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Spaceflight presents a series of physiological and pathological challenges to astronauts resulting from ionizing radiation, microgravity, isolation, and other spaceflight hazards. These risks cause a series of aging-related diseases associated with increased oxidative stress and mitochondria dysfunction. The skin contains many autofluorescent substances, such as nicotinamide adenine dinucleotide phosphate (NAD(P)H), keratin, melanin, elastin, and collagen, which reflect physiological and pathological changes in vivo. In this study, we used a portable handheld two-photon microscope to conduct high-resolution in vivo skin imaging on volunteers during 15 days of head-down bed rest. The two-photon microscope, equipped with a flexible handheld scanning head, was used to measure two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) images of the left forearm, left front chest, and forehead of volunteers. Changes in TPEF, SHG, and the extended SHG-to-AF(TPEF) aging index of the dermis (SAAID) were measured. It was found that TPEF intensity increased during bed rest and was restored to normal levels after recovery. Meanwhile, SHG increased slightly during bed rest, and the skin aging index increased. Moreover, we found the skin TPEF signals of the left forearm were significantly negatively associated with the oxidative stress marker malondialdehyde (MDA) and DNA damage marker 8-hydroxy-2′-desoxyguanosine (8-OHdG) values of subjects during head-down bed rest. Meanwhile, the SHG signals were also significantly negatively correlated with MDA and 8-OHDG. A significant negative correlation between the extended SAAID of the left chest and serum antioxidant superoxide dismutase (SOD) levels was also found. These results demonstrate that skin autofluorescence signals can reflect changes in human oxidant status. This study provides evidence for in-orbit monitoring of changes in human stress using a portable handheld two-photon microscope for skin imaging.
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INTRODUCTION
Spaceflight has obvious effects on the physiological systems of astronauts, including cardiovascular, musculoskeletal, respiratory, vestibular, vision, and immune systems (Demontis et al., 2017). In order to combat the adverse effects of weightlessness on astronauts and ensure their physical health and high-efficiency work capabilities during spaceflight, it is important to conduct real-time monitoring of their health and take protective measures. However, to date, no measures have been implemented to monitor their health status at a cellular level in vivo during spaceflight.
The skin is the largest organ of the human body and can reflect mental and physical health in different environments (Henderson et al., 2017; Li et al., 2017; Franco et al., 2022). It consists of the epidermis, dermis (including papillary dermis and reticular dermis), and subcutaneous fat. Some molecules in the skin can absorb incident photons of a specific shorter wavelength into an excited state (one-photon excitation) and quickly emit photons with a longer wavelength to return to the ground state. The emitted light is skin autofluorescence. It is known that skin endogenous fluorophores include porphyrin, advanced glycation end products (AGEs), flavin, reduced nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), phenylalanine, tryptophan, collagen, elastin, lipofuscin, and keratin (Richards-Kortum and Sevick-Muraca, 1996). In particular, the generation of NADH is accompanied by the formation of ATP. The measurement of NADH levels can provide relevant information on cell metabolism (Kolenc and Quinn, 2019) and oxidative stress state (Kim et al., 2017). The endogenous fluorophores of the skin can thus be used as molecular markers of pathology and physiological state.
Multiphoton microscopy is an imaging technology based on a non-linear optical process, which provides complementary modes, such as two-photon excitation fluorescence, three-photon excitation fluorescence, and harmonic generation imaging. These modes, combined with endogenous chromophores, provide opportunities for non-invasive imaging of biological tissues under natural physiological conditions. Multiphoton microscopes have been used to study aging (Koehler et al., 2006; Koehler et al., 2009; Kaatz et al., 2010; Ait El Madani et al., 2012) and cancer (Paoli et al., 2008; Dimitrow et al., 2009; Paoli et al., 2009; Pastore et al., 2017) and have been employed in cosmetic and pharmaceutical research (König et al., 2006; Ait El Madani et al., 2012). NASA/ESA launched its Skin B project, which covered skin measurements of at least five astronauts before and after spaceflight. Skin B focused on the measurement of skin physiological parameters, including the use of sub-micron high-resolution multiphoton tomography. However, this study only measured data on earth before and after the flight (Braun et al., 2019; Theek et al., 2020).
