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Two-photon autofluorescence 
lifetime imaging of human skin 
papillary dermis in vivo: assessment 
of blood capillaries and structural 
proteins localization
Evgeny A. Shirshin1, Yury I. Gurfinkel2, Alexander V. Priezzhev1, Victor V. Fadeev1, Juergen 
Lademann3 & Maxim E. Darvin3

The papillary dermis of human skin is responsible for its biomechanical properties and for supply 
of epidermis with chemicals. Dermis is mainly composed of structural protein molecules, including 
collagen and elastin, and contains blood capillaries. Connective tissue diseases, as well as cardiovascular 
complications have manifestations on the molecular level in the papillary dermis (e.g. alteration 
of collagen I and III content) and in the capillary structure. In this paper we assessed the molecular 
structure of internal and external regions of skin capillaries using two-photon fluorescence lifetime 
imaging (FLIM) of endogenous compounds. It was shown that the capillaries are characterized by a 
fast fluorescence decay, which is originated from red blood cells and blood plasma. Using the second 
harmonic generation signal, FLIM segmentation was performed, which provided for spatial localization 
and fluorescence decay parameters distribution of collagen I and elastin in the dermal papillae. It was 
demonstrated that the lifetime distribution was different for the inner area of dermal papillae around 
the capillary loop that was suggested to be due to collagen III. Hence, we propose a generalized 
approach to two-photon imaging of the papillary dermis components, which extends the capabilities of 
this technique in skin diagnosis.

Skin is the largest organ in the human body serving numerous functions1. Generally, skin consists of three dis-
tinct layers – epidermis, dermis and the inner layer – hypodermis, which mainly contains fat cells, adipocytes. 
Epidermis is composed of cell layers and is attached to an underlying dermis with a basement membrane (BM), 
which controls an exchange of chemicals between blood vessels and epidermis. The BM structure is determined 
by the interaction of epidermal cells, keratinocytes, and fibroblasts from the papillary dermis, which produce 
necessary protein components, including collagen type IV1–4.

The dermis consists of two layers – papillary (stratum papillare) and reticular dermis (stratum reticulare). The 
depth of a papillary dermis is approximately 300–400 μm, and its upper part is arranged into ridge-like struc-
tures, the dermal papillae, which contain microvascular and neural structures1. Dermal papillae greatly extend 
the surface area of the dermal-junction and facilitate delivery of soluble molecules to the epidermis from blood 
capillaries. A typical adult has about 1011 blood vessels, and more than 99% of these vessels are involved in the 
microcirculation – a vast network of interconnected vessels5. This network is controlled by numerous mecha-
nisms, and there are many ways in which such a delicate system may break down, leading to cardiovascular dis-
ease. The structure of capillaries can also be influenced by dermal diseases such as psoriasis6–8. Skin capillaries can 
be observed using standard optical microscopy9. In the common case, the superficial capillary loops are oriented 
perpendicular to skin surface, hence, only their terminal parts can be distinguished. However, in the fingernail 

1Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia. 2Research Clinical Center of JSC “Russian 
Railways”, Moscow, Russia. 3Department of Dermatology, Venerology and Allergology, Center of Experimental and 
Applied Cutaneous Physiology, Charité –Universitätsmedizin Berlin, Berlin, Germany. Correspondence and requests 
for materials should be addressed to E.A.S. (email: shirshin@lid.phys.msu.ru) or M.E.D. (email: maxim.darvin@
charite.de)

Received: 10 January 2017

Accepted: 28 March 2017

Published: xx xx xxxx

OPEN

mailto:shirshin@lid.phys.msu.ru
mailto:maxim.darvin@charite.de
mailto:maxim.darvin@charite.de


www.nature.com/scientificreports/

2Scientific Reports | 7: 1171  | DOI:10.1038/s41598-017-01238-w

bed area capillaries are aligned parallel to the surface, and can be inspected across the whole length9. Digital 
optical capillaroscopy provides clinically important information on microvascular abnormalities in patients. For 
instance, the density of the capillary network and the ratio of the capillaries’ venous segment to arterial segment 
diameters could give quantitative evidence for characterization of arterial hypertension stages10. Though being 
informative in terms of prediction of microvascular complications, whose earliest manifestations are encountered 
in the microcirculation, as well as other pathologies11, simple visualization of capillaries with optical microscopy 
does not allow for assessing of molecular species and biochemical processes in blood. At the same time, in vivo 
blood cytometry, which can be performed through skin noninvasively, is highly desirable for biomedical diagno-
sis and can be potentially performed by complex methods12, 13.

Dermis is mainly composed of extracellular matrix (ECM) produced by fibroblasts3, with collagen being the 
most abundant protein component. Different subpopulations of fibroblasts result in differences between the ECM 
organization in different areas of dermis. At that, papillary dermis is characterized by thin, randomly oriented 
fibers made of collagen types I and III, intercrossed with the elastin fibers, while reticular dermis is made of thin 
collagen fibers1. The ratio and the interaction between collagen type I and type III determine biomechanical prop-
erties of the connective tissue4. Various diseases, as well as connective tissue disorders, have manifestations at the 
level of dermis. Keloid, morphea, dermal elastosis, skin aging and photodamage are associated with reorganiza-
tion of the ECM and rearrangement of collagen fibers’ architecture and content14–17. Collagen remodeling is also 
a central process during wound healing18, 19, and its monitoring in vivo is important for regenerative medicine20. 
Current techniques to visualize and quantify changes in tissue collagen types rely on immunohistochemistry and 
polarized staining under the microscope21, 22. Although histopathology is the golden standard and provides for 
the highest accuracy and specificity in detection of tissue pathologies, it requires time-consuming tissue process-
ing and invasive procedures, which is not suitable e.g. for a routine investigation of cosmetic problems. This led to 
an impetuous development of several in vivo methods, which allow for the assessment of skin structure, including 
high frequency ultrasonography23, optical coherence tomography (OCT)24, 25, confocal laser scanning microscopy 
(LSM)26–28, confocal Raman microscopy (RM)29, 30 and multiphoton imaging31, including multiphoton tomogra-
phy (MPT)32 combined with coherent anti-Stokes Raman scattering (CARS)33, 34.

MPT is based on non-linear optical effects such as higher optical harmonics generation (e.g., SHG, Second 
Harmonics Generation), two photon excited autofluorescence (TPEAF) and CARS, which require the use of 
short (usually femtosecond) excitation pulses. MPT allows for non-invasive imaging of tissue structure at the 
subcellular level with a real-time temporal resolution32. The major advantage of this technique is the possibility 
of assessment of biochemical properties of tissues, i.e. molecular composition at certain spatial points, especially 
when MPT is combined with time-resolved methods, i.e. pump-and-probe spectroscopy and FLIM (Fluorescence 
Lifetime Imaging)32, 35.

