6 | Bar Graph of Daily Average Counts for Experiment 1 Bacteria and Fungi. Values are already converted to CFU/m3. Note that the samples with spreaders were not included in the average. They are not inherently 0, so it was instead not included.
Bacterial counts of plates exposed under natural ventilation ranged from 97.44 to 200 CFU/m3, while the plates exposed under the condition of no ventilation ranged from 15.38 to 38.46 CFU/m3. Additionally, fungal colony counts under natural ventilation ranged from 60.26 to 179.49 CFU/m3, while counts under the condition of no ventilation ranged from 66.67 to 142.31 CFU/m3.
The 3-day average (Figure 7) for bacterial counts under natural ventilation is 138.68 CFU/m3 while the average count under no ventilation is 24.79 CFU/m3. For fungal counts, 140.81 CFU/m3 was obtained under natural ventilation and 90.60 CFU/m3 under the condition of no ventilation.
[image: Figure 7]FIGURE 7 | Bar Graph of 3-day Average Counts for Experiment 1 Bacteria and Fungi. Also tabulates Naturally Ventilated Room vs. Non-Ventilated Room Percentage Differences. Note that the samples with spreaders were not included in the average. They are not inherently 0, so it was instead not included.
For bacteria, the naturally ventilated room showed significantly higher bacterial count compared to the non-ventilated room. The non-ventilated room showed more consistent and lower bacterial counts over the 3-day period for plates exposed in the morning and afternoon (Figure 6). In the naturally ventilated room, afternoon exposure showed higher counts compared to morning exposure.
Like the bacterial count results, the naturally ventilated room produced higher fungal counts in general (Figure 6). However, for Day 2, morning sampling under the condition of no ventilation, the counts obtained were almost as high as its ventilated counterpart. Fungal counts from both the morning and afternoon samplings in both room setups expressed high variability in their numbers with a lot of spreader colonies observed especially on Day 3. Morning samples from both naturally ventilated and non-ventilated rooms showed higher fungal counts compared to afternoon samples–a different behavior from the bacteria counts under the same conditions.
Figure 7 shows the bar graph of the 3-day average counts of cultivable bacteria and fungi in a Naturally Ventilated Room and in a Non-Ventilated Room.
In this study, the percent difference was computed between the counts of bacteria in natural ventilation compared to no ventilation. It was similarly computed for fungi. These results show how natural ventilation impacts the microbial count in a room.
Adding natural ventilation showed a percentage difference of 459.48% for bacterial count. t-test shows a significant difference in bacterial count between naturally ventilated and non-ventilated room (refer to Supplementary Appendix). On the other hand, the increase in fungal count was only 55.42% with the addition of natural ventilation. Even with a lower percentage compared to that of bacteria, t-test shows a significant difference on fungal count between naturally ventilated and non-ventilated room (refer to Supplementary Appendix). Even with the lack of ventilation, the fungal count remained high compared to bacterial counts that remained low.
Fungal samples were no longer collected for the next set of experiments to lessen the scope. Since results of Experiment 1 showed that natural ventilation played a significant role in microbial dispersion, Experiment 2 was designed to test the effect of natural ventilation using different window sizes on bacterial count.
3.2 Experiment 2 – bacterial count in scaled room setup using different window sizes
Figure 8 shows a bar graph of average bacterial counts with different ventilation sizes.
[image: Figure 8]FIGURE 8 | Bar Graph Comparing the Effect of Different Ventilation Sizes on Bacterial Count with their Corresponding Percentage Differences Using Exp 2 No Ventilation as Baseline Value.
Bacterial counts for Large Ventilation (LV), Medium Ventilation (MV), and Small Ventilation (SV) at 24.36 CFU/m3, 26.92 CFU/m3 and 26.92 CFU/m3, respectively, did not show significant difference in counts. Statistical analysis using t-test shows that there is no significant difference between the bacterial counts of the three window sizes (refer to Supplementary Appendix). LV had the lowest count which may be attributed to LV having better air flow, thus reducing the concentration of bacteria. However, the results could also be attributed to air disturbance caused by smaller openings (Fu, 2018), thus SV and MV having higher counts than LV. In a study to understand air flow in operating rooms (Vonci et al., 2019), results show that turbulent flow ventilation produced more microbial counts as compared to laminar air flow which produced lower counts. In the case of this paper, the smaller opening may have caused turbulent air flow. More setups with greater difference in window sizes should be studied for this experiment to obtain more conclusive results. However, the results of this experiment, mainly the percent differences, can be applied to the Conceptual Application in the next section of this paper.
3.3 Experiment 3 – bacterial dispersion based on the number of humans
Figure 9 shows a bar graph of the average bacterial count in relation to the number of humans in a room.