Most of the multiphoton microscope equipments are large and difficult to move, and it is hard to carry out whole body skin inspections in clinic due to their large-size probe. To meet these challenges, an attractive solution is to use a portable miniature two-photon microscope. We successfully developed a new generation high-speed and high-resolution miniature two-photon fluorescence microscope and obtained clear and stable images of brain neurons and synaptic activities in mice during free behavior (Zong et al., 2017; Zong et al., 2021). Based on similar technology, we developed a portable handheld two-photon microscope equipped with 780 nm femtosecond laser to realize a two-photon inspection of human skin in vivo and in situ.
The -6° head-down bed rest can simulate the body fluid head distribution and exercise reduction on the human body, resulting in cardiovascular dysfunction, muscle atrophy, bone loss, endocrine disorders, changes in water and salt metabolism, decreased immune function, and so on, all of which are experienced during spaceflight (Hargens and Vico, 2016). Therefore, the head-down bed rest experiment can be used to study the effect and mechanisms of, and protective measures against weightlessness on human physiological functions. This method is simple and easy to implement and is currently the most widely-used method for simulating weightlessness in the human body. However, signatures of skin autofluorescence imaging have not been characterized in individuals under head-down bed rest or mimic microgravity.
In this study, we carried out two-photon imaging to monitor human skin during 15 days of head-down bed rest and subsequent recovery using our newly-developed portable handheld two-photon microscope, which demonstrates a new approach that can non-invasively and harmlessly assess the impact of weightlessness on human stress status at the cellular level.
METHODS
Volunteers
After nationwide recruitment for bedridden experiments through screening of gender, age, and physical and mental status, as well as two clinical physical examinations and pathological screenings, 24 volunteers were included in the experiment. The standard experiment time of the bed rest experiment was approximately 35 days, including the acclimatization period before the experiment, 15 days of bed rest, and the recovery period after bed rest. We only reported data relating to six volunteers in the bed rest group who had not been applied any special treatment.
Ethics
All volunteers were informed of the objectives and scope of the research and provided written informed consent before the start of the research. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The study was approved by the Ethics Committee of the Space Science and Technology Institute (Shenzhen).
Portable Handheld Two-Photon Microscope
The portable handheld two-photon microscope consists of two main parts: a host and a probe. The host mainly consists of an 80 MHz Er-doped femtosecond fiber laser operating at 1,560 nm, a set of controller boards, and a dual channel detection module; the probe mainly consists of a miniature two-photon microscope (mTPM) head, a frequency doubling module, and a motor-driven linear stage. The host and the probe are connected via a flexible opto-electric composite cable, which contains a polarization maintaining fiber that delivers femtosecond laser pulses, a supple fiber bundle that delivers the collected signal photons, and a composite drive cable. The 1,560 fs-laser in the host, together with the frequency doubling module in the probe, work as an excitation source operating at 780 nm. The output power of the laser radiation is about 52 mW, which is considered safe for human skin imaging. The dual channel detection module is designed for autofluorescence (TPEF channel, 420–580 nm) and second harmonic generation (SHG channel, 375∼400 nm) detection with photomultiplier tube H10770PA-40. The controller boards, where a home-made control software is embedded, control the laser operation, the z-movement of the focusing optics, the 2D scanning process, the signal amplification/acquisition (16 bit), and the image generation. The mTPM head consists of a 2D MEMS scanner and home-made high NA focusing optics (NA = 0.9). The field-of-view of the optical system is 180 μm2 × 150 μm2. The working distance of the focusing optics is designed to be 1.2 mm, which takes the coverslip, optical medium, reasonable mechanical gap, and over 200 μm imaging depth into consideration. The linear stage drives the z-movement of the frequency doubling module and the mTPM head, all of which are integrated inside the handheld probe.