MPT allows for the evaluation of tissue architecture and molecular composition in the upper dermis. While 
the SHG signal in the dermis mainly originates from collagen I fibers and can be used for their quantification 
and morphology assessment36, intense TPEAF from this skin region is considered to be due to elastin fibers37. 
As a result, several descriptors have been developed to assess the morphological state of the upper dermis on the 
basis of MPT37–39, thus solving the principal quantification problem for dermatology and cosmetology. It was also 
shown that SHG microscopy itself is a powerful method, which allows obtaining detailed information on the col-
lagen I fibers structure and their arrangement in tissues, providing for valuable clinical information40–43. However, 
signal separation for different collagen types is not readily provided by the MPT.

Though fluorescent properties of different collagen types in model systems have been studied44–46, their sepa-
ration in fluorescence images for real objects, especially in vivo, still remains a challenging problem and requires 
an application of FLIM with advanced processing algorithms47, which in the case of dermis requires separation of 
autofluorescence of other ECM components, e.g. elastin. Fluorescence lifetimes of elastin and collagen have been 
multiply addressed in relation to measurements of aorta walls constituents48, 49. It was shown that the absolute 
lifetime values of these species vary significantly depending on the sample preparation, storage and environment, 
e.g. fluorescence lifetime for model preparations elastin differs from that for elastin in aorta44, 48. Generally, the 
data on the absolute lifetime values of collagen I and elastin is rather contradictive44–49, and implementation of an 
independent method, e.g. SHG, is required for reliable localization of collagen and elastin in tissues.

While a lot of works using MPT was performed on epidermis50–53, only a sparse information was reported 
on microvascular components in the papillary dermis. For instance, it is a common knowledge that the loca-
tion of capillary in papillae is seen as a hollow area inside the collagen I matrix in the SHG signal40, 42, 43, how-
ever, applications of MPT in the dermal microvasculature research are almost lacking. In this work, we aimed at 
the investigation of capillaries in dermal papillae of human skin in vivo with a focus on the possibility of their 
imaging with MPT-FLIM using autofluorescence of the endogenous compounds. For this purpose, the origin of 
capillary-related fluorophores at two-photon excitation was investigated. We also performed a detailed investiga-
tion of the molecular species localization in papillary dermis around the capillaries using segmentation of FLIM 
images guided by the intensity distributions of SHG and TPEAF. The obtained results suggest the existence of at 
least three distinct ECM components in the dermal papillae, two of them being collagen I and elastin, and the 
third, presumably, collagen III. Finally, we propose a generalized approach to MPT imaging of capillaries interior, 
including blood plasma, and neighboring tissues in the framework, which extends the standard collagen-elastin 
picture of dermis composition accepted in MPT studies.

Results and Discussion
LSM imaging of capillaries in papillae.  The major aim of the present research was to assess the molecular 
structure of internal and external regions for skin capillaries with two-photon imaging, but previously to that 
characterization of the corresponding structures with LSM operated in the reflection mode54 was performed.
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Figure 1a demonstrates the image of nailbed capillaries obtained using LSM in a reflectance mode under 
785 nm light excitation. Pronounced structure of capillaries in fingernail bed makes them a convenient object for 
visualization and quantification of the microvascular network. In contrast to that, papillary capillaries in other 
regions of skin are oriented perpendicular to the surface. The capillary loops in the inner forearm at ~60 μm depth 
can be seen in Fig. 1b. Importantly, the blood flow was clearly seen in the LSM video mode both for the fingernail 
and forearm capillaries (see the Videos 1 and 2).

Using LSM (fluorescence mode) on the fingernail bed region, no fluorescence was observed from the papillary 
area upon excitation at 488 nm, which could be due to the strong light absorbance and scattering in tissue, as well 
as due to the absence of a sufficient number of fluorophores excited by this wavelength.

Two-photon imaging of fingernail bed capillary loops.  As the fingernail bed capillaries exhibit 
a pronounced horizontally oriented structure, which can be easily recognized, we started our experiments on 
two-photon imaging of blood vessels from the fingernail bed area.

In the dermis (at ~150 μm depth) prolonged finger-like structures could be observed in the SHG channel 
(Fig. 2a), suggesting that these are horizontally aligned papillae where the capillaries should reside.

The SHG signal in human skin originates from collagen I fibers, which are characterized by a needle-like 
non-centrosymmetric geometry and hyper polarizability. They give rise to a non-zero second order susceptibility. 
This approach is widely used to study the organization of collagen fibers in the human dermis55. TPEAF from the 
same area, which is observed simultaneously with the SHG signal, is presented in Fig. 2b. Figure 2c shows the 
false-color image of the merged SHG and TPEAF signals, demonstrating the orientation of papillae in the finger-
nail bed. As can be seen, no clear signs of the capillary can be observed in this image.

In contrast to this, the FLIM images, that represent the distribution of fluorescence decay parameters over 
the selected area, demonstrate the structure, which can be readily attributed to the capillary. This is confirmed 
by the capillary geometry obtained using LSM. At that, the colors in Fig. 2d correspond to the values of the fast 
component in fluorescence decay (τ1), and the colors in Fig. 2e correspond to the values of amplitude a1 of this 
fast component in fluorescence decay. The capillary-like structure is characterized by a fast fluorescence decay 
(τ1 ~ 150 ps) and high amplitude of the fast component (a1 ~ 90%). Figure 2f demonstrates the merged image of 
the SHG signal (red) and signal with fast fluorescence decay (τ1 < 200 ps, a1 > 80%), illustrating that the hollow 
areas in the papillae fit the capillary structure. We also observed that upon a tense pressure on the fingernail bed 
during measurements the capillary-induced signal in FLIM disappeared, suggesting that the fast fluorescence 

Figure 1.  Capillaries of human skin in vivo in (a) fingernail bed, 150 μm depth, (b) inner forearm, 60 μm depth 
as seen via LSM (reflection mode); the red lines correspond to papillae borders, and the red arrows indicate the 
position of capillary loops inside the papillae. The scanning wavelength was set to 785 nm.
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decay is due to the capillary’s content, i.e. blood, but not due to the capillary walls. To further investigate the origin 
of the fluorescence signal from the area of the capillary, we performed a separate study of two-photon fluores-
cence of blood, namely, of its two main components – red blood cells (RBCs) and blood plasma.

TPEAF/FLIM of human red blood cells and blood plasma.  To verify the origin of fluorescence located 
in the capillaries area we performed the measurements of human RBCs and blood plasma. It has been reported 
that hemoglobin exhibits high two-photon absorption cross-section, and that two-photon excitation of hemo-
globin results in a high energy Soret fluorescence with a fast decay56–58. TPEAF of hemoglobin, which is the 
major intracellular component of RBCs with the concentration of ~300 mg/ml, makes it a prominent marker for 
non-invasive imaging of blood vessels57, 58. Hence, TPEAF fluorescence of hemoglobin could be considered as a 
major component responsible for blood vessels signature in the FLIM signal. Indeed, the results of RBC’s TPEAF 
measurements show that RBCs are characterized by a fast fluorescence decay with a narrow lifetime distribu-
tion (100 ± 20 ps) and high impact of the fast component’s amplitude a1 (Fig. 3). The slower decay component 
observed for RBCs was about 500 ps and could be probably originated from NAD(P)H59.