[image: Figure 9]FIGURE 9 | Bar Graph Comparing the Effect of the Number of Humans on Bacterial Count with their Corresponding Percentage Differences using Exp. 2’s No Ventilation as baseline value. The values shown are the adjusted values to account for the differences in room dimensions.
Results showed that humans have a huge impact on bacterial count inside a space which is also supported by t-Test Analysis (refer to Supplementary Appendix). Although this experiment did not consider whether the source of the bacteria came from the humans or from air disturbance due to human movement, it was observed that as the number of humans increased, the bacterial count also significantly increased. No (0) humans showed a bacterial count of 2.62 CFU/m3 and this value is used as reference for % difference for the setups with one human and three humans. Bacterial counts of the room with one human had a value of 19.68 CFU/m3 which is 651.15% difference. Bacterial counts of a room with three humans had a value of 56.08 CFU/m3 which is 2037.23% difference from the reference.
Given these results, it is also interesting to observe that Experiment 3’s 3-human setup with a plate exposure time of 1 h still resulted in higher counts as compared to Experiment 1’s naturally ventilated room with plate exposure at 5 h. In this study’s experiments, it would seem that human exposure resulted in the highest counts compared to ventilation and even exposure time. It would be helpful to also identify the species in these different setups to see how much these variables affect the composition of microbes in a space. In a study by Oberauner et al. (2013), they were able to get data that a good number of the bacteria they sampled in a space (ICU) is composed of human pathogens.
Similar to Experiment 2, the results of this experiment, mainly the percent differences, can be applied to the Conceptual Application in the next section of this paper.
4 CONCEPTUAL APPLICATION OF RESULTS
Data from Experiments 2 and 3 were used for the Conceptual Application in this paper.
4.1 Methodology of conceptual application

1. Get baseline microbial count (CFU/m3) of an enclosed MHR.
2. Incorporate Number of Humans Parameter.
3. Incorporate Ventilation Size Parameter -to control the amount of bacteria in the space.
Figure 10 shows a visual diagram of these steps.
[image: Figure 10]FIGURE 10 | Conceptual Application Visual Diagram. (A) Step 1 - Baseline Microbial Count (CFU/m3) of an MHR; (B) Step 2 - Incorporate Number of Humans Parameter; (C) Step 3A- Incorporate Ventilation Size Parameter–small ventilation; (D) Step 3B- Incorporate Ventilation Size Parameter–large ventilation.
4.1.1 Step 1 – get baseline microbial count (CFU/m3) of an MHR
The baseline data from Experiment 3 was used.
[image: image]
4.1.2 Step 2 - incorporate number of humans parameter
Using data from Step 1, the computation of bacterial counts based on presence of four humans was computed for using exponential regression below (full computation details can be found in the Supplementary Appendix). This was done to align with the average number of persons in a typical household in the Philippines, according to PSA (2022).
[image: image]
Where y = dependent variable; microbial load.
x = independent variable; number of persons
a and b = constants calculated by the data; a = 4.0136, b = 0.9501
e = base of the natural logarithm; 2.718281828
[image: image]
Exponential regression analysis was conducted to produce a good starting point for conceptual application. It is a statistical method to generate the best-fitting exponential curve using a set of data (LePine, 2022). Similarly, Rohim et al. (2020) used this type of regression analysis in their study. Despite the small sample size, the result calculated in this analysis will serve as a guide for future experiments. More comprehensive data collection is recommended for a more accurate model.
4.1.3 Step 3 - incorporate ventilation size parameter
Combine the result of Step 2 with values from Experiment 2.
Since the amount of healthy microbial load in a typical room setting is unknown, the following computation was used to apply different ventilation sizes to affect the microbial load in a room. Only SV and LV were used since the value for MV is almost similar to SV. The calculation is summarized as follows:
[image: image]
Where MHR4pax = microbial load of a ventilated MHR with four persons.
MHRNV = microbial load of the non-ventilated MHR with four persons.
%Difference = value of ventilated and non-ventilated in percent value.
Results:
[image: image]
[image: image]
Refer to Table 3 for a tabulation of the computation results for each step.
TABLE 3 | Computation summary for conceptual application.
[image: Table 3]5 DISCUSSION
5.1 Designing microbial experiments
The specific details on humidity, temperature, and other climate factors were not recorded during the studies conducted, but the following basic data are gathered from the (Philippine Atmospheric, Geophysical and Astronomical Services Administration, 2024) for the Philippine climate.
• Temperature: mean annual temperature is 26.6 Celsius.
• Humidity: relative humidity that ranges from 71% to 85%.
• Rainfall: mean annual rainfall ranges from 965 mm to 4,064 mm.
• Seasons: two major seasons: rainy season and dry season.