Procedure
In vivo images of human skin were obtained from the left volar forearm, left front chest, and forehead region of healthy human subjects using the portable handheld two-photon microscope. The skin imaging at three sites was carried out 1 day before bed rest, on the third, eighth, and 15th day of bed rest, and the seventh day after recovery. The pre-imaging procedure involved wiping the skin test area with 75% alcohol cotton, placing the probe on the skin surface, finding the stratum corneum and the dermis layer according to the real-time image, and setting the parameters. Then the image scanning process starts from the skin stratum corneum to the dermis layer with step interval of 2 μm to obtain a 3D image stack of the skin. Volunteers underwent forearm venipuncture in the morning at prescribed time points (1 day before bed rest, and at 7 and 15 days during bed rest). Collected blood samples were stored in a freezer at −80°C for subsequent testing. Serum was tested for oxidative stress indicators, including superoxide dismutase (SOD), malondialdehyde (MDA), and 8-hydroxydeoxyguanosine (8-OHDG).
Image Analysis
Image registration was first performed. Since the basale cell layer is located on the papillary dermis and is uneven, for the images obtained with the TPEF channel, images from the first layer of basale cells that appeared to the previous layer of collagen fibers that appeared were selected as the whole basale cell layer for processing. The cell layer was processed and Fiji (ImageJ 1.52i) was used to subtract the background of the selected image. The maximum value projection was then performed on the basale cell layer stack composed of all the images of the selected layers to obtain one image. We selected the region where the basale cells are concentrated as ROI and then calculated the average gray-scale value. For the images obtained with the SHG channel, the images of the same ROI and same timepoint performed the same operation as the TPEF channel images. We selected the same number of layers, subtracted the background, undertook maximum value projection, selected the same ROI, and calculated the mean gray value. Finally, we extended the concept of SAAID from dermis to epidermis using the same equation, SAAID = (SHG − TPEF)/(SHG + TPEF). Here, the SAAID can probably be considered a normalization of TPEF signals in the innermost epidermis versus SHG.
Statistical Analysis
Statistics from all volunteers by time point and GraphPad Prism 9.0.0 were used for statistical analyses and graphing. Statistical differences among groups were analyzed by one-way repeated measures ANOVA, followed by Tukey’s test to determine group differences in the study parameters. Pearson correlation coefficient (R2) was performed to assess the correlation between two variables. Comparisons with p < 0.05 were considered to be statistically significant.
RESULTS
Skin Imaging Using a Portable Handheld Two-Photon Microscope
The skin contains numerous endogenous fluorophores. The two-photon microscope can obtain label-free in vivo images of skin noninvasively with sub-cellular resolution from the skin surface down to a depth of over 120 μm. In this study, a portable handheld two-photon microscope was used. This microscope is easy to carry and can flexibly detect the skin of different parts of the human body (Figures 1A,B). The two-photon microscope provides clear images of skin structure by acquiring two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) images simultaneously. The stratum corneum, stratum granulosum, stratum spinosum and stratum basale of the skin can be seen from top to bottom (Figures 2A,B). The TPEF signal at 420–580 nm from the spinous layer and basale cell layer is mainly NADH, while the SHG signal depicts the collagen network. Based on the TPEF and SHG data, SAAID was calculated at different time points before, during, and after bed rest.
[image: Figure 1]FIGURE 1 | Optical biopsy of in situ human skin during 15 days of head-down bed rest. (A) Corresponding two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) fitted images of the skin obtained from different depths below the skin surface, as shown in the images. (B) Measurement schedule. The indicated measurements were performed at each time point. 
[image: Figure 2]FIGURE 2 | Portable handheld two-photon microscope imaging of a skin structure. (A,B) Image of the clinical device portable two-photon microscope to perform non-invasive, label-free, rapid in vivo histology. Photograph of indicated parts of the body coupled to the probe of portable two-photon microscope imaging system during imaging. TPEF (green) and SHG (red) images of skin obtained from different depths below the skin surface. SC, stratum corneum; SG, stratum granulosum; SS, stratum spinosum; SB, stratum basale.