We also investigated TPEAF of the second major component of human blood – blood plasma. Upon excitation 
of a blood plasma liquid drop with 760 nm laser pulses a pronounced fluorescence signal was observed, the inten-
sity of which was several times lower compared to RBCs. The fluorescence decay parameters for blood plasma are 
presented in Fig. 3, which are characterized by a quite narrow distribution of τ1 (170 ± 20 ps), that is characteristic 
of single fluorophore predominance in the overall fluorescence signal, and high a1/a2 ratio, which was comparable 
to that of hemoglobin. The slow component τ2 with 1–2 ns lifetime, a broad distribution (FWHM ~ 500 ns) and 
~10% amplitude in the fluorescence decay could be supposedly due to the fluorescence decay artefacts. However, 
during the processing of blood plasma FLIM images we took into account only bright pixels with >500 counts 
intensity in maximum, hence, we expect this decay component to be originated from real fluorophores. Though 
the origin of these fluorophores requires further investigation, we note that at one-photon excitation in this wave-
length region (~380 nm) numerous fluorophores are known to emit fluorescence in blood plasma, such as dif-
ferent advanced glycation end-products, NAD(P)H, fluorescent protein cross-links, etc.60, 61. However, the fast 
component of blood plasma decay (200 ± 20 ps) is sufficiently lower than that for NAD(P)H (~500 ps), which is 
known to contribute significantly to the blood plasma emission62. Fluorescence of biological liquids, especially of 
blood plasma, is extensively studied, that is motivated by the necessity to develop novel methods for the detection 
of pathologies and metabolic disorders in the human organism60–62. Collectively, our results suggest that TPEAF 
could be a prospective method to assess the fluorescence of blood plasma in vivo.

Figures 3c–e also demonstrate the fluorescence decay parameters distribution obtained for the capillary area 
presented in Fig. 2d–f. It can be seen that the τ1 and a1 values for capillary are somewhere in between the corre-
sponding parameters obtained for RBC and blood plasma, as one could expect.

We note that in our experiments a single FLIM image with a 300 µm width was measured during 6.2 s, which 
correspond to the 50 µm/s scan rate. Considering the blood flow velocity in capillaries of ~500 µm/s63, one could 
expect a homogeneous distribution of fluorophores in the measurement area, i.e., no single RBCs could be 
observed and the resulting signal would be a mixture of RBCs and blood plasma fluorescence with a predominant 
impact of RBCs. However, the longer lifetime component (τ2 ~1.7 ns) present in the capillaries could be associ-
ated with blood plasma fluorescence as it is completely lacking in the RBC-induced FLIM signal (Fig. 3e).

Figure 2.  Two-photon imaging of the fingernail bed area: (a) SHG signal, (b) TPEAF signal, (c) merged SHG 
and TPEAF signals, (d) FLIM image, colors correspond to the τ1 values (the color scale corresponds to the 150–
500 ps range), (e) FLIM image, colors correspond to the a1 values (the color scale corresponds to the 85–100% 
range), (f) merged SHG and FLIM images.
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FLIM of the forearm capillaries.  In contrast to the fingernail bed, the capillaries in the inner forearm 
are oriented perpendicular to skin surface, and only a transverse cross-section of U-shaped capillary loops can 
be obtained (Fig. 4a). Figure 4b,c demonstrate representative two-photon images taken at 60 µm depth in the 
inner forearm of a healthy individual, which show the following features. Collagen I fibers of the papillae can be 
observed in the SHG channel (Fig. 4b), while fibrous structure revealed in TPEAF could be attributed to elas-
tin (Fig. 4c). In Fig. 4b,c a hollow area can be observed in the middle of the papillary structure (white arrow), 
where no SHG and weak TPEAF signals are observed. Figure 4d demonstrates the spatial distribution of the 
SAAID (SHG to Autofluorescence Aging Index of Dermis) index across the papilla, which is characteristic of the 
collagen-to-elastin ratio in the skin37, 38. Positive SAAID values (red color) correspond to collagen I predomi-
nance, and negative SAAID values (green color) correspond to the elastin-rich areas.

FLIM data demonstrates much more detailed aspects of the dermal papilla organization (Fig. 4e, colors cor-
respond to different values of τm), and their analysis allows for the following localization of fluorescing species. 
First, fast fluorescence decay (red color in Fig. 4e) can be observed for two spots in the center of the papilla, which 
represent the cross-section of the U-shaped capillary loop. Indeed, a capillary must be present inside the papilla, 
and fluorescence properties of these two spots coincide with that of capillaries from the fingernail bed (Fig. 2d). 
The FLIM pictures taken at different depths are presented in the Video 3, where the consequent cross-sections of 
the U-shaped capillary loops can be clearly observed. The fluorescence contour around the papilla with charac-
teristic fast decay (Fig. 4e) could be attributed to melanin-containing cells52. We note that visualization of the rete 
ridges by separating fast melanin fluorescence in FLIM (blue color in the Video 3) could be used to reconstruct the 
morphology of the dermal-epidermal junction, which is indicative of skin pathologies64.

Second, bright fibrous regions in the TPEAF image (Fig. 4c) correspond to the light-blue areas of the FLIM 
image (Fig. 4e). These fragments could be associated with elastin fibers in papillary dermis. Third, the green 
regions inside the papilla outside the “hollow” area in Fig. 4e correspond to the red regions in Fig. 4d, i.e. to the 
positive SAAID. These regions are rich in collagen I and exhibit lower fluorescence compared to bright blue areas 
in Fig. 4d. Off note, yellow areas with the average lifetime of 500 ± 100 ps and the average size of 6 ± 2 μm were 
present in more than 30% of the obtained dermal papillae FLIM images in their inner parts. Though the origin of 
the observed areas requires further investigation, we suppose that they could be originated from cell components, 
which could be present near the capillary in the perivascular space65.

Finally, the green area, which surrounds blood vessels in the middle of papilla and corresponds to the “hol-
low” area (white arrows in Fig. 4) can be clearly observed in the FLIM image (Fig. 4e). As no SHG is detected 
for this region, this signal couldn’t have been caused by collagen I. At the same time, elastin-rich regions are 
colored in blue in Fig. 4e, as described above. These facts suggest that the inner (“hollow”) area of the papillary 
structure, which surrounds the capillary loop, predominantly contains molecular species different from collagen 
I and elastin.

