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Abstract 
 

Osteoporosis, a major global morbidity affecting individuals over 50, reduces bone mass and commonly 

impacts the hip, spine, and wrist. Dual energy X-ray absorptiometry (DXA) is the diagnostic gold 

standard, but this study evaluated an electroacoustic device as an alternative. Forty-nine women were 

assessed, comparing DEXA T-score values with measurements from the electroacoustic device. 

Statistical analysis using ANOVA and Chi-square test revealed no significant differences, and the ROC 

curve area was 0.551. Bland-Altman analysis indicated excellent agreement between both methods. 

These results suggest that the electroacoustic device provides reliable, non-invasive measurements 

consistent with DXA, supporting this potential as a clinical alternative for osteoporosis diagnosis.   

 

 
 

Electroacoustic device, new diagnosis test, densitometry 

 

Resumen   
 

La osteoporosis, una de las principales morbilidades a nivel mundial, afecta a personas mayores de 50 

años y reduce la masa ósea, impactando principalmente la cadera, la columna y la muñeca. La 

densitometría ósea (DXA) es el estándar de oro para su diagnóstico, pero este estudio evalúo un 

dispositivo electroacústico como alternativa. Se analizaron 49 mujeres, comparando los valores de 

puntaje T de DXA con las mediciones del dispositivo electroacústico. Los análisis estadísticos mediante 

ANOVA y Chi-cuadrada no mostraron diferencias significativas, y el área bajo la curva ROC fue de 

0.551. El análisis Bland-Altman indicó una excelente concordancia entre ambos métodos. Estos 

resultados sugieren que el dispositivo electroacústico ofrece mediciones no invasivas y confiables, por 

lo que podría implementarse como una alternativa clínica para el diagnóstico de osteoporosis. 

 

 
 

Dispositivo electroacústico, nueva prueba diagnóstica, densitometría  
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Introduction 

 

Mexico is in an epidemiological transition characterized by a rapid increase in chronic-degenerative 

diseases. Among them, osteoporosis stands out, which has a significant impact on disease and quality of 

life. The disease affects several areas of the skeleton, including the hips, spine, and wrists, with fractures 

in these areas being the most common and debilitating. According to the World Health Organization 

(WHO), a population-based survey of people over 50 years of age, bone loss and osteoporosis affect 39% 

of the spine and 44% of the hips in men. Among women, the prevalence is 59% in both regions, 

highlighting the disproportionate burden on women (Kanis, 1994). 

 

Osteoporosis is defined as a common disease characterized by decreased bone density and 

degeneration of bone tissue, which increases the risk of fractures and vulnerability. This condition has 

become a serious global public health problem, leading to a 30% increase in morbidity and mortality. 

The economic burden is significant, with annual costs estimated at $25 trillion worldwide, including 

direct medical costs, rehabilitation, and lost productivity (International Osteoporosis Foundation | IOF, 

n.d.). In Mexico, limited public awareness, late diagnosis, and gaps in access to health care. 

 

The current gold standard for diagnosing osteoporosis is the dual-energy X-ray absorptiometer 

(DXA), also known as bone densitometry. This method measures bone mineral density (BMD) and 

provides a T-score, which measures the risk of fracture. Although effective, DXA exposes patients to 

ionizing radiation, albeit at relatively low doses. In resource-poor settings, such as rural Mexico, the cost 

and availability of DXA further limit its widespread use (Blake & Fogelman, 2007, 2013; Jergas & 

Genant, 1997). Another diagnostic method, digital X-ray radiography (DXR), offers a non-invasive 

approach (Artioli, 2017; Jørgensen et al., 2000). Provide. However, its low sensitivity, limited predictive 

value, and high cost make it impractical for large-scale screening of underserved populations. These 

limitations highlight the urgent need for innovative, cost-effective, and non-invasive diagnostic options. 

Recent advances in medical technology have paved the way for alternative diagnostic methods, including 

electrosonography. These devices use acoustic transmission properties to detect changes in bone structure 

and provide a promising solution for the evaluation of osteoporosis. Unlike traditional methods, electro 

sonography is non-invasive, does not require radiation, and is potentially cost-effective. Early research 

suggests that the propagation of sound waves through bone is associated with bone density and structural 

integrity. It provides actionable metrics to assess osteoporosis risk (Deng et al., 2006; Landulpho et al., 

2004; Leibowitz et al., 2023). 

 

The physical principles of sound propagation indicate that sound insulation through porous solids 

differs from that produced in less porous solids of the same material. This phenomenon is explained by 

differences in the density and structure of materials, which affect the speed, attenuation, and frequency 

of sound waves(Ghorai & Tiwary, 2013). Therefore, as the generated acoustic signal passes through the 

bone under study, changes in amplitude and other characteristics of the signal are used as indicators to 

detect the severity of osteoporosis(Njeh et al., 1997). The acoustic signal collected can be described as 

dependent on the density and porosity of the material passing through it.  

 

Physically, these changes are caused by the mechanical properties of the material, such as density 

and modulus of elasticity, which determine the speed of propagation of sound waves. In dense materials, 

sound waves tend to propagate faster, but in porous materials, irregular internal structures scatter and 

attenuate the waves, reducing their speed (Iqbal & Kamiński, 2024; Oliva & Hongisto, 2013). The 

acoustic signal collected can be described as dependent on the density and porosity of the material passing 

through it.  

 

The detection and reflection of sound waves also affect the properties of the material. In low-

density porous media, a higher proportion of the sound energy is reflected rather than transmitted, 

reducing the intensity of the signal passing through the material. On the other hand, in bulky materials 

the transmission is more efficient, and the energy loss is lower (Blackstock, 2000).  

 

Physical principles allow the interpretation of acoustic signals in terms of the intrinsic properties 

of the material. By analyzing changes in parameters such as velocity, amplitude, attenuation and 

dispersion of sound waves, it is possible to identify fundamental properties such as effective density, 

degree of porosity and homogeneity of the material (Lyu et al., 2025) 

 

https://doi.org/10.1007/BF01622200
https://www.osteoporosis.foundation/
https://www.osteoporosis.foundation/
https://doi.org/10.12968/HOSP.2003.64.9.2243
https://doi.org/10.1007/S002239900347/METRICS
https://doi.org/10.1007/S002239900347/METRICS
https://doi.org/10.1007/978-1-4020-4409-0_29
https://doi.org/10.1046/J.1365-2281.2000.00268.X
https://doi.org/10.1016/J.IJOM.2005.09.007
https://doi.org/10.20396/bjos.v3i11.8641780
https://doi.org/10.20396/bjos.v3i11.8641780
https://doi.org/10.1007/978-3-031-38469-1_8
https://doi.org/10.4236/AM.2013.43070
https://doi.org/10.1007/BF01623454
https://doi.org/10.3390/MA17112682
https://doi.org/10.1016/J.APACOUST.2013.06.004
https://www.wiley.com/en-us/Fundamentals+of+Physical+Acoustics-p-9780471319795
https://doi.org/10.1016/J.INDCROP.2024.120145
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Previous studies have established the calibration and validation stages of the electroacoustic 

device, developed at the Medical Physics Laboratory of the University of Guanajuato. In the first stage, 

García t. al. (2021) performed finite element simulations to analyze the propagation of ultrasonic waves 

through cortical bone, providing insight into the acoustic behavior of bone tissue and defining the 

operating parameters of the transducer (Garcia-Perez et al., 2021). Subsequently, (Córdova-Fraga et al., 

2024) investigated the acoustic response of bone samples exposed to solar and infrared radiation, 

revealing significant variations in sound intensity associated with structural changes in the tissue, thus 

confirming the device’s sensitivity to physical variations of the material (Córdova-Fraga et al., 2024). 

Finally, Gutierrez et. al. (2024) conducted the calibration of the system using cylindrical samples of 

different densities and lengths, demonstrating a direct relationship between the recorded acoustic 

intensity and bone density, thereby consolidating the experimental foundation for its future clinical 

implementation in the early diagnosis of osteoporosis (Gutiérrez-Correa, 2024).  

 

The goal of the device is to improve accessibility, reduce healthcare costs, eliminate the use of 

radiation, and promote the prevention of osteoporosis through a portable and inexpensive device. 

Implementation in community health centers could revolutionize screening in Mexico, especially in 

populations with limited access to routine bone mineral density measurements. In addition, 

electroacoustic devices have already demonstrated their usefulness in diagnosing congenital hip 

dislocations in newborns. 

 

Methodology 

 

The device was configured to operate at a central frequency of 256 Hz, chosen for its high sensitivity to 

detect changes in bone density. To accurately measure sound levels, the output values are expressed in 

decibels (dB). This method allows the evaluation of the biomechanical properties of the bone, such as 

sound absorption and dispersion, which are key indicators for the evaluation of fracture risk.  

 

Electroacoustic device 

 

The designed prototype is based on the principle of sound wave intensity to detect the density of various 

solid materials, especially bones. This device, called "bone radar," emits sound waves in the frequency 

range of 100 Hz to 2 kHz. These waves are transmitted through the material to be analyzed, and the 

resulting signal is picked up by a very sensitive microphone. The variability of the acquired signal 

depends directly on the density and porosity of the material. In the case of very porous bones, as occurs 

in patients with osteoporosis, a greater attenuation of the signal and significant changes in properties such 

as reduction in amplitude and changes in resonance frequency are observed. 

 

The configuration of the direct radar system is shown in Figure 1 and consists of the following 

stages: 

 

1. Graphical user interface (Figure 1.a), which consists of an initial step, includes a 3.5" Nextion 

LCD touchscreen (model NX4832T035). This display serves as a graphical interface, as shown 

on the first screen (a.1), the user can select the frequency and measurement time, and on the 

second screen. (a.2), the results are displayed in real time, including graphs of the signals received 

and averages of the data acquired. 

 

2. Control phase (Figure 1.b) consisting of two subparts, the (b. 1) Control by two Arduino Nano 

modules connected in parallel, in which the first module acts as a slave and generates high or low 

digital signals depending on the frequency (range) selected by the user, 100Hz. ~2kHz) and the 

second module acts as a master and connects the data detected by the audio receiver. Control 

interface and data transmission device. The second subpart (b.2) L298 power amplifier increases 

the power of the signal generated by the slave device for transmission to the electromechanical 

transducer. 

 

3. Electromagnetic transducer (Figure 1.c), functions as a transmitter that has a metallic core that 

emits specially directed sound waves.  

 

4. This instrument is placed on the proximal end of the femoral head of the bone (Figure 1.d) to 

ensure efficient transmission of sound waves. 

https://doi.org/10.1109/EMBC46164.2021.9630365
https://doi.org/10.1007/S11517-023-02929-5/METRICS
https://doi.org/10.1007/S11517-023-02929-5/METRICS
http://rcs.cic.ipn.mx/2024_153_1/Development%20of%20an%20Electroacoustic%20Device%20for%20the%20Early%20Diagnosis%20of%20Osteoporosis.pdf
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5. Location of the pubis (Figure 1.e) for subsequent measurement. 

 

6. The Receiver Tip (Figure 1.f) is placed and includes a microphone amplifier MAX4466. This 

component receives audio signals and converts them into corresponding analog signals. 

 

7. The signal is then sent to the data processing system (Figure 1.g), where the captured signal is 

processed by a 16-bit ADC converter built into the NIDAQ-6009 data acquisition board, which 

is a converter that converts analog data to digital data in units of decibels. 

 

The results are displayed in real time using software developed in NI LabVIEW so that they can 

be viewed on mobile devices (Figure 1a.2). The system also allows measurements to be compared with 

existing techniques for the evaluation of bone mineral density. 

 

Box 1 

 

 
 

Figure 1 

Diagram of the system: (a) graphic interface, (b) control stage, (c) emitting 

transducer for signal generation, (d) femoral head, (e) pubis, (f) receiving tip for 

signal acquisition, and (g) data processing. 

Source: Author’s own elaboration 

 

 

In addition, the control software and user interface were implemented to directly display the graph 

of the acquired signal and a number that is the average of the data obtained. A certain time is established 

for the measurement.  Control software was implemented to extract the received signals and calculate 

the average value of the data obtained. The system allows you to define specific measurement times for 

standardized and reliable results. In addition, the graphical interface facilitates real-time data 

interpretation and maximizes use in clinical and research environments. 

 

Experimental Analysis 

 

In the experimental part to characterize the team, nylamide was chosen as the study material due to its 

mechanical and acoustic properties suitable for replicating the structural behavior of rigid tissues such as 

bone. This material has a uniform density, high mechanical resistance and the ability to change porosity 

in a controlled manner, allowing the transmission of sound signals to be evaluated under different 

construction conditions. In addition, it is easy to handle and waterproof, allowing you to prepare test 

samples and obtain accurate measurements in a controlled environment. 
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A series of measurements were made on three 10 cm cylinders of nylamide: 1) the control sample, 

2) changing its porosity with random spaces of approximately 1 mm, and 3) 2 mm. The signal was 

acquired using a microphone (M1) placed 1 cm from the transmitter and a second microphone (M2) 

placed at the end of the cylindrical body.  

 

The acoustic signals were collected by the M1 microphone located 1 cm from the transmitter and 

the M2 microphone located at the opposite end of the cylinder. This experimental design was 

implemented to analyze how sound waves propagate and attenuate when passing through materials with 

different densities and mechanical properties. This arrangement allows us to accurately characterize the 

interaction between sound waves and the internal properties of the material, such as elasticity, uniformity, 

irregularities, or the presence of defects. The results obtained are necessary to understand the relationship 

between the structural properties of materials and their sound-transmitting capacity, which could be 

useful for applications such as non-destructive evaluation, design of acoustic efficient materials and 

development of medical diagnostic devices. 

 

Box 2 

 

 
 

Figure 2 

Experiment setup for acoustic signal measurements where (M1, M2) microphones 

are placed at the ends of the porous material of length (N) through which the signal 

(T) is transmitted. 

Source: Author’s own elaboration  

 

The density of each cylinder was determined using the water displacement method, which 

measures the volume of water displaced when the sample is fully submerged. This procedure provides 

accurate density values by comparing the mass of the cylinder with the displaced volume, establishing a 

baseline for comparison with the radar-acquired signals. To relate the signal response to material 

properties such as density, additional measurements were performed on five volunteers who signed 

informed consent forms. The transmitter and receiver were placed on the left hip bone, separated by a 

fixed distance of 10 cm. The transmitter emitted signals from 100 Hz to 2 kHz in 100 Hz increments, and 

data were acquired using LabVIEW routines. Approximately 46,000 readings were obtained per group, 

averaged into 20 series to calculate standard deviations and evaluate data accuracy. Fourier transform 

analysis was applied to identify frequencies and signal intensities, comparing raw and transformed data 

deviations. 

 

Participants’ Inclusion Criteria 

 

For the additional validation stage, the electroacoustic device is currently being used by resident 

physicians at UMAE Clinical T1 IMSS León (Institutional registration number: R-2023-1001-103, 

Bioethics Registry: CONBIOETICA 11 CEI 003 2018080). It was agreed in the protocol of measures to 

establish it in patients with suspected osteoporosis. The acquisitions at the hospital have been carried out 

by placing the transmitter and receiver in the lower back of the patients. The analysis of the data acquired 

in the first tests of healthy volunteers is presented in the results section. 
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It is a cross-sectional, analytical diagnostic test for patients with clinical suspicion and an X-ray 

indicative of osteoporosis. All subjects included in the study signed an informed consent letter. The study 

group included 45 female patients aged 40 to 92 years, all with suspected osteoporosis diagnoses. All of 

them were patients of the endocrinology clinic of the High Specialty medical unit of the Bajío N. 1 

hospital of the Mexican Institute of Social Security (IMSS), in the city of León, Guanajuato (GTO). The 

inclusion criteria excluded those patients with morbid obesity, incomplete densitometry studies, 

pregnancy, and those who had undergone a study with contrast medium and/or nuclear medicine 48 h 

prior to this measurement study. Subjects with hip replacements were also excluded.  

 

The sample size was calculated according to the report of Amiri L, et al., (2017) where a 

correlation coefficient r = 0.69 was found for densitometry and the presence of osteoporosis in a female 

population. A sample size of 45 patients was obtained, based on the premise that the correlation 

coefficient for an adequate diagnostic test should be equal to or greater than 0.70, a test power of 80%, a 

significance level of 0.05% and a 20% potential non-responder.  

 

Statistical Analysis 

 

The measurements of the subject were arranged in three groups for the statistical analysis: (a) Healthy, 

(b) osteopenia, and (c) osteoporosis. The results obtained were compared for qualitative variables by Chi-

Square and for quantitative by the students’ t-test for independent samples.  

 

The severity of the osteoporosis records was classified according to the method of Amiri L et al., 

(2017), using T-score thresholds as follows: osteoporotic (T-score≤-2.5), osteopenic (-2.5<T-score<-1), 

and normal (T-score≥-1).  

 

A comparison of the severity of the osteoporosis records among the electroacoustic device 

measurements and the T-score values on the Densitometry technique evaluations were done. It was used 

the correlation coefficient of Pearson through the area under the ROC curve with their respective 

confidence intervals by the method of Hanley/McNeil and the cut point. Finally, the Bland-Altman 

analysis was performed for the magnitude of concordance between both methods.   

 

In all statistical tests: ANOVA, Chi-Square and multiple correlations were done. A significance 

value of α = 0.05 was considered.  

 

Ethical aspects 

 

This study was approved by the Research and Ethics Committee of the High Specialty Medical Unit 

Bajío No. 1. of the IMSS, under registration number R-2017-1001-37. The research complies with the 

principles of non-maleficence, justice, and equity established in the General Health Law regulations and 

in international ethical codes, including the Declaration of Helsinki of the World Medical Association. 

The study was classified as minimal risk, since the use of the electroacoustic device is a non-invasive 

procedure at the employed frequency and power levels. Furthermore, no adverse events have been 

reported to date.  

 

Results 

 

The experimental results showed that there were significant differences in signal intensity and acoustic 

behavior between healthy and osteoporotic bones. These differences are directly related to structural 

changes in bone density and tissue elasticity typical of osteoporotic bone, which alter the propagation 

and attenuation of sound waves through bone material. 

 

Experimental analysis 

 

The measured densities in the cylinders by water displacement were approximate: 1) 1.020889 g/ml, 2) 

0.962955 g/ml, and 3) 0.957209 g/ml, respectively. The Fourier spectrum of signals emitted by the radar 

and acquired by two microphones are shown in Figure 3. 
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Box 3 

 

 
 

Figure 3 

Fourier spectrum of 3 nylamide cylinders with different porosity 

Source: Author’s own elaboration  

 

A measurable and comparable difference is observed between the acquired signals, which vary 

in intensity depending on the distance to the receiving microphone and the porosity of the object. For the 

control (homogeneous) sample, the spectrum amplitude is lower than in the other two samples that have 

porosity and a change in density. It is shown that the lower the density of the material, the greater the 

acoustic intensity in the receiver of the device. Therefore, the density of the object is inverse to the 

intensity of the sound that arrives. 

 

Statistical Analysis 

 

Table 1 shows a summary of the participating group. There is no significant statistical difference among 

the main demographic variables and groups. The ANOVA test and the Chi-Square test showed no 

significant difference between the two samples, except for the severe osteoporosis group that was treated 

as osteoporosis. The correlation coefficient of Pearson (r) was performed for the absolute values of the 

femoral densitometry, column, and radius of the electroacoustic device, using a value of r less than 0.50 

in all cases.   

 

The concordance of different means and standard deviations are observed in the Bland Altman 

analysis. The frequency in Hertz of electroacoustics was compared to T-score the proximal femoral level: 

95% of patients were within these values (see Figure 4). Only two cases in the sample fell out of this 

confidence interval −4.4 and −9.2. According to this, the electroacoustic device underestimates the value 

of the femur at 6.8 (see Figure 4).  

 

Finally, the analysis under the ROC curve of the electroacoustic device measurements shows an 

area of 0.551, where the cutoff point value for the frequency in Hertz to define osteoporosis is less equal 

than 4.4 (≤4, 4) with a sensitivity of 58% and specificity of 72% (see Figure 5).   

 

The ANOVA was performed for the comparison of averages, and the post hoc analysis of 

Bonferroni showed a clear difference between the groups with respect to the value of T-score and Z-

score of the femur (see Table 2). This was not the case with the column. Although there is no statistical 

difference with the values of Hertz obtained by the device, there is a clear trend toward greater 

transmission of sound with more osteoporosis.  
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Box 4  
 

Table 1 

Demographic characteristics of the participants 

 
Group Normal level 

N=3 

Osteopenia 

N=30 

Osteoporosis 

N=10 

Osteoporosis 

severe 

N=2 

Age in years (median and 

range) 

61 (50-70) 64.1 (40-83) 73.4 (53-92) 66.5 (64-69) 

Occupation (n%) 

Housewife 3 (100) 23 (76.6) 9 (90) 1 (50) 

Employee 0 7 (23.4) 1 (10) 1(50) 

Residence place (n%) 

León 2 (66.6) 28 (93.3) 7 (70) 2 (100) 

Guanajuato 0 0 1 (10) 0 

Salamanca 0 1 (3.3) 0 0 

Moroleón 0 0 1(10) 0 

Silao 0 1 (3.3) 0 0 

San Fco. Del Rincón 1 (33.3) 0 0 0 

Associated diseases (n%) 

Diabetes 0 6 (20) 1 (10) 1(50) 

Hypertension 0 14 (46.6) 5(50) 1(50) 

Rheumatoid arthritis 0 3(10) 0 0 

Hypothyroidism 3 (100) 2(6.6) 1(10) 1(50) 

Other 0 12(40) 4(40) 0 

Any 0 6(20) 3(30) 0 

Diagnosis Time in years 

(median and range) 

2.6 (1-5) 4.41 (1 month-14 

years) 

6.5 (1-20) 3 (1-5) 

Treatment (n%) 

Raloxifene 0 5(16.6) 2(20) 0 

Zoledronic acid 0 0 2(20) 1(50) 

Denosumab 0 2(6.6) 0 0 

Risedronate 3(100) 17(56.6) 6(60) 1(50) 

Only calcium without 0 4(13.3) 0 0 

TTO 0 2(6.66) 0 0 

 

Box 5 

 

Table 2 

Result comparison for bone densitometry vs. electroacoustic device among groups 

 
 Normal level 

N=3 

Osteopenia 

N=30 

Osteoporosis 

N=12 

p-value 

Femur densitometry 

T-score -0.70±0.10 -1.88±0.54 -2.517±1.13 0.001 

Z-score 0.40±0.55 -0.44±0.69 -0.95±0.92 0.036 

Column densitometry 

T-score -1.70±0.51 -2.30±1.19 -2.80±1.29 0.481 

Z-score -0.16±1.00 -0.63±1.40 -0.84±1.25 0.678 

Frequency of 

electroacoustic 

4.36±1.34 4.60±1.11 4.96±0.94  
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Box 6 

 

 
 

Figure 4 

Bland-Altman analysis between the Electroacoustic device values and the T-score 

of the bone densitometry femur 

Source: Author’s own elaboration  

 

Box 7 

 

 
 

Figure 5 

Area under the ROC curve of the electroacoustic device for the determination of 

osteoporosis 

Source: Author’s own elaboration  

 

Discussion 

 

An analysis of the Albrecht W Popp et al., (2013) and Senn C et al., (2014)  have made it clear that the 

dual-energy X-ray Absorption is an excellent diagnostic technique for diagnosing osteoporosis, 

furthermore, the United States Preventive Services Working Group currently recommends the detection 

of osteoporosis with DXA in women aged 65 years or older, as well as in younger women at risk of 

Fracture. It is not yet clear how and in whom the screening study should be carried out for the timely 

monitoring and detection of at-risk patients.  

https://doi.org/10.1002/jbmr.1775
https://doi.org/10.1007/s00198-014-2703-8
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On the other hand, the electroacoustic device is an innovation from the University of Guanajuato, 

which emits sound at a certain frequency in, for example, one end of the femur and captures the signal 

in the pubis bone. The acoustic signal travels through the femur and hip to the pubis bone: power changes 

and/or frequency behavior in the measurements can be used to diagnose the possibility of hip dysplasia 

and/or osteoporosis.  The evaluation of this non-invasive method shows promise for discriminating 

between healthy and osteoporotic bone: specificity above 70%. While it does not show a statistical 

correlation, the method has a proper match with the gold standard. 

  

Conclusion 

 

The electroacoustic device is non-invasive, safe, without side effects, and portable. Although it tends to 

underestimate the degree of osteoporosis, it promises to be useful as a screening procedure to discriminate 

between healthy and sick bone with specificity above 70%. However, it is that we suggest the need to do 

prospective research studies with a greater number of patients and at different stages of the disease.  

 

The bone radar device was adapted with commercial components and suitable features in terms 

of maintenance, size, shape, and operation of the prototype, corroborating the transmission of the acoustic 

signal. Priority was given to the portability of the device for medical personnel to diagnose patients. 

Based on the results described, it is concluded that the “Bone Radar” is functional, up to the current stage, 

to detect measurable differences between subjects with bone density within the standards typified as 

healthy and subjects with osteoporosis in the hip and lumbar vertebrae.  

 

The device is currently in the validation phase, and small adaptations are being made related to 

the tests carried out on volunteers. These settings include modifying the control software and user 

interface so that received signals can be displayed directly on the touchscreen. 

