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Abstract

:

The ongoing expansion of fifth-generation (5G) and future sixth-generation (6G) mobile communications is expected to result in widespread human exposure to millimeter-wave (mmWave) radiation globally. Given the short penetration depth of mmWaves and their high absorption by the skin, it is imperative to investigate the potential effects of 5G radiation not only in terms of temperature increase but also at the cellular level. To understand the biological mechanisms of mmWave effects, accurate methods for assessing mmWave absorption in the skin are crucial. In this study, we use fluorescence lifetime imaging microscopy (FLIM) to explore these effects. Employing a mmWave exposure system operating at 26 gigahertz (GHz), porcine skin is irradiated for varying durations (5, 10, 20, and 30 min). We investigate changes in tissue temperature and the autofluorescence of flavin adenine dinucleotide (FAD). Our findings suggest that operating our mmWave exposure systems at the configured power level of 26 GHz is unlikely to cause damage to FADs, even after a 30 min exposure duration.
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1. Introduction


Since the introduction of fifth-generation (5G) mobile communications in early 2020, millimeter wave (mmWave) frequencies have been utilized to achieve extremely low latency (around 1 millisecond (ms)) and high data rates (several gigabytes (GB)/s) [1]. The ongoing push to advance 5G and future sixth-generation (6G) mobile communications will lead to widespread human exposure to mmWave radiation worldwide. While considerable attention has been directed towards the technical advancements that 5G, 6G, and beyond will bring, there is also concern about the potential impacts that the technology may have on human health [2].



The dielectric properties of water within the 6–300 gigahertz (GHz) range result in an absorption coefficient (at 20 °C) that increases from 4   cm  − 1    at 6 GHz to 30   cm  − 1    at 30 GHz, 85   cm  − 1    at 100 GHz, and 150   cm  − 1    at 300 GHz. Consequently, the penetration depth ( δ ) (defined as   1 / α  , the depth at which 37% of the incident radiation survives) at 30 GHz is approximately 1 mm, decreasing to about 0.3 mm at 100 GHz [3]. This characteristic leads to electromagnetic (EM) energy being primarily deposited superficially in tissues with a high-water content, such as the skin. For example, at the dermis layer of the skin,  δ  decreases from 8.1 mm at 6 GHz to 0.92 mm at 30 GHz [4]. “Heating” of the skin is a notable effect on the human body resulting from exposure to EM-fields (EMFs) [4].



Frequency Range 2 (FR2) (24,250–52,600 megahertz (MHz)) has a short electrical wavelength, resulting in a shorter transmission range but a wider operating bandwidth compared to frequency range 1 (FR1) (i.e., 410–7125 MHz) [5]. With the anticipation of deploying the 5G spectrum in the FR2 region across numerous countries to facilitate diverse applications, exploring its potential health effects is critical. In 5G, mmWave refers to frequencies between 24 and 71 GHz (the two frequency ranges, 26 GHz and 28 GHz, are included in the millimeter range by convention [5]). Therefore, this study focuses on the biological effects of the mmWave band, with particular emphasis on the 5G high-band (i.e., 26 GHz).



Extensive research efforts have been devoted to examining the health implications associated with deploying wireless communication devices operating in the high-frequency range of the EM spectrum (e.g., mmWave range). This includes both experimental and in silico studies [6,7,8,9,10]. Specifically, our research group has investigated the health effects of non-ionizing radiation at higher frequencies using both synchrotron radiation and computational methods [11,12,13].



Based on our previous studies, we determined that further experimental research is necessary to investigate the potential health impacts of 5G devices on sensitive tissues as advised by the International Commission on Non-ionizing Radiation Protection (ICNIRP) [4]. Consequently, we have commenced a research project aimed at developing a mmWave exposure system for biological studies [5]. In this current paper, we employ the developed mmWave exposure system for non-ionizing radiation dosimetry of the skin.