Changes in the Two-Photon Excited Fluorescence Index in the Basale Cell Layer of the Epidermis at Different Time Points
TPEF can be used to provide high-resolution skin morphology and yield a complete picture of the skin’s endogenous fluorophores. Stratum basal, which is the innermost layer of the epidermis, can continually divide and be pushed towards the skin surface. The stratum basale layer cells are sensitive to vascular oxygen, whereas the cells of the upper layers, such as stratum granulosum, are mostly supplied by atmospheric oxygen (Balu et al., 2013). To investigate the effect of 15 days of head-down bed rest on the NADH of basale cells, we examined the stratum basale TPEF of the left forearm, left front chest, and forehead skin at different time points. As shown in Figure 3A, the image of TPEF displayed the structure of basale cells. The basale cell TPEF intensity was analyzed. The results showed that the TPEF of the left forearm increased at the third day of bed rest compared with the period prior to bed rest, while the TPEF of the left front chest and forehead increased on the eighth day of bed rest. The TPEF showed a decreasing trend thereafter but did not return to the original level at 15 days of bed rest. However, the TPEF can be restored to normal levels after 7 days of recovery (Figures 3B,C). These results indicate that 15 days of head-down bed rest led to the alteration of NADH in basale cells.
[image: Figure 3]FIGURE 3 | Qualitative comparison of skin TPEF during 15 days of head-down bed rest. (A) Typical images of TPEF intensity in the subcutaneous basale cell layer in different parts of the skin at each time point. (B–D) Changes of TPEF intensity in the skin basale cell layer of left forearm, left chest and forehead during 15 days of head-down bed rest. Data represent mean ± SEM. Significant values are determined as *p < 0.05, **p < 0.01 (Tukey’s multiple comparisons paired test).
Quantitative Comparison of Second Harmonic Generation Signal at Different Time Points
Skin structural proteins can produce the SHG signal, and the strongest signal is induced by collagen. To investigate the effect of 15 days of head-down bed rest on skin structural proteins in vivo, we examined the SHG signal of the left forearm, left front chest, and forehead skin at different time points. In Figure 4A, images of SHG in the epidermis are shown. Analysis of the SHG signal revealed an increase on day 8 of bed rest compared with the period before bed rest, which was then restored to the normal level after 7 days of recovery (Figures 4B,C). These results indicate that 15 days of head-down bed rest induced the change in skin structural proteins.
[image: Figure 4]FIGURE 4 | Qualitative comparison of skin SHG during 15 days of head-down bed rest. (A) Typical images of SHG intensity in the subcutaneous basals cell layer in different parts of the skin as a function of time in bed. (B–D) Changes of SHG intensity in the skin basale cell layer of left forearm, left chest, and forehead during 15 days of head-down bed rest. Data represent mean ± SEM. Significant values are determined as *p < 0.05 (Tukey’s multiple comparisons paired test).
Changes in SHG-to-AF(TPEF) Aging Index of Dermis at Different Time Points
The SAAID here can be considered a normalization of TPEF signals in the innermost epidermis versus SHG. We analyzed the SAAID combined with TPEF and SHG signals of the left forearm, left front chest, and forehead skin at different time points. The results showed that the SAAID has an increasing trend after 15 days of head-down bed rest (Figures 5A–C). These results suggest that 15 days of head-down bed rest might have an impact on skin aging.
[image: Figure 5]FIGURE 5 | Qualitative comparison of skin SAAID during 15 days of head-down bed rest. (A–C) Changes in SAAID index calculated from TPEF and SHG values of left forearm, left anterior chest, and forehead during 15-day bed rest with head down. Data represent mean ± SEM. Significant values are determined as *p < 0.05 (Tukey’s multiple comparisons paired test).