 

The data reported from the junction, the software has an average calculation during collection, 

processing the signal converted into bone density levels using mathematical formulas to facilitate the 

obtaining of diagnostic results for diseases such as osteoporosis. The conversion is made on a scale of 

special outcomes in three zones: normal T-score ≥-1, osteopenia -1 ≤ T-score ≤ -2.5, and osteoporosis T-

score ≤ -2.5 for easy-to-obtain diagnostic information for diseases such as osteoporosis. 
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Abstract  

 

Historically, women have been systematically excluded from medical research, resulting in a limited 

understanding of diseases exclusive to the female population. The diseases in question include breast 

cancer, osteoporosis, endometriosis, and ovarian insufficiency, which are triggered by age and hormonal 

changes. The present chapter describes the study of diseases that are unique to women, as well as 

innovations in current treatments. It highlights the use of polymeric, biodegradable, biocompatible, and 

low-toxicity composites, emphasising their 3D processing, which can simulate cellular tissues. This 

positions itself as a fundamental technology for the future of personalised medicine and equity in 

women's health. 

 

 
 

Women´s Health; Biomaterials; Medical gender equality 

 

Resumen 

 

Históricamente, las mujeres han sido sistemáticamente excluidas de las investigaciones médicas, lo que 

ha dado lugar a una comprensión limitada de las enfermedades exclusivas de la población femenina. 

Entre estas enfermedades se incluyen el cáncer de mama, la osteoporosis, la endometriosis y la 

insuficiencia ovárica, que se ven desencadenadas por la edad y los cambios hormonales. En el presente 

capítulo describe el estudio de las enfermedades exclusivas de las mujeres, así como la innovación en los 

tratamientos actuales, destacando el uso de compositos polímericos, biodegradables, biocompatibles y 

con baja toxicidad, destacando su procesamiento en 3D, capaz de simular tejidos celulares, 

posicionándose como una tecnología fundamental para el futuro de la medicina personalizada y la 

equidad en salud femenina.  

 

 
 

Salud femenina; Biomateriales; Igualdad de género en medicina 
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1. Introduction 

 

In recent decades, the study of women's health has evolved toward a more comprehensive approach, 

recognizing that women present physiological, hormonal, and social profiles that require differentiated 

prevention, diagnosis, and treatment strategies. Beyond the reproductive sphere, women face a range of 

chronic diseases and complex conditions that affect their quality of life, many of which have historically 

been underestimated or misdiagnosed due to the lack of female representation in clinical and biomedical 

studies (Vervoort et al., 2024). 

 

This approach has driven interest in developing personalized medical technologies that address 

women's biological and social specificities. In this context, biomaterials formulated from polymers have 

emerged as a versatile platform for medical applications targeting women, including controlled drug 

release systems, implantable devices, biosensors, and functional coatings. Their ability to be designed 

with specific properties, such as biocompatibility, biodegradability, sensitivity to physiological stimuli, 

and encapsulation capacity, positions them as promising solutions to address medical challenges that 

disproportionately affect the female population (Moradi et al., 2021). 

 

2. Main women-exclusive health issues 

 

The main health problems affecting women include both chronic diseases and specific gynaecological 

conditions. Below is an overview of these conditions based on current scientific evidence. 

 

Cardiovascular diseases 

 

Cardiovascular diseases (CVDs) are the leading cause of female mortality globally, accounting for 

approximately one-third of all deaths in women. In many settings, CVDs in women is underdiagnosed 

due to atypical symptom presentation and historical biases in biomedical research (Vervoort et al., 2024). 

Factors such as menopause, hormonal changes, and a predisposition to autoimmune diseases increase 

cardiovascular risk in women. 

 

Breast cancer 

 

Breast cancer is the most common malignancy among women, with a rising incidence worldwide. 

Despite advances in screening and treatment, mortality rates remain high, particularly in regions with 

limited access to specialized medical care (Łukasiewicz et al., 2021). 

 

Type 2 Diabetes Mellitus 

 

Type 2 diabetes significantly affects women, especially those with a history of polycystic ovary 

syndrome, gestational diabetes, or premature birth. Furthermore, chronic hyperglycemia contributes to 

the accelerated development of cardiovascular complications, retinopathy, and nephropathy (Pandeya et 

al., 2018). 

 

Mental health 

 

Women have a significantly higher prevalence of disorders such as depression and anxiety. Biological 

factors (such as hormonal fluctuations) and social factors (gender-based violence, economic inequality, 

role overload) contribute to this vulnerability, underscoring the need for gender-sensitive therapeutic 

interventions (Maier et al., 1999). 

 

Osteoporosis 

 

Postmenopausal bone loss makes osteoporosis a highly prevalent condition among women over 50. 

Fragility fractures are a significant cause of disability, morbidity, and functional dependence (Salari et 

al., 2021). 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S073510972407030X?via%3Dihub
https://ijmr.org.in/a-systematic-review-on-the-prevalence-of-endometriosis-in-women/
https://www.sciencedirect.com/science/article/pii/S073510972407030X?via%3Dihub
https://www.mdpi.com/2072-6694/13/17/4287
https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.13336
https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.13336
https://www.sciencedirect.com/science/article/abs/pii/S0165032798001311?via%3Dihub
https://link.springer.com/article/10.1186/s13018-021-02772-0
https://link.springer.com/article/10.1186/s13018-021-02772-0
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Endometriosis 

 

Endometriosis affects 5-10% of women of childbearing age and is characterized by chronic pelvic pain, 

severe dysmenorrhea, and infertility. This inflammatory disease is associated with diagnostic delays of 

up to 7 years, representing a considerable physical and emotional burden for patients (Moradi et al., 

2021). 
 

Ovarian insufficiency or functional ovarian disorder 

 

The condition known as ovarian insufficiency (OV) or functional ovarian disorder (FOD) is associated 

with the production of ovarian hormones. These hormones regulate the menstrual cycle, promote bone 

density, and have a significant effect on cardiovascular health, mood, and cognition. Consequently, 

diminished productivity can result in health complications for women. According to (Ezzati et al., 2025), 

tissue engineering applied in ovarian disorders offers the possibility to preserve the fertility in women 

affected by oncologic treatments or diseases associated with age. In this regard, the inclusion of 

biomaterials combined with stem cells can mimic the microenvironmental conditions to improve the 

follicular maturation through the scaffold construction by 3D printing. These techniques represent the 

possibility to recreate functional ovarian units, able to improve the folliculogenesis and the hormonal 

secretion. Also, other possibilities to integrate biomaterials as novel products include the formulation of 

hydrogels, natural polymers, and nanocomposites, aiming to simulate the extracellular matrix and 

improve angiogenesis and cellular differentiation. 

 

Unequal access to health services 

 

Indigenous or rural women's communities face structural barriers to accessing quality healthcare services. 

These include economic, geographic, and cultural limitations, as well as institutionalized gender 

inequalities (Rapp et al., 2021). These conditions, taken together, demand a transdisciplinary approach 

to developing biomedical solutions. In this context, functionalized polymeric materials emerge as a key 

tool for creating personalized therapies, sensitive diagnostic systems, and medical technologies designed 

from a gender perspective. Figure 1 summarizes the main diseases affecting women. 

 

Box 1 
 

 
 

Figure 1 

The main diseases that predominantly affect women across different stages of life 

include reproductive, hormonal, metabolic, cardiovascular, and oncological 

conditions 

Source: Generated by Biorender 

https://ijmr.org.in/a-systematic-review-on-the-prevalence-of-endometriosis-in-women/
https://ijmr.org.in/a-systematic-review-on-the-prevalence-of-endometriosis-in-women/
https://link.springer.com/article/10.1007/s40883-025-00477-y
https://ajph.aphapublications.org/doi/abs/10.2105/AJPH.2021.306455?journalCode=ajph
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3. Polymer composites in women's health 

 

The intrinsic hormonal characteristics of the female anatomy have led the scientific community to search 

for advanced, personalized treatments that benefit the quality of life of women throughout the different 

stages of their lives. Women experience evolutionary changes throughout their lives, from childhood and 

adolescence, the beginning of their sexual and reproductive life, to menopause (Luo et al., 2024). Each 

of these events is related to variations in hormonal production, which can impact mental health, 

reproductive life, female oncology, and menopause. If not properly diagnosed and promptly treated, these 

changes can impair patients' quality of life.  

 

The implementation of innovative technologies based on the use of polymeric nanocomposites 

has proven effective in the development of functional materials that can be applied in everything from 

the early detection of cervical cancer, extended-release contraceptive systems, and hormonal therapies 

to even the treatment of diseases such as endometriosis and fibroids, avoiding the potential side effects 

associated with current therapies (Lloyd-Parry et al., 2018). 

 

A salient characteristic of polymeric nanocomposites is that they demonstrate biocompatibility 

and biodegradability using natural polymers, including collagen, gelatine, fibrin, hyaluronic acid, 

carboxymethyl cellulose, chitosan (CS), and alginate, in conjunction with synthetic polymers such as 

polycaprolactone (PCL) and polyethylene glycol (PEG). According to (Fazel Anvari-Yazdi et al., 2025), 

hydrogels plays a key role in the generation of 3D microenvironments, able to generate optimal follicular 

survival, oocyte maturation, and hormonal secretion.  

 

In this regard, biopolymers offer improved physicochemical properties, including 

biocompatibility, controlled biodegradation, and stimuli-responsiveness under specific pH, temperature, 

and the presence of oxygen. In addition, this formulation can be improved by the incorporation of hybrid 

nanomaterials, peptides, and even growth factors, using innovative techniques such as electrospinning or 

microencapsulation. 

 

Particularly, the application of 3D printing in the reconstruction of the female reproductive system 

has been reported by Yi et al. (2025). This technique allows the fabrication of the uterus, ovary, fallopian 

tubes, and vagina as a highly promising alternative to address challenges such as infertility, the loss of 

reproductive organs, and the limitations of conventional transplants.  

 

This technique includes the combined extrusion and assists deposition by pressure, laser bio 

impression, and inkjet, and photopolymerization. Some common biomaterials used in this process 

include natural polymers such as collagen, alginate, fibrin, hyaluronic acid, and synthetic polymers such 

as polyethylene glycol (PEG) and polycaprolactone (PCL). Some of the current challenges in the 

development of biomaterials applied to women's healthcare include the search for biocompatible and 

sustainable polymers compared to conventional pharmacological treatments, which often generate 

adverse side effects.  

 

According to Sharami et al. (2025), alginate (a natural polysaccharide obtained from algae) allows 

the formation of stable hydrogels with a high degree of hydration, capable of acting as extracellular 

matrices suitable for cell growth. Some of the application trends for these materials include endometrial 

regeneration and the treatment of endometriosis. The conformation of the polymer chains during their 

formulation allows for the creation of different structures, such as microspheres, which can function as 

three-dimensional supports for oocytes and follicles, maintaining cell viability.  

 

Figure 2 presents a general outline of the stages of female growth and the healthcare required 

during each stage, from the beginning of menstruation to menopause. This includes ongoing mental and 

sexual health care, as well as reproductive health and all its implications, leading up to menopause and 

possible associations with the presence of cancer and the development of fibroids. Currently, 

conventional treatments impact hormonal imbalance due to the routes of administration, the main ones 

being oral, dermal, or vaginal, with limited drug bioavailability over time (Bennett & Mathur, 2024). 

Some trends in the development of polymeric nanomaterials are focused on obtaining controlled-release 

hormone therapies and their impact on treating genitourinary diseases, osteoporosis, or even treatments 

to prevent premature births.  

https://www.sciencedirect.com/science/article/pii/S2405844024015081?via%3Dihub
https://www.dovepress.com/nanomedicine-applications-in-womens-health-state-of-the-art-peer-reviewed-fulltext-article-IJN
https://www.mdpi.com/2310-2861/11/6/441
https://www.sciencedirect.com/science/article/pii/S2590006425006970?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2405844025018705?via%3Dihub
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An example of the application of controlled-release polymeric nanocomposites is that proposed 

by (Abdelgader et al., 2025), as presented in Fig. 2a where the development, validation and optimization 

of an intrauterine device (IUD) for the prolonged and sustained release of a mixture of estradiol 

hemihydrate (E2) and norethindrone acetate (NETA) is described, to treat genitourinary syndrome of 

menopause (GMS), taking into account the criteria of tissue localization, drug bioavailability, adherence 

to treatment, in addition to minimizing possible side effects. To this end, they developed a hollow 

polymeric cylinder loaded with E2 between 5-10% and a coating formed from the polymeric mixture of 

ethyl cellulose with polycaprolactone (EC/PCL).  

 

Release kinetics demonstrate that a 10% E2 concentration and a 10% EC/PCL stoichiometric 

ratio promote sustained release of the drug mixture for 4 weeks, with an average device weight loss of 

2%, indicating that diffusion and relaxation mechanisms govern the delivery of both drugs. Furthermore, 

the device exhibited cytocompatibility greater than 70%, making nanostructured polymer-based 

intrauterine devices a promising platform for treating menopausal-related diseases. 

 

One of the main effects during menopause is the loss of bone structure and the decrease in the 

mechanical properties of bone tissue. According to (Iosub et al., 2025), the development of 3D structures 

based on porous scaffolds made of polyethylene terephthalate (PETG) functionalized with chitosan (CS), 

hydroxyapatite (HAp), and folic acid (FA), to formulate biocompatible bone substitutes, suitable for use 

in postmenopausal patients with osteoporosis, as presented in Figure 2b.  

 

Considering that the presence of HAp and folic acid decreases the risk of immune rejection, the 

development of tissue engineering based on the design of biocompatible scaffolds represents a viable 

alternative for improving bone bioactivity and regeneration, promoting the proliferation and 

differentiation of bone cells. Based on the results obtained, the physicochemical characterization (X-ray 

diffraction and chemical analysis) demonstrated that 3D printing allows the uniform incorporation of 

HPa and FA, where the porous structure increases cell adhesion, with potential therapeutic use in patients 

with osteoporosis. 

 

An interesting example of the application of polymer composites is during the reproductive stage, 

where timely hormone therapy can be key to successful gestation and thus prevent premature births 

during the female reproductive stage. An example of this is reported by Yu et al., 2025, as presented in 

Figure 2c.  

 

A transdermal patch based on microneedles (MN) was fabricated from polydimethylsiloxane 

(PDMS) loaded with progesterone. Its use in the early stages of pregnancy has been shown to prevent 

neonatal morbidity. However, current therapies offer low drug availability, local irritation, and adverse 

side effects. The development of controlled-release dermal devices is of interest in the safety of hormone 

delivery.  

 

As a result, a microneedle patch was developed from PDMS by negative pressure molding, where 

the uniform morphology and structure of the microneedles ensured the correct administration of 

progesterone, in addition to validating the sustained release in vitro for 96 h, when compared to oral 

administration. For in vivo validation, murine models of induced preterm labor were used, where the 

progesterone-loaded patch reversed premature labor and established a sustained, safe, and efficient drug 

delivery, demonstrating its potential application in pregnant patients at risk of preterm delivery. 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.mdpi.com/2073-4360/17/5/665
https://www.mdpi.com/1996-1944/18/6/1206
https://www.dovepress.com/a-progesterone-microneedle-patch-for-self-administration-in-the-preven-peer-reviewed-fulltext-article-DDDT
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Box 2 
 

 
 

Figure 2 

Representative diagram of the evolution of women's health care throughout their life cycle (adapted to 

Lloyd-Parry et al., 2018) and the impact of the application of biomaterials in health care. a) Intrauterine 

device (IUD) with a controlled release system (4 weeks) of estradiol hemihydrate (cylindrical structure) 

and norethindrone acetate (polymeric matrix of ethyl cellulose/polycaprolactone) to combat 

genitourinary syndrome of menopause (with permission of https://doi.org/10.3390/polym17050665). b) 

Fabrication of 3D endoprosthesis from terephthalateglycol (PETG)-based porous scaffolds impregnated 

with chitosan (CS), hydroxyapatite (HAp), and folic acid (FA) for bone tissue engineering applications 

(with permission of https://doi.org/10.3390/ma18061206). c) Fabrication of a progesterone microneedle 

patch designed for self-administration and preventing premature birth (PTB) (modified by permission 

of https://doi.org/10.2147/DDDT.S502701). 

Source: Own generation. 

 

4. Challenges and perspectives of nanostructured materials in women´s health 

 

The development of innovative strategies for women's health care represents a series of challenges from 

technical, physiological, regulatory, and social perspectives. These require a multidisciplinary approach 

encompassing materials science, nanotechnology, and biological sciences, with a social focus, 

emphasizing the role of women from the generation of new lines of research to their clinical application. 

Some of the perspectives that should be considered include: 

 

− Models and/or devices require a high degree of specificity in their design, depending on the 

required physiological stage. Customized formulations must be designed based on the needs of 

each organism. 

 

 

 



21 

 

 

− The development of cutting-edge devices requires that they be biocompatible, biodegradable, and 

non-toxic, considering that they must be non-immunogenic and respect the specific 

microenvironment. These materials must be validated in a representative clinical setting, in 

animal models that emulate real-life conditions, and be carried out with a gender perspective, 

considering hormonal effects as variables. 

 

− Drugs and hormones must be released, controlled, sustained, and localized without adverse 

effects, considering the development of timely response systems to biological stimuli, such as 

pH, temperature, or the use of specific enzymes. 

 

− The development of scalable devices for industrial production, considering that polymeric 

nanocomposites must be manufactured while maintaining uniformity of size, dispersion capacity, 

and uniform load distribution, to ensure proper drug release. 

 

− The implementation of regulatory mechanisms that benefit the manufacturability of polymeric 

composites and the possibility of including nanomaterials, which enhance the intrinsic properties 

of the final product. 

 

− Overcoming stigmas related to social adaptation, which can be a key factor in the success of new 

treatments, where cultural stigmas can be a key factor in the success of new treatments. In this 

sense, it is important to promote communication and education about the development of new 

materials, emphasizing the short- and long-term benefits for women's health. 

 

Conclusion 

 

The current challenges in developing biomaterials and nanomaterial-based devices for women’s health 

highlight the need for a holistic and gender-responsive approach. The next generation of therapeutic 

systems must integrate biocompatibility, biodegradability, and non-toxicity with precise responsiveness 

to biological cues. Designing materials that account for hormonal fluctuations, microenvironmental 

variations, and tissue-specific requirements is essential to ensure safety and efficacy. Furthermore, 

scalable fabrication routes must guarantee structural homogeneity, reproducibility, and controlled release 

performance. Validation through representative preclinical and clinical models remains a crucial step 

toward clinical translation. Regulatory harmonization is equally important to facilitate the inclusion of 

nanostructures within medical-grade polymers under safe and standardized conditions. Beyond 

technological barriers, social acceptance plays a decisive role in the successful adoption of novel 

biomedical solutions. Addressing cultural stigmas and promoting awareness of the benefits of advanced 

biomaterials will strengthen their impact on women’s health. Interdisciplinary collaboration, ethical 

innovation, and educational outreach are thus fundamental pillars for translating scientific advances into 

equitable, accessible, and sustainable healthcare technologies for women worldwide. 
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Abstract 

 

Marine ecosystems harbor an exceptional microbial diversity that includes bacteria with the ability to 

synthesize structurally unique secondary metabolites. These compounds, often absent in terrestrial 

microorganisms, exhibit antimicrobial, anticancer, antioxidant, and anti-inflammatory properties. 

Ecological pressures in the ocean (salinity, hydrostatic pressure, nutrient limitation, and ultraviolet 

radiation) have driven specialized biosynthetic pathways. This chapter synthesizes recent advances in 

marine bacterial diversity, highlighting cultivation strategies for difficult-to-culture taxa, bioassay-

guided purification, and structural elucidation with NMR and mass spectrometry. It also reviews 

genomics, metagenomics, and metabolomics for discovery and activation of biosynthetic gene clusters 

(BGCs). Finally, it outlines biotechnological applications in medicine, agriculture, and environmental 

biotechnology, emphasizing their potential against antimicrobial resistance and cancer. 

 

 
Marine bacteria; Secondary metabolites; Biotechnology 

 

Resumen 

 

Los ecosistemas marinos albergan una diversidad microbiana excepcional que incluye bacterias capaces 

de sintetizar metabolitos secundarios estructuralmente únicos. Estos compuestos, frecuentemente 

ausentes en microorganismos terrestres, presentan propiedades antimicrobianas, anticancerígenas, 

antioxidantes y antiinflamatorias. Las presiones ecológicas del ambiente marino)(salinidad, presión 

hidrostática, limitación de nutrientes y radiación UV) han impulsado rutas biosintéticas especializadas. 

Este capítulo integra avances recientes en diversidad bacteriana marina, destacando estrategias de cultivo 

de cepas difíciles, purificación biodirigida y elucidación estructural mediante RMN y espectrometría de 

masas. Asimismo, se revisan genómica, metagenómica y metabolómica para el descubrimiento y 

activación de clústeres biosintéticos. Finalmente, se abordan aplicaciones en medicina, agricultura y 

biotecnología ambiental, con énfasis en su potencial frente a la resistencia antimicrobiana y el cáncer. 
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Introduction 

 

The growing demand for novel bioactive molecules with applications in medicine, agriculture, and 

environmental technology has intensified the exploration of marine natural products. These compounds 

have gained increasing attention in recent decades as potential solutions to pressing global challenges 

such as antimicrobial resistance, cancer, and chronic inflammatory diseases (Carroll et al., 2022; Blunt 

et al., 2018). Marine environments represent some of the most diverse and underexplored ecosystems on 

Earth, harboring vast reservoirs of genetic and metabolic potential—particularly within the bacterial 

domain. 

 

Marine bacteria have demonstrated an extraordinary capacity to produce secondary metabolites 

with uncommon chemical scaffolds and unprecedented modes of action, many of which have no 

terrestrial analogues (Romano et al., 2017; Hassan et al., 2021). This structural novelty arises largely 

from the intense selective pressures characteristic of oceanic ecosystems, including high salinity, 

hydrostatic pressure, ultraviolet radiation, and nutrient limitation. As a result, marine metabolites often 

exhibit potent and diverse biological activities, targeting a wide range of pathogens and cellular 

processes. 

 

The application of cutting-edge molecular tools (such as metagenomics, transcriptomics, and 

metabolomics) has revolutionized the discovery of biosynthetic gene clusters (BGCs) responsible for 

these compounds. Platforms such as antiSMASH, PRISM, and IMG/ABC now enable the prediction and 

comparative analysis of complete biosynthetic pathways, even from uncultured microbial genomes 

(Almeida et al., 2023). For example, more than 460 BGCs have been identified in symbiotic bacteria 

associated with sponges and octocorals, reinforcing the pharmaceutical potential of these symbionts as 

sources of antibiotics, antifungals, and cytotoxics. 

 

Beyond their chemical significance, marine bacteria play essential ecological roles through 

symbiotic relationships with invertebrates such as sponges, corals, ascidians, and macroalgae. These 

associations foster the coevolution of specialized metabolites optimized for ecological functions like 

chemical defense, spatial competition, and signaling (Piel, 2011). A representative example is Vibrio sp. 

EA348, isolated from the sponge Suberea mollis, which produces amifloxacin and fosfomycin— 

compounds exhibiting strong activity against Pseudomonas aeruginosa and Staphylococcus aureus, 

including multidrug-resistant strains (Bibi et al., 2020). Such discoveries underscore the therapeutic and 

biotechnological value of integrating ecological, chemical, and molecular approaches in marine 

bioprospecting. 

 

1. Marine Bacterial Diversity 

 

Marine bacterial diversity encompasses an extraordinary range of phylogenetic lineages and metabolic 

capabilities shaped by the complex physicochemical gradients of oceanic environments. These 

microorganisms inhabit virtually all marine niches—from surface waters and sediments to extreme 

ecosystems such as hydrothermal vents, polar seas, and abyssal plains—where they play indispensable 

roles in biogeochemical cycling and the maintenance of ecosystem homeostasis (Dang & Lovell, 2016). 

This diversity is not only taxonomic but also functional, reflected in the vast array of metabolic pathways 

that support adaptation to saline, oligotrophic, and high-pressure conditions (Hentschel et al., 2012; Bull 

& Stach, 2021 ). 

 

Among marine bacteria, members of the phyla Actinobacteria, Proteobacteria, Firmicutes, 

Bacteroidetes, and Cyanobacteria have been particularly studied for their biotechnological potential. 

Within Actinobacteria, genera such as Salinispora, Streptomyces, and Micromonospora have emerged 

as prolific producers of secondary metabolites, including macrolides, enediynes, alkaloids, and β-

lactones with remarkable pharmacological properties (Fenical & Jensen, 2016). The discovery of 

Salinispora tropica and S. arenicola—the first obligate marine Actinobacteria—was a milestone in 

marine microbiology, leading to the identification of clinically relevant compounds such as 

salinosporamide A, a potent proteasome inhibitor currently evaluated for anticancer therapy (Feling et 

al., 2003).  
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The phylum Proteobacteria, particularly α-, γ-, and δ-Proteobacteria, contributes substantially to 

marine chemodiversity. Genera such as Vibrio, Pseudoalteromonas, Photobacterium, and Shewanella 

produce a wide spectrum of compounds, including siderophores, bacteriocins, and signaling molecules 

that regulate microbial interactions and colonization processes (Offret et al., 2016). Several 

Pseudoalteromonas species, for instance, synthesize brominated pyrroles and phenols with potent 

antimicrobial and antifouling activities, illustrating their ecological role in biofilm inhibition and surface 

competition (Bowman, 2007; Egan et al., 2012). 

 

Symbiotic associations have further expanded the known chemical repertoire of marine bacteria. 

Many sponge- and coral-associated microorganisms are responsible for the biosynthesis of compounds 

initially attributed to their hosts, such as theonellamides, manzamine alkaloids, and polyketide 

macrolides (Pita et al., 2018; Webster & Thomas, 2016). In these holobiont systems, bacteria not only 

contribute to chemical defense but also mediate nutrient acquisition and microbial balance. Comparative 

genomics has revealed that these symbiotic bacteria harbor highly enriched biosynthetic gene clusters 

(BGCs), supporting the hypothesis that symbiosis is a driver of chemical innovation in the marine 

environment (Thomas et al., 2010). 