The skin and eyes are the primary human organs directly exposed to the mmWaves produced by 5G technology. However, the current scientific evidence regarding mmWaves’ effects on the skin and skin cells is limited to approximately 99 studies [14]. This indicates a significant gap in our understanding, making it challenging to establish evidence-based exposure limits and develop informed human health policies regarding the potential impacts of mmWaves on individuals. Developing precise methods to evaluate the absorption and penetration of mmWaves into the skin’s surface is crucial for gaining a deeper understanding of their biological effects at 26 GHz.



Numerous studies have investigated the impact of radiofrequency (RF) radiation on the skin, including both experimental and computational approaches [15,16,17,18,19]. However, there is a noticeable gap in the research, particularly regarding microscopic-level examinations. As the primary mechanism of RF-induced damage, heating is the most recognized mechanism for the biological effects of non-ionizing radiation [4,20]. Nonetheless, research on the non-thermal effects is scarce. Therefore, in this study, we aim to investigate both aspects: temperature increase and potential cellular damage.



Fluorescence lifetime imaging microscopy (FLIM) is a functional imaging technique used to examine the duration of a fluorophore’s excited state. Factors in the fluorophore’s environment, including local pH, temperature, viscosity, and oxygen concentration, can influence this duration [21].



FLIM has extensive applications in dermatology, allowing for the examination of both physiological and pathological skin conditions in ex vivo and in vivo samples. Additionally, it is suitable for studying cell cultures. This technique enables the non-invasive monitoring of metabolic activity, morphology, and oxidative stress in mesenchymal stem cells undergoing various differentiation stimuli. Autofluorescence imaging with FLIM relies on exciting specific endogenous cellular or extracellular components that emit fluorescence. Fluorophores are essential components of these molecules, contributing to their characteristic autofluorescence [22].



This study will examine the potential impacts of 26 GHz non-ionizing radiation on porcine skin after exposure durations of 5, 10, 20, and 30 min. The aim of this study is to assess the temperature increase in porcine tissues exposed to RF radiation at 26 GHz and investigate how this rise in temperature may affect the skin. We employ FLIM to examine potential RF-induced damage at the cellular level. To our knowledge, this approach has not been previously utilized in the literature for investigating RF damage on the skin at the cellular level.




2. Fluorescence Lifetime Imaging Microscopy


This section commences by defining FLIM and its configurations. Subsequently, we illustrate its application in studying the damage to the skin caused by exposure to RF radiation.



2.1. Fluorescence Lifetime


Fluorescence lifetime (FLT) represents the dynamic decay process of fluorescence intensity. When a laser of an appropriate wavelength stimulates a substance/tissue, its molecules absorb energy, transitioning from the ground state to an excited state. Subsequently, they emit fluorescence with a longer wavelength as they return to the ground state via radiation transition (note: the emission of a photon following excitation is referred to as fluorescence [23]). FLT denotes the average duration during which a molecule remains in its excited state before emitting a photon. Typically, it is defined as the time taken for the fluorescence intensity to decrease from its peak value to   1 / e   of its peak value [24]:


  I  ( t )  =  I 0   e  − t / τ    



(1)







Here, FLT represents the fluorescence lifetime, where t denotes time,   I 0   is the initial fluorescence intensity at   t = 0  , and   I ( t )   signifies the fluorescence intensity at time t. In biological samples, such as porcine skin, multiple substances can generate fluorescence when excited by a laser. The combined effect of the fluorescence lifetime of these various fluorescent substances can be described by a multi-exponential function as demonstrated below:


  I  ( t )  =  ∑  i  n   α i  ·  e  − t /  τ i     



(2)




where   τ i   is the FLT of the fluorescent substance, and   α i   is the ith weighting factor.