Using the SAAID value for different parts of the papilla (Fig. 4d), fluorescence lifetime distributions can 
be obtained for its outer area and collagen I-rich (positive SAAID, high SHG signal) and elastin-rich (negative 
SAAID, high TPAEF intensity) regions as shown in Fig. 4f. It can be seen that the mean fluorescence lifetimes for 
collagen I and elastin represent the fast and slow parts in the overall distribution obtained for the outer area of 
the papilla. However, the presence of other fluorescing species in the outer area of the papilla can’t be excluded.

A more detailed analysis of fluorescence decay parameters is presented in Fig. 5. The dermal papilla was seg-
mented into three regions – the inner and outer areas, colored in red and black, respectively, and the “intensity 
mask” area, which corresponds to pixels in the outer area with the highest autofluorescence intensity (Fig. 5a,b). 
The cutoff value for the intensity mask (15% of the brightest pixels) was taken arbitrary to demonstrate the origin 
of bright fibrous structures inside the papilla – as this regions were characterized by the slowest decay, this area 
could be expected to be elastin-rich, and the lifetime distribution for this area should be similar to the distribution 

Figure 3.  (a) TPEAF and (b) FLIM images of RBCs obtained at 760 nm excitation (2 mW on the sample, 
the image width is 50 µm). The colors in Fig. 3b correspond to the 50–170 ps range for τ1, (c–e) Normalized 
distributions of the τ1, a1 and τ2 parameters obtained for RBCs (blue), blood plasma (red) and capillary (black). 
The FLIM images were fitted biexponentially for the pixels with maximum intensity exceeding 200 counts.
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for elastin shown in Fig. 4f. The inner area was selected as the region inside the papilla where the SHG signal was 
absent (see also Fig. 4a,b).

The obtained lifetime and amplitude distributions for the selected areas are presented in Fig. 5c–f, and the 
corresponding values are summarized in Table 1. As expected, the lifetime distribution under the intensity mask 
(blue color in Fig. 5b) was close to the distribution for elastin fibers (Fig. 4f), and the distributions obtained for 
the outer area could be interpreted as previously, namely, as a sum of distributions for collagen and elastin.

The lifetime distributions were different for the inner area, confirming that the corresponding fluorophore(s), 
different from collagen I and elastin, yields the fast part of the τm distribution. For instance, the average lifetime 
τm distribution for the inner area is centered at ~800 ps, while τm for elastin is centered at ~1300 ps (Fig. 5f). At 
the same time, though τm for collagen I is shorter (~1000 ps), no collagen I could be expected in the inner area 
due to the lack of SHG signal.

Protein species in the papillary dermis.  Localization of the ECM components in the papillary dermis in 
vivo is connected with two tasks: (i) separation between collagen and elastin and (ii) separation of different types 
of collagen.

Multiphoton tomography is capable of providing for the ratios of collagen and elastin fractions in the dermis 
based on the suggestion that at a certain depth the SHG signal originates solely from collagen I, while the TPEAF 
is mainly due to elastin molecules37, 38, 66. The corresponding collagen index, SAAID, is almost constant with depth 
at z > 120 µm and can be used as an integral indicator of the skin state without providing for spatial localization 
of ECM components66.

Koehler et al.67 reported the differences in lifetime distributions for the dermis obtained using MPT depend-
ing on the patients’ age and skin area localization (sun-protected or sun-exposed), that was attributed to different 
content of collagen I and elastin. However, this research investigated neither spatial lifetime distribution nor 
attribution of lifetimes to certain fluorophores. The results of investigation of collagen and elastin components 

Figure 4.  (a) Schematic representation of the skin structure. The dashed line corresponds to the plane of the 
papillary dermis cross-section measured with MPT, the outer and inner circles correspond to the cross-section 
of dermal papilla and the inner area around capillary. (b,c) Two-photon images of the dermal papilla: SHG and 
TPAEF signals, respectively. The white arrows correspond to the “hollow” area inside the papilla. (d) Spatial 
distribution of the SAAID index (SAAID = (SHG – TPEAF)/(SHG + TPEAF)) in the dermal papilla. (e) FLIM 
image of the dermal papilla, pixel colors correspond to different values of the mean fluorescence lifetime τm in 
the 100 ÷ 2000 ps range. (f) Mean lifetime distributions obtained for the outer area, positive SAAID (>0.15, 
collagen I) and negative SAAID (−0.4 ÷ −0.35) regions of the dermal papilla (see text for details).
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performed in different systems using time-resolved fluorescence spectroscopy44, 48, 49 suggest that this task can be 
solved by taking into account the relative differences between their lifetimes, but not their absolute values.

The collagen-to-elastin ratio has been also quantified using spectrally-resolved MPT without time resolu-
tion68. In this case the authors measured fluorescence spectra from each point of the MPT image and after that 
performed clustering of different regions based on a phasor plot in a spectral domain, which allowed to distin-
guish collagen-rich areas by specific SHG-related features. Interestingly, this work presented clustered images of 
papillary structures with melanin-containing cells around them, which contain characteristic “hollow” regions 
inside like the ones shown in Fig. 4, however, no blood vessels were identified using the proposed approach.

The major collagen constituents of the ECM in the papillary dermis are collagen types I and III, moreover, 
their ratio is of interest for numerous clinical applications, including the monitoring of the proliferation and 
remodeling phase of wound healing18–20. Collagens of different types and sources exhibit fluorescence emission 
which varies in spectral band shape, position of maximum and fluorescence lifetimes44–47, 69, 70. Ranjit et al.47 
demonstrated the separation between collagen I and III based on the use of a phasor plot approach for bone 
marrow of mice with fibrosis. Different types of collagen production were also studied by means of time-resolved 
spectroscopy46, where the signal was collected from a cell culture producing ECM.

Considering the facts that collagen III is the most abundant collagen in the papillary dermis after collagen I 
and the connective tissue enriched with collagen III is more flexible1, 71, it can be suggested that collagen III is the 
main ECM component responsible for the lifetime distribution in the inner area of dermal papillae presented in 
Fig. 5. As the inner area contains the blood vessel, it could be expected that the surrounding tissue is more “soft” 
compared to the outer area, which is rich in collagen I and is responsible for biomechanical properties of the 
whole skin. Indeed, while the outer area of dermal papillae exhibits strong SHG signal, no SHG is observed from 
their inner areas containing blood vessels13, 40, 42, 72. Of note, it was demonstrated that the third harmonic gener-
ation could be used to visualize the capillary in the inner area of papillae, making possible in vivo assessment of 

Figure 5.  (a) FLIM image of the papillary structure, colors correspond to the values of mean fluorescence 
lifetime in the 100 ÷ 2000 ps range. (b) segmentation of the FLIM image of papilla into the inner area (red), 
outer area (black) and intensity mask area (blue). The yellow area corresponds to the melanin-rich area around 
the papilla. (c–f) – distributions of fast (τ1) and slow (τ2) decay components, amplitude of the fast component a1 
and mean fluorescence lifetime, respectively.