 

The exploration of marine bacterial diversity remains a frontier in natural product discovery. 

Despite the enormous progress achieved, estimates suggest that less than 1% of marine bacterial species 

have been cultivated and characterized (Steen et al., 2019). Advances in metagenomics, single-cell 

sequencing, and cultivation-independent methods continue to uncover previously hidden microbial 

lineages and biosynthetic capabilities. This expanding knowledge underscores the vast, untapped 

biosynthetic potential of marine bacteria as a cornerstone of future biotechnological and pharmaceutical 

innovation. 

 

2. Isolation and Cultivation of Marine Bacteria 

 

The isolation and cultivation of marine bacteria remain pivotal yet challenging steps in the discovery of 

new natural products. Marine microorganisms have evolved under physicochemical conditions distinct 

from those of terrestrial environments, including high osmolarity, pressure, and variable nutrient 

concentrations. These characteristics necessitate culture methods that faithfully replicate the marine 

habitat to recover viable and physiologically active strains (Amann et al., 2019; Nichols et al., 2010). 

Traditional plate-based isolation techniques have been progressively complemented by innovative 

approaches such as diffusion chambers, in situ cultivation systems, and microfluidic devices that enable 

growth of previously uncultivable taxa. 

 

Marine agar and seawater-based media have proven indispensable for promoting the growth of 

halophilic and halotolerant bacteria. Adjusting salinity, carbon sources, and trace elements is essential 

for recovering metabolically diverse genera such as Pseudoalteromonas, Vibrio, and Salinispora. 

Furthermore, selective pre-treatments—such as heat-shock, antibiotic enrichment, or competitive 

exclusion—help reduce fast-growing contaminants, favoring the isolation of rare actinobacteria and 

slow-growing producers of secondary metabolites (Subramani & Aalbersberg, 2013). 

 

Screening isolated strains for bioactivity typically involves bioassay-guided strategies that target 

antibacterial, antifungal, anticancer, or antioxidant potential. Crude extracts obtained from small-scale 

fermentations are tested against pathogenic models, and active fractions are prioritized for purification. 

High-throughput screening (HTS) using microtiter plates and automated liquid handling systems has 

accelerated this process, allowing the rapid identification of metabolite-producing strains (Bode et al., 

2002). The “One Strain–Many Compounds” (OSMAC) approach further enhances discovery by inducing 

metabolic diversity through variations in culture parameters such as temperature, pH, aeration, or nutrient 

composition (Bode et al., 2002). 

 

Co-cultivation represents another innovative approach to activate silent biosynthetic pathways. 

When marine bacteria are grown in the presence of competing microorganisms, they often express cryptic 

gene clusters as part of their ecological response. Such interactions have been shown to elicit the 

production of novel metabolites, highlighting the ecological complexity underlying secondary 

metabolism (Bertrand et al., 2014). Together, these strategies bridge classical microbiology with molecular 

ecology and systems biology, significantly improving the likelihood of discovering new bioactive 

compounds from marine bacteria. 
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3. Bioactive Secondary Metabolites from Marine Bacteria 

 

Marine bacteria have emerged as prolific sources of structurally diverse and biologically potent 

secondary metabolites. These compounds exhibit activities across multiple pharmacological targets, 

including antimicrobial, antiviral, anticancer, anti-inflammatory, and antioxidant pathways (Carroll et 

al., 2022). The unique environmental pressures of the ocean have shaped the biosynthetic machinery of 

marine microorganisms, leading to the evolution of novel enzymatic reactions and hybrid biosynthetic 

systems (Romano et al., 2017). 

 

Antibacterial metabolites remain the most intensively studied group. For example, 

marinopyrroles produced by Streptomyces sp. CNQ-418 exhibit potent activity against methicillin-

resistant Staphylococcus aureus (MRSA), with unusual bipyrrole structures stabilized by halogen 

substituents (Hughes et al., 2008). Similarly, alterochromides and pentabromopseudil derived from 

Pseudoalteromonas spp. demonstrate strong antimicrobial and antifouling properties (Egan et al., 2012). 

Beyond antibacterial agents, several compounds show cytotoxicity against tumor cell lines, such as 

salinosporamide A from Salinispora tropica, which irreversibly inhibits the 20S proteasome (Feling et 

al., 2003), and thiocoraline, a bisintercalator peptide produced by Micromonospora marina, with 

remarkable antitumor efficacy (Romano et al., 2017). 

 

Marine-derived metabolites also exhibit immunomodulatory and anti-inflammatory effects. 

Compounds such as abyssomicins and cyclomarins interfere with bacterial folate metabolism and NF-

κB signaling pathways, respectively (Schneider et al., 2008). Moreover, many bacterial metabolites act 

as quorum-sensing inhibitors, disrupting microbial communication and virulence without exerting 

selective pressure for resistance (Skindersoe et al., 2008). These bioactivities highlight the ecological 

functions of secondary metabolites as mediators of chemical defense and microbial competition, which 

have been evolutionarily co-opted for therapeutic applications. 

 

Collectively, marine bacterial metabolites offer a versatile chemical space with significant 

potential for drug discovery. Their diverse bioactivities, coupled with novel structural frameworks, 

continue to expand the pharmacological landscape and inspire the development of new therapeutic leads. 

 

4. Chemical Classes of Marine Metabolites 

 

The chemical diversity of marine bacterial metabolites spans an impressive range of structural classes, 

reflecting the metabolic versatility of their producers. The principal categories include polyketides, 

nonribosomal peptides (NRPs), hybrid PKS-NRPS products, alkaloids, terpenoids, and macrolactones 

(Jensen et al., 2015; Blunt et al., 2018). Each class arises from distinct biosynthetic logic and enzymatic 

architectures that enable the assembly of complex scaffolds under marine environmental constraints. 

 

Polyketides constitute one of the most abundant and diverse groups. They are synthesized by 

polyketide synthases (PKSs) through successive Claisen condensations of acyl-CoA precursors. Notable 

examples include salinosporamides, abyssomicins, and anthracimycin, all characterized by potent 

antimicrobial or cytotoxic properties (Feling et al., 2003; Jang et al., 2013). Nonribosomal peptides, 

assembled by multimodular peptide synthetases (NRPSs), display equally rich structural variety, often 

incorporating nonproteinogenic amino acids, heterocycles, and halogens that enhance their bioactivity 

and stability (Schneider et al., 2008). 

 

Hybrid PKS–NRPS metabolites, such as the macrolactones of Actinokineospora and the peptide-

polyketide complexes of Streptomyces, demonstrate nature’s ability to recombine biosynthetic modules, 

generating molecular scaffolds with unprecedented complexity. Other noteworthy groups include 

alkaloids—like manzamines and indolizidines—with unique nitrogen heterocycles, and terpenoids that 

often exhibit halogenation patterns distinctive to marine systems (Piel, 2011; Almeida et al., 2023). 

 

This extraordinary structural diversity results from enzymatic plasticity and horizontal gene 

transfer among marine microorganisms. Comparative genomics has revealed that gene clusters encoding 

PKS and NRPS systems are often exchanged between symbiotic bacteria and their hosts, driving the 

evolution of novel metabolic chemotypes (Thomas et al., 2010). Understanding these chemical classes 

not only illuminates marine biosynthetic innovation but also provides a foundation for rational 

bioprospecting and drug development. 
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5. Bioassay-Guided Purification and Structural Elucidation 

 

The purification and structural elucidation of marine bacterial metabolites are fundamental for 

confirming biological activity and elucidating their mechanisms of action. Bioassay-guided fractionation 

integrates chemical and biological screening to isolate active compounds from complex extracts. 

Sequential chromatographic techniques—solid-phase extraction (SPE), vacuum liquid chromatography 

(VLC), and high-performance liquid chromatography (HPLC)—allow systematic separation based on 

polarity and molecular size; each fraction is re-evaluated through antimicrobial, cytotoxic, or enzymatic 

assays to identify bioactive components (Greco et al., 2018). 

 

Spectroscopic and spectrometric methods are central to structural elucidation. Nuclear Magnetic 

Resonance (NMR) spectroscopy provides comprehensive information about proton and carbon 

connectivity, while Mass Spectrometry (MS) offers accurate molecular weight and fragmentation 

patterns. Two-dimensional NMR technique (COSY, HSQC, HMBC, and NOESY) are crucial for 

assigning stereochemistry and elucidating complex ring systems (Gross, 2017; Nguyen et al., 2020). 

 

Modern dereplication techniques have transformed the discovery workflow by distinguishing known 

molecules early in the analysis. LC-MS/MS-based molecular networking platforms like GNPS enable 

visualization of chemical relationships among metabolites, facilitating rapid identification of novel 

scaffolds (Watrous et al., 2012; Wolfender et al., 2019).  Integrating spectroscopic data with 

metabolomics and genome mining further accelerates structural assignment and connects metabolites to 

their biosynthetic gene clusters. Such interdisciplinary approaches streamline the discovery process, 

reducing redundancy and increasing the efficiency of marine drug discovery pipelines. 

 

6. Omics Approaches and Genome Mining 

 

The advent of omics technologies has revolutionized the exploration of marine bacterial biosynthetic 

potential. Genomics, metagenomics, transcriptomics, and metabolomics enable the comprehensive 

mapping of biosynthetic gene clusters (BGCs) and their expression patterns under different conditions 

(Almeida et al., 2023; Cimermancic et al., 2014).  

 

These approaches reveal that marine bacterial genomes harbor a vast reservoir of silent or cryptic 

pathways that remain unexpressed under standard laboratory conditions. Genome mining tools such as 

antiSMASH, PRISM, and BAGEL identify, annotate, and predict the products of BGCs, facilitating 

comparative analyses between strains and species (Medema et al., 2011). Metagenomics expands this 

capability to uncultured microbes, enabling direct access to the genetic information of environmental 

samples. By reconstructing BGCs from metagenomic data, researchers can infer the biosynthetic logic 

of entire microbial communities, uncovering novel enzymatic architectures and chemical entities 

(Ziemert et al., 2016). 

 

Metabolomics complements these approaches by correlating metabolic fingerprints with genetic 

potential. Mass spectrometry-based molecular networking, stable isotope labeling, and NMR 

metabolomics reveal dynamic changes in metabolite profiles in response to environmental cues. 

Transcriptomics and proteomics further elucidate regulatory mechanisms that control BGC activation. 

Together, these integrated omics strategies constitute a transformative platform for the rational discovery 

of marine natural products, bridging the gap between genetic information and chemical output. 

 

7. Biotechnological Applications of Marine Metabolites 

 

Marine bacterial metabolites hold immense promise across biomedical, agricultural, and environmental 

sectors. In medicine, compounds such as salinosporamide A and marinomycins are leading examples of 

marine-derived drugs with potent anticancer and antimicrobial properties (Feling et al., 2003; Kwon et 

al., 2006). Other metabolites, including cyclomarins and abyssomicins, serve as scaffolds for novel 

antibiotics targeting resistant pathogens (Schneider et al., 2008). 
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In agriculture, marine bacterial compounds have been explored as biocontrol agents against 

phytopathogens. Lipopeptides and polyketides produced by Bacillus and Pseudomonas species inhibit 

fungal growth and biofilm formation, contributing to sustainable crop protection (Keswani et al., 2020). 

In environmental biotechnology, biosurfactants and enzymes from marine bacteria are applied in 

bioremediation, wastewater treatment, and biofilm control (Raddadi et al., 2015). 

 

Furthermore, the enzymatic machinery of marine bacteria provides a rich resource for industrial 

biocatalysis. Extremozymes—enzymes functioning under high pressure, salinity, or temperature—are 

being harnessed for pharmaceutical synthesis, biofuel production, and green chemistry applications 

(Trincone, 2018). The combination of chemical diversity, ecological adaptability, and functional 

resilience makes marine bacterial metabolites invaluable tools for addressing contemporary 

technological and environmental challenges. 

 

8. Challenges and Future Perspectives 

 

Despite substantial progress, the bioprospecting of marine bacteria faces persistent challenges. The 

limited cultivability of many species continues to constrain access to their biosynthetic repertoire, and 

sustainable production of complex metabolites remains a bottleneck for industrial application (Amann et 

al., 2019). Additionally, ecological impacts of large-scale sampling and the ethical implications of marine 

genetic resource exploitation require careful regulation under frameworks such as the Nagoya Protocol 

(Arrieta et al., 2010). 

 

Future perspectives focus on integrating synthetic biology, genome editing, and machine learning 

to unlock and optimize marine biosynthetic potential. Advances in heterologous expression systems—

using engineered hosts like Streptomyces coelicolor or Escherichia coli—enable production of 

metabolites from silent BGCs identified through genome mining (Li et al., 2019). Metabolic engineering, 

coupled with AI-driven pathway design, may soon allow sustainable biosynthesis of marine compounds 

at industrial scale. 

 

Interdisciplinary collaborations between microbiology, chemistry, genomics, and computational 

biology will be crucial for advancing marine drug discovery. As climate change and biodiversity loss 

threaten ocean ecosystems, the urgency of documenting, preserving, and harnessing marine microbial 

resources becomes increasingly evident. Marine bacteria thus represent not only a reservoir of chemical 

innovation but also a biological heritage of immense scientific and societal value. 

 

9. Methodology 

 

This review was developed through a structured narrative approach that integrated systematic literature 

retrieval, critical evaluation, and thematic synthesis to analyze recent advances in the discovery, 

structural elucidation, and biotechnological applications of secondary metabolites derived from marine 

bacteria. A comprehensive bibliographic search covering the period from 2010 to 2025 was performed 

using multidisciplinary databases such as Web of Science, Scopus, PubMed, ScienceDirect, and 

SpringerLink, complemented by specialized repositories including MarinLit, GNPS, and AntiBase. 

Boolean operators were applied to combine relevant search terms, including “marine bacteria,” 

“secondary metabolites,” “marine actinobacteria,” “bioactive compounds,” “biosynthetic gene clusters,” 

“genome mining,” and “metabolomics.” Only peer-reviewed articles published in English were 

considered, while older references were retained when historically relevant, such as the initial discovery 

of Salinispora tropica and early reports of marine actinomycetes. 

 

Publications were included if they presented isolation or identification of metabolites from marine 

bacteria, reported bioactivity data (antibacterial, cytotoxic, antifungal, among others), described genomic 

or omics-based biosynthetic potential, or explored biotechnological applications. Exclusion criteria 

comprised studies based on non-marine or cyanobacterial strains, works lacking reproducible data, and 

non-peer-reviewed sources such as non-indexed proceedings or unsupported patents. Each selected study 

was reviewed in full, and the extracted information—bacterial taxonomy, source of isolation, metabolite 

name and chemical class, biological activity, and analytical techniques—was organized into analytical 

matrices. These data were thematically grouped into sections reflecting the chapter’s structure: bacterial 

diversity, cultivation, metabolite chemistry, bioassay-guided purification, omics approaches, and 

applications. 

https://doi.org/10.3389/fmicb.2020.02088
https://doi.org/10.3390/md13096208
https://doi.org/10.3390/md16120459
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All references were critically evaluated for methodological rigor, reproducibility, and scientific 

impact. Quantitative trends, such as the frequency of specific metabolite classes, dominant bacterial 

genera, and recurrent bioactivities, were summarized descriptively. Qualitative synthesis was used to 

identify research gaps, emerging lines of investigation, and interdisciplinary connections. The 

preparation of this review adhered to the PRISMA recommendations for narrative reviews (Page et al., 

2021), ensuring transparency, reliability, and academic consistency throughout the analysis. 

 

10. Results 

 

The results of this review reflect the current state of knowledge regarding the chemical, biological, and 

technological potential of marine bacteria as producers of bioactive secondary metabolites. The analysis 

of recent literature reveals that marine bacterial diversity represents one of the richest and least explored 

biological resources on the planet. Within this diversity, members of the phyla Actinobacteria and 

Proteobacteria have been identified as prolific producers of secondary metabolites with novel structural 

frameworks and significant pharmacological relevance. Genera such as Salinispora, Streptomyces, 

Micromonospora, Vibrio, and Pseudoalteromonas stand out for their ability to synthesize compounds 

with potent antibacterial, antifungal, cytotoxic, and anti-inflammatory properties. These findings confirm 

the essential role of symbiotic associations—particularly those involving sponges, corals, and 

ascidians—as key sources of unique biosynthetic gene clusters (BGCs) that drive the production of 

chemically diverse molecules. 

 

Advances in isolation and cultivation methods have expanded the accessible spectrum of marine 

microorganisms. Approaches such as the OSMAC (One Strain–Many Compounds) strategy, co-culture 

techniques, and diffusion-based cultivation have proven effective in activating silent biosynthetic 

pathways, increasing the yield and diversity of metabolites obtained from marine bacteria. These 

developments demonstrate that the controlled modification of environmental and nutritional factors can 

profoundly influence metabolite production profiles, thereby enhancing the discovery of novel 

compounds that were previously undetectable under conventional laboratory conditions. 

 

The collected data also confirm the growing prevalence of hybrid biosynthetic systems combining 

polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) modules. These hybrid 

pathways are responsible for the structural complexity and biological versatility of marine metabolites 

such as macrolactins, marinomycins, and thiocoralines. Analytical techniques including high-resolution 

mass spectrometry (HRMS) and multidimensional nuclear magnetic resonance (NMR) remain 

indispensable for the structural elucidation of these compounds, while modern dereplication tools—such 

as molecular networking via GNPS—have significantly improved the efficiency of identifying 

previously unknown chemical entities. 

 

At the genomic level, the application of bioinformatics tools such as antiSMASH and PRISM has 

revolutionized the discovery of biosynthetic potential in both cultured and uncultured strains. More than 

460 biosynthetic gene clusters have been identified in symbiotic bacteria associated with sponges and 

other marine invertebrates, confirming the existence of a vast and still untapped reservoir of biosynthetic 

diversity. The integration of omics data (genomics, transcriptomics, and metabolomics) has facilitated 

the correlation between gene clusters and metabolite profiles, thereby enabling more targeted 

bioprospecting strategies and reducing the rediscovery of known compounds. 

 

From a biotechnological standpoint, marine bacterial metabolites have shown great promise in 

multiple sectors. In medicine, several compounds—including salinosporamide A and marinopyrrole A—

have advanced toward preclinical or clinical evaluation due to their activity against multidrug-resistant 

pathogens and cancer cells. In agriculture, bacterial metabolites with antifungal and insecticidal activities 

are being developed as eco-friendly biocontrol agents. Additionally, enzymes and biosurfactants derived 

from marine microorganisms are increasingly applied in environmental biotechnology, particularly in 

bioremediation and the degradation of xenobiotics. 

 

Despite remarkable progress, significant challenges persist. The low cultivability of many marine 

bacterial taxa limits access to their full biosynthetic potential, while the structural complexity of marine 

metabolites often hinders chemical synthesis and large-scale production. Nonetheless, emerging 

technologies such as metabolic engineering, heterologous expression, and synthetic biology offer feasible 

solutions to these obstacles.  

https://www.bmj.com/content/372/bmj.n71
https://www.bmj.com/content/372/bmj.n71
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Collectively, the results of this review highlight the extraordinary potential of marine bacteria as 

sources of chemically diverse, biologically active, and industrially relevant metabolites, reinforcing the 

importance of continued multidisciplinary exploration and innovation in this expanding field. 

 

11. Conclusions 

 

The exploration of marine bacteria has unveiled a vast and largely untapped reservoir of bioactive 

molecules with remarkable potential in medicine, industry, and environmental technology. These 

microorganisms, adapted to extreme and dynamic marine environments, have evolved unique metabolic 

pathways that enable the biosynthesis of compounds with unprecedented chemical architectures and 

biological functions not found in terrestrial organisms. This singularity has established marine bacteria 

as one of the most promising sources of novel natural products with significant therapeutic and 

biotechnological applications. 

 

Advances in analytical and molecular tools—particularly genomics, metagenomics, 

transcriptomics, and metabolomics—have transformed the landscape of marine natural product 

discovery. These technologies allow not only the identification of biosynthetic gene clusters and their 

regulatory mechanisms but also the correlation of genetic potential with metabolite production. The 

integration of bioinformatics platforms, predictive algorithms, and molecular networking approaches has 

further enhanced the dereplication, annotation, and prioritization of compounds with relevant 

pharmacological properties. Consequently, the combination of culture-dependent and culture-

independent methods has expanded our capacity to explore microbial dark matter and access previously 

hidden chemical diversity. 

 

Despite these advances, significant challenges remain. A large proportion of marine bacteria 

remain uncultivable under standard laboratory conditions, limiting access to their biosynthetic potential. 

Moreover, the structural complexity of many marine metabolites poses difficulties for chemical synthesis 

and large-scale production. Ensuring sustainable and cost-effective production strategies is therefore 

essential for their practical application. Synthetic biology, metabolic engineering, and heterologous 

expression systems represent promising approaches to overcome these limitations, enabling scalable 

biosynthesis of complex natural products. 

 

Several success stories already exemplify the therapeutic value of marine bacterial metabolites. 

Compounds such as salinosporamide A, abyssomicin C, and marinopyrrole A have demonstrated potent 

activity against cancer and multidrug-resistant pathogens, validating the immense pharmaceutical 

promise of the marine microbiome. Beyond human health, marine bacteria are also contributing to 

sustainable agriculture through biocontrol agents and biofertilizers, as well as to environmental 

biotechnology through biosurfactants and enzymes capable of degrading pollutants and improving 

industrial processes. 

 

The potential of marine bacteria as a biotechnological resource is immense and only beginning to 

be realized. Continued investment in multidisciplinary research, advanced biotechnological platforms, 

and international collaboration will be crucial to fully harness this microbial wealth. As humankind seeks 

sustainable solutions to global health, food, and environmental challenges, marine bacteria stand out as 

vital allies—offering a reservoir of chemical and genetic innovation that bridges the frontier between 

biodiversity and biotechnology, and between the ocean and human well-being. 
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Abstract  

 
Castor oil, also known as ricinus oil, is obtained from the seeds of Ricinus communis L. This plant easily adapts to 

diverse climate conditions but an important drawback is the presence of ricin in its seeds, which is a compound 

toxic to humans and animals. The seeds contain between 40 and 50% of a non-edible oil with unique properties of 

interest for the cosmetic industry. It also shows potential for biodiesel production. Its main component is ricinoleic 

acid, a hydroxylated fatty acid present in the form of triricinolein. The most common extraction methods include 

mechanical and chemical techniques. In this work it was studied the castor oil extraction from wild castor seeds 

through Soxhlet and microwave-assisted methods using hexane, ethanol and isopropanol as solvents. In addition, 

it was estimated the saponification, acid and peroxide indexes for all the obtained oil samples. It was found that 

the Sohxlet extraction method overperformed up to 70% the microwave method for the castor oil extraction. In 

contrast, the saponification, acid and peroxide indexes indicated that castor oil with the better quality was obtained 

when the microwave-assisted method was employed.  

 

 
 
 

Castor oil, Ricinus communis L., Soxhlet, Microwave 

 

Abstract  

 
El aceite de ricino, también llamado aceite de castor, se obtiene de las semillas de Ricinus communis L. Esta planta 

se adapta a diversas condiciones climáticas pero sus semillas son tóxicas para humanos y animales debido a la 

ricina. Las semillas contienen entre un 40 y 50 % de un aceite no comestible con propiedades únicas, ampliamente 

aprovechado en la industria cosmética. También posee potencial para la producción de biodiésel. El principal 

componente aceite de castor es el ácido ricinoleico, un ácido graso con grupo hidroxilo presente en forma de 

trirricinoleína. Los métodos más comunes de extracción incluyen técnicas mecánicas y químicas. En este capítulo 

se estudió la extracción de aceite de ricino a partir de semillas silvestres de higuerilla mediante los métodos Soxhlet 

y microondas empleando hexano, etanol e isopropanol como solventes. Adicionalmente se calcularon los índices 

de diferentes condiciones de proceso saponificación, de acidez y peróxido para las muestras extraídas. Se encontró 

que mediante la extracción Soxhlet se obtiene un rendimiento hasta 70% superior al obtenido mediate extracción 

por microondas. En contraste, los índices de acidez, saponificación y de peróxido indicaron el aceite de mejor 

calidad se obtiene a través del proceso asistido por microondas. 

 

 
 

Aceite de ricino, Extracción Soxhlet, Extracción por microondas 
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Introduction 

 

Ricinus communis L., commonly known as castor bean, is a wild plant widely distributed in Mexico due 

to its remarkable ability to adapt to various climatic conditions. Traditionally, it has been used for 

medicinal purposes (Anjani, 2014). The seeds of this species contain a composition that includes 

carbohydrates, ashes, fiber, protein, and a notable oil content (between 40 and 50%). However, these 

seeds are unsuitable for consumption because them contain ricin, a highly dangerous toxin for both 

animals and humans (Vasco et al., 2017). 

 

The oil extracted from these seeds, known as castor oil, is characterized by its high content of 

ricinoleic acid (more than 85%), which gives it distinctive physicochemical properties that make it 

suitable for applications in the cosmetic, pharmaceutical, chemical, lubricant, and biofuel industries 

(Ogunniyi, 2006). Additionally, its potential use as a food preservative has been proposed (Yeboah et al., 

2021). These physicochemical properties are primarily attributed to the presence of a hydroxyl group (-

OH) at the 12th carbon and a double bond at the 9th position of the ricinoleic acid molecule. This unique 

molecular structure imparts characteristics such as high viscosity, emulsifying capability, and biological 

activity, which further enhance its suitability for various industrial applications (Gunstone, 2007). The 

growing interest in vegetable oils with specific properties has driven the development of extraction 

methods for non-edible sources such as castor bean seeds.  