2.2. Determining Lifetime through Phase-Modulation Method


There are two primary approaches to determining the FLT of tissue: frequency-domain and time-domain methods. In the frequency domain, also known as the phase-modulation method, a sinusoidally modulated continuous-wave laser (or LED) is used to excite the sample. The fluorescence emitted from the sample is likewise modulated sinusoidally with the same frequency as the excitation source. The FLT value is derived by measuring the demodulation coefficient and the phase shift between the fluorescence and the excitation light. Various modulation frequencies, typically corresponding to the reciprocal of FLT, can be selected for diverse samples/tissues, effectively broadening the range of the FLT measurements. Assuming a phase shift of fluorescence in relation to the excitation light denoted by ∅ and a modulation factor represented by M, the formulas for calculating FLT are as follows:


   τ ∅  =  1 ω  t a n φ  



(3)






   τ M  =  1 ω    (  1  M 2   − 1 )    



(4)






  τ =   (  τ ∅  +  τ M  )  2   



(5)







Here,  ω  is the modulation frequency; please note that for the case of the one-component fluorescence decay,    τ φ  =  τ M    (where   τ φ   represents the phase lifetime and   τ M   represents the modulation lifetime). It is important to recognize that since we are focusing on using the frequency domain technique to calculate lifetimes, the time domain technique is outside the scope of this research.




2.3. Skin Anatomy and Fluorophores


The skin consists of three primary layers: the epidermis, the dermis, and the subcutaneous tissue. The epidermis, serving as the outermost layer, comprises a stratified squamous epithelium. Its thickness varies across different body regions, ranging from 0.05 mm on the eyelids to 1.5 mm on the palms and soles. The outermost stratum corneum layer of the epidermis consists of flattened, dead cells. Basal cells within the epidermis undergo division, differentiation, and eventual shedding. As they migrate towards the skin surface, they undergo further stratification, ultimately forming the cornified layer of the stratum corneum [25].



Human skin should be viewed as an optically turbid medium through which light passes, undergoing scattering before being absorbed. Some of the scattered light exits the skin through diffuse reflection. The absorbed light can then trigger a faint autofluorescence, which relies on naturally occurring fluorescent biomolecules present in the skin, such as flavins, reduced nicotinamide adenine dinucleotide phosphate (NAD(P)H) coenzymes, and metal-free porphyrins, as well as components of lipofuscin, collagen, elastin, and keratin (represented in Table 1) [25,26].



Flavin adenine dinucleotide (FAD), known for its autofluorescence properties, plays a vital role in cell metabolism, particularly in electron transfer processes. FAD fluorescence can be used as a marker to study cellular metabolism and redox processes. Changes in the intensity or duration of FAD fluorescence provide valuable indications about cellular metabolic activities, such as oxidative phosphorylation and glycolysis. Typical characteristics of FAD are demonstrated in Table 1.



Porcine (i.e., pig) skin exhibits histological similarities to human skin as evidenced by comparable stratum corneum thickness ranging from 21 to 26 μm [27]. Therefore, we used porcine skin as a surrogate for human tissues (e.g., skin) in this study.





 





Table 1. Distinctive characteristics of endogenous skin fluorophores (NAD(P)H and FAD) adapted from [28]. Note: endogenous fluorophores are responsible for tissue autofluorescence [29].






Table 1. Distinctive characteristics of endogenous skin fluorophores (NAD(P)H and FAD) adapted from [28]. Note: endogenous fluorophores are responsible for tissue autofluorescence [29].





	Fluorophore
	1-P Peak Excitation Wavelength (nm)
	2-P Peak Excitation Wavelength (nm)
	Emission Wavelength (nm)
	Fluorescence Lifetime (ns)





	Bound FAD
	360–465
	725–760, 850–950
	520–530
	0.003–4.55



	Free FAD
	360–465
	725–760, 850–950
	520–530
	2.3–2.9



	Bound NAD(P)H
	330–360
	760
	440–470
	1.9–5.7



	Free NAD(P)H
	330–360
	760
	440–470
	0.3–0.4










3. Materials and Methods


This section outlines the experimental procedure involving exposing samples to RF (i.e., 26 GHz). Additionally, we describe the methodology used to analyze the samples (i.e., FLIM), and data analysis techniques.