τ1, ps τ2, ps a1/a2 τm

Elastin 400 ± 70 2300 ± 200 1.2 ± 0.2 1300 ± 100

Collagen I 300 ± 50 2500 ± 200 1.8 ± 0.2 1000 ± 150

Inner area 
ECM 250 ± 70 2300 ± 300 3.0 ± 0.4 800 ± 150

Table 1.  Fluorescence decay parameters obtained for the ECM components in the papillary dermis.
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blood flow13. The geometrical parameters of the capillary-containing inner area of dermal papillae were also used 
to characterize skin aging in vivo using harmonic generation microscopy43. The comparison between collagen I 
and IV distribution in a section of fibrotic mouse kidney clearly demonstrated colocalization of SHG with colla-
gen I, while the inner area containing aorta was filled with collagen IV, which lacks SHG40. Collagen IV is known 
to be the major protein constituent of blood vessel walls, however, the superficial dermal capillary wall thickness 
is much lower compared to aorta73, where even the collagen IV ring was ~50 μm thick. Hence, we consider the 
hypothesis that the major ECM component of the inner area in the dermal papillae is collagen IV unlikely, how-
ever, further histological investigation is necessary to confirm its origin.

Materials and Methods
Research objects.  In vivo measurements were performed on six healthy volunteers on their fingernail bed 
and inner forearm areas. In total, over 100 images of papillary structures were obtained. The volunteers were 
instructed not to use any cosmetic products for at least 48 hours and not to take a bath or shower for at least 
4 hours previous to the beginning of the measurements. The skin areas selected for the measurements were with-
out hairs, wrinkles and visible distortions or abnormalities. Blood sample taken from a healthy individual was 
centrifuged for 10 minutes at 1500 RPM (Hettich Zentrifugen, Universal 320R) to obtain blood plasma. RBC 
measurements were performed in a 0.1 M NaCl solution.

All the experimental protocols and subject recruitment were approved by the Ethics Committee of the 
Charité-Universitätsmedizin Berlin. Informed consent was obtained from all subjects. All methods were carried 
out in accordance with relevant guidelines and regulations.

Confocal laser scanning microscopy (CLSM).  In vivo investigations were carried out using a CLSM 
(VivaScope® 1500 Multilaser, Mavig, Germany) in both fluorescence (excitation wavelength 488 nm) and reflec-
tance (excitation wavelength 785 nm) modes. The utilized CLSM system was described in detail elsewhere54. All 
the images were built using the ImageJ software74.

Multiphoton tomography and fluorescence lifetime imaging.  Two-photon in vivo imaging was 
performed with a Dermainspect (JenLab GmbH, Jena, Germany) device equipped with a tunable femtosecond 
Ti:sapphire laser (Mai Tai XF, Spectra Physics, USA). The laser was operated at 760 nm and generated 100-fs 
pulses at a repetition rate of 80 MHz. The 410–680 nm bandpass filter was used to detect autofluorescence.

FLIM images were processed in the SPCImage software (Becker&Hickl, Berlin, Germany) incorporated 
into the Dermainspect system. Fluorescence decay in each pixel was fitted with a sum of two exponentials (fast 
and slow) with a fixed shift value, and the intensity threshold was chosen depending on the image quality. The 
obtained lifetime (τ1 and τ2) and amplitude (a1 and a2) values were further exported and used for the evaluation of 
lifetime distributions and image segmentation. The average lifetime was defined as τm = (a1τ1 + a2τ2)/(a1 + a2). All 
the images were built using the ImageJ software. The utilized MPT-FLIM system has been previously presented 
in details elsewhere75.

References
	 1.	 Omelyanenko, N. P., Slutsky, L. I. & Mironov, S. P. Connective Tissue: Histophysiology, Biochemistry, Molecular Biology (CRC 

Press, 2016).
	 2.	 Smola, H. et al. Dynamics of basement membrane formation by keratinocyte–fibroblast interactions in organotypic skin culture. 

Exp. Cell Res. 239, 399–410, doi:10.1006/excr.1997.3910 (1998).
	 3.	 Sorrell, J. M. & Caplan, A. I. Fibroblasts—a diverse population at the center of it all. Int. Rev. Cell. Mol. Biol. 276, 161–214, 

doi:10.1016/S1937-6448(09)76004-6 (2009).
	 4.	 Uitto, J., Olsen, D. R. & Fazio, M. J. Extracellular matrix of the skin: 50 years of progress. J. Invest. Dermatol. 92, 61–77, doi:10.1038/

jid.1989.34 (1989).
	 5.	 Schmid-Schonbein, G. W. What is the relevance of microcirculation in cardiovascular disease? (eds Struijker Boudier, H. and 

Ambrosio, G.) 1–12 (Lippinkott Williams & Wilkins, 2000).
	 6.	 Braverman, I. M. & Yen, A. Ultrastructure of the capillary loops in the dermal papillae of psoriasis. J. Invest. Dermatol. 68, 53–60, 

doi:10.1111/1523-1747.ep12485169 (1977).
	 7.	 Creamer, D., Sullivan, D., Bicknell, R. & Barker, J. N. W. N. Angiogenesis in psoriasis. Angiogenesis 5, 231–236, doi:10.1023

/A:1024515517623 (2002).
	 8.	 Archid, R. et al. Relationship between Histological and Clinical Course of Psoriasis: A Pilot Investigation by Reflectance Confocal 

Microscopy during Goeckerman Treatment. Skin Pharmacol. Physiol. 29, 47–54, doi:10.1159/000443211 (2016).
	 9.	 Bollinger, A. & Fagrell, B. Clinical capillaroscopy: a guide to its use in clinical research and practice. (Hogrefe & Huber Pub., 1990).
	10.	 Gurfinkel, Y. I., Sasonko, M. L. & Priezzhev, A. V. Digital capillaroscopy as important tool for early diagnostics of arterial 

hypertension. Proc. SPIE 9448, 944804, 10.1117/12.2180259 (2014).
	11.	 Chen, Q. et al. Nailfold capillary morphological characteristics of hand-arm vibration syndrome: a cross-sectional study. BMJ Open 

6, e012983, doi:10.1136/bmjopen-2016-012983 (2016).
	12.	 Galanzha, E. I., Shashkov, E. V., Spring, P. M., Suen, J. Y. & Zharov, V. P. In vivo, noninvasive, label-free detection and eradication of 

circulating metastatic melanoma cells using two-color photoacoustic flow cytometry with a diode laser. Cancer Res. 69, 7926–7934, 
doi:10.1158/0008-5472.CAN-08-4900 (2009).

	13.	 Wu, C. H. et al. Imaging Cytometry of Human Leukocytes with Third Harmonic Generation Microscopy. Sci. Rep. 6, 37210, 
doi:10.1038/srep37210 (2016).