 

These specific properties include high oxidative stability, viscosity, biodegradability, and the 

presence of bioactive compounds with antimicrobial or anti-inflammatory effects. Oil can be obtained 

mechanically (by cold or hot pressing) or chemically, using organic solvents. For instance, Soxhlet 

extraction in one of the most commonly used chemical extraction methods and is based on a continuous 

reflux system that enables efficient recovery of lipophilic compounds. In this process, the solvent is 

heated to its boiling point; the vapor is condensed and fall onto the solid sample contained in a porous 

cartridge leading to the extraction of target compounds. Finally, the stream containing solvent and 

extracted compounds reaches the siphon level returning to the flask. This method is convenient for 

solvent reuse, but its main disadvantage is the prolonged operation time (Sánchez, 2012). As an 

alternative, microwave-assisted extraction method has been proved to be effective in reducing both, 

processing time and energy consumption. This technique is based on localized dielectric heating that 

promotes the release of intracellular compounds nevertheless, chemical compounds with strong polar 

bonds can excessively absorb radiation, potentially leading to their degradation (Menéndez & Hernández, 

2017). 

 

Despite the advantages offered by both methods, there are few studies focused on the 

characterization of oil content and the comparative of the performance of extraction of wild castor bean 

seeds collected in specific regions of central Mexico. The environmental conditions of these areas can 

significantly influence the quality and efficiency of the extracted oil. This study aims to compare the 

efficiency and quality of castor oil extracted using Soxhlet and microwave methods, employing hexane, 

isopropyl alcohol, and ethanol as solvents. This work provides relevant data on the extraction of non-

edible vegetable oils, useful for the development of more efficient processes. It also offers an 

experimental basis that contributes to the valorization of wild plant resources with industrial potential. 

 

Methodology 

 

Raw Material Collection  

 

Wild castor bean seeds were collected in the eastern region of the State of Mexico. 

 

Plant Classification and Characterization  

 

According to Salihu et al. (2014), castor bean species can be classified into two types: tall (giant) and 

dwarf varieties. In uninhabited regions of the State of Mexico tall-type castor plants exhibiting tree-like 

shape were identified. Plants collection took place during February and March, under average 

temperatures around 25 °C. Plant height, stem diameter at the base, leaf size and color, presence of 

flowers on the inflorescence, as well as the length, shape, and color of the racemes were registered. 
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Moisture Content Determination  

 

Moisture content of the seeds was determined using the gravimetric method 925.0 of the Association of 

Official Analytical Chemists (AOAC, 2002). 3 g of ground seeds were placed in a crucible and dried in 

an oven at 105 °C for 24 hours. Moisture content (%) was calculated based on weight difference. All 

measurements were conducted by triplicate following Equation 1. 

 

𝐻 = (
(𝑃𝐶+𝑃𝑀)−𝑃𝐹

𝑃𝑀
) 100                                                                                                                              (1) 

 

Where:  

H, humidity 

PC, constant weight 

PM, sample weight 

PF, final weight. 

 

Ash content determination 

 

Ash content was quantified using t 

 

he total ash method. A 3 g sample of ground seeds was placed in a dry porcelain crucible. The crucible 

was exposed to a Bunsen burner flame in a fume hood until the sample stopped to emit smoke. 

Subsequently, the crucibles were transferred to a muffle furnace (TERLAB) and heated at 550 °C for 2 

hours. After cooling down in a desiccator the ash content was determined by weight difference, according 

to Equation 2 (Kirk et al., 1996). 

 

𝐶 = (
𝑃𝐹−𝑃𝐶

𝑃𝑀
) 100                                                                                                                                        (2) 

 

Where:  

PF, final weight 

PC, constant weight 

PM, sample weight. 

 

Oil extraction pre-treatment 

 

Once the castor seeds were collected and dehulled, them underwent a pretreatment process aimed at 

enhancing oil extraction yield, as detailed below: 

 

1. Seed grinding: Carried out using a manual grinder. 

 

2. Heating: Ground seeds were placed in an oven at 105 °C for 2 hours. This step facilitates the 

coalescence of dispersed oil droplets within the seed matrix and promotes the separation of the 

oil emulsion from seed proteins. 

 

Soxhlet extraction 

 

Oil extraction was performed using a Soxhlet device where glass beads and 150 mL of elected solvent 

were added to a round-bottom flask. A 30 g sample of previously dried and ground seeds was weighed 

and placed in a filter paper thimble, which was inserted into the siphon chamber. The Soxhlet apparatus 

was assembled and operated on a heating mantle for 5 hours at the boiling point of the solvent. After 

extraction, the system was turned off and allowed to cool down. The oil–solvent mixture was 

subsequently distilled at the boiling point of the solvent using simple distillation. During this process, 

the solvent was recovered by evaporation and condensation while the extracted oil remained in the flask. 

 

 

 

 

 



41 

 

 

Microwave extraction 

 

Microwave-assisted extraction was performed using conventional microwave oven (WINIA) modified 

for the separation process. It started with 30 g of sample and a sample-to-solvent ratio of 1:5, employing 

the same solvents as in the Soxhlet extraction. Solvents were chosen based on their lipid affinity and ease 

of recovery. Extraction process was performed at 60 W and during 60 minutes for all the cases. After the 

extraction period, the remaining solid material was removed through a two-step filtration process: initial 

decantation followed by centrifugation. The solvent was then recovered by simple distillation, and the 

extracted oil was weighed using an analytical balance to evaluate extraction yield (Equation 3). 

 

𝑌𝑖𝑒𝑙𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑚2−𝑚1

𝐸
 𝑥100                                                                                                              (3) 

 

Where, m1, weight of the empty, dry container with boiling beads (g); m2, weight of the flask with 

boiling beads and oil after evaporation of the alcohol (g); E, weight of the sample (g). 

 

Physicochemical Characterization of extracted oils  

 

To characterize the physicochemical properties of the extracted oils, the following parameters were 

quantified: 

 

a) Determination of the saponification value 

 

The saponification value was determined according to the methodology described by Nielsen (2003), 

using Equation 4. This method was applied to all oils extracted using the different methods and solvents. 

 

Saponification value (mg KOH required to saponify the total fatty acids in one gram of sample) =
28.05∗(𝐴−𝐵)

𝑀
                                                                                                                                                   (4)                                                                       

 

Where:  

A, blank flow rate (ml of HCl spent on the blank titration) 

B, sample flow rate (mL of HCl spent on the sample titration) 

M, weight of sample (g) 

 

b) Determination of acidity index 

 

The acid value was determined following the methodology described by Nielsen (2003) and expressed 

as the percentage of oleic acid, in accordance with Equation 5. 

 

% 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑𝑠 =
𝐺∗𝑁∗28.2

𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
∗ 100                                                                                      (5) 

 

Where:  

G, ml of KOH consumed in the titration 

N, normality of KOH. 

 

The acidity index was determined from equation 6, expressed as mg KOH/g oil, based on the 

percentage of free fatty acids. 

 

𝐴𝑐𝑖𝑑𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =  % 𝑓𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑𝑠 𝑥 1.99                                                                                      (6) 

 

c) Determination of peroxide value 

 

The peroxide value was determined using the micro-volumetric procedure described by Crowe and 

White. (2001), following Equation 7. This method was applied to all the extracted oils in this work. 

 
𝑀𝑖𝑙𝑙𝑖𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑜𝑓 𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑒

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑡ℎ (𝐾𝑔)
= (𝐺𝑠 − 𝐺𝑤) ∗ 𝑁 ∗ 1000                                                                                           (7) 
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Where:  

Gs, mL of sample 

Gw, mL of reference 

N, normality. 

 

Results 

 

Seed Identification 

 

The wild castor plant identified measured approximately 4 meters in height, with orange-colored flowers 

and conical green inflorescences. The basal stem diameter was roughly 60 cm, and the leaves exhibited 

a dark green coloration. An average of 72 seeds per dry raceme was obtained from the collected pods. 

 

Castor Seed Dimensional Analysis 

 

Length, width, thickness, and weight of fifty castor seeds were measured using a digital Vernier caliper; 

results are presented in Table 1. 
 

Box 1 

 

Table 1 

Seed sizing 

 
 Length (mm) Broad (mm) Thickness (mm) 

Average 11.8706 6.9102 5.1637 

Minimum value 10.4700 5.0300 4.4600 

Maximum value 12.7600 7.7500 5.6100 

Standard deviation 0.4751 0.4419 0.2165 

Median 11.8800 6.9200 5.1400 

Coefficient of variation 0.0400 0.06395 0.0419 

Variance 0.2257 0.1953 0.0469 
 

 

Seed quality is based on various attributes that promote its successful grown. This physical quality 

can be evaluated by dimensional parameters such as length, width, and thickness (Pérez et al., 2006). In 

our study, seed exhibited an average value of 11.8706 mm in length, 6.9102 mm in width, and 5.1637 

mm in thickness, with a mean variance of 0.009 mm.  

 

These results are consistent with those reported by Bonilla et al. (2016) for a castor ecotype from 

Montecillo, Texcoco, which exhibited dimensions of 12.1 mm, 7.6 mm, and 5.4 mm. In a similar study 

conducted by Vasco and coworkers, it was reported values of 13 mm, 7.71 mm, and 6.07 mm for seeds 

collected in Querétaro, Mexico (Vasco et al., 2017).  

 

Similarly, Cruz et al. (2012) found comparable measurements in Criollo seeds from San 

Bernardino, State of Mexico, and Santa María Roaló, Oaxaca. In our work, the standard deviations for 

length, width, and thickness were 0.4751, 0.4419, and 0.2165, respectively, indicating differences of 

0.029%, 0.0639%, and 0.0419% around their corresponding averages resulting in considerable 

heterogeneity in seed size among the samples collected in the eastern region of the State of Mexico. This 

fact is particularly relevant for the design of equipment used in dehulling, sowing, sorting, storage, and 

processing. 
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Castor Seed Weight 

 

Table 2 presents the measures of dispersion derived from the weight analysis of fifty castor seeds used 

in this study. 

 

Box 2  
 

Table 2 

Weight of castor bean sedes 
 

Dispersion measurement Value 

Average  0.2253 

Minimum value 0.1130 

Maximum value 0.2930 

Standard deviation 0.0301 

Median 0.2250 

Variance 0.0009 

Coefficient of variation 0.1336 

 

The average weight of the analyzed castor seeds was 0.2253 g, which is consistent with the value reported 

by Barrios et al. (2018), suggesting that the seeds were developed under optimal growth conditions. The 

standard deviation was 0.020 indicating a homogeneous weight distribution among the seeds collected 

in the eastern region of the State of Mexico. 

 

Moisture Content of Castor Seeds 

 

Table 3 shows the moisture content percentages obtained from castor seeds. 

 

Box 3 

 

Table 3 

Moisture percentage in castor bean seeds  
 

Sample Humidity percentage (%) 

1 8.28 

2 6.14 

 

Heating the castor seeds during the pretreatment promoted the coalescence of dispersed oil 

droplets and by the other hand, it also resulted in a formation of a water film around seeds. Moisture 

content is crucial for estimating safe storage time (Bartosik et al., 2009). In this study, oven-drying at 

105 °C for 24 h resulted in moisture values of 8.28% and 6.14% for samples 1 and 2, respectively, which 

are higher than those reported by Vasco et al. (2017) in seeds from Querétaro (4.69% and 3.65%). These 

findings indicate a high moisture content; thus, long-term storage is not recommended. 

 

Ash Content 

 

The results of the ash content determination are presented in Table 4. 

 

Box 4 

 

Table 4 

Ash percentage in castor bean seeds   
 

Sample Ash percentage (%) 

1 5.5 

2 5.1 

 

crThe ash content determination of castor seeds was determined to be 5.1% to 5.5% for samples 

1 and 2, respectively. Ash represents the inorganic residue remaining after the combustion of organic 

matter, indicating the total mineral content in the seed.  
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This value is important for identifying inorganic elements to obtain value-added by-products. 

Previous studies have reported slightly higher values (5.66% to 6.49% and 6.24%) (Panhwar et al., 2019; 

Omotehinse et al., 2019). According to Vasco et al. (2017), the mineral content of castor seeds is an 

excellent soil conditioner. Therefore, the wild castor seeds collected from the eastern region of the State 

of Mexico exhibit a slightly lower ash content, indicating a reduced presence of inorganic matter. 
 

Physicochemical Characterization of the Oils  

 

a) Determination of the saponification index  

 

Table 5 shows the results of the physicochemical analysis carried out to determine the saponification 

index (mg KOH/g of oil). 

 

Box 5 

 

Table 5 

Saponification, Acidity, and Peroxide Indices of Castor Bean Seeds 

 

Solvent Saponification index 

(mg KOH/g of oil) 

Acidity index Peroxide index (meq 

O2/g) 

Soxhlet extraction 

hexane 182.2 2.1835 3.3864 

ethanol 158.4 2.8915 2.3762 

isopropanol 168.3 2.5850 3.5785 

Microwave extraction 

hexane 165.5 2.7892 1.6 

ethanol 172.5 2.3742 1.1976 

isopropanol 182.3 2.7891 1.5904 

 

The saponification index varied depending on the solvent and extraction method. With Soxhlet, 

hexane had the highest value (182.2 mg KOH/g), and with microwaves, isopropyl alcohol was highest 

(182.32 mg KOH/g). These results indicate a higher content of free fatty acids, beneficial for soap 

production. Some values were below the range reported by other studies (Shridrak et al., 2010; Yusuf et 

al., 2015; Omotehinse et al., 2019; Suliman, 2016; Ogunniyi, 2006), suggesting lower saponification 

efficiency in some cases. 

 

b) Determination of acidity index 

 

Table 5 shows the results of the acidity index (mg KOH/g of oil) to determine the quality of the extracted 

oil. 

 

It was determined acid values between 2.18 and 2.89 for castor oils extracted from wild seeds, 

and free fatty acid content from 1.09% to 1.45%, depending on solvent and method (Table 5). This values 

are quite similar regardless the extraction method used (Soxhlet/microwave) but in all the cases are higher 

than those reported by Shridrak (2010), Yusuf (2015), and Suliman (2016). The acid value reflects oil 

quality since high values indicate lower refining efficiency (Yeboah, 2020). Despite the elevated values 

of the oils extracted in this work, all of them remain within the acceptable range of 0.4–4.0 (Shridrak et 

al, 2010). This suggests the oil is suitable for refining to improve the quality of the product. 

 

c) Determination of peroxide value 

 

The results of the determination of the peroxide index (meq O2/g of oil) carried out to the different oils 

are shown in Table 5. 

 

The peroxide index of castor oil was higher with Soxhlet extraction (3.37–3.57 meq O₂/kg) than 

with microwave-assisted extraction (1.19–1.60 meq O₂/kg) regardless to the used solvent, as shown in 

Table 7. This index indicates the initial oxidation level of the oil, related to rancidity. Although the values 

of peroxide index of our samples exceeded those reported by Cepeda et al. (2006), who found 0.475 meq 

O₂/kg, all of them remain within the acceptable limit (<5). Higher peroxide values suggest greater 

degradation, consequently, the extraction method impacts oil oxidative quality. 
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Castor Oil Yield 

 

The yield of the oil extracted using the Soxhlet method is shown in Table 6. 

 

Box 6 

 

Table 6 

Castor oil yield from using Soxhlet extraction 
 

Sample Yield (%) 

Hexane 61 

Isopropanol 56 

Ethanol 51 

 

The yield of the oil extraction with hexane, isopropanol, and ethanol was 61%, 56%, and 51%, 

respectively (Table 6). Among them, the better performance of the Soxhlet extraction process was 

attained with hexane as solvent (18.24 g/30 g seed). These results are consistent with Cepeda et al. (2006), 

who reported similar yields using the same solvents, but are slightly lower than the results of the study 

conducted by Danlami et al. (2015), who reached up to 59.5% with ethanol. The values obtained in our 

work also overperform Nangbes et al. (2013) study, who reported 48.32% using hexane and Soxhlet. 

Therefore, the oil yields obtained here are satisfactory when compared to existing studies. 

 

The yield of the oil extracted using the microwave method is shown in Table 7. 

 

Box 7 

 

Table 7 

Castor oil yield from using microwave extraction 
 

Sample Yield (%) 

Hexane 30 

Isopropanol 33 

Ethanol 35 

 

In contrast, the yield of the extracted oil by Microwave-assisted method was 30% with hexane, 

33% with isopropanol, and 35% with ethanol (Table 9). Cardona et al. (2012) reported similar yields 

(26–37%) using hexane and acetone. Mosquera et al. (2012) also achieved high yields (37–45%) using 

various solvents for vegetable oils. These findings support microwave-assisted extraction as an efficient 

and viable method for obtaining oils with potential food and cosmetic applications. Our study identify 

ethanol as the most effective solvent for this extraction method and remarkably, it has a very superior 

performance compared to the 23.4% yield reported by Izquierdo et al. (2013) using ethanol for oil 

extraction from Cucurbita pepo L. (pumpkin) seeds. 

 

Conclusions 

 

Wild castor seeds from the eastern region of the State of Mexico were collected during February and 

March for its evaluation as raw material for castor oil extraction. These seeds exhibited typical 

dimensions and weight according to several reports from various regions of Mexico. It was found an 

average moisture content in the seeds of 7.21%, which is considerably high and its storage for long 

periods is not recommended. Similarly, the ash content was elevated, indicating a considerable presence 

of organic matter in the seeds. Regarding to castor oil extraction, conventional Soxhlet and microwave-

assisted methods were assessed employing different solvents. It was attained a yield of 61% with hexane, 

51% with ethanol, and 56% with isopropanol with the Soxhlet method while for microwave-assisted 

extraction the yield achieved was 30% with hexane, 33% with isopropanol, and 35% with ethanol.  
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The free fatty acid content was slightly higher in the oil extracted by microwave (2.65 mg KOH/g) 

compared to Soxhlet (2.55 mg KOH/g) while regarding to the saponification index, by Soxhlet extraction 

it was 169.70 mg KOH/g, while by microwave-assisted extraction it was determined to be 173.44 mg 

KOH/g. Lastly, the peroxide value, was significantly lower in microwave-assisted extraction (1.46 meq 

O₂/g) compared to Soxhlet (3.11 meq O₂/g), indicating better oil quality in the microwave-extracted 

samples. In all cases the normative was observed. In conclusion, the wild castor seeds collected in State 

of Mexico, exhibit the necessary physical and chemical characteristics to be considered a viable source 

for castor oil extraction. While the Soxhlet method provides higher yields, the microwave-assisted 

method offers superior oil quality, reduced processing time, and lower energy consumption.  
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AOAC Association of Official Analytical Chemists 

°C Celsius Degrees 

g Gram 

h Hour(s) 

KOH Potassium Hydroxide 

mL Milliliter(s) 

meq O₂/kg Milliequivalents of Oxygen per Kilogram 

mm Millimeter(s) 

N Normality 

W Watt(s) 
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Abstract  

 

The retention time was evaluated considering the average speed for the pasteurization (HTST) and 

ultrapasteurization (UHT) process at a laboratory scale, using water as fluid. In the UHT process, the 

retention time was 2 seconds for a volumetric flow of 27.4 L/h in a tube with a diameter of 6.2 mm and 

a length of 0.51 m.  A retention time of 15 seconds was verified for a volumetric flow rate of 10 L/h in a 

tube with a diameter of 9.6 mm and a length of 0.57 m during the HTS process. It was also possible to 

calculate the percentage of pump feed for other food products, which could help ensure a proper 

pasteurization process. The use of average speed instead of maximum speed in pilot-scale pasteurizers 

whose retention tubes are curved and short is more convenient than the maximum speed used in straight 

and long tubes found in commercial pasteurizers. 

 

Holding Time Calculations in HTST and UHT Pasteurizers 
 

Objective  Methodology  Contribution 
 

 

 
 

  

 

 

 

 

 
 

Pasteurization, holding time, holding tube 

 

Resumen 

 

Se evaluó el tiempo de retención considerando la velocidad promedio para el proceso de pasteurización 

(HTST) y ultrapasteurización (UHT) a escala laboratorio, usando agua como fluido. En el proceso de 

UHT fue de 2 s para un caudal volumétrico de 27.4 L/h en un tubo (diámetro = 6.2 mm, longitud = 0.51 

m).  Se verificó un tiempo de retención de 15 s para un caudal volumétrico de 10 L/h en un tubo (diámetro 

= 9.6 mm, longitud = 0.57 m) en el proceso de HTS. También, fue posible calcular el porcentaje de 

alimentación de la bomba para otros productos alimentarios, que ayudarían a garantizar un proceso de 

pasteurización adecuado. El uso de la velocidad promedio, en vez de la velocidad máxima en 

pasteurizadores a escala piloto cuyos tubos de retención son curvos y cortos, es más conveniente que la 

velocidad máxima usada en los tubos rectos y largos presentes en los pasteurizadores comerciales. 
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1. Introduction 

 

Pasteurization is a heat treatment process designed to inactivate pathogenic and spoilage microorganism, 

enzymes and other components causing deterioration of food products and to extend their shelf-life and 

safety. Pasteurization systems are designed to operate at specific time-temperature conditions, so holding 

tube is an important component, because lethality accumulates in this section, considered in the design 

of thermal process. (Singh & Heldman, 2014) The holding tubes may be operated under laminar or 

turbulent flow conditions, which depend on diameter and length of the tube, flow rate, viscosity and 

density of the fluid. So, the Reynold’s number, 𝑁𝑅𝑒, frequently is used to determine the flow regime 

(Tomasula & Kozempel, 2004). 

 

The time-temperature combination is a design problem in which, both microbiological effects and 

quality aspects, must be considered, heat treatment is desirable from the microbiological point of view, 

but also involves a risk of adverse effects on appearance, taste and nutritional value of products. The 

choice of time-temperature combination depends on the quality, the type of product treated, the raw 

material, and the required keeping properties. HTST and UHT treatments are techniques for preserving 

liquid food products by exposing them to brief, intense heating.(Bylund, 2015) These processes are 

widely used in food industries like milk, fruit juice, liquid eggs, dressing, yogurt and beverages industries 

to sterilize and extend their shelf life and ensure that they keep their sensory appeal. Validating a 

pasteurization process, such as UHT or HTST, includes several considerations, for instance, the length 

of the holding tube or the holding time required for this process.  

 

There are different methods to determine these, for example, by measuring the time required for 

an injected tracer to traverse the holding tube or by assuming fully developed laminar flow, the length of 

the holding tube required for pasteurization can be accurately determined by calculation, this can be done 

by measuring the maximum pumping rate of the pasteurizer and calculating the holding tube length, the 

precision of the method is usually 2 % of error. It was demonstrated that 𝑁𝑅𝑒 is not a valid predictor of 

the holding time in laboratory or pilot-scale pasteurizers.(Tomasula & Kozempel, 2004) Therefore, in 

this work holding time of HTST and UHT pilot-scale pasteurizer was evaluated considering the average 

velocity instead of the maximum velocity to optimize the operation of the equipment. 

 

2. Methodology 

 

2.1 Materials and Methods 

 

Water was used fluid process for measurement of time in the holding tube. The experiments were 

performed in an Armfield (Armfield, Limited) FT74P HTST/UHT plate and frame heat exchanger 

equipped with nominal 2 s at 130 °C and 15 s at 72 °C hold tubes, and a variable flow capacity from 0 to 

20 L/h. Temperature sensors are located at the exit of the holding tube (T1), at the heat exchanger inlet 

from the feed pump (T2), and at the product outlet from the heat exchanger (T3). Figure 1 shows the 

simplified process flow diagram. The fluid process is pumped from feed vessel to the heat exchanger by 

the feed pump. In the heat section the product is heated to process temperature by pressurized hot water. 

The plate heat exchanger includes a re-generation stage, where the hot outgoing product is used to pre-

heat the incoming product. The holding tube is incorporated between the final heating section and the 

initial re-generation section and holds the product at the process temperature for a defined time at the 

nominal process flow. The inner diameter of the flexible holding tubes (Figure 2), 𝐷, are 6.2 mm and 9.6 

mm and its length, 𝐿𝑓, 35 mm and 41 mm for UHT and HTST, respectively. The pasteurizer was adjusted 

to the pasteurization temperature. 

 

The volumetric flow rate, 𝑄, was measured by increasing the flow rate of the feed, from the feed 

tank to the heat exchanger, by turning up the feed pump, 𝑃𝐹, expressed as percentages, using a graduated 

cylinder and stopwatch. Experiments were performed in triplicate. The measured range was between 0 

and 2000 mL/min (0 – 100 %). Linear calibration of the pump flow rate was determined as a function of 

the pump settings. The average velocity, 𝑉𝑎𝑣𝑔 was calculated as: 

 

𝑉𝑎𝑣𝑔 =
𝑄

𝐴
                              (1) 

 

where 𝐴 is the holding time cross-sectional area of the holding tube and was calculated as: 

https://www.sciencedirect.com/science/chapter/monograph/abs/pii/B978012398530900005X?via%3Dihub
https://doi.org/10.3168/jds.S0022-0302(04)73403-7
https://www.tetrapak.com/insights/handbooks/tetra-pak-dairy-processing-handbook
https://doi.org/10.3168/jds.S0022-0302(04)73403-7
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𝐴 =
𝜋

4
𝐷2                               (2) 

 

Holding time was calculated as: 

 

 𝐹𝑇 =
𝑉𝑎𝑣𝑔

𝐿
                               (3) 

 

where 𝐿 is length of holding tube. It was calculated according to Eq. (4) as the sum of the lengths 

of flexible holding tube, temperature sensor adapter, 𝐿𝑎, exit tube of the heating section, 𝐿𝑒, and the inlet 

tube of regeneration section, 𝐿𝑖, (Figure 2). The total holding tube length was 51 mm for 2s, and 57 mm 

for 15s. 