3.1. Skin Samples


Fresh ex vivo skin samples, sourced from porcine skin on the day of the experiment, with an average thickness of approximately 20 mm, were obtained from an abattoir. The specimens were stored at 21 °C before use. Six specimens from identical porcine skin patch subjects were dissected for examination. Each skin sample was prepared by placing it in a petri dish (illustrated in Figure 1C). Before RF exposure, the samples underwent FLIM analysis.




3.2. mmWave Exposure


While the traditional definition of mmWave typically ranges from 30.0 to 300.0 GHz, our study specifically focuses on the 26 GHz frequency. We selected this frequency because, in the context of 5G, mmWave refers to frequencies ranging from 24 to 71 GHz, with the two frequency ranges of 26 GHz and 28 GHz conventionally included in the mmWave spectrum [5].



Following sample preparation, the samples’ temperatures were assessed using an IR thermal camera. Initially, the samples were stored in a laboratory refrigerator and then brought indoors to reach the stable temperature of the laboratory environment (this process was carried out quickly to prevent the samples from drying out and to expedite the experiment). Once the stable temperature was achieved, the samples were exposed to 5G radiation within an anechoic chamber (shown in Figure 1A) at 26 GHz using a spot-focusing antenna with a highly concentrated beam measured at a 1 cm spot size [5] (Figure 1D). The characteristics and components of this mmWave exposure system were previously detailed in our prior publication; please see [5] and the following figure (Figure 1) for details. The samples were exposed to RF for 5, 10, 20, and 30 min at the same power of 5.1 Kw·  m  − 2   .




3.3. Temperature Rise Measurement


EM wave absorption involves the absorption of EM energy by tissue, leading to the attenuation of the primary radiation beam [30]. Given the shallow penetration depth of less than 1 mm at 26 GHz [5], the temperature rise predominantly impacts the surface [20]. Therefore, an IR thermal camera was employed to monitor the temperature increase on the skin’s surface. Three temperature readings were taken per minute and then averaged to enhance precision and minimize uncertainty.




3.4. FLIM Imaging and Data Analysis


Immediately after RF exposure, the samples were transported to the microscopy facility at Swinburne University. Specifically, FLIM was employed to examine and identify any potential tissue damage. We used FLIM to map the spatial distribution of nanosecond (ns) excited state lifetimes within microscopic images (illustrated in Figure 2D).



Configuration includes a modulation frequency of 35 MHz, a gain of 900 V, an exposure time of 300.0 ms, and 12 phase images. The LIFA unit (Lambert Instruments, The Netherlands) was affixed to a Ti Eclipse inverted microscope (Nikon Inc., Tokyo, Japan) (Figure 2D). Sample excitation occurred with 470 nm light, focused through a 2× air objective, and emission was observed through a hyper-spectral imaging system (His-400; Gooch & Housego; Orlando, FL, USA) set at 528.5 nm. Measurements were referenced against a solution of rhodamine 6G (FLT = 4.1 ns) to correct for instrumental demodulation and phase shift (Shown in Figure 2A–C). We generated polar plots for porcine skin (shown in Figure 2F) to visualize the distribution of lifetimes within the samples. As seen in Figure 2F, the polar plot of porcine skin exhibited a complex and heterogeneous lifetime decay pattern, consistent with findings commonly reported in the literature [31,32]. The observed intricate and varied decay pattern in the porcine skin polar plot aligns with well-established research findings. This variability likely arises from skin tissue’s complex composition and structure, leading to differences in fluorescence lifetimes across various sample regions. Additionally, factors such as tissue morphology, pigmentation, and diverse biomolecules contribute to the observed heterogeneity in fluorescence decay. However, we opted not to include these polar plots in this paper, as our study is primarily focused on examining the possible changes in the autofluorescence of FADs within skin tissue following irradiation.



Instead, we analyzed the FLIM data using the lifetime information obtained from the measured   τ φ   (phase lifetime) as a simple metric. To enhance precision, we selected six distinct ROIs within the image (as shown in Figure 2E) and calculated the average data from these ROIs.