	14.	 Al-Attar, A., Mess, S., Thomassen, J. M., Kauffman, C. L. & Davison, S. P. Keloid pathogenesis and treatment. Plast. Reconst. Surg. 
117, 286–300, doi:10.1097/01.prs.0000195073.73580.46 (2006).

	15.	 Berman, B. & Duncan, M. R. Pentoxifylline inhibits the proliferation of human fibroblasts derived from keloid, scleroderma and 
morphoea skin and their production of collagen, glycosaminoglycans and fibronectin. Brit. J. Dermatol. 123, 339–346, doi:10.1111/
bjd.1990.123.issue-3 (1990).

	16.	 Rongioletti, F. & Rebora, A. Fibroelastolytic patterns of intrinsic skin aging: pseudoxanthoma-elasticum-like papillary dermal 
elastolysis and white fibrous papulosis of the neck. Dermatology 191, 19–24, doi:10.1159/000246478 (1995).

	17.	 Fisher, G. J. et al. Mechanisms of photoaging and chronological skin aging. Arch. Dermatol. 138, 1462–1470, doi:10.1001/
archderm.138.11.1462 (2002).

http://dx.doi.org/10.1006/excr.1997.3910
http://dx.doi.org/10.1016/S1937-6448(09)76004-6
http://dx.doi.org/10.1038/jid.1989.34
http://dx.doi.org/10.1038/jid.1989.34
http://dx.doi.org/10.1111/1523-1747.ep12485169
http://dx.doi.org/10.1023/A:1024515517623
http://dx.doi.org/10.1023/A:1024515517623
http://dx.doi.org/10.1159/000443211
http://dx.doi.org/10.1117/12.2180259
http://dx.doi.org/10.1136/bmjopen-2016-012983
http://dx.doi.org/10.1158/0008-5472.CAN-08-4900
http://dx.doi.org/10.1038/srep37210
http://dx.doi.org/10.1097/01.prs.0000195073.73580.46
http://dx.doi.org/10.1111/bjd.1990.123.issue-3
http://dx.doi.org/10.1111/bjd.1990.123.issue-3
http://dx.doi.org/10.1159/000246478
http://dx.doi.org/10.1001/archderm.138.11.1462
http://dx.doi.org/10.1001/archderm.138.11.1462


www.nature.com/scientificreports/

9Scientific Reports | 7: 1171  | DOI:10.1038/s41598-017-01238-w

	18.	 Gay, S., Vijanto, J., Raekallio, J. & Penttinen, R. Collagen types in early phases of wound healing in children. Acta Chir. Scand. 144, 
205–211 (1977).

	19.	 Diegelmann, R. F. & Evans, M. C. Wound healing: an overview of acute, fibrotic and delayed healing. Front. Biosci. 9, 283–289, 
doi:10.2741/1184 (2004).

	20.	 Gurtner, G. C., Werner, S., Barrandon, Y. & Longaker, M. T. Wound repair and regeneration. Nature 453, 314–321, doi:10.1038/
nature07039 (2008).

	21.	 Junqueira, L. C. U., Bignolas, G. & Brentani, R. R. Picrosirius staining plus polarization microscopy, a specific method for collagen 
detection in tissue sections. Histochem. J. 11, 447–455, doi:10.1007/BF01002772 (1979).

	22.	 Katsuda, S. et al. Collagens in human atherosclerosis. Immunohistochemical analysis using collagen type-specific antibodies. 
Arterioscl. Throm. Vas. 12, 494–502, doi:10.1161/01.ATV.12.4.494 (1992).

	23.	 Jasaitiene, D. et al. Principles of high‐frequency ultrasonography for investigation of skin pathology. J. Eur. Acad. Dermatol. Venereol. 
25, 375–382, doi:10.1111/jdv.2011.25.issue-4 (2011).

	24.	 Fujimoto, J. G. et al. Optical biopsy and imaging using optical coherence tomography. Nat. Med 1, 970–972, doi:10.1038/nm0995-
970 (1995).

	25.	 Fujimoto, J. G. Optical coherence tomography for ultrahigh resolution in vivo imaging. Nat. Biotechnol. 21, 1361–1367, doi:10.1038/
nbt892 (2003).

	26.	 Amos, W. B. & White, J. G. How the confocal laser scanning microscope entered biological research. Biol. Cell 95, 335–342, 
doi:10.1016/S0248-4900(03)00078-9 (2003).

	27.	 Gerger, A. et al. Diagnostic applicability of in vivo confocal laser scanning microscopy in melanocytic skin tumors. J. Invest. 
Dermatol. 124, 493–498, doi:10.1111/j.0022-202X.2004.23569.x (2005).

	28.	 Lademann, J. et al. Application of optical non‐invasive methods in skin physiology: a comparison of laser scanning microscopy and 
optical coherent tomography with histological analysis. Skin Res. Technol. 13, 119–132, doi:10.1111/srt.2007.13.issue-2 (2007).

	29.	 Choe, C.-S., Lademann, J. & Darvin, M. E. A depth-dependent profile of the lipid conformation and lateral packing order of the 
stratum corneum in vivo measured using Raman microscopy. Analyst 141, 1981–1987, doi:10.1039/C5AN02373D (2016).

	30.	 Choe, C.-S., Lademann, J. & Darvin, M. E. Depth profiles of hydrogen bound water molecule types and their relation to lipid and 
protein interaction in the human stratum corneum in vivo. Analyst 141, 6329–6337, doi:10.1039/C6AN01717G (2016).

	31.	 Chen, Y. et al. Recent advances in two-photon imaging: technology developments and biomedical applications. Chin. Opt. Lett. 
11(1), 011703–11710, doi:10.3788/COL (2013).

	32.	 Koenig, K. & Riemann, I. High-resolution multiphoton tomography of human skin with subcellular spatial resolution and 
picosecond time resolution. J. Biomed. Opt. 8(3), 432–439, doi:10.1117/1.1577349 (2003).

	33.	 Breunig, H. G. et al. Clinical CARS and multiphoton imaging of human skin with spectrally broadened fs pulses. Laser Phys. Lett. 
10, 025604, doi:10.1088/1612-2011/10/2/025604 (2013).

	34.	 Weinigel, M. et al. In vivo histology: optical biopsies with chemical information using clinical multiphoton/CARS tomography. Laser 
Phys. Lett. 11, 055601, doi:10.1088/1612-2011/11/5/055601 (2014).

	35.	 Cubeddu, R., Comelli, D., D’Andrea, C., Taroni, P. & Valentini, G. Time-resolved fluorescence imaging in biology and medicine. J. 
Phys. D: Appl.Phys. 35, R61–R76, doi:10.1088/0022-3727/35/9/201 (2002).