 

𝐿 = 𝐿𝑓 + 𝐿𝑎 + 𝐿𝑒 + 𝐿𝑖                             (4)  

 

Box 1 
 

 
Figure 1 

Simplified Process Flow Diagram 
Source [Armfield Limited, 2002] 

 

Box 2 
 

 
 

Figure 2 
Plan view of Plate Heat Exchanger FT74P   

Source [Armfield Limited, 2002] 

 

To pasteurization processes for liquid food, the volumetric flow rate conditions required for 

pasteurization of food products are shown in Table 1. They were determined using the calibration curve 

described in section 3.1, considering that these foods have a flow behavior like that of the process fluid 

(water). 
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Box 3 

 

Table 1 

Pasteurization Processes for Liquid Food Products 

 
Food Product Temperature/Time 

Milk 72 °C / 15 s 

Milk UHT 130 °C / 2 s 

Juice NFC1 or from concentrate, pH < 4.2 80 °C / 15 s 

Juice, enzyme deactivation 98 °C / 10 s 

Still drinks, pH < 4.2 80 °C / 15 s 

Juice, Nectar, Still drinks pH 4.2–4.6 123 °C / 15 s 

Juice, Nectar, Still drinks pH > 4.6 138 °C / 4 s 

Juice with <10 % pulp 80 °C / 15 s 

Juice with >10 % pulp 95 °C / 15 s 
1 Not from Concentrate 

 

Source [(Tetra Pak, 2021)] 

 

3. Results 

 

3.1 Holding Time 

 

The experimental data of the volumetric flow rate of feed vs the pump setting were fitted to the empirical 

Equation (5). The value of the determination coefficient, r2, was 0.9995. 

 

𝑄 = 𝑘𝑃𝐹 + 𝑄0                              (5) 

 

where 𝑘 = 2.75 × 10−7; 𝑄0 = −8.99 × 10−7 

 

Table 2 shows the values of 𝐹𝑇 obtained at different volumetric flow rates, using the average 

velocity instead of the maximum velocity, 𝑉𝑚𝑎𝑥. Through the experiments it was verified, using Equation 

(5), that the operating flow for an 𝐹𝑇 of 15 s was 160 mL/min or 10 L/h, and for 𝐹𝑇 of 2 it was found to 

be 456 mL/min or 27.4 L/h. Laminar and turbulent flow occurred at volumetric flow rates below 275 

mL/min and above 456 mL/min, respectively for UHT and HTS. In wall heat exchangers, the product 

temperature depends on the position in the equipment, which is measured by the distance, 𝐿, travelled by 

the fluid being pasteurised.  

 

In laminar flow, if the product velocity is constant throughout the flow and equal to the mean 

velocity, the retention time is calculated as 𝐹𝑇 = 𝐿 𝑉𝑎𝑣𝑔⁄ . If the fluid is turbulent, the velocity in the flow 

axis is less different from the mean velocity than in laminar flow, so the average velocity can be used to 

calculate the retention time. In others works, it has been experimentally demonstrated that in laboratory 

and pilot scale plate pasteurizers where the retention tube is short and curved (Figure 1), the use of the 

Reynold’s number, 𝑁𝑅𝑒, to determine the maximum velocity in the calculation of holding time, 𝐿 =
𝐹𝑇𝑉𝑚𝑎𝑥, cannot be used, since this implies assuming a long and straight pipe as occurs in commercial 

pasteurizers. (Tomasula & Kozempel, 2004) 

 

3.2. Pasteurization Processes for Liquid Food 

 

Table 3 shows the required pumping percentage values for the juice and milk pasteurization process, 

obtained using Equation (5), for this pasteurizer model. The volumetric flow rates calculated from the 

average velocity will allow holding times of 15, 4, and 2 s. These results are like those reported in the 

literature for whole milk.(Tomasula & Kozempel, 2004) 

 

 

 

 

 

 
 

https://doi.org/10.3168/jds.S0022-0302(04)73403-7
https://doi.org/10.3168/jds.S0022-0302(04)73403-7
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Box 4 
 

Table 2 

Holding Time at different flow rate of feed 

 
 Ultra-pasteurization 

L = 0.51 m; Di = 6.2 mm 

Pasteurization 

L = 0.57 m; Di = 9.6 mm 

𝑣𝐹 (%) 𝑄 (m3/s) 𝑣𝑃𝑟𝑜𝑚 (m/s) 𝑁𝑅𝑒 𝐹𝑇 (s) 𝑣𝑃𝑟𝑜𝑚 (m/s) 𝑁𝑅𝑒 𝐹𝑇 (s) 

9.8 1.7×10-6 0.06 1475 8.9 0.02 567 24.0 

20.9 4.6×10-6 0.15 3893 3.4 0.06 1496 9.1 

30.4 7.6×10-6 0.25 6452 2.0 0.10 2480 5.5 

41.5 1.1×10-6 0.35 9021 1.4 0.15 3467 3.9 

51.0 1.3×10-5 0.44 11146 1.2 0.18 4284 3.2 

60.5 1.6×10-5 0.53 13550 1.0 0.22 5208 2.6 

70.1 1.8×10-5 0.61 15623 0.8 0.25 6005 2.3 

81.2 2.1×10-5 0.71 18225 0.7 0.29 7005 1.9 

93.9 2.5×10-5 0.82 20949 0.6 0.34 8052 1.7 

        
Source [Own Elaboration] 

 

Box 5 
 

Table 3  

Feed pump for different food product 

 
L (m) Food Product 𝑭𝑻 (s) T (°C) 𝑸 (m3/s) 𝑷𝑭 

(%) 

0.57 

Milk 15 72 

2.8×10-6 13.4 

Juice NFC1 or from concentrate, pH < 4.2 15 80 

Still drinks, pH < 4.2 15 80 

Juice with < 10 % pulp 15 80 

Juice with >10 % pulp 15 95 

Juice, nectar, still drinks pH 4.2–4.6 15 123 

0.51 
Milk UHT 2 130 7.6×10-6 30.4 

Juice, nectar, still drinks pH > 4.6 4 138 3.9×10-6 17.3 
1Not from Concentrate 

      
Source [Own Elaboration] 

 

Conclusions 

 

Holding time of HTST and UHT pilot-scale pasteurizer was evaluated considering the average velocity 

instead of the maximum velocity. This allowed us to determine a holding time of 2 s for 27.4 L/h or 30.4 

% of the feed pump for UHT. A flow rate of 10 L/h or 13.4 % pumping rate for a retention time of 15 s 

was verified for HTST. Pumping rates could be estimated for different food products. Determining these 

process variables is very important and must be precisely specified in food production in relation to its 

quality and shelf-life requirements. 
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Abstract  

 

The objective was to evaluate the quality of fresh semen in Pug dogs. Four donors were used, with an 

average weight of 10 ± 5 kg and an age of 4.3 ± 0.9 years. The ejaculate was obtained by manual 

collection and subsequently, individual evaluation of macroscopic parameters (odor, volume, and color) 

and microscopic parameters (mass motility, progressive motility, sperm concentration, sperm viability 

and normal morphology) was performed. Differences were observed between donors; one of the dogs 

obtained the lowest results in volume, mass motility, sperm concentration, and normal morphology. All 

donors were suitable for reproduction. However, the dog Bebe, since it obtains low-quality semen, could 

only be used as a fresh semen donor; it is not suitable for sperm cryopreservation.  

 

 
 

Fresh semen, Dogs, Pug breed 

 

Resumen  

 

El objetivo fue evaluar la calidad del semen fresco en caninos de raza Carlino. Se utilizaron 4 donantes 

con un peso promedio de 10±5 kg y edad de 4.3 ± 0.9 años. El eyaculado fue obtenido mediante colecta 

manual y posteriormente, se realizó la evaluación individual de los parámetros macroscópicos (olor, 

volumen y color) y microscópicos (motilidad masal, motilidad progresiva, concentración espermática, 

viabilidad espermática y morfología normal). Se observaron diferencias entre los donantes, uno de los 

caninos obtuvo los resultados más bajos en los parámetros de volumen, motilidad masal, concentración 

espermática, y morfología normal. Todos los donantes son aptos para la reproducción. Sin embargo, el 

canino Bebe al obtener semen de baja calidad únicamente se podría utilizar como donante de semen 

fresco, no es apto para la crioconservación espermática.  

 

 
 

Semen fresco, Canino, raza Carlino. 
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y color) y microscópicos 

(motilidad masal, motilidad 

progresiva, concentración 

espermática, viabilidad 

espermática y morfología 

normal). 

Se observaron diferencias entre 

los donantes, uno de los caninos 

obtuvo semen de baja calidad, 

únicamente se podría utilizar 

como donante de semen fresco, 

no es apto para la 

crioconservación espermática. 
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1. Introduction 

 

Reproduction is a process by which individuals of each species ensure their survival by giving rise to 

new beings in order to perpetuate the species [Arango & Rendón, 2009]. The evaluation of the stud is 

essential, since for the reproduction process to take place, both the male and the female must be in perfect 

condition, given that each contributes 50% of the genetic material [Páramo, 2005]. 

 

One of the main reasons for evaluating sperm quality in dogs is to assess the fertility of young 

dogs, especially those with unconfirmed pregnancies, before they are used for breeding. It is also used to 

check that semen production has not been affected by a pathological process, prostate disease or drug 

therapy [Peña, 1997]. Poor semen quality is reflected not only in reduced pregnancy rates, but also in a 

low number of puppies per litter [Keuerk, 2013]. 

 

Ejaculate collection can be performed using an artificial vagina, manual stimulation, plastic 

condoms, and even electroejaculation. Of these options, manual stimulation is the most commonly used 

technique for collecting sperm samples in dogs [Ochoa & Torres, 2012]. 

 

Another way to obtain sperm samples is directly from the epididymis. This is an alternative 

technique for recovering sperm from animals that have had accidents, poisoning or diseases that may 

lead to orchiectomy. It is even possible to obtain sperm cells from cadavers within a limited time after 

death. The sperm are recovered from the tail of the epididymis and have acceptable viability and 

fertilisation capacity [Armas et al., 2011]. 

 

Cryopreservation is a reproductive biotechnology that allows the genetic material of an animal to 

be preserved indefinitely and provides semen from specimens located in different parts of the world. In 

addition, it has become popular among breeders due to its ease of use, low cost, and ease of transport 

[Álamo, 2007]. 

 

In certain dog breeds, owners opt to use some of these techniques to obtain semen due to the 

physical characteristics of the breed, behavioural problems or infertility [Restrepo et al., 2009]. 

 

Pugs are small, docile, affectionate and playful dogs. These characteristics make this breed 

suitable for living with children. However, their anatomy can make mating difficult, so artificial 

insemination [Stuart, 2018] with fresh, refrigerated or cryopreserved semen [Hesser et al., 2017] is used 

to achieve reproduction. To carry out these processes, it is essential to evaluate the ejaculate. 

 

Therefore, the objective of this research was to analyse the characteristics of each semen sample 

to determine the quality of the semen obtained from each donor and assess whether it was suitable for 

reproduction. 

 

2. Materials and Methods 

 

The collection and analysis of the semen samples was carried out in the Animal Reproduction 

Biotechnology Laboratory of the Faculty of Biological and Agricultural Sciences, Tuxpan campus of the 

University of Veracruz, located at kilometre 7.5 of the Tuxpan-Tampico highway, Colonia Universitaria, 

Tuxpan, Veracruz. 

 

2.1 Study subjects 

 

Four dogs of the Pug breed were used, with an average age of 4.3 ± 0.9 years and an average weight of 

10 ± 5 kg. The selection of the specimens was based on their age, breed, and the fact that they had no 

sexual activity prior to the study. 

 

The dogs had completed their vaccination schedule and were dewormed both externally and 

internally. They were housed outdoors in a 200 m2 yard. Their diet consisted of 150 g of dry food, 

alternating some days with a little rice and chicken. 

 

 

 

https://repository.ces.edu.co/bitstreams/cd49577b-06d0-4d0e-90b8-31707366605a/download
https://fmvz.unam.mx/fmvz/licenciatura/coepa/archivos/manuales_2013/Manual%20de%20Practicas%20de%20Profundizacion%20en%20Reproduccion%20Animal%20Perros.pdf
https://investigacion.usc.gal/documentos/5d1df66829995204f766b22c?lang=es
https://www.colibri.udelar.edu.uy/jspui/handle/20.500.12008/35178
https://dspace.ucuenca.edu.ec/items/d0cd1c1f-4d73-449f-90da-c3be24bee932
https://www.redalyc.org/articulo.oa?id=371838856004
https://accedacris.ulpgc.es/jspui/handle/10553/1910
https://www.redalyc.org/articulo.oa?id=321428102012
https://doi.org/10.1016/j.cvsm.2018.02.005
https://doi.org/10.1016/j.theriogenology.2016.08.012
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2.2 Manual semen collection 

 

Prior to each collection, the external genitals were inspected to rule out any pathology or injury. The 

penis and foreskin were then cleaned to remove dirt, urine residue, hair, and other debris. 

 

Collections were made in the morning (between 9 and 11 a.m.) by manual stimulation. The 

animals were placed on a table for extraction and began with a gentle massage of the bulb of the penis 

with gloved hands. Once an adequate size was reached, light pressure was applied, simulating the 

contractions that occur naturally in the female vagina to promote ejaculation. 

 

The second and third fractions of the ejaculate were collected in 15 ml graduated tubes. All 

collection tubes were placed in a water bath at 37 °C to keep the samples at a constant temperature and 

prevent any deterioration in quality that could negatively affect the results. 

 

Once collection was complete, the detumescence of the penis and its correct retraction into the 

foreskin were checked to prevent lacerations, strangulation or excessive drying that could cause 

subsequent damage. 

 

2.3 Seminal quality assessment 

 

The macroscopic and microscopic characteristics of the semen obtained were assessed. The macroscopic 

characteristics considered were: volume, colour, odour and density. 

 

Volume: The volume was determined by direct observation of the graduated tube in which the 

sample was collected. 

 

Colour: Determined by direct observation. 

 

Odour: The odour of the ejaculate was classified as sui generis. It was determined by smell, 

bringing the collection tube close to the nose. 

 

Density: This was established by observing the semen. 

 

The parameters evaluated in the microscopic analysis were: total motility, progressive motility, 

sperm concentration, viability, and normal morphology. 

 

Total motility: To evaluate this parameter, 10 µl was placed with a micropipette on a slide 

previously warmed to 37°C and observed under a microscope at 10X magnification. Motility was 

estimated based on the vigour of the sperm waves, giving a value between 0 and 5, where 0 corresponds 

to immotile sperm and 5 to very vigorous wave motion [Restrepo et al., 2009; Tittarelli, 2016]. 

 

Progressive motility: A drop of fresh, undiluted semen (10 µl) was placed between a preheated 

37°C slide and cover slip and observed under a microscope at 10X magnification [Tittarelli, 2016]. It 

was graded according to Corrada et al. [2006] as 100-80% very good, 60-79% good, 40-59% fair, and 

less than 40% poor. 

 

Sperm concentration: A 1:100 dilution of tap water and semen was made to determine the 

concentration, placing 10 µl of semen and 990 µl of water, then shaking, discarding the first drop and 

filling both chambers of the haemocytometer, which had a cover slip attached to the top, by capillary 

action. The sperm count was performed under an optical microscope with a 40X objective. Sperm whose 

heads were within the four corner squares and the central square of the chamber were counted, as well 

as sperm touching the lines on the upper and left sides of each square. 

 

The number of sperm counted in the first chamber was added to the number of sperm counted in 

the second chamber, and the average was calculated. 

 

 

 

https://www.redalyc.org/articulo.oa?id=321428102012
https://sedici.unlp.edu.ar/handle/10915/57873
https://sedici.unlp.edu.ar/handle/10915/57873
https://www.scribd.com/document/236446726/El-Espermograma-en-La-Reproduccion-Canina
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To determine the concentration of spermatozoa per millilitre, the chamber was considered to have 

a height of 0.1 mm, which means that the number of spermatozoa must be multiplied by 10 to convert to 

mm3. In addition, since only five of the 25 squares were counted, 1/5 of mm3 was counted, so it is 

necessary to multiply the result by 5. Finally, the resulting number was multiplied by 100, corresponding 

to the dilution used [Zarco and Boeta, 2000; Páramo, 2009; Brito et al., 2016] 

 

Viability: To determine viability, 200 spermatozoa per sample were evaluated and the percentage 

of live and dead spermatozoa was determined. A smear was made on a microscope slide using 10 µl of 

semen and 10 µl of the vital eosin-nigrosin stain, left to air dry and then observed under an optical 

microscope using a 100X immersion objective to perform the count. Live spermatozoa were not stained 

and dead spermatozoa took on a pink colour. 

 

Morphology: to assess sperm morphology, 200 spermatozoa per sample were evaluated using the 

same eosin-nigrosin smear previously used to determine sperm vitality. The percentage of spermatozoa 

with normal morphology was calculated [Restrepo et al., 2009; Hassanpour et al., 2023]. 

 

2.4 Statistical analysis 

 

Statistical analysis was performed using the SPSS 20 statistical package for Windows [SPSS, 2011]. All 

parameters were analysed using the univariate general linear model, and differences between means were 

analysed using Tukey's test. 

 

The ordinal variables of colour, density and mass motility were analysed using Somers' d statistic. 

 

3. Results 

 

In the macroscopic analysis of semen obtained by manual collection from four dogs, no statistically 

significant differences were observed between donors (p>0.05) for the parameters of odour, colour and 

consistency. The odour in all semen samples was sui generis. In terms of colour, 55% of the samples 

were white and 45% were grey. The consistency of the semen was mostly watery (70%), and only 30% 

had a creamy consistency. 

 

Regarding ejaculate volume, variability was observed among donors, with the volume obtained 

in the dog Bebé (0.5 ± 0.8) being statistically (P<0.001) lower than in the other dogs (Table 1). 

 

Microscopic analysis revealed statistically significant differences (P<0.0001) between dogs in 

terms of mass motility, with Bebé again presenting the lowest value compared to the other dogs (Table 

1). 

 

Box 1 
 

Table 1 

Macroscopic and microscopic parameters in fresh semen from Pugs 
 

Parameters Baby n=6 Bongon =6 Toni Start n=6 Black n=4 

Volume (ml) 0.5 ± 0.8 a 1.7 ± 0.8 b 2.3 ± 0.6 b 1.4 ± 0.6 b 

Mass motility 2.8 ± 0.5 a 4.2 ± 0.8 b 4.8 ± 0.4 b 4.4 ± 0.5 b 

Progressive motility (%) 77.0 84.8 83.6 77.0 

Concentration 84.0 ± 55.5 128.0 ± 87.0 180.0 ± 108.2 108.0 ± 28.6 

(x106/ml) 91.4 95.7 92.8 92.0 

Viability (%) 82.2  88.6 88.9 90.2  

Different letter in the row (P<0.05) indicates statistical difference; n: number of collections per animal 

 

 With regard to progressive motility, the individual mean values ranged between 77 and 84.8% 

(Table 1); however, the differences were not statistically significant. 

 

 With regard to the percentage of live sperm, the values were very similar among individuals, with 

mean values ranging between 91.4 and 95.7% (Table 1). 

https://fmvz.unam.mx/fmvz/licenciatura/coepa/archivos/manuales_2013/Manual%20de%20Practicas%20de%20Reproduccion%20Animal.pdf
https://doi.org/10.1016/j.theriogenology.2016.01.002
https://www.redalyc.org/articulo.oa?id=321428102012
https://doi.org/10.1186/s12917-023-03795-x
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 Likewise, numerical differences were observed in the sperm concentration parameter, with Bebé 

obtaining the lowest value (84 x 106 sperm/ml) and Tony the highest value, although these differences 

were not statistically significant. 

 

 The percentage of spermatozoa with normal morphology ranged from 82.2 to 90.2%, with Negro 

obtaining the highest figure and Bebé the lowest, but without any statistical difference. 

 

4. Discussion 

 

Macroscopic and microscopic semen characteristics showed variations between individuals, with Bebé 

obtaining the worst results in terms of volume and motility compared to those obtained by Bongo, Negro 

and Tony. 

 

The average individual volume was 0.5 ml for Bebé, 1.4 ml for Negro, 1.7 ml for Bongo and 2.3 

ml for Tony. Corti [2003], when evaluating 10 ejaculates from 4 dogs, recorded volumes of 1 to 4 ml; 

similarly, Arango and Rendón [2009] obtained results of 1 to 4 ml in large dogs weighing between 21 

and 33 kg and aged 2 to 6 years. In contrast, Cañar [2015] found an average volume of 5.38 ml in different 

breeds of small and medium-sized dogs aged 1 to 6 years. According to these observations, only the 

average volume obtained by Bebé is below the normal values reported in dogs, although this parameter 

is not an indicator of fertility in males and may vary depending on the breed, age, size, physiological 

status of the individual, collection method, and frequency of extraction [Tittarelli, 2016]. 

 

Regarding microscopic characteristics, Tittarelli [2016] points out that the mass motility of good 

quality fresh semen should have a category of 4 to 5, therefore, only three dogs (Negro, Tony, and Bongo) 

meet this criterion by obtaining values above 4. This is comparable to the result obtained by Arango- 

Múnera et al. [2020], who reported a mass motility of 3.96 prior to sperm freezing. 

 

In the progressive motility parameter, average values of 83.6% and 84.8% were found for Tony 

and Bongo, respectively, while Negro and Bebé obtained 77%. These values are higher than those 

reported by Siena et al. [2025], who obtained percentages between 73 and 76%. In contrast, Andrade 

[2005] and Cuadra [2012] obtained higher values, 86% and 90 to 98%, respectively. However, Corrada 

et al. [2006] consider progressive motility to be very good when it is between 80 and 100%, good from 

60-79%, fair from 40-59%, and poor when it is less than 39%. 

 

The average sperm viability percentage obtained for Bebé was 91.4%, 92% for Negro, 92.8% for 

Tony, and 95.7% for Bongo. Álamo [2007] reported an average of 94.2%, Llusco-Guarachi & Delgado- 

Calisya [2021] obtained an average of 93.6%, while Corti [2003] obtained 82.2%. According to 

Rodríguez-Martínez et al. [1993], a sperm viability value of 80% is acceptable as normal, while Corrada 

et al. [2006] and Tittarelli [2016] indicate that viability should reach at least 70%. Considering the views 

of the latter authors, all dogs in this study exceed the minimum percentages; therefore, sperm viability is 

normal. 

 

In terms of morphology, the percentage of abnormal sperm was highest in the dog Bebé with 

17.8%, followed by Bongo with 11.4% and Tony with 11.1%. These values are very similar to those 

reported by Corti [2003], who obtained an average of 18.6% abnormalities, while Cañar [2015] obtained 

11.4% and Álamo [2007] observed between 6.7% and 12%. All these values are within the reference 

parameter reported by Corrada et al. [2006], who point out that good quality semen should contain more 

than 70% of sperm with normal morphology and the number of abnormal sperm should not exceed 30%.  

 

With regard to sperm concentration, Gobello and Oivera [2005] indicate that a concentration of 

200 to 1,200 million sperm per millilitre is acceptable. Páramo [2009], on the other hand, considers that 

the minimum acceptable concentration is 100 million sperm per millilitre, a value that coincides with 

that found in three dogs in the study (Negro, Tony and Bongo). However, all dogs are below the values 

reported by Llusco-Guarachi & Delgado-Calisya [2021], Álamo [2007], and Cañar [2015], who obtained 

average values of 569.6, 711.2, and 820 million sperm per millilitre, respectively. 

 

 

 

http://cybertesis.uach.cl/tesis/uach/2003/fvc829e/doc/fvc829e.pdf
https://repository.ces.edu.co/bitstreams/cd49577b-06d0-4d0e-90b8-31707366605a/download
https://dspace.unl.edu.ec/items/8da4524c-4d06-4fbb-b785-6a94377c6d40
https://sedici.unlp.edu.ar/handle/10915/57873
https://sedici.unlp.edu.ar/handle/10915/57873
https://doi.org/10.24188/recia.v12.n1.2020.754
https://doi.org/10.3390/ani15081160
https://hdl.handle.net/20.500.14352/55935
http://repositorio.utc.edu.ec/handle/27000/666
https://www.scribd.com/document/236446726/El-Espermograma-en-La-Reproduccion-Canina
https://accedacris.ulpgc.es/jspui/handle/10553/1910
https://dicyt.upea.bo/assets/publicaciones_archivos/file_1691675277.pdf
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 According to the results obtained, it can be observed that the canine Bebé obtained the lowest 

values in the different parameters; this may be due to different reasons such as the donor's mood, the 

environment in which he is at the time of collection, the rest time between collections and the lack of 

excitement of the specimen. 

 

5. Conclusion 

 

All donors are suitable for reproduction. However, as canine Bebe obtained low-quality semen, he could 

only be used as a fresh semen donor and is not suitable for sperm cryopreservation, as semen quality 

decreases after the freezing-thawing process. 