The analysis of fluorescence lifetime images obtained through FLIM aimed to detect potential tissue damage. The fluorescence lifetime images provide valuable information about the structure and dynamics of the porcine skin and its molecular components. This is primarily attributed to the extended duration that the fluorescent molecules in the skin tissue remain in the excited state. During this period, various processes can occur, including alterations in orientation, conformational changes, and the binding of ions or other macromolecules. These changes enable the detection of molecular interactions within the tissue.





4. Results


In this section, we represent the study results, specifically highlighting the temperature changes observed at different exposure durations and the results obtained from FLIM imaging.



Figure 3 and Figure 4 represent the temperature variations of the skin exposed to RF at 26 GHz according to time.



Investigating autofluorescence in biological tissue presents challenges due to the overlapping excitation and emission spectra of these natural fluorophores, and their inherently low fluorescence intensity, as well as the significant scattering and heterogeneity within the tissue (e.g., skin) [33]. It is challenging to obtain dependable quantitative data solely from autofluorescence intensity measurements. Hence, we investigated additional fluorescence properties, such as lifetime (e.g., phase lifetime).




5. Discussion


As depicted in Figure 3 and Figure 4, when porcine skin is exposed to RF radiation initially, the rate of temperature increase is notably high after 5 and 10 min of exposure (0.59 and 0.54 °C/min, respectively). This rapid temperature elevation occurs as the skin absorbs energy from the RF source (i.e., mmWave exposure system), undergoing rapid internal changes and becoming less responsive to additional energy input.



The skin absorbs more energy as exposure continues and undergoes further changes, but the temperature rise gradually diminishes. This decrease is due to the skin approaching its maximum capacity to absorb and process energy effectively (e.g., factors such as limitations in heat dissipation mechanisms contribute to this phenomenon).



With prolonged exposure, the rate of temperature rise progressively decreases until it stabilizes or reaches a plateau. At this point, the skin has saturated its capacity to absorb energy from the RF exposure. Therefore, subsequent exposure under similar conditions is anticipated to result in minimal or negligible further temperature changes.



In this study, we opted not to use standard exogenous dyes or stains for our FLIM measurements. Instead, we relied on intrinsic fluorophores and reliable cell and tissue metabolism indicators (such as FADs). Measuring the lifetime of cofactors such as FADs allows us to estimate metabolic activity. As illustrated in Figure 5, the phase lifetime of porcine skin decreases following RF exposure. However, this reduction is not statistically significant and was observed in the control samples as well. This decline was marginally more pronounced after thirty minutes of exposure to 26 GHz radiation. Specifically, the lifetime decreased from 3.53 ± 0.04 ns to 3.28 ± 0.08 ns. A change in lifetime from 3.53 to 3.28 ns could represent a small relative change (<10%) and could result from a small change in the relative amounts of FAD in a semi-closed conformation (lifetime = 2 ns) relative to an open conformation (lifetime = 4 ns). The change signifies an alteration in the physical environment but it is unclear whether this change would have a significant impact of cell physiology [24].



Given our excitation wavelength of 470 nm and the obtained lifetimes falling within the range of FADs’ lifetimes, the data are attributed to autofluorescence, specifically bound FADs in porcine skin (as illustrated in Table 1). It is important to note that the decrease in phase lifetime did not change the physiological state of FAD (from bound to free). Our findings suggest that our mmWave exposure system, which emits a highly focused beam at its current power of 5.1 Kw·  m  − 2   , is likely to result in around a 7 °C temperature rise (after 30 min exposure) in a highly water-rich tissue such as the skin. However, it is improbable to cause cellular damage at the tissue level.



Various studies have concentrated on examining the impacts of non-ionizing radiation on skin tissues, including protein expression [34], cellular stress [35], and temperature elevation [36] resulting from exposure to 900 MHz (GSM-900). However, as observed in the literature, a considerable number of these investigations have relied heavily on computational methods [37,38,39], which may present challenges in examining the non-thermal effects. To our knowledge, none of the existing studies in the literature have considered utilizing FLIM to examine the impact of RF-EMF. Thus, this study introduces new avenues for investigating whether RF radiation at frequencies utilized by 5G devices (such as 26 GHz) could potentially affect cellular levels following tissue temperature elevation. The future direction of this research involves exploring various power levels and different exposure scenarios to replicate real-life skin exposure to RF radiation.