Correlation of Serum Redox Status Marker Levels With Two-Photon Excited Fluorescence and SHG-to-AF (TPEF) Aging Index of Dermis
As indicated by previous research, head-down bed rest is a useful and reliable simulation model for physiological changes during spaceflight (Jost, 2008). Blood samples were collected during 15 days of head-down bed rest. Serum levels of oxidative markers (MDA, 8-OHDG, and SOD) were measured. The results showed that the serum SOD value after 8 days of head-down bed rest was significantly lower compared with the period before bed rest (Figure 6A), By contrast, the levels of MDA and 8-OHDG remained unchanged (Figures 6B,C). To determine the correlation of serum redox status marker levels with the value of TPEF and SAAID, we used Pearson’s method to analyze the multiple correlation coefficient. As shown in Figures 7A,B, the TPEF of the left forearm was significantly negatively associated with the serum MDA and 8-OHDG value of subjects at total time points. Meanwhile, the SHG of the left forearm was also significantly negatively associated with the serum MDA and 8-OHDG value of subjects (Figures 7C,D). The results showed a significant negative correlation between the SAAID of the left chest and SOD (Figure 7E). All these results suggest that measurement of the skin TPEF, SHG, and SAAID by a portable handheld two-photon microscope in vivo can be used to assess the oxidative and antioxidant capacity of the body during spaceflight.
[image: Figure 6]FIGURE 6 | Quantitative comparison of serum biochemical indicators during 15 days of head-down bed rest. (A) Changes of serum superoxide dismutase content during 15 days of head-down bed rest. Data represent mean ± SEM. Significant values are determined as *p < 0.05 (Tukey’s multiple comparisons paired test). (B) Changes of serum 8-hydroxydeoxyguanosine during 15 days of head-down bed rest. Data represent mean ± SEM. (Tukey’s multiple comparisons paired test). (C) Changes of serum malondialdehyde content during 15 days of head-down bed rest. Data represent mean ± SEM. (Tukey’s multiple comparisons paired test).
[image: Figure 7]FIGURE 7 | Pearson correlation coefficients of two-photon detection indexes and serum biochemical indicators. (A,B) Pearson correlation coefficients of serum MDA, 8-OHDG and gray value of left forearm skin TPEF. There was a significant negative correlation. (C,D) Pearson correlation coefficients of serum MDA, 8-OHDG, and gray value of left forearm skin SHG. The left forearm SHG gray value was significantly negatively correlated with serum MDA and 8-OHDG levels. (E) The SAAID index calculated by TPEF and SHG intensity of left anterior chest were significantly negatively correlated with serum SOD.
DISCUSSION
This study is the first to report on the noninvasive assessment of human stress status during head-down bed rest using a portable handheld two-photon microscope. The signals of fluorescent substances and the second harmonic generation signal of structural proteins around the dermis-epidermis junction were used to observe the dynamic changes of the basale layer cells. The results showed that 15 days of head-down bed rest had induced the changes in skin TPEF, SHG, and SAAID. Importantly, we found the skin TPEF signals of the left forearm were significantly negatively associated with the serum oxidative markers -MDA and the 8-OHDG value of subjects during head-down bed rest. Moreover, the SHG signals also had a significant negative correlation with MDA and 8-OHDG, and a significant negative correlation between SAAID of the left chest with serum SOD values was also found. This study demonstrates that the portable handheld two-photon microscope for skin imaging can be used to monitor human stress during spaceflight.
Two-photon microscopy has different advantages and characteristics for cell imaging, tissue imaging, and in vivo imaging studies. Some studies have applied it to observing the morphological characteristics of different lesions, such as basal cell carcinoma and malignant melanoma (Balu et al., 2014; Kiss et al., 2019). For in vivo imaging research, two-photon microscopy systems usually use infrared laser as the excitation light source. This affords good penetration of biological tissues and can reach an imaging depth of hundreds of microns and can thus achieve dynamic, real-time, and continuous monitoring of molecular events in vivo. Since the two-photon microscopy imaging technology based on SHG and TPEF was first used in biomedicine, it has received extensive attention for its unique advantages. This technology is mainly used in fibrosis diagnosis and the grading of tissues and organs (Sun et al., 2008), discrimination of tumors (van Huizen et al., 2020), and morphological observation of the living tissue cell matrix in vivo or in vitro (Zoumi et al., 2002). The endogenous fluorophores of the skin allow label-free visualization of the cellular and subcellular features of various skin layers (Yew et al., 2014). In this study, we used a portable handheld two-photon microscope for skin imaging during head-down bed rest. It was found that TPEF intensity increased during bed rest and was restored to the normal level after recovery. Meanwhile, SHG increased slightly during bed rest, and the SAAID also increased. These findings indicate that head down bed rest induced changes to the skin’s physiological parameters.