Experiments 1 and 2 provide understanding on how outdoor air (external factor) affects microbial count. Experiment 3, on the other hand, provides understanding on how humans (internal factor) affect microbial count inside a space. Experimental results have shown that ventilation and human presence play a role in microbial dispersion, with human presence having a much more significant effect, either through contributing to microbial load or disturbance. This is also similar to the conclusion of Nuñez and team (2022) that natural ventilation had negligible impact as compared to human impact.
The nature of how microbial experiments are designed plays a key role in gathering usable data. As discussed by Nice (2020), BE factors are not usually included in microbiological studies which limits a holistic understanding of indoor microbiomes. The performance of Experiment 1 produced an understanding on the behavior of bacteria and fungi in a naturally ventilated and non-ventilated room, but difficult to be directly translated into BE design. Experiments 2 and 3 were planned to produce data results that can be translated into design tools. Experiments 2 and 3 gave us understanding on microbial count which can also be applied to BE design. The data produced by Experiments 2 and 3 can potentially be used to come up with the optimal size and number of windows to improve microbial diversity in a space. As mentioned by Brown et al. (2016), it is important to bridge the gap between scientific research and its practical application in design to make it understandable and usable by design and construction practitioners if we want to purposely make healthier BE.
5.2 Conceptual application of results
The results of the experiments were translated into BE design in terms of what ventilation size to use in relation to the number of humans in a certain space. Since humans play a huge role in the dispersion of microbes, it is worth considering building a database of microbes relating to the function of a space. For example, in an operating room a ≤10 CFU/m3 is required to prevent contamination during operations (Cao et al., 2022). This paper also highlights the effects of human activity in influencing the microbial count in a room.
The conceptual application in this paper may be improved with the incorporation of more design considerations and BE factors. Figure 11 proposes a simple conceptual framework on how future MoBE studies can be conducted. Step 1 is done to develop understanding of the relationship between microbes in the built environment. This step produces data for Step 2 and Step 3. Step two is the beginning of the design application and serves as the foundation. Since humans can be one of the main driving factors of a microbiome, development of baselines and patterns based on a space or a room’s function, and studies on the effect of the number of users on the baseline are recommended. Once space patterns are established, Step 3 is performed such that design adjustments can be applied to control the microbes in the given space. Step 3 requires data on ventilation types and sizes, interconnectedness of spaces, materials used, and many more. Steps 2 and 3 could, in turn, inform experiment iterations in Step 1. This proposed framework, therefore, could serve as a starting point to guide future MoBE studies.
[image: Figure 11]FIGURE 11 | Proposed conceptual framework for translating microbial research into usable design tools.
5.3 Recommendations for future studies

1. Use more controlled setups to be able to isolate data of different variables and design considerations (ex. temperature, humidity, sterility).
2. Conduct experiments on actual human size spaces and do comparative studies if done on different scales.
3. Increase the sample size for accuracy of results.
4. More in-depth studies on ventilation (ex. placement, types of windows, type of ventilation, etc.).
5. Include fungi samples in ventilation and human parameter studies or in any other studies to be conducted, since they seem to have a different behavior from bacteria.
6. Incorporate more built environment design considerations and study how each affect one another.
7. If passive air sampling is used, use the standard of Index of Microbial Air contamination (IMA) - 1h; 1m height; 1m away from obstacles (Napoli et al., 2012; Pasquarella et al., 2000; Viani et al., 2020).
8. If passive air sampling is used with culture media, it is recommended to use Tryptic Soy Agar (TSA) instead of PCA for bacteria, and Sabouraud Chloramphenicol Dextrose Agar (SabC) instead of YEGCA for fungi, similar to the media used by Napoli et al. (2012) for comparison since they have also used IMA.
9. Incorporate ASHRAE 62.1 and 62.2 that contains standards for ventilation and indoor air quality (ASHRAE, 2022).
10. Incorporate more aspects of the NBCP and other local codes and guidelines.
11. Incorporate codes and other design guidelines of other countries.
12. Update the proposed conceptual framework (Figure 11).
6 CONCLUSION
Even though humans spend most of their time indoors, exposure to bioaerosols from the outdoors still contribute largely to indoor microorganisms (Osunmakinde et al., 2020). Understanding the effects of different BE design considerations by quantifying and establishing patterns of microbial count and dispersion between spaces in the urban built environment is of vital importance.
This study showed that ventilation and the number of humans greatly affected the cultivable bacterial count in the built environment. While the experiments in this study were performed only in small spaces, they may still provide insights to studies in larger spaces.
The design of the BE may not be considered to have direct or immediate implications to health, but studies on how BE design considerations affect microbiomes that impact health long-term need to be understood more. The creation of a simple model in this study of how microbial count impacts BE design with the collaboration of architects, microbiologists, and engineers is a step towards this direction.
While it is still unknown what a completely healthy space is, because much is still unknown in the microbial world, it is imperative to start studying how to consciously manipulate their dispersion in the BE–not just indoors, but also outdoors.
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