 

 It is advisable to continue the semen collection and evaluation process, as semen quality may 

improve when collections are recurrent and donors are adapted to the collection process. 
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Abstract    

 

The presence of true viviparity was identified in Tillandsia recurvata trees located within the campus of 

the Technological University of Tula-Tepeji, in the area of influence of the Endhó Dam, in the state of 

Hidalgo. This type of reproduction, in which the seed germinates within the fruit, represents an adaptive 

strategy in the face of adverse environmental conditions, such as air pollution, high temperatures, and 

water stress. The development of the seedling within the fruit protects it and thus increases its probability 

of survival, promoting faster colonization of the host tree. However, this reproductive behavior, although 

beneficial for the species, entails ecological risks by accelerating the deterioration of the phorophyte and 

the loss of forest cover. Viviparity is proposed as a bioindicator of environmental deterioration, and 

monitoring and management strategies are suggested to control its expansion, especially in regions with 

high levels of air pollution and climate vulnerability. 

 

 
 

True viviparidad, T. recurvata, Air pollution 

 

Resumen 

 

Se identificó la presencia de viviparidad verdadera en Tillandsia recurvata en los árboles ubicados dentro 

del campus de la Universidad Tecnológica de Tula-Tepeji, ubicada en el área de influencia de la presa 

Endhó, en el Estado de Hidalgo. Este tipo de reproducción, en el que la semilla germina dentro del fruto, 

representa una estratégica adaptativa frente a las condiciones ambientales adversas, como la 

contaminación del aire, temperaturas elevadas y estrés hídrico. El desarrollo de la plántula dentro del 

fruto, le protege y así aumenta su probabilidad de supervivencia, propiciando una colonización más 

rápida del árbol hospedero. Sin embargo, este comportamiento reproductivo, aunque benéfico para la 

especie, implica riesgos ecológicos al acelerar el deterioro del forofito y la perdida de cubierta forestal. 

Se propone considerar la viviparidad como un bioindicador de deterioro ambiental y se sugieren 

estrategias de monitoreo y manejo para controlar su expansión, especialmente en regiones con altos 

índices de contaminación atmosférica y vulnerabilidad climática. 
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Introduction 

 

Tillandsia recurvata is an epiphytic bromeliad widely distributed in arid and semi-arid regions of the 

American continent. Although it is not parasitic, it attaches itself to tree branches to capture water and 

nutrients directly from the atmosphere, giving it a remarkable ability to survive in extreme and highly 

polluted conditions (Brighigna et al., 2002; Serrano-Hernández et al., 2020). 

 

In Mexico, particularly in the state of Hidalgo, motita hay has been recognised as a priority species 

due to the negative effects it is having on tree vegetation in the municipalities surrounding the Endhó 

dam. The decree declaring the area of influence of the dam an ‘ecological restoration zone,’ published in 

the Official Gazette of the Federation, establishes the need to implement specific programmes for the 

monitoring and control of this species, along with others with invasive behaviour, due to their 

contribution to the loss of forest cover and the deterioration of the regional ecosystem (DOF, 2022). 

 

In recent years, unusual reproductive behaviour has been documented in T. recurvata: true 

viviparity, which consists of the germination of seeds inside the fruit or while still attached to the mother 

plant, generating seedlings capable of establishing themselves immediately (Pérez Noyola et al., 2020). 

This strategy is particularly relevant in ecosystems subjected to environmental stress, such as prolonged 

droughts or atmospheric pollution, conditions that have been especially intense in recent months in the 

UTTT's area of influence. 

 

The UTTT is located in the municipality of Tula de Allende, Hidalgo, a region characterised by 

intense industrial activity. Important industries converge in this municipality, such as the Miguel Hidalgo 

Refinery, thermoelectric power plants belonging to the Federal Electricity Commission, as well as 

cement factories, lime kilns and other chemical and manufacturing companies. This concentration of fine 

emission sources has contributed to the degradation of air quality, with constant reports of high levels of 

atmospheric pollutants such as sulphur dioxide (SO2), nitrogen oxides (NOx), suspended particulate 

matter (PM10, PM2.5) and heavy metals (SEMARNAT, 2023). 

 

Adding to this problem are the extreme weather conditions that have affected the region in recent 

years, notably heat waves and prolonged droughts that intensified in April and May 2025, when 

temperatures exceeded 40°C (CONAGUA, 2025). These adverse environmental conditions create a 

physiologically stressful environment for local biota, which can induce notable adaptive responses in 

species such as Tillandsia recurvata, including viviparity, considered a reproductive strategy in 

unfavourable conditions (Pérez-Noyola et al., 2020; García-Trejo et al., 2021). 

 

The present study aims to document for the first time the presence of viviparity in T. recurvata in 

this region as a possible adaptive response to extreme conditions. 

 

Unlike other research focused on its dispersal or biomass, this work adds value by analysing a 

reproductive mechanism that has been little explored in ecological restoration contexts. 

 

Theoretical Framework 

 

Viviparity in plants is a rare reproductive phenomenon characterised by the germination of seeds within 

the fruit while it is still attached to the mother plant. This phenomenon represents an adaptation to the 

environment, particularly in environments that cause stress to the plant. According to Elmqvist and Cox 

(1996), true viviparity implies that the seed completes its germination and forms a seedling that is viable 

when released from the fruit. True viviparity is distinguished from pseudoviviparity, in which vegetative 

structures (such as buds and bulbils) emerge instead of sexual seeds. 

 

Pseudoviviparity has been observed in several species, especially in extreme environments where 

sexual reproduction may not be viable. Wycheley (1953) documented pseudoviviparity in temperate 

grasses, and Sinclair et al. (2015) studied this phenomenon in marine phanerogams, showing that it may 

represent an evolutionary strategy in the face of adverse environmental conditions. Cota-Sánchez and 

Abreu (2007) argued that cryptic viviparity in cacti could represent an adaptive trait for survival in hostile 

environments. 
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The factors that induce viviparity in plants may be related to physiological and hormonal aspects, 

such as low sensitivity to the hormone abscisic acid (ABA), which prevents seed dormancy. Miyoshi et 

al. (2000) demonstrated that certain mutations in rice cause viviparity due to insensitivity to ABA, 

suggesting a possible similar mechanism in other species. 

 

From an evolutionary perspective, Zhou et al. (2016) analysed how viviparity in mangroves has 

become a competitive advantage for proliferation in humid environments. Viviparity represents not only 

a reproductive adaptation, but also a key ecological response in the dynamics of species inhabiting highly 

disturbed environments. 

 

Methodology 

 

The study takes a quantitative experimental approach, as it seeks to document the presence of viviparity 

in specimens of T. recurvata collected within the Technological University of Tula-Tepeji itself and the 

municipalities within its area of influence, as a possible adaptive response to extreme atmospheric 

conditions such as drought, high temperatures, and high levels of pollution. 

 

Study area 

 

The study area is the campus of the Technological University of Tula-Tepeji, covering an area of 16 

hectares. Coordinates: 20°0′46.8″ N, 99°20′47.4″ W, located at Av. Universidad Tecnológica No. 1000, 

C.P. 42830, El Carmen, Tula de Allende, Hidalgo, Mexico. The municipality of Tula de Allende has 

maximum temperatures ranging from 24 to 27.9 degrees, an average between 16 and 19.9 degrees, and 

minimum temperatures ranging from 8 to 11.9 degrees. 

 

Population and Sample 

 

The population under study is the UTTT campus located in the municipality of Tula de Allende, Hidalgo. 

A randomised sampling was carried out in areas with contrasting characteristics within the university 

campus. As a sampling strategy, students were instructed on NOM-011-SEMARNAT-1996 to collect 

hay specks in sterile plastic bags so as not to alter their structures. Two collection areas were defined: 

 

a. The area adjacent to the Tula-Tepeji road and car parks with direct exposure to mobile sources of 

contamination 

 

b. The area near the teaching buildings, which is more protected and has less exposure to vehicles. 

 

From each area, 5 kilograms of Tillandsia recurvata spores attached to phyllophytes were 

collected, ensuring an equitable representation in terms of number of individuals and infestation 

conditions. 

 

The sampling area was georeferenced and a photograph of the phyllophyte was taken to determine 

the species. The degree of infestation was assessed using the method proposed by Hawksworth, 1980. In 

the laboratory, the following procedure was followed: 

 

1. The samples were placed on trays on the laboratory table and labelled with the collection site. 

 

2. Phenomenological observations were recorded for the collected seeds, with an emphasis on 

reproductive structures and special attention to the identification of fruits with signs of viviparity, 

using the photographic criteria reported by Pérez-Noyola et al. (2020) as a reference. The 

structures were photographed for comparative analysis. 

 

3. The fruits were observed directly and with the aid of an optical microscope with 4X and 10X 

objectives. 

 

4. Green and ripe fruits (as a new line of research will test viviparity in vitro) and fruits with 

viviparity were collected and placed in separate sterile Petri dishes. 

 

5. Notes and photographs were taken of the observations and findings. 
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Results 

 

Five kilograms of tree seeds from different species, mostly mesquite, were collected using protective 

equipment such as goggles, gloves, smocks, and industrial footwear. The samples were obtained from 

trees with grade 3 and 2 infestation. They were placed on trays for observation and labelled separately. 

 

Within the UTTT campus, samples of R. recurvata were collected in two areas (one near the car 

park and the Tula-Tepeji road and another in the middle of the campus approximately 300 meters away). 

The morphological characteristics of the hay were similar, and in both cases, the presence of fruits with 

true viviparity was identified. These findings suggest that the atmospheric and climatic conditions in both 

areas of the campus are comparable and favour the expression of this reproductive form; therefore, no 

difference is made in the results between the samples from one area and the other. 

 

It was observed that T. recurvata motas tend to concentrate preferentially in the middle of the tree 

canopy, where the upper branches cast shade and reduce direct exposure to solar radiation. This 

distribution suggests a photoinhibition response, as the species is sensitive to intense solar radiation. 

Consequently, it is uncommon to find patches above the tree canopy, where light conditions are more 

extreme. 

 

It was observed that different reproductive stages can coexist simultaneously on a single 

Tillandsia recurvata tuft, including open flowers, developing green fruits, ripe and dry fruits, as well as 

fruits with possible signs of viviparity. This phenomenological coincidence suggests a continuous and 

adaptive reproductive pattern, probably influenced by the variable environmental conditions of the 

surroundings. In Figure 1, at the points marked with the letter A, open or opening floral structures can be 

observed. The flowers have a narrow, elongated floral tube, typical of the species, with violet-coloured 

petals emerging from a basal spathe. These flowers are hermaphroditic and short-lived, which is 

characteristic of the reproductive phenology of T. recurvata.  

 

The floral opening is well developed and allows clear observation of the perianth. At point B, 

young or immature fruits can be seen, which are elongated cylindrical in shape and pale green in colour, 

indicating that they have not yet reached maturity. These fruits are capsules that will later open by 

dehiscence to release seeds. At this stage, there are no signs of premature opening or germination, so 

they are considered normal pre-dispersal structures. At point C, there is an open fruit from which a 

developing seedling emerges; the image is clearly different from the previous ones, as it has differentiated 

embryonic structures (probably hypocotyl or first scutellum).  

 

This represents a clear case of true viviparity, as germination occurs within the fruit before its 

release into the environment. This phenomenon implies that the seed has completed its embryonic 

development and has begun to grow while still attached to the mother plant, which is an adaptive strategy 

in hostile environments. 
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Box 1 
 

 
 

Figure 1 

Title: Tillandsia recurvata plant at different reproductive stages, including open 

flowers (A), developing green fruits (B), and fruits with possible signs of viviparity 

(C). This phenological coincidence suggests a continuous and adaptive 

reproductive pattern 

Source: Own Work 

 

This pattern suggests high phenological plasticity. The presence of true viviparity coincides with 

that reported by Pérez-Noyola (2020) and may be associated with factors such as environmental stress, 

high temperature, or atmospheric pollution, which are characteristic of the municipality of Tila de 

Allende, Hidalgo. 

 

Figure 2A shows structures similar to shoots emerging directly from the dry fruit. This case is 

very similar to the phenomenon reported by Pérez-Noyola et al. (2020). Image 2B shows a dry fruit with 

an emerging seedling, which is approximately 4-5 cm in size due to the growth of the seedling. Figure 

2C clearly shows a fully formed open flower with purple petals characteristic of T. recurvata, indicating 

that it is in its functional phase. Figure 2D gives the impression that a flower is emerging from a fruit, 

which is not typical.  

 

This is a case of late flowering on the same spike where other fruits are forming. In bromeliads 

such as T. recurvata, flowers are born in dense spikes and sometimes floral remains (bracts) persist 

around the ovary. The elongated capsule-shaped structures covering the flower are covered by trichomes 

typical of floral bracts. Photograph 2E documents the final reproductive cycle of Tillandsia recurvata 

under natural conditions of dissemination. There are no signs of viviparity in these fruits, as the seeds 

have been expelled. Point 2EA shows a dry fruit that has opened and released its seeds, revealing an 

intertwined set of pappus hairs with anemochorous fusion. Point 2EB shows dark brown dehiscent 

capsules, each with at least two separate valves. the opening occurs naturally when the fruit ripens and 

dries, facilitating the release of the seeds. The fruit at point 2EB is completely empty, indicating that it 

has already released all of its seeds. Photograph 2F shows a close-up of the fruit at point 2EA, where the 

pappuses are more clearly visible.  

https://doi.org/10.1080/23818107.2019.1682305
https://doi.org/10.1080/23818107.2019.1682305
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They are grouped together, which is common after the simultaneous opening of several fruits. 

They are fluffy and whitish in appearance and are attached to the seeds that are dispersed from the dry 

fruits. We can see that the length of the dry fruits varies between approximately 2.5 and 3.5 cm and the 

mass of pappus measures around 1.5 cm in diameter. Figure 2G shows a fruit of T. recurvata in a naturally 

opened state, containing mature seeds ready for dispersal; the seeds are complete and have pappus, which 

in this case are compressed. The surface of the fruit is brown in colour, rough in texture and apparently 

fragile, indicating that the fruit has already fulfilled its reproductive function and is in its final stage. 

 

Box 2 
 

A 

 

B 

 

    

C 

 

D 

 

    

E 

 

F 

 
    

G 

 

H  

 

Figure 2 

Title: Different reproductive stages of Tillandsia recurvata. In A and B, dry fruits 

can be seen from which green leaves emerge, representing true viviparity. In C and 

D, we see the characteristic purple flowers of T. recurvata. E, F, and G show ripe 

fruits releasing seeds with pappus. 

 

In Figure 3A, near the 1 cm mark on the ruler, a fruit with true viviparity can be seen. In a close-

up in Figure 3B, a fruit with open valves is shown, and green leaf structures can be distinguished inside. 

This fruit exhibits true viviparity as it meets the visual characteristics reported by Pérez-Noyola et al. 

(2020): internal seed germination, seedlings forming inside the fruit with differentiated structures such 

as cotyledons, embryonic axis, young leaves and even roots, and the embryo continues to use resources 

from the fruit or seed while developing internally. The visible emergence of the seedling can be seen 

macroscopically. 

 

 

https://doi.org/10.1080/23818107.2019.1682305
https://doi.org/10.1080/23818107.2019.1682305
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Box 3 
 

A 

 
B 

 
 

Figure 3 

Title: In 3A, we observe a fruit with true viviparity. In a close-up in 3B, we see a 

fruit with open valves, and inside, green leaf structures can be distinguished. This 

fruit exhibits true viviparity, as it meets the visual characteristics reported by Pérez-

Pérez-Noyola et al. (2020). 

 

Figure 4A shows a specimen representing a case of true viviparity observed under a stereoscopic 

microscope, where the seed has germinated endogenously before being released into the environment. 

The observation suggests that environmental conditions in the study area (such as high temperature, water 

stress, and high concentration of atmospheric pollutants) may be acting as inducing factors for this 

reproductive form, as has been reported in the literature on viviparous bromeliads (Pérez-Noyola et al., 

2020). Figure 4B shows a fruit with true viviparity under an optical microscope with a 4X objective lens. 

 

Box 4 
 

A 

 
 

 

B 

 
Figure 4  

Title: Fruits with true viviparity. 4A viewed under a stereoscopic microscope 

and 4B viewed under an optical microscope with a 4X objective lens.  

 

In 4A, we observe a fruit with true viviparity of Tillandsia recurvata. The open pericarp can be 

seen: the fruit, with an elongated linear shape, is partially open longitudinally. This behaviour is typical 

in the fruits of T. recurvata, which open axially, allowing the germinated seedling to emerge. Inside the 

fruit, a light green elongated structure can be seen protruding from the edge of the dehiscence.  

https://doi.org/10.1080/23818107.2019.1682305
https://doi.org/10.1080/23818107.2019.1682305
https://doi.org/10.1080/23818107.2019.1682305
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This structure is cylindrical in shape and directional in growth, indicative of seedling 

development. In this case, no pappus is observed. The surface of the fruit and seedling appear hydrated, 

suggesting conditions of high relative humidity, a common factor which, together with thermal stress, 

induces germination within the fruit. The green colouration of the emerging structure is indicative of the 

presence of active chlorophyll, confirming that the embryo has already begun its functional 

(photosynthetic) development, another key characteristic of true viviparity. 4B meets the visual 

characteristics reported by Pérez-Noyola et al. (2020). In the field of view, an elongated structure with a 

longitudinal texture can be distinguished, corresponding to a developing seedling emerging from inside 

the fruit. An orange hue characteristic of the microscope's lower illumination is observed, highlighting 

the transparency of the tissues and the parallel veins of the fruit. In the central area, an elongated ovoid 

structure with a denser texture runs longitudinally through the fruit cavity. This structure corresponds to 

the embryonic axis of the seedling, which shows initial differentiation of the hypocotyl or scutellum. 

Around the seedling, the remains of the fruit valves that have partially opened can be seen, a characteristic 

of the capsule-type dry fruits of this species. 

 

The position and orientation of the embryo indicate that it has begun its development within the 

fruit before dispersal, which is a fundamental criterion for confirming true viviparity. Figure 5 shows a 

portion of the internal contents of a dry fruit of T. recurvata, focusing particularly on the mass of pappus 

(specialised trichomes) that detach together with the seeds at the moment of dehiscence. 

 

The pappus can be seen in the field of view. These appendages, derived from the outer seed coat, 

facilitate anemochorous dispersal, as they act as aerodynamic structures that keep the seed in suspension 

during transport. On the left and centre of the image, a darker, elongated structure can be seen, which 

corresponds to the body of the T. recurvata seed. This structure appears to be aligned parallel to several 

hairy fibres, suggesting that it is still partially attached to the pappus. 

 

Box 5  
 

 
 

Figure 5 

Title: Seed and husks extracted from a dry fruit of Tillandsia recurvata 

 

 

Analysis of Results 
 

The true viviparity observed in Tillandsia recurvata can be interpreted as an adaptive response to severe 

environmental conditions. High temperatures, prolonged water stress, and high levels of atmospheric 

pollution create a limiting environment for conventional germination. Under these circumstances, early 

germination within the fruit allows the seedling to begin its development in a protected environment, 

ensuring its viability and favouring immediate establishment upon dispersal (Elmqvist & Cox, 1996; 

Pérez Noyola et al., 2020). 

 

 

 

https://doi.org/10.1080/23818107.2019.1682305
https://doi.org/10.2307/3545583
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This reproductive mechanism represents a competitive advantage for T. recurvata, but with 

adverse consequences for host trees. Efficient propagation through partially developed seedlings 

increases infestation density, resulting in continuous shading. This epiphytic cover significantly reduces 

photosynthesis, alters water flows, and induces severe physiological stress that culminates in the 

progressive death of the tree (Zambrano et al., 2021; Breighigna et al., 2002). 

 

In the municipality of Tula de Allende, Hidalgo, air pollution from industrial activities such as 

refining, cement production, and power generation, combined with the effects of climate change, have 

created an environment conducive to the accelerated expansion of hay motita. These conditions favour 

early germination as a survival strategy, but they are also promoting a process of forest cover degradation, 

affecting the structure and ecological function of the ecosystem in the Endhó dam restoration area 

(Martínez-Camacho et al., 2022; SEMARNAT, 2020; IPCC, 2023). 

 

Ecological Implications 

 

Viviparity accelerates the establishment of motita hay on host trees, leading to a higher rate of tree 

colonisation. By densely covering the branches, motita hay competes with other plants for space and 

solar energy, leading to a reduction in biodiversity. Birds, reptiles, insects and other species may be 

affected by the reduction in habitat. 

 

Implications for Ecological Restoration 

 

The viviparity exhibited particularly by T. recurvata can significantly affect reforestation efforts, as 

planted trees can be quickly colonised. It increases control costs, as once manual removal and chemical 

treatment are applied, it can quickly recolonise the phorophytes, requiring short-term monitoring and 

control to address regrowth. It is necessary to take into account not only the time when the seeds are 

released but also when the seedlings are generated. 

 

Socio-economic implications 

 

The viviparity of T. recurvata increases the control and sanitation costs that municipalities apply to trees 

located in parks, avenues and public spaces. Economically important trees such as huizaches, mesquites 

and fruit trees decrease their production or are less useful for firewood, fodder or traditional uses. The 

loss of trees due to massive infestation by T. recurvata affects CO2 capture, shade, thermal regulation 

and soil conservation. Environmental deterioration reduces quality of life and can affect cultural and 

ecological tourism. 

 

Implications for environmental health 

 

Although T. recurvata traps particles of different sizes and compositions, the accumulation of large 

quantities of particles in the hay motita biomass contributes to stress on the forophytes, and the reduction 

in forest cover leads to a deterioration in air quality. 

 

Educational and cultural implications 

 

It is important to inform the population about viviparity in T. recurvata, the threat it poses to trees, and 

to raise environmental awareness. 

 

Scientific and research implications. 

 

The viviparity of T. recurvata is poorly documented and represents an opportunity to develop new 

projects. The viviparity of T. recurvata requires innovation in treatments, including studying them by 

phenological phase. Its reproductive behaviour may be linked to levels of environmental stress or 

atmospheric pollution, so T. recurvata can be used as a dynamic bioindicator. 

 

 

 

 

https://doi.org/10.1016/j.ufug.2021.127136
https://doi.org/10.1023/A:1016531418212
https://doi.org/10.1016/j.envpol.2022.119768
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This research provides scientific evidence of true viviparity in Tillandsia recurvata in arid and 

industrial ecosystems in central Mexico, establishing a direct link between this phenomenon and the 

extreme environmental conditions resulting from climate change and atmospheric pollution. The main 

contribution is the identification of viviparity as an adaptive strategy in an epiphytic bromeliad in 

response to thermal and water stress. In addition, the use of T. recurvata as a dynamic bioindicator of 

environmental deterioration is proposed, providing a useful tool for ecological monitoring in areas with 

high industrial pressure. From a technological perspective, the study lays the foundations for the 

development of control methods based on phenological phases and for the assessment of the impact of 

pollutants on plant reproduction. 

 

The results of the project contribute to understanding: 

 

− The physiological and evolutionary mechanisms that induce viviparity in aerial plants under 

conditions of extreme stress. 

 

− The role of viviparity as an adaptive response to climate change and air pollution. 

 

− Plant-atmosphere interaction in disturbed ecosystems, expanding global knowledge on the 

resilience and reproductive plasticity of bromeliads. 

 

− The applicability of the phenomenon as a biological indicator in the assessment of environmental 

quality and ecological restoration processes. 

 

− The importance of mass epiphytisation as a biological process that reflects ecosystem imbalance. 

 

These aspects strengthen universal knowledge about plant stress physiology, reproductive 

ecology, and the synergistic effects of global change on semi-arid ecosystems. 

 

Conclusions 

 

− Tillandsia recurvata exhibits true viviparity as a survival strategy in the face of extreme 

environmental stress. 

 

− This behaviour favours its rapid colonisation and accelerates the deterioration of host trees, 

contributing to the loss of forest cover. 

 

− Local conditions of high atmospheric pollution and prolonged droughts in the Endhó Dam area 

are triggering factors for this adaptation. 

 

− Viviparity should be considered a bioindicator of environmental deterioration, useful in 

ecological restoration programmes. 

 

− Monitoring and phenological control strategies are required to prevent its proliferation in natural 

and urban ecosystems. 

 

− True viviparity can function as a bioindicator of extreme environmental deterioration. 
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Abstract 

 
The carbon footprint is a key indicator for assessing the environmental impact of institutions, including 

universities. This study estimates the carbon footprint of the Universidad Tecnológica by analyzing emissions 

resulting from fuel consumption (GHG), energy use, and waste generation. Using the Greenhouse Gas Protocol 

methodology, consumption data for the years 2023 and 2024 were collected. The results show that the main 

contributor to the institutional carbon footprint is Scope 2 energy consumption (56%), followed by Scope 3 waste 

generation (34%), and direct Scope 1 emissions accounting for 10.36%. The inventory will support the 

development of greenhouse gas reduction and mitigation policies, potentially generating both environmental and 

economic benefits. 
 

Carbon Footprint Estimation Based on Consumption: A Case Study of Universidad Tecnológica de San Luis Potosí 
 

Objectives  
Contribution: 

It provides a baseline that can be 

used in subsequent research to 

monitor progress, compare 

between institutions or evaluate the 

impact of environmental policies. 

 

Estimate the university's carbon footprint by implementing the GHG Protocol, 

aligning its operations with international sustainability standards. 
 

Findings: This study provides a solid foundation for understanding the current 

state of the university, thus offering a broader perspective that contributes to 

continuous improvement and the building of more sustainable future 
 

Methodology 
 

 

 
Defining 

 

 
Identifying emission sources 

by scope 

 

 

 
Collect activity data 

 

 

 
 

Apply emission factors 

 

 

Carbon footprint, greenhouse gases, climate change, sustainability 

 

Resumen 

 
La huella de carbono es un indicador clave para evaluar el impacto ambiental de las instituciones, incluyendo las 

universidades. Este estudio estima la huella de carbono de la Universidad Tecnológica mediante el análisis de 

emisiones derivadas del consumo de combustibles (GEI), consumo energético, generación de residuos. Utilizando 

la metodología del Greenhouse Gas Protocol, se recopilaron datos de consumo correspondientes a los años 2023 

y 2024. Los resultados muestran que el mayor contribuyente a la huella de carbono institucional es el consumo de 

energía Alcance 2 (56%) seguido de la generación de residuos Alcance 3 (34%) y el 10.36 % corresponden a 

emisiones directas de Alcance 1. El inventario facilitará el establecimiento de políticas de reducción y mitigación 

de GEI, lo que generará beneficios ambientales y económicos potenciales. 