	36.	 Kim, B. M., Eichler, J., Reiser, K. M., Rubenchik, A. M. & Da Silva, L. B. Collagen structure and nonlinear susceptibility: effects of 
heat, glycation, and enzymatic cleavage on second harmonic signal intensity. Lasers Surg. Med. 27, 329–335, doi:10.1002/
(ISSN)1096-9101 (2000).

	37.	 Koehler, M. J., Konig, K., Elsner, P., Buckle, R. & Kaatz, M. In vivo assessment of human skin aging by multiphoton laser scanning 
tomography. Opt. Lett. 31, 2879–2881, doi:10.1364/OL.31.002879 (2006).

	38.	 Lin, S. J. et al. Evaluating cutaneous photoaging by use of multiphoton fluorescence and second-harmonic generation microscopy. 
Opt. Lett. 30, 2275–2277, doi:10.1364/OL.30.002275 (2005).

	39.	 Tong, P. L. et al. A quantitative approach to histopathological dissection of elastin‐related disorders using multiphoton microscopy. 
Brit. J. Dermatol. 169, 869–879, doi:10.1111/bjd.2013.169.issue-4 (2013).

	40.	 Strupler, M. et al. Second harmonic imaging and scoring of collagen in fibrotic tissues. Opt. Express 15, 4054–4065, doi:10.1364/
OE.15.004054 (2007).

	41.	 Chen, X., Nadiarynkh, O., Plotnikov, S. & Campagnola, P. J. Second harmonic generation microscopy for quantitative analysis of 
collagen fibrillar structure. Nat. Protoc. 7, 654–669, doi:10.1038/nprot.2012.009 (2012).

	42.	 Su, P. J. et al. Discrimination of collagen in normal and pathological skin dermis through second-order susceptibility microscopy. 
Opt. Express 17, 11161–11171, doi:10.1364/OE.17.011161 (2009).

	43.	 Liao, Y. H. et al. Quantitative analysis of intrinsic skin aging in dermal papillae by in vivo harmonic generation microscopy. Biomed. 
Opt. Express 5, 3266–3279, doi:10.1364/BOE.5.003266 (2014).

	44.	 Marcu, L., Cohen, D., Maarek, J. M. I. & Grundfest, W. S. Characterization of type I, II, III, IV, and V collagens by time-resolved 
laser-induced fluorescence spectroscopy. Proc. SPIE 3917, 93–101, doi:10.1117/12.382720 (2000).

	45.	 Bachmann, L., Zezell, D. M., Ribeiro, A. D. C., Gomes, L. & Ito, A. S. Fluorescence spectroscopy of biological tissues – a review. Appl. 
Spectrosc. Rev. 41, 575–590, doi:10.1080/05704920600929498 (2006).

	46.	 Ashjian, P. et al. Noninvasive in situ evaluation of osteogenic differentiation by time-resolved laser-induced fluorescence 
spectroscopy. Tissue Eng. 10, 411–420, doi:10.1089/107632704323061771 (2004).

	47.	 Ranjit, S. et al. Imaging fibrosis and separating collagens using second harmonic generation and phasor approach to fluorescence 
lifetime imaging. Sci. Rep. 5, 13378, doi:10.1038/srep13378 (2015).

	48.	 Dowling, K. et al. High resolution time-domain fluorescence lifetime imaging for biomedical applications. J. Mod. Opt. 46, 199–209, 
doi:10.1080/09500349908231265 (1999).

	49.	 Phipps, J. et al. Fluorescence lifetime imaging for the characterization of the biochemical composition of atherosclerotic plaques. J. 
Biomed. Opt. 16, 096018–096018, doi:10.1117/1.3626865 (2011).

	50.	 Dimitrow, E. et al. Spectral fluorescence lifetime detection and selective melanin imaging by multiphoton laser tomography for 
melanoma diagnosis. Exp. Dermatol. 18, 509–515, doi:10.1111/j.1600-0625.2008.00815.x (2009).

	51.	 Patalay, R. et al. Multiphoton multispectral fluorescence lifetime tomography for the evaluation of basal cell carcinomas. PloS One 
7, e43460, doi:10.1371/journal.pone.0043460 (2012).

	52.	 Arginelli, F. et al. High resolution diagnosis of common nevi by multiphoton laser tomography and fluorescence lifetime imaging. 
Skin Res. Technol. 19, 194–204, doi:10.1111/srt.12035 (2013).

	53.	 Klemp, M. et al. Comparison of morphologic criterias for actinic keratosis and squamous cell carcinoma with in vivo multiphoton 
tomography. Exp. Dermatol. 25, 218–222, doi:10.1111/exd.12912 (2016).

	54.	 Darvin, M. E. et al. Comparison of in vivo and ex vivo laser scanning microscopy and multiphoton tomography application for 
human and porcine skin imaging. Quant. Electron 44, 646–651, doi:10.1070/QE2014v044n07ABEH015488 (2014).

	55.	 Cicchi, R. et al. From molecular structure to tissue architecture: collagen organization probed by SHG microscopy. J. Biophotonics 6, 
129–142, doi:10.1002/jbio.v6.2 (2013).

	56.	 Zheng, W., Li, D., Zeng, Y., Luo, Y. & Qu, J. Y. Two-photon excited hemoglobin fluorescence. Biomed. Opt. Express 2, 71–79, 
doi:10.1364/BOE.2.000071 (2011).

	57.	 Li, D., Zheng, W., Zeng, Y., Luo, Y. & Qu, J. Y. Two-photon excited hemoglobin fluorescence provides contrast mechanism for label-
free imaging of microvasculature in vivo. Opt. Lett. 36, 834–836, doi:10.1364/OL.36.000834 (2011).