6. Conclusions


This study investigated the impact of mmWave radiation (26 GHz) on porcine skin. We used a mmWave exposure system to expose skin samples to radiation for 5, 10, 20, and 30 min to assess the potential damage. We employed FLIM measurements for damage analysis, focusing on the lifetime of flavines (FADs), which serve as indicators of cellular and tissue metabolic activities. Our findings revealed a decrease in FAD lifetime in samples exposed to RF radiation, with the highest decline observed in samples exposed for 30 min. Notably, the decrease in FAD lifetime did not indicate a transition from bound FAD to free FAD, suggesting no anticipated damage.
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The following abbreviations are used in this manuscript:



	(NAD(P)H)
	Adenine Dinucleotide Phosphate



	6G
	Sixth generation



	5G
	Fifth generation



	EM
	Electromagnetic



	FAD
	Flavin Adenine Dinucleotide



	FLIM
	Fluorescence Lifetime Imaging Microscopy



	FLT
	Fluorescence lifetime



	FR1
	Frequency Range 1



	FR2
	Frequency Range 2



	GB
	Gigabytes



	GHz
	Gigahertz



	ICNIRP
	International Commission on Non-ionizing Radiation Protection



	IR
	Infrared



	MHz
	Megahertz



	ms
	Millisecond



	mmWave
	Millimeter-wave



	ns
	Nanosecond



	RF
	Radiofrequency



	ROI
	Region of Interest
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Figure 1. The experimental configuration employed in this study: (A) the 6G Research and Innovation’s laboratory anechoic chamber for conducting RF exposure; (B) the mmWave exposure system equipped with a spot-focusing antenna featuring a 1 cm spot size with the beam focused on the porcine skin; (C) employing four samples for RF exposure and one control sample; (D) visualization of the radiation focal spot (1 cm) on an infrared (IR) camera with the monitoring of the temperature rise during RF exposure. 
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Figure 2. Experimental setup and intensity images obtained during FLIM measurements (A) rhodamine 6G in distilled water (lifetime = 4.1 ns) used as a reference. (B) Corresponding intensity image of rhodamine 6G. (C) Polar plot showing the location of a 4.1 ns lifetime fluorophore (rhodamine 6G). (D) FLIM measurement setup featuring the LIFA unit controlled by LI-FLIM version 1.2.6 (Lambert Instruments, Groningen, The Netherlands). (E) Selection of six regions of interest (ROI) within the intensity image to determine the phase lifetime within those areas. (F) Polar plot illustrating heterogeneous lifetime distribution of autofluorescence (plot is broad and inside the semi-circle). 
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Figure 3. The temperature response of porcine skin to RF exposure at 26 GHz. The top image illustrates temperature variation after 5 min of exposure, while the bottom image illustrates the variation after 10 min of exposure. Temperature measurements were captured using an IR camera, with three readings per minute averaged to reduce uncertainty. The rate of temperature rise was determined by calculating the slope between the first and last data points. 
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Figure 4. The temperature response of porcine skin to RF exposure at 26 GHz. The top image illustrates temperature variation after 20 min of exposure, while the bottom image illustrates the variation after 30 min of exposure. Temperature measurements were captured using an IR camera, with three readings per minute averaged to reduce uncertainty. The rate of temperature rise was determined by calculating the slope between the first and last data points. 
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Figure 5. Phase lifetime of porcine skin. FLIM measurements were used to determine the phase lifetime of porcine skin. Four samples underwent RF exposure for durations of 5, 10, 20, and 30 min alongside a control. Measurements were taken before and after exposure, with the control kept in the lab environment but not exposed to RF. Data 