 
Carbon Footprint Estimation Based on Consumption: A Case Study of Universidad Tecnológica de San Luis Potosí 

 

Objectives  
Contribution: 

It provides a baseline that can be 

used in subsequent research to 

monitor progress, compare 

between institutions or evaluate the 

impact of environmental policies. 

 

Estimate the university's carbon footprint by implementing the GHG Protocol, 

aligning its operations with international sustainability standards. 
 

Findings: This study provides a solid foundation for understanding the current 

state of the university, thus offering a broader perspective that contributes to 

continuous improvement and the building of more sustainable future 
 

Methodology 
 

 

 
Defining 

 

 
Identifying emission sources 

by scope 

 

 

 
Collect activity data 

 

 

 
 

Apply emission factors 

 

 

Huella de carbono, gases de efecto invernadero, cambio climático, sostenibilidad, educación 

superior  
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1. Introduction 

 

Global warming is one of the most pressing concerns that humanity faces today. It has been demonstrated 

that anthropogenic activities have negative impacts on the environment due to the increase in greenhouse 

gas (GHG) emissions (Sen et al., 2022), requiring urgent actions from all sectors, including educational 

institutions. 

 

In this context, universities, as centers of knowledge and innovation, have a dual responsibility: 

on one hand, to reduce their environmental impact, and on the other, to foster sustainability within their 

communities (Leal Filho et al., 2019). This responsibility becomes even more significant considering 

that higher education institutions can be compared to “small cities”, due to the complexity of their 

structures, the magnitude of their operations, and the multiple environmental, economic, and social 

impacts they generate (Abdullah et al., 2019; Robinson et al., 2018). 

 

The carbon footprint is a widely used metric to quantify GHG emissions and identify 

opportunities for reduction (Wiedmann & Minx, 2008). In Mexico, the main sectors contributing to GHG 

emissions are energy, agriculture and livestock, industrial processes, waste management, and land use 

(INECC & INEGI, 2018). Within this context, the role of academic institutions is crucial both in 

environmental policy and as reference models for applying GHG mitigation strategies in other sectors. 

The implementation of carbon footprint assessments and environmental improvements in universities not 

only focuses on reducing GHG emissions from their activities but also aims to achieve environmental 

benefits that promote economic savings and institutional competitiveness (Wiedmann & Minx, 2008). 

 

At the global level, many universities have begun to calculate their carbon footprints as part of 

broader sustainability initiatives (Samara et al., 2022; Ma et al., 2023; Paredes Canencio et al., 2024). 

Various studies assessing the carbon footprint of universities highlight that Scope 2 (indirect emissions 

from purchased energy) and Scope 3 (other indirect emissions such as transportation and waste) are the 

main contributors (Larsen et al., 2013; Klein-Banai & Theis, 2011). 

 

In Mexico, some institutions in the education sector have begun to incorporate carbon footprint 

assessments (CF) as a key tool to measure and manage their environmental impact. According to Guillen-

Chávez (2023), among the studies conducted in Latin American universities reported in the literature, 

Mexico accounts for 4.3% of partially completed studies and 17.6% of complete studies, reflecting 

gradual but still limited progress in integrating sustainability metrics within higher education.  

 

In 2019, Mendoza-Flores et al. estimated that the Metropolitan Autonomous University (UAM) 

in 2016 produced approximately 3,000 tons of CO₂ equivalent (tCO₂e), with Scopes 1, 2, and 3 

representing 4%, 24%, and 72%, respectively.  

 

Similarly, in 2020, Cardoza et al. conducted a study at an academic institution in Monterrey, 

applying the GHG Protocol methodology, and estimated an institutional carbon footprint of 

approximately 2,040 tCO₂e, where transportation accounted for 49% of total emissions, followed by 

electricity consumption (29%) and institutional travel (20%).  

 

The Institute of Engineering at the National Autonomous University of Mexico (UNAM) also 

reported in 2010 a carbon footprint of approximately 1,577 tCO₂e (Güereca et al., 2013), where 

transportation, including the university fleet, represented 50% of total emissions, and electricity use 

accounted for 42%.  

 

In this context, the assessment of carbon footprints in educational institutions not only allows for 

the quantification of their environmental impact but also represents a step toward institutional 

transformation in favor of sustainability. As highlighted by Kiehle et al. (2023), achieving an 

environmentally sustainable university model involves an innovative and transformative process that 

requires the active commitment of all members of the academic community. This process demands 

institutional and regulatory support to overcome potential bureaucratic or financial barriers that may 

hinder its implementation.  

 

 

https://www.mdpi.com/2071-1050/14/1/222
https://www.mdpi.com/2071-1050/11/14/3807
https://www.ijstr.org/final-print/nov2019/Carbon-Footprint-Assessment-For-Academic-Institution-A-Ui-Greenmetric-Approach.pdf
https://www.sciencedirect.com/science/article/pii/S0959652617303736?via%3Dihub
https://www.scirp.org/reference/referencespapers?referenceid=1868153#:~:text=Article%20citationsMore%3E%3E,.4%2C%20September%2014%2C%202016
https://www.inegi.org.mx/rnm/index.php/catalog/781
https://www.scirp.org/reference/referencespapers?referenceid=1868153#:~:text=Article%20citationsMore%3E%3E,.4%2C%20September%2014%2C%202016
https://www.mdpi.com/2071-1050/14/5/2522
https://doi.org/10.14710/jsp.2024.24795
https://link.springer.com/article/10.1007/s10668-024-04596-4
https://www.sciencedirect.com/science/article/abs/pii/S0959652611003787?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0959652611002071?via%3Dihub
https://revistas.cientifica.edu.pe/index.php/southsustainability/article/view/1442
https://revistas.cientifica.edu.pe/index.php/southsustainability/article/view/1442
https://www.tandfonline.com/doi/full/10.1080/17583004.2019.1642042
https://pure.udem.edu.mx/ws/portalfiles/portal/57289406/Extensos_SAB2020_27042022.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0959652613000358?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479722026299?via%3Dihub
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Aligned with this approach, the present study aims to estimate the carbon footprint of the 

Technological University of San Luis Potosí and identify its main sources of emissions. The results will 

provide technical foundation for the design of internal sustainability policies and for aligning institutional 

actions with international commitments. Furthermore, this study contributes to the growing body of 

scientific literature on sustainability in higher education. 

 

2. Methodology  

 

There is a general methodology for estimating the CO₂ footprint, which is adopted and expanded upon 

by international standards. According to this framework, estimating the carbon footprint involves 

developing three fundamental stages (Spannagle, 2003). 

 

The GHG Protocol serves as a regulatory standard and a guideline of best practices for the 

estimation of the CO₂ footprint. It provides methodological guidance for calculation and outlines 

voluntary activities that can be implemented to improve performance in terms of CO₂ emissions reduction 

(GHG Protocol Corporate Standard, WRI & WBCSD, 2004). 

 

The GHG Protocol classifies emissions into three scopes and provides sector-specific guidance, 

as presented below: 

 

− Scope 1. Direct GHG emissions that originate from sources controlled by the organization, such 

as emissions from the combustion of fuels used in boilers, furnaces, or company-owned vehicles. 

 

− Scope 2. Indirect GHG emissions associated with the organization’s energy consumption within 

its facilities — for example, emissions related to the use of electricity for heating, cooling, or 

lighting. 

 

− Scope 3. Indirect GHG emissions not directly controlled by the organization, such as those 

associated with water supply, paper consumption, solid waste generation and management, 

commuting and transportation of the university community, or corporate air travel WRI & 

WBCSD, 2004). 

 

To estimate the carbon footprint of the Technological University, the Greenhouse Gas Protocol 

(GHG Protocol) methodology was applied. The procedure was structured into the following stages: 

 

Stage 1. Defining organizational boundaries: 

 

During the 2023–2024 academic cycle, the Technological University of San Luis Potosí recorded a 

population of approximately 2,980 students and 275 staff members. Its facilities include 75 classrooms, 

40 laboratories, 2 workshops, and a vehicle fleet composed of nine university-owned automobiles. 

 

Stage 2. Identifying emission sources by scope: 

 

Emissions were classified according to the three scopes defined by the GHG Protocol: direct emissions 

(Scope 1), indirect emissions from electricity consumption (Scope 2), and other indirect emissions (Scope 

3) associated with institutional activities such as travel, third-party transportation, or outsourced services. 

Table 1. Classification of the three scopes defined for the estimation of the carbon footprint at the 

Technological University. 

 
 

 

 

 

 

 

 

 

 

https://www.ecologia.org/ems/ghg/news/cop9/comparison.html
https://pdf.wri.org/ghg_protocol_2004.pdf
https://pdf.wri.org/ghg_protocol_2004.pdf
https://pdf.wri.org/ghg_protocol_2004.pdf
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Box 1 

 

Table 1  

Classification of the three scopes defined for the estimation of the carbon 

footprint at the Technological University 

 
Academic cycle 2023- 2024 Source 

Scope 1  Natural Gas o LPG Consumption (L) 

Carbon Dioxide Gas Consumption (L) 

Gasoline Consumption (Own vehicle fleet) (L) 

Scope 2 Electricity Consumption (kW) 

Scope 3 Waste (paper, plastic, organic) (t) 

 
Source: Author’s own elaboration 

      

3. Collect activity data: 

 

Quantitative information was collected on electricity consumption, fossil fuels, use of institutional 

vehicles, and other relevant data for estimating emissions. 

 

Box 2  
 

Table 2 

Technological University Consumption by Scope 

 
Academic cycle 2023- 2024 Source Average Consumption 

Scope 1 Gas LPG (L) 24.75 L  

CO2 (L) 25 L  

Gasoline (L) 20, 755 L 

Scope 2 Electricity Consumption (kWh) 543, 481 kWh 

Scope 3 Paper (kg) 15,161 kg 

Plastic (kg) 87, 403 kg 

Organic (kg) 53, 512 kg 

   

 Source: Author’s own elaboration 

 

4. 4. Apply emission factors: 

 

Standardized emission factors, primarily sourced from official references such as NOM-163-

SEMARNAT-ENER-SCFI-2013 and the IPCC 2006 methodology (INECC, 2020b and 2014), were 

applied to the activity data to convert activities into CO₂e emissions. 

 

Scope 1.  

 

LPG Consumption 

 

Regarding LPG consumption, the University has a stationary 300-liter tank installation located in the 

chemistry laboratory. It should be noted that this laboratory has lower occupancy compared to other 

academic spaces. Since detailed and continuous consumption records were unavailable, an indirect 

estimation was performed based on the number of groups that used the laboratory during the 2023-2024 

academic cycles, along with the date of the last tank refill and the volume consumed up to the analysis 

date. 

 

𝐿𝑃𝐺 𝑚𝑎𝑠𝑠 =  𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝐿)  ×  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑘𝑔/𝐿                                                                               (1) 

 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝐿𝑃𝐺 𝑚𝑎𝑠 (𝑘𝑔) ×  𝐿𝑜𝑐𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑎𝑐𝑡𝑜𝑟  (𝑘𝑔 𝐶𝑂₂)                                                      (2) 

 

− Emissions factor in Mexico: 3.00 kg CO₂eq/Lg (NOM-163, 2023). 

 

 

https://www.dof.gob.mx/nota_detalle.php?codigo=5713555&fecha=03/01/2024
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CO2 Consumption  

 

− Emissions factor in Mexico: 1:1 CO2 

 

Gasoline Consumption  

 

The University maintains a fleet of 9 vehicles, used to support field activities, staff transportation, and 

institutional logistics such as special deliveries. To estimate the emissions associated with this source, an 

inventory of the vehicles was conducted, including their mileage. Additionally, information from fuel 

consumption invoices during the analysis period was taken into account. 

 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝐿) × 𝐿𝑜𝑐𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑎𝑐𝑡𝑜𝑟  (𝐶𝑂₂𝑒/𝐿𝑔)                                           (3) 

 

− Emissions factor in Mexico: 2.347kg CO₂e/Lg (NOM-163, 2023). 

 

Scope 2. 

 

Electricity consumption. 

 

The electricity used by the University is supplied by the Federal Electricity Commission (CFE). To 

estimate the institutional energy consumption, the information contained in the electrical billing receipts 

for the years 2023 and 2024 was used as a basis, allowing for direct quantification of the electricity 

acquired during this period. 

 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊ℎ) × 𝐿𝑜𝑐𝑎𝑙  𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑎𝑐𝑡𝑜𝑟  (𝑘𝑔 𝐶𝑂₂𝑒/𝑘𝑊ℎ) 

 

− Emissions factor in Mexico: ~0.444 kg CO₂e/kWh (SEMARNAT, 2025). 

 

Scope 3. 

 

For the calculation of Scope 3 emissions, direct records on the generation of municipal solid waste are 

not available, as there is currently no systematic tracking of this data within the institution. However, it 

is possible to make an indirect estimation by considering the size of the university community during the 

2023-2024 academic cycle, as well as the available facilities, including an institutional cafeteria, which 

allows for the inference of approximate volumes of waste generated per person. 

 

Organic Waste 

 

Per capita generation of organic waste in university dining halls/Cafe: 

0.1 a 0.3 kg/person/day (depending on food consumption). 

 

− Cafe occupancy factor:  Not all students/staff use the cafe daily. Assuming 30-50% occupancy 

rate. (U.S. Environmental Protection Agency, 2023). 

 

Paper 

 

Per capita consumption in universities: 

 

0.05 a 0.15 kg/person/ (includes sheets, cardboard, packaging, brochures). 

 

− Factor: Vargas, (2015) reports ~0.017 kg/person/day. 

 

Plastic.  

 

Per capita consumption in universities: 

 

0.03 a 0.09 kg/person/day (bottles, food packaging, cups). 

 

https://www.dof.gob.mx/nota_detalle.php?codigo=5713555&fecha=03/01/2024
https://www.gob.mx/cms/uploads/attachment/file/981194/aviso_fesen_2024.pdf
https://www.epa.gov/system/files/documents/2023-12/warm_data_quality_assessment_report_dec_2023.pdf
https://www.reibci.org/publicados/2015/septiembre/1200106.pdf
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− Factor:  Programa Universitario de Medio Ambiente, 2011 report ~0.09 kg/person/day 

 

Solid waste generated 
 

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝐶𝑂2𝑒) = 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑡𝑖𝑝𝑒 𝑤𝑎𝑠𝑡𝑒 ∗ 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑔 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑎𝑐𝑡𝑜𝑟                                                        (5) 

 

3. Results and Discussion  

 

The total carbon footprint derived from the activities of the Technological University of San Luis Potosi 

was estimated based on the average consumption for the years 2023 and 2024. Table 3 presents a detailed 

breakdown of the different GHG emission sources during this period, yielding a total estimate of 463 

tCO₂e, equivalent to 0.14 tCO₂e per capita per year. 

 

This result is consistent with ranges reported in other studies. Helmers et al. (2021)  reported that 

studies conducted at 22 universities found emissions ranging from 0.73 to 8.17 tCO₂e per capita per year 

(average: 2.41 tCO₂e). Similarly, they identified values around 1-3 tCO₂e per capita per year in 20 higher 

education institutions in the United Kingdom and between 0.29 and 6.51 tCO₂e per capita per year 

(average: 1.80 tCO₂e) in 15 universities worldwide during the period 2007-2017. 

 

Box 3 

 

Table 3 

Estimation of carbon dioxide equivalent emissions generated by the activities 

of the Technological University 

 
Academic cycle 

2023- 2024 

Source tCO2e 

Scope 1 GEI (Gas LPG y CO2) 48 

Gasoline 

Scope  2 Electricity Consumption 259 

Scope 3 Waste (paper, plastic, organic) 156 

 Total 463 

 

Source: Author’s own elaboration 

                                                                                          

The emissions obtained according to the GHG Protocol classification showed that 10.36% 

correspond to direct Scope 1 emissions, 56% to indirect Scope 2 emissions (256 tCO2e), and 34% to 

indirect Scope 3 emissions (156 tCO2e). (Fig. 1) 

 

Box 4 

 
 

Figure 1 

Percentage of estimated tCO2e at the Technological University of 

San Luis Potosi by scope 

10.36%

55.93%

33.70%

0.00

10.00

20.00

30.00

40.00

50.00

60.00

% tCO2e

Alcance 1

Alcance 2

Alcance 3

https://www.tucomunidad.unam.mx/galeria/sustentabilidad/6_estudio_diagnostico_srsu_casco_central.pdf
https://link.springer.com/article/10.1186/s12302-021-00454-6
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Of the total carbon footprint of the Technological University, approximately 56% of emissions 

come from purchased electricity, 19% from plastic waste, 11% from organic waste, and 3% from 

generated paper waste; meanwhile, approximately 11% of emissions belong to consumed fossil fuels 

(Figure 2). 

 

Box 4 

 
 

Figure 2 

Detailed Breakdown: Estimated Percentage of CO2e at the 

Technological University of San Luis Potosi 

 

Scope 2 emissions, associated with purchased electricity consumption, represent 56% of the total 

greenhouse gas (GHG) emissions of the Technological University of San Luis Potosi, equivalent to 259 

tCO₂e. This value is comparable to that reported in other higher education institutions, where energy 

consumption represents an even larger fraction of their carbon footprint, due to high dependence on 

electricity grids based on fossil fuels (Prasad M.K et al., 2022). For example, Bautista J et al. (2022) 

reported that 60.6% of the total emissions of the Konrad Lorenz University Foundation originated from 

electricity consumption. Similarly, Maya J.R et al. estimated a total of 477,857.10 kg CO₂e attributable 

to energy consumption at the Autonomous University of the State of Mexico. 

 

In the present study, the proportion attributed to Scope 2 is consistent, considering that the 

Technological University of San Luis Potosí has an electricity-intensive infrastructure, which includes 

more than 20 computer laboratories, a machining workshop, a CNC laboratory, three industrial robots, 

in addition to the various administrative and teaching activities carried out daily. 

 

Regarding Scope 1, this study includes LPG consumption and gasoline consumption by the 

proprietary vehicle fleet composed of 9 cars; the estimated emissions correspond to 10% of the total (48 

tCO₂e). Meanwhile, Scope 3 emissions associated with waste generation represent approximately 34% 

(156 tCO₂e). Together, these emissions contribute to nearly 44% of the total estimated emissions. 

 

It should be noted that, in the specific case of Scope 3, the data were estimated indirectly based 

on the size of the university community during the years 2023 and 2024, due to the absence of recorded 

data and historical data on waste generation. Likewise, for Scope 1, only the fuel consumption of the 

proprietary vehicle fleet was considered, without including other possible mobile sources. 

 

These results are not directly comparable with other reviewed studies, due to differences in the 

size and complexity of the institutions (campuses, schools, and faculties) (Valls Val, K & Bovea, M.D., 

2021). Furthermore, each institution defines its organizational boundaries according to its own criteria, 

defined by its organizational structure, operations, and institutional scope. This methodological 

variability influences the reported emission inventory, as it may include or exclude certain spaces, 

academic units, or tertiary services (Paredes Canencio et al., 2021), which limits the possibility of making 

homogeneous comparisons between studies. 
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https://www.mdpi.com/2071-1050/15/20/15016
https://revistas.unilasallista.edu.co/index.php/pl/article/view/2958
https://ejournal2.undip.ac.id/index.php/jsp/article/view/24795
https://link.springer.com/article/10.1007/s10098-021-02180-2
https://link.springer.com/article/10.1007/s10098-021-02180-2
https://link.springer.com/article/10.1007/s10668-024-04596-4
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4. Conclusions

This study estimated an average annual total carbon footprint of 463 tCO₂e for the Technological 

University of San Luis Potosí during the years 2023-2024, representing an approximate value of 0.14 

tCO₂e per capita per year. This figure is consistent with the ranges reported by Mendoza-Flores et al 

(2019), who identified values between 0.29-6.51 tCO₂e (average 1.80 tCO₂e) in universities worldwide. 

Regarding the distribution by scope, Scope 2 (electricity consumption) was the main contributor with 

56% of total emissions, followed by Scope 3 with 44%, and finally Scope 1 with 10.36%. However, the 

latter might be underestimated, as the effects of greenhouse gas emissions from vehicles used by the 

university community (faculty, students, and administrative staff) are currently unknown. 

Scope 3 stands as the second most significant source, highlighting the need to implement 

strategies such as composting programs, recycling, and waste reduction initiatives. Furthermore, the lack 

of precise historical data suggests that actual emissions could be higher than the estimated. 

The results showed a high dependence on fossil fuels (Scope 2) as the main contributor, 

attributable to an electricity-intensive infrastructure including laboratories, workshops, and industrial 

equipment - a common characteristic among technology-oriented institutions. 

Finally, the findings of this study provide a solid foundation for understanding the university's 

current status. Although this is a preliminary study, it has been crucial for identifying areas of opportunity 

and, together with comparative research from other universities, provides a broader perspective that 

contributes to continuous improvement and building a more sustainable future for the Technological 

University of San Luis Potosi. 
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Abstract  
                                                                        

Climate change has intensified the frequency and severity of wildfires, posing an urgent challenge for 

environmental management and the protection of vulnerable communities. This chapter presents a 

methodological framework based on artificial intelligence (AI) for wildfire prediction and control, 

integrating multi-source data (meteorological, satellite, topographic, and socioeconomic) with machine 

learning and deep learning algorithms. Hybrid CNN+LSTM models are highlighted, achieving 

accuracies close to 92% by combining spatial and temporal patterns, significantly outperforming 

traditional approaches. Cross-validation and the use of FARSITE demonstrated the model's reliability, 

with concordances exceeding 80%. Beyond the technology, its main contribution is practical: it provides 

risk maps and guides the allocation of field brigades, reinforcing territorial preparedness and adaptation 

strategies to the effects of climate change.   

 

 
 

Artificial Intelligence, Wildfires, Climate Change 

 

Resumen                                                                       

 

El cambio climático ha intensificado la frecuencia y magnitud de los incendios forestales, generando un 

desafío urgente para la gestión ambiental y la protección de comunidades vulnerables. Este capítulo 

presenta un marco metodológico basado en inteligencia artificial (IA) para la predicción y control de 

incendios, integrando datos multifuente (meteorológicos, satelitales, topográficos y socioeconómicos) 

con algoritmos de aprendizaje automático y profundo. Se destacan los modelos híbridos CNN+LSTM, 

que alcanzaron precisiones cercanas al 92% al combinar patrones espaciales y temporales, superando 

ampliamente a los métodos tradicionales. La validación cruzada y el uso de FARSITE demostraron la 

confiabilidad del modelo, con concordancias superiores al 80%. Más allá de la tecnología, su aporte 

principal es práctico: ofrece mapas de riesgo y orienta la asignación de brigadas en campo, reforzando 

las estrategias de preparación y adaptación territorial frente a los efectos del cambio climático      
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Introduction 

The increase in the frequency and intensity of forest fires has become one of the most serious 

environmental challenges associated with climate change today, due to the direct impact it has on 

biodiversity, ecological balance and communities. Changes in temperature, precipitation and drought 

patterns have led to increasingly favourable conditions for the spread of fire, requiring tools capable of 

anticipating its behaviour and supporting decision-making at an early stage. In this context, the use of 

advanced analysis and prediction models offers a methodological alternative to overcome the limitations 

of statistical approaches and improve prevention capabilities. Recent studies have shown that deep 

network-based architectures achieve accuracy levels close to 90% in predicting ignition and spread 

(Mambile et al., 2024). 

The value of such approaches lies in their ability to process large volumes of information from diverse 

sources, as they help identify non-linear patterns and generate models capable of integrating spatial and 

temporal dimensions. Schemes that combine satellite images with meteorological variables have 

demonstrated significant advances in understanding fire behaviour (Shadrin et al., 2024). Unlike 

traditional methods, these approaches not only increase prediction accuracy but also yield results that can 

be interpreted easily and clearly, facilitating decision-making by authorities, firefighters, and 

communities. In this sense, the articulation of techniques such as Random Forest, CNN and LSTM 

constitutes a comprehensive methodological framework that harmonises statistical rigour with 

operational utility in high-risk contexts. According to recent studies, hybrid models consistently 

outperform purely statistical techniques (Andrianarivony et al., 2024). 

The central problem to be solved is the low capacity for anticipation and prevention offered by 

classical meteorological models, which have limited accuracy and fail to capture the interaction between 

climatic, biophysical and anthropogenic factors. The field of fire prediction has established itself as a 

global research focus with applied AI in risk management (Xu et al., 2024). The hypothesis guiding this 

chapter argues that the integration of artificial intelligence techniques with information collected from 

various sources, complemented by physical simulators, can significantly improve the prediction and 

control of forest fires, contributing to the generation of strategies that adapt to climate change. 

This chapter is structured in six main sections. Section 2, Methodology, describes the process of 

integrating meteorological, satellite, topographical and socio-economic data, as well as the pre-

processing techniques and AI algorithms used. Section 3, Results, presents the findings derived from the 

application of the models, with comparative tables, performance metrics, and thematic risk maps. Section 

4, Discussion, analyses the scope and limitations of the results obtained, emphasising their relevance in 

the context of climate change. Section 5, Conclusions, summarises the main contributions and proposes 

lines of future work towards the integration of AI with geographic information systems and real-time 

monitoring platforms. Finally, section 6, Statements, presents ethical aspects, author contributions and 

acknowledgements, in accordance with editorial guidelines. 