Free radicals can cause lipid peroxidation to form peroxides, among which 8-hydroxydeoxyguanosine (8-OHDG) and malondialdehyde (MDA) are markers of DNA and lipid oxidation. These two serum indexes can directly reflect the effect of oxidative stress. SOD is one of the important components of the body’s antioxidant system. It can remove harmful substances such as free radicals generated by oxidative stress and reflect the body’s antioxidative function (Demirci-Çekiç et al., 2022). Spaceflight can cause the imbalance of redox homeostasis in human and animal blood, urine, and tissue (Goodwin and Christofidou-Solomidou, 2018) In this study, the serum SOD value after 8 days of head-down bed rest had significantly decreased compared with the period before head-down bed rest. By contrast, the levels of MDA and 8-OHDG remained unchanged. This is the same as previous data from male cohorts indicating significant inactivity-provoked antioxidant status reduction (Powers et al., 2007) in contrast to the data from female cohorts (Debevec et al., 2016). Whereas previous studies showed bed rest exposure induced the increase of blood oxidative stress markers (Margaritis et al., 2009; Debevec et al., 2016), the decrease in serum SOD and the lack of increase in MDA and 8-OHDG in our study can be attributed to lower basale stress with the short-term bed rest. In this study, we analyzed these three serum indicators during 15 days of head-down bed rest and performed correlation analysis with the TPEF, SHG, and SAAID of the skin. We found the skin’s TPEF and SHG signals were significantly negatively associated with serum MDA and 8-OHDG during head-down bed rest. Moreover, a significant negative correlation between the SAAID of the left chest and serum SOD values was found. These results demonstrate the skin’s two-photon fluorescence microscope signals can reflect changes in human oxidative status.
An important metabolic fluorophore in the epidermis is NADH. The two-photon microscope can observe the fluorescence of NADH, which acts as an electron carrier from the Krebs cycle to the respiratory chain (Mayevsky & Rogatsky, 2007; Balu et al., 2013). Mellem et al. (2017)used MitoTracker Red CMXRos to locate mitochondria and compare them with the autofluorescence of NADH observed by a confocal scanning microscope. They found that the morphology of stained mitochondria was almost identical to the autofluorescence signal of NADH (Mellem et al., 2017). NADH mainly exists in mitochondria. The NADH level in basale layer cells is sensitive to vascular oxygen supply. Moreover, the changes in NADH fluorescence of human epidermal cells under conditions of blood-supplied oxygen deprivation can reflect mitochondrial function and cellular metabolism. This study suggests the potential application of the portable handheld two-photon microscope in monitoring mitochondrial function.
The limitation of this study is that the basale layer contains melanin that can also emit fluorescence in the skin under these imaging conditions. Fortunately, the skin type of volunteers is close to Fitzpatrick II∼III, so the influence of melanin is not obvious. Furthermore, the volunteers had no chance of exposure to sunlight in the head-down bed rest experiment, so the melanin would have decreased gradually or remained at a constant low level, which means that the fluorescence contribution of melanin would have had a decreasing trend or at least no impact on the change in fluorescence. Therefore, we speculate that the increase of the TPEF during bed rest was mainly due to the change in NADH.
In summary, this study carried out a non-invasive assessment of human stress status during 15 days of head-down bed rest and subsequent recovery period using a portable handheld two-photon microscope, providing us with a new method that can non-invasively and harmlessly assess the impact of weightlessness on human stress status at the cellular level. Our results add a new dimension to the study of the physiological changes during head down bed rest. In the future, the portable handheld two-photon microscope can be used as a powerful tool to monitor astronauts' health in spaceflight.
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