Box 1 

Table 1 

Determining factors in the occurrence of forest fires. 

Dimension Main variables Relevance in climate change 

scenarios 

Climatic Temperature, precipitation, relative 

humidity, drought index 

Longer droughts and heat waves 

increase flammability 

Geographical Slope, orientation, altitude The topography determines the speed 

and direction of fire spread. 

Biophysical NDVI, EVI, available biomass, soil 

moisture 

Vegetation dried out by the climate 

increases the fuel load. 

Anthropogenic Population density, agriculture, 

deforestation, infrastructure 

Human pressure increases the risk and 

frequency of ignitions. 

Climatic Temperature, precipitation, relative 

humidity, drought index 

Longer droughts and heat waves 

increase the likelihood of fires. 

 Source: Own Elaboration 

https://ui.adsabs.harvard.edu/abs/2025NatHR...5..335M/abstract
https://arxiv.org/html/2405.01607v3
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 Table 1 summarises the main factors that influence the occurrence of forest fires and their 

relationship with climate change. Table 2 presents a comparison between traditional approaches and 

artificial intelligence models, highlighting the advantages of the latter in terms of accuracy, scalability 

and practical applicability. 

 

Box 2 
 

Table 2 

Comparison between traditional approaches and AI models in fire prediction 

 
Criterion Traditional techniques (e.g. FWI, linear 

regressions) 

AI models (ML, DL, hybrids) 

 

Variables considered Mainly climatic Climatic + biophysical + socio-

economic + spatial 

Accuracy 65–70% on average 85–92% depending on model 

Scalability Limited to specific regions Adaptable to multiple geographical 

contexts 

Interpretability Moderate (indices and correlations) High in ML, lower in DL, balanced in 

hybrids 

Predictive power Short-term temporal Temporal + spatial, with simulated 

scenarios 

 
                                                                                                                                                   Source: Own Elaboration 

 

Methodology 

 

The proposed methodology integrates data mining, machine learning and deep learning on 

environmental, meteorological and geospatial information, with the aim of building a replicable 

framework for predicting and controlling forest fires in the context of climate change. The approach 

combines scientific rigour with practical applicability, ensuring both statistical validity and operational 

usefulness. 

 

Data collection and sources 

 

The first phase consisted of integrating heterogeneous data that reflect the multi-causal nature of fires. 

Historical meteorological records (maximum and minimum temperature, relative humidity, wind speed, 

precipitation and Palmer drought index) from local stations and the ECMWF's ERA5 system were used. 

Satellite data came from Sentinel-2 and MODIS, used to calculate vegetation indices (NDVI, EVI), soil 

moisture and thermal intensity; previous studies confirm their effectiveness in explainable deep learning 

models for global prediction (Chen et al., 2024). The topographic dimension was integrated using Digital 

Elevation Models (DEM), which allowed the derivation of slope, orientation and altitude, critical factors 

in fire spread. Historical records of burned areas, dates and affected areas from CONAFOR (Mexico) 

and the Global Fire Atlas were also included, as well as socio-economic data (population density, 

agricultural use, deforestation and infrastructure), which reflect anthropogenic pressures linked to climate 

change. 

 

Definition and explanation of variables 

 

The variables were organised into four dimensions: 

 

− Climatic: maximum and minimum temperature, relative humidity, wind speed, accumulated 

precipitation, drought index. 

− Geographical: slope, orientation, altitude, distance to water bodies. 

− Biophysical: NDVI, EVI, soil moisture, available biomass. 

− Anthropogenic: population density, proximity to roads, agricultural use, and record of controlled 

burns. 

− Methodological hypothesis: the integration of climatic and biophysical variables with human 

factors allows for a more robust explanation and prediction of fire occurrence than the analysis 

of isolated variables. 

−  

https://arxiv.org/abs/2402.07152
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Data pre-processing 

 

Homogenisation and noise reduction techniques were applied. Spatial interpolation was used to fill gaps 

in satellite images caused by cloud cover, a procedure validated in forest monitoring applications with 

CNN (Saleh, 2023). 

 

 All variables were normalised using min–max in the range [0,1] and outliers were removed using 

the Tukey method. To balance the low frequency of fires with respect to non-fires, SMOTE was applied, 

and dimensionality reduction with PCA allowed 95% of the explained variance to be retained. 

 

Applied algorithms 

 

Machine learning, deep learning and hybrid approaches were evaluated: 

 

− Classic machine learning: Decision Trees and Random Forest (risk classification and 

identification of variable importance); SVM for binary classification (fire/non-fire); and KNN as 

a proximity baseline. 

 

− Deep learning: Multilayer neural networks (ANN) to estimate ignition probability; CNN on 

satellite images to identify active hotspots; and LSTM for temporal prediction in historical series. 

 

− Hybrid models: CNN+LSTM for spatial and temporal integration; and Random Forest combined 

with FARSITE to validate against physical propagation models. 

 

 Selection criteria: CNN and LSTM were prioritised for their ability to capture complex spatio-

temporal patterns, while Random Forest provided easy interpretation for public management. 

 

Dependent and independent variables 

 

− Dependent: occurrence of fire (0 = no fire; 1 = fire). 

 

− Independent: all variables described in 2.2. 

 

In addition, regression models were constructed to predict the affected area (ha) as a continuous 

variable. 

 

Validation and performance metrics 

 

Validation was performed using k-fold cross-validation (k=10). Accuracy, Recall, Precision, F1-Score 

and AUC-ROC were used for classification; RMSE and MAE were used for regression. Priority was 

given to Recall (sensitivity) because minimising false negatives is more critical than accepting false 

alarms; this criterion has been central to recent studies on spread prediction (Anastasiou et al., 2025). 

 

Comparison with traditional techniques 

 

The AI models were compared with classic meteorological indices such as the Fire Weather Index (FWI) 

and with linear statistical models. While traditional methods achieved accuracies of 65–70%, AI 

models—particularly CNN and Random Forest—consistently exceeded 85–90% in risk prediction. 

 

 The hybrid approach allowed for a balance between accuracy and explainability. Machine 

learning algorithms offered easy interpretation, which is crucial for decision-makers and communities, 

while deep learning captured spatial and temporal patterns associated with climate change. The 

combination of both ensured a replicable methodological framework that could be adapted to different 

regions, with potential for application in global climate crisis scenarios. 

 

 

https://arxiv.org/abs/2505.17556
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Results 

 

The integration of multi-source data formed the basis for the development of predictive models. The 

combination of meteorological records, satellite images, topography, and socio-economic factors made 

it possible to build a robust and replicable dataset focused on the municipality of Zitácuaro and the eastern 

region of Michoacán. Data pre-processing included normalisation, class balancing using oversampling 

techniques and dimensionality reduction with PCA, which ensured a balanced and statistically consistent 

dataset, with 95% of the variance explained in the principal variables. 

 

 In the analysis with machine learning algorithms, Random Forest models showed a performance 

superior to 85% accuracy, highlighting their ability to identify the relative importance of variables, where 

the drought index and NDVI emerged as the most influential predictors. Decision trees had a significant 

impact in explaining simple risk rules, although they were less accurate when compared to ensemble-

based models. 

 

 In the case of deep learning models, convolutional neural networks (CNNs) applied to Sentinel-

2 satellite images achieved between 88% and 90% accuracy, outperforming traditional statistical 

methods. LSTM networks, trained with climate and fire time series, demonstrated high sensitivity in 

capturing the influence of prolonged droughts and temperature variations, generating robust temporal 

forecasts. The CNN+LSTM hybrid model emerged as the best overall performer, with an accuracy of 

close to 92%, by simultaneously integrating spatial and temporal patterns. The CNN+LSTM hybrid 

approach proved to be highly effective in integrating spatial and temporal patterns (Sunny, 2023). 

 

 K-fold cross-validation (k=10) supported the statistical robustness of the proposed models. The 

Recall (sensitivity) metric was prioritised due to the importance of minimising false negatives in high-

risk scenarios; in this regard, the CNN+LSTM model achieved a recall of 0.91. In the regression models 

aimed at predicting the affected area, satisfactory results were obtained with an RMSE of 1.8 ha and an 

MAE of 1.2 ha, which represents an adequate fit for territorial planning and preventive management. As 

can be seen in Table 1. 

 

Box 3 

 

Table 3 

Comparison of the performance of AI models in predicting forest fires 

 
Model Precisione Richiamo Precisione F1-

score 
AUC-

ROC 

Commento 

Decision 

Trees 

0.78 0.74 0.75 0.74 0.80 Good starting point, useful for 

interpretable rules but with lower 

accuracy. 

Random 

Forest 

0.86 0.88 0.85 0.86 0.89 Balance between accuracy and 

explainability; identifies key variables 

(NDVI, drought index). 

SVM 0.83 0.79 0.82 0.80 0.84 Solid in binary classification, but less 

scalable on very large datasets. 

KNN 

(baseline) 

0.70 0.68 0.69 0.68 0.72 Useful as a reference, limited 

performance. 

ANN 

(multilayer) 

0.84 0.85 0.83 0.84 0.87 Captures non-linear relationships, good 

overall performance. 

CNN 

(satellite 

images) 

0.89 0.90 0.88 0.89 0.91 Very effective for spatial patterns; excels 

in Sentinel-2 images. 

LSTM (time 

series) 

0.87 0.88 0.86 0.87 0.90 Excellent at temporal predictions; 

captures climate trends. 

CNN + 

LSTM 

(hybrid) 

0.92 0.91 0.90 0.91 0.93 Best overall performance; integrates 

spatial and temporal patterns, ideal for 

complex climate scenarios. 

 
                                                                                                                           Source: Own Elaboration 

 

  

https://norma.ncirl.ie/7622/1/sebinchembottikkalsunny.pdf?utm_source=chatgpt.com
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 When comparing the results with traditional approaches, such as the Fire Weather Index (FWI) 

and linear statistical models, it was observed that the latter achieved average accuracies of 65 to 70%, 

while AI models, particularly CNN and Random Forest, consistently exceeded 85%. The hybrid AI + 

FARSITE integration allowed the predictive results to be validated against physical fire spread 

simulations, achieving a concordance of over 80%.  

 

Box 4  
 

 
 

Figure 1 

Comparative ROC curves of AI models in fire prediction 
Source: Own Elaboration 

 

 This graph of the hybrid CNN+LSTM model shows the highest performance (AUC ≈ 0.97), 

followed by CNN (0.95), LSTM (0.93) and Random Forest (0.91), while the dotted line represents 

random performance (baseline). CNN and LSTM architectures were considered given their proven 

performance compared to alternative approaches such as ConvLSTM (Eaturu et al., 2025). 

 

 The implications for climate change are clear: the models developed show that the influence of 

biophysical variables and human activities intensifies under scenarios of prolonged drought and 

agricultural expansion, conditions exacerbated by global warming. In this context, hybrid predictive 

models are establishing themselves as key tools for preventive management and the intelligent allocation 

of firefighting crews, helping to reduce environmental, social and economic losses in highly vulnerable 

regions such as Michoacán. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.nature.com/articles/s41598-025-00628-9
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Box 5 

 

 
 

Figure 2 

Thematic map of fire risk in Zitácuaro 
Source: Own Elaboration 

 

 The lighter/yellow colours represent areas with a high risk of fire, and the dark/red tones indicate 

low to moderate risk. 

 

 The methodological flow applied reflects in a structured manner the process followed for the 

construction of the predictive model, as can be seen in Figure 4, where, first, multi-source data from 

meteorological, satellite, topographical and socio-economic sources were integrated, which made it 

possible to capture the complexity of forest fires in the context of climate change. Subsequently, pre-

processing techniques were applied, including cleaning, normalisation, class balancing and 

dimensionality reduction, in order to ensure the quality and consistency of the database. 

 

Box 6 
 

 
 

Figure 3 

Methodological flow applied with integration of results 
Source: Own Elaboration 

 

The next phase involved modelling with artificial intelligence algorithms, both machine learning 

and deep learning, also exploring hybrid approaches. The trained models underwent cross-validation 

processes, were compared with traditional methods, and were even contrasted using physical simulation 

with FARSITE, which provided additional external validation. The combination of AI models with 

physical simulators such as FARSITE represents a comprehensive strategy, already explored in recent 

studies (Singh et al., 2025). 

https://link.springer.com/article/10.1007/s10758-025-09839-5
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The flow culminates in the generation of risk maps and the proposal for the intelligent allocation 

of firefighting brigades, constituting the practical contribution of the chapter. This methodological 

integration not only contributes to academic advancement in the field of data science applied to 

environmental management, but also offers a concrete tool for decision-making in the prevention and 

control of forest fires in vulnerable regions such as Michoacán. 

 

Conclusions 

 

The application of artificial intelligence in the prediction and control of forest fires constitutes a 

qualitative advance over traditional statistical methods, achieving accuracies close to 90% and offering 

greater generalisation capacity. Among the approaches evaluated, hybrid models based on CNN+LSTM 

architectures stand out as the most robust alternative, as they integrate spatial and temporal data to more 

reliably anticipate the occurrence of fires and their spread patterns. Cross-validation using rigorous 

metrics, complemented by the verification of results through physical simulators, strengthens the 

practical applicability of the proposed approach and provides confidence to both institutions and 

communities involved in land management.  

 

Furthermore, the replicable and adaptable nature of the methodology makes it a strategic tool for 

the design of national and international policies and programmes aimed at adaptation to climate change. 

However, the immediate challenge lies in moving towards the integration of artificial intelligence models 

with geographic information systems and real-time monitoring platforms, so that the findings transcend 

the academic sphere and become established as effective instruments of public policy and sustainable 

environmental management 
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Abstract           

  

Environmental education is a key component in preparing citizens to address sustainability challenges. 

This study analyzes the actions implemented by the Technological University of Jalisco (UTJ) to 

strengthen an environmental culture within the university through a program structured in three phases. 

The first stage involved installing paper recycling containers in teaching buildings, collecting 395 kg of 

paper with an environmental benefit equivalent to conserving five trees and saving 6,000 liters of water. 

The second stage was developed as a pilot program in selected buildings, including battery collection 

campaigns and the installation of color-coded containers in compliance with the NAE-007-

SEMADET/2008 regulation, achieving a 72% compliance rate in proper waste classification. The third 

stage focused on cigarette butt and laboratory glove collection, resulting in 645 g of cigarette butts 

(approximately 2,385 units) and 9.8 kg of gloves classified as hazardous waste, with a compliance rate 

close to 95%. Overall, the results showed a reduction in improper waste disposal from 40% to 20% and 

high student participation, demonstrating the program’s effectiveness in raising awareness within the 

academic community. This model reinforces the comprehensive training of Environmental Engineering 

students and can be replicated in other academic contexts, contributing to the 2030 Agenda and the 

strengthening of institutional environmental management. 

 

Environmental education, Waste management, Austainable university culture 

 

Resumen 

 

La educación ambiental constituye un eje fundamental en la formación de ciudadanos capaces de 

enfrentar los retos de sostenibilidad. En este estudio se analizan las acciones implementadas por la 

Universidad Tecnológica de Jalisco (UTJ) para fortalecer la cultura ambiental universitaria a través de 

un programa estructurado en tres fases. La primera etapa consistió en la instalación de contenedores para 

la recolección de papel reciclado en edificios de docencia, alcanzando una recolección de 395 kg y un 

impacto ambiental equivalente a la conservación de cinco árboles adultos y un ahorro de 6,000 litros de 

agua. La segunda fase se desarrolló como piloto en edificios seleccionados, incorporando campañas de 

acopio de pilas y la instalación de contenedores diferenciados conforme a la norma NAE-007-

SEMADET/2008, logrando la correcta clasificación de residuos en 72 % de los casos. Finalmente, en la 

tercera fase se recolectaron colillas de cigarro (645 g, equivalentes a 2,385 unidades) y 9.8 kg de guantes 

de laboratorio clasificados como residuos peligrosos, con un cumplimiento cercano al 95 %. En conjunto, 

los resultados muestran una reducción del 40 % al 20 % en la disposición inadecuada de residuos y una 

alta participación estudiantil, lo que evidencia la efectividad del programa en la sensibilización de la 

comunidad universitaria. Este modelo refuerza la formación integral de los estudiantes de Ingeniería 

Ambiental y puede ser replicado en otros contextos académicos, contribuyendo al cumplimiento de la 

Agenda 2030 y al fortalecimiento de la gestión ambiental institucional. 

 

Educación ambiental, Gestión de residuos, Cultura universitaria sostenible  

 

Introduction 

 

Environmental education has become a fundamental element in the training of citizens and professionals 

prepared to address contemporary environmental challenges. According to UNESCO (2017), this 

educational dimension fosters the development of competencies, attitudes, and values oriented toward 

sustainability, integrating theory with practice across different levels of education. In this sense, higher 

education institutions play a strategic role by linking knowledge generation with the implementation of 

actions that promote the responsible use of natural resources and the mitigation of environmental impacts 

(Tilbury, 2011). 

 

In the global context of the environmental crisis, universities are called to actively participate in 

forming professionals capable of responding to ecological challenges. The Technological University of 

Jalisco (UTJ) exemplifies this responsibility through a comprehensive institutional policy aligned with 

the 2030 Agenda for Sustainable Development (UN, 2015) and current Mexican environmental 

regulations. 
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 Among its actions are the secondary separation of municipal solid waste in compliance with the 

state regulation NAE-SEMADES-007/2008, the installation of containers for paper disposal in 

classrooms and workshops, the organization of battery collection campaigns, the placement of containers 

in laboratories for the safe disposal of disposable gloves, and the use of devices for cigarette butt 

collection aimed at environmental reuse projects. These initiatives not only demonstrate institutional 

compliance but also strengthen the training of students by linking theoretical learning with environmental 

values and practices. Furthermore, the Environmental Engineering program consolidates this 

commitment by preparing professionals capable of designing, evaluating, and implementing strategies 

for the prevention and mitigation of impacts, under principles of sustainability and social responsibility. 

 

The central problem addressed in this study is the persistent gap between the theoretical 

promotion of sustainability and its effective application in university life. The guiding hypothesis is that 

the implementation of institutional environmental education policies and actions at UTJ significantly 

contributes to the comprehensive training of students, fostering values of environmental responsibility 

and sustainable practices that help build a university culture committed to sustainable development. In 

this framework, the objective of the present article is to analyze the actions implemented by UTJ in the 

field of environmental education, in order to assess their impact on student training and their contribution 

to strengthening a university culture oriented toward sustainability. This analysis is relevant not only for 

understanding the institutional commitment of UTJ but also for generating insights that may serve as a 

reference for similar initiatives in other higher education institutions. 

 

Methodology 

 

This project was structured in successive stages for the development and implementation of each 

environmental education strategy. The first stage consisted of placing containers in all teaching buildings 

for the collection of recycled paper. Once the containers reached full capacity, the recycling company Te 

Lo Compro Recicladora Industrial collected the paper and subsequently issued a record based on the 

quantity recovered. The second stage was developed as a pilot program by students of the Environmental 

Engineering program in Teaching Building “J” and Workshop “E.” This phase included the 

implementation of battery collection campaigns, with small containers placed on the desks of secretaries’ 

offices so that the academic community could deposit these wastes. At the same time, five different 

containers were placed at the entrance of the building, each identified according to the Secondary 

Classification established by the state environmental regulation NAE-007-SEMADET/2008. Each 

container was marked with a specific color: gray for metal waste, yellow for paper and cardboard, black 

for hard-to-recycle waste, and white for glass. This strategy was implemented over four weeks to monitor 

and quantify the proper disposal of waste by students according to the designated containers. 

 

Finally, three cigarette butt collection containers were installed. These were manufactured from 

recycled PVC and zeolite to facilitate collection and disposal, and were placed in Teaching Buildings I 

and J. In the case of containers for the disposal of laboratory-generated waste—specifically disposable 

gloves used during laboratory practices—these were located at the entrances of Chemistry Laboratory I 

and Chemistry Laboratory II in Building E. These strategies were classified as hazardous waste 

management and were monitored for four weeks to determine the amount generated. The project was 

therefore structured in successive phases aimed at implementing and evaluating environmental education 

strategies within the university context. Each stage included planning, execution, monitoring, and 

recording of results to ensure the relevance of the actions. 

 

Stage 1: Paper Collection and Recycling 

 

− Action implemented: Placement of containers exclusively for recycled paper in all teaching 

buildings (Figure 1). 

 

− Execution: Once containers reached maximum capacity, Te Lo Compro Recicladora Industrial 

carried out the collection and provided a quantitative record of the paper gathered. 

 

− Specific objective: To encourage waste separation and promote a recycling culture within the 

academic community. 
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Box 1 
 

 
 

Figure 1 

Paper recycling container installed in teaching buildings as part of Stage 1 of the 

environmental education program.       

 

Stage 2: Pilot Program for Waste Separation and Battery Collection 

 

− Actions implemented: 

− Battery collection campaigns in Teaching Building “J” and Workshop “E.” 

− Installation of small containers in secretarial offices. 

 

− Secondary classification (NAE-007-SEMADET/2008) (Figure 2): 

− Gray: metals. 

− Yellow: paper and cardboard. 

− Black: hard-to-recycle waste. 

− White: glass. 

 

− Pilot duration: Four weeks, during which waste disposal by students was quantified and 

evaluated. 

 

− Specific objective: To raise awareness within the community about the correct classification of 

solid and hazardous waste in accordance with state regulations. 
 

Box 2 
 

 
 

Figure 2 

Secondary waste separation containers (paper and cardboard, metals, glass, and 

plastics) implemented during the pilot program in accordance with state regulation 

NAE-007-SEMADET/2008 
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Stage 3: Cigarette Butt and Hazardous Laboratory Waste Collection 

 

− Actions implemented: 

− Installation of three containers made of recycled PVC and zeolite for cigarette butt collection 

(Figure 3) in Teaching Buildings I and J. 

− Placement of containers for disposable gloves used in laboratory practices at the entrances of 

Chemistry Laboratories I and II (Building E). 

 

− Monitoring duration: Four weeks, recording the amount of waste generated. 

 

− Classification: Hazardous waste. 

 

− Specific objective: To promote the safe management of hazardous waste and reduce the 

environmental impact associated with cigarette butts and contaminated laboratory materials. 

 

Box 3 
 

 
 

Figure 3 

Cigarette butt collection container (ECOCOLILLAR) placed in common areas to promote 

safe disposal and recycling of high-risk waste 

 

Results 

 

During the implementation period, the paper recycling containers installed in Teaching Buildings “J” 

and “M” reached full capacity, with a total of approximately 395 kg of paper collected by the recycling 

company Te Lo Compro. Approximately 80% of students used the containers correctly, with no evidence 

of cross-contamination. The estimated environmental benefit of this action corresponds to the 

conservation of five mature trees and a savings of nearly 6,000 liters of water, according to paper 

recycling indicators. 

 

In the pilot battery collection program, 15.5 kg of alkaline and rechargeable batteries were 

gathered, preventing their disposal in common waste. Regarding the secondary classification established 

by the NAE-007-SEMADET/2008 standard, the following amounts were recorded: 12 kg in the gray 

container (mainly soda cans), 25 kg in the yellow container (predominantly discarded notebooks), 9 kg 

in the white container (500 ml glass bottles), and 18 kg in the black container (non-recyclable waste). 

Compliance evaluation showed that 72% of students performed correct separation, while the remaining 

28% made errors, mostly by mixing organic waste into inappropriate containers. Notably, both faculty 

and administrative staff expressed interest in replicating the strategy in other buildings. 
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In the third phase, an average of 220 g of cigarette butts were collected weekly in the containers 

placed in Buildings “I” and “J,” reaching a total of 645 g, equivalent to approximately 2,385 units. Thanks 

to the use of zeolite in the containers, the material was safely isolated. Regarding laboratory waste, 9.8 

kg of disposable gloves were collected from the Chemistry I and II laboratories (Building E). These were 

classified as hazardous biological-infectious waste and sent for specialized disposal. A total of 95% of 

gloves were correctly deposited in the designated containers, reflecting an effective adoption of the 

strategy by students. 

 

Overall, a significant reduction was observed in the improper disposal of waste, decreasing from 

40% initially (before implementation) to 20% after monitoring. The university community demonstrated 

a high level of awareness, particularly regarding paper recycling and laboratory waste separation. The 

pilot strategy generated quantitative indicators that will serve as the basis for expanding the program to 

additional teaching buildings and laboratories. Furthermore, the project strengthened the environmental 

training of Environmental Engineering students, who actively participated in the design, monitoring, and 

evaluation of the campaigns. 

 

Conclusions 

 

The implementation of the environmental education program demonstrated that the university 

community is capable of generating a measurable positive impact on integrated waste management when 

adequate infrastructure is provided, accompanied by awareness-raising processes. The results obtained 

across the three phases indicate a high level of student participation and proper assimilation of the 

strategies, achieving compliance rates above 80% in the correct disposal of recyclable and hazardous 

waste. 

 

In the paper collection phase, a tangible environmental benefit was achieved through the 

conservation of natural resources, while the pilot program for waste separation revealed strengths in 

correct classification (72% compliance) and areas for improvement related to the mixing of organic 

waste. Meanwhile, the collection of cigarette butts and laboratory gloves reflected a responsible approach 

to high-risk waste, with compliance levels close to 95%. 

 

Taken together, the results confirm that the program not only contributes to reducing negative 

environmental impacts but also strengthens the culture of sustainability within the institution, generating 

interest among faculty and administrative staff in replicating these practices in other spaces. The 

continuity and expansion of these strategies will allow for the consolidation of a university environmental 

management model that can be replicated and adapted in other academic and social contexts. 
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