http://dx.doi.org/10.2741/1184
http://dx.doi.org/10.1038/nature07039
http://dx.doi.org/10.1038/nature07039
http://dx.doi.org/10.1007/BF01002772
http://dx.doi.org/10.1161/01.ATV.12.4.494
http://dx.doi.org/10.1111/jdv.2011.25.issue-4
http://dx.doi.org/10.1038/nm0995-970
http://dx.doi.org/10.1038/nm0995-970
http://dx.doi.org/10.1038/nbt892
http://dx.doi.org/10.1038/nbt892
http://dx.doi.org/10.1016/S0248-4900(03)00078-9
http://dx.doi.org/10.1111/j.0022-202X.2004.23569.x
http://dx.doi.org/10.1111/srt.2007.13.issue-2
http://dx.doi.org/10.1039/C5AN02373D
http://dx.doi.org/10.1039/C6AN01717G
http://dx.doi.org/10.3788/COL
http://dx.doi.org/10.1117/1.1577349
http://dx.doi.org/10.1088/1612-2011/10/2/025604
http://dx.doi.org/10.1088/1612-2011/11/5/055601
http://dx.doi.org/10.1088/0022-3727/35/9/201
http://dx.doi.org/10.1002/(ISSN)1096-9101
http://dx.doi.org/10.1002/(ISSN)1096-9101
http://dx.doi.org/10.1364/OL.31.002879
http://dx.doi.org/10.1364/OL.30.002275
http://dx.doi.org/10.1111/bjd.2013.169.issue-4
http://dx.doi.org/10.1364/OE.15.004054
http://dx.doi.org/10.1364/OE.15.004054
http://dx.doi.org/10.1038/nprot.2012.009
http://dx.doi.org/10.1364/OE.17.011161
http://dx.doi.org/10.1364/BOE.5.003266
http://dx.doi.org/10.1117/12.382720
http://dx.doi.org/10.1080/05704920600929498
http://dx.doi.org/10.1089/107632704323061771
http://dx.doi.org/10.1038/srep13378
http://dx.doi.org/10.1080/09500349908231265
http://dx.doi.org/10.1117/1.3626865
http://dx.doi.org/10.1111/j.1600-0625.2008.00815.x
http://dx.doi.org/10.1371/journal.pone.0043460
http://dx.doi.org/10.1111/srt.12035
http://dx.doi.org/10.1111/exd.12912
http://dx.doi.org/10.1070/QE2014v044n07ABEH015488
http://dx.doi.org/10.1002/jbio.v6.2
http://dx.doi.org/10.1364/BOE.2.000071
http://dx.doi.org/10.1364/OL.36.000834


www.nature.com/scientificreports/

1 0Scientific Reports | 7: 1171  | DOI:10.1038/s41598-017-01238-w

	58.	 Li, D. et al. Time-resolved detection enables standard two-photon fluorescence microscopy for in vivo label-free imaging of 
microvasculature in tissue. Opt. Lett. 36, 2638–2640, doi:10.1364/OL.36.002638 (2011).

	59.	 Huang, S., Heikal, A. A. & Webb, W. W. Two-photon fluorescence spectroscopy and microscopy of NAD (P) H and flavoprotein. 
Biophys. J. 82, 2811–2825, doi:10.1016/S0006-3495(02)75621-X (2002).

	60.	 Madhuri, S. et al. Native fluorescence spectroscopy of blood plasma in the characterization of oral malignancy. Photochem. 
Photobiol. 78(2), 197–204, doi:10.1562/0031-8655(2003)078&lt;0197:NFSOBP&gt;2.0.CO;2 (2003).

	61.	 Shirshin, E. et al. Native fluorescence spectroscopy of blood plasma of rats with experimental diabetes: identifying fingerprints of 
glucose-related metabolic pathways. J. Biomed. Opt. 20, 951033, doi:10.1117/1.JBO.20.5.051033 (2015).

	62.	 Mikirova, N., Riordan, H. D. & Rillema, P. Detection of energy metabolism level in cancer patients by fluorescence emission from 
serum. J. Orthomol. Med. 18, 9–24 (2003).

	63.	 Stücker, M. et al. Capillary blood cell velocity in human skin capillaries located perpendicularly to the skin surface: measured by a 
new laser Doppler anemometer. Microvasc. Res. 52, 188–192, doi:10.1006/mvre.1996.0054 (1996).

	64.	 Newton, V. L. et al. Novel approaches to characterize age‐related remodelling of the dermal‐epidermal junction in 2D, 3D and in 
vivo. Skin Res. Technol. 23, 131–148, doi:10.1111/srt.12312 (2016).

	65.	 Sueki, H., Whitaker, D., Buchsbaum, M. & Murphy, G. F. Novel interactions between dermal dendrocytes and mast cells in human 
skin. Implications for hemostasis and matrix repair. Lab. Invest. 69, 160–172 (1993).

	66.	 Darvin, M. E. et al. Influence of sun exposure on the cutaneous collagen/elastin fibers and carotenoids: negative effects can be 
reduced by application of sunscreen. J. Biophotonics 7, 735–743, doi:10.1002/jbio.v7.9 (2014).

	67.	 Koehler, M. J. et al. Non‐invasive evaluation of dermal elastosis by in vivo multiphoton tomography with autofluorescence lifetime 
measurements. Exp. Dermatol 21, 48–51, doi:10.1111/j.1600-0625.2011.01405.x (2012).

	68.	 Fereidouni, F., Bader, A. N., Colonna, A. & Gerritsen, H. C. Phasor analysis of multiphoton spectral images distinguishes 
autofluorescence components of in vivo human skin. J. Biophotonics 7, 589–596, doi:10.1002/jbio.v7.8 (2014).

	69.	 Prabhu, V. et al. Objective assessment of endogenous collagen in vivo during tissue repair by laser induced fluorescence. PloS One 9, 
e98609, doi:10.1371/journal.pone.0098609 (2014).

	70.	 Zou, L. et al. Three-dimensional printed miniaturized spectral system for collagen fluorescence lifetime measurements. J. Biomed. 
Opt. 21(7), 075001, doi:10.1117/1.JBO.21.7.075001 (2016).

	71.	 Ehrlich, H. P. The role of connective tissue matrix in wound healing. Prog. Clin. Biol. Res. 266, 243–258 (1987).
	72.	 Tai, S. P. et al. Optical biopsy of fixed human skin with backward-collected optical harmonics signals. Opt. Express 13, 8231–8242, 

doi:10.1364/OPEX.13.008231 (2005).
	73.	 Bruns, R. R. & Palade, G. E. Studies on blood capillaries I. General organization of blood capillaries in muscle. J. Cell Biol. 37, 

244–276, doi:10.1083/jcb.37.2.244 (1968).
	74.	 Zhu, Y. J. et al. Penetration of silver nanoparticles into porcine skin ex vivo using fluorescence lifetime imaging microscopy, Raman 

microscopy and surface enhanced Raman microscopy. J. Biomed. Opt. 20, 051006, doi:10.1117/1.JBO.20.5.051006 (2015).
	75.	 Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675, 

doi:10.1038/nmeth.2089 (2012).

Acknowledgements
E.S. is grateful to the DAAD (Vladimir Vernadsky program) for the financial support of his work at Charite. 
The study was partially supported by the Foundation for Skin Physiology of the Donor Association for German 
Science and Humanities and Russian Science Foundation (grant № 14-15-00602).

Author Contributions
E.S. conceived and performed the experiments, analyzed the data and prepared the manuscript. M.D. conceived 
the experiments, analyzed the data, was responsible for in vitro sample preparation and prepared the manuscript. 
Y.G. helped with the data interpretation and prepared the manuscript. A.P., V.F. and J.L. conceived the 
experiments and prepared the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01238-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1364/OL.36.002638
http://dx.doi.org/10.1016/S0006-3495(02)75621-X
http://dx.doi.org/10.1117/1.JBO.20.5.051033
http://dx.doi.org/10.1006/mvre.1996.0054
http://dx.doi.org/10.1111/srt.12312
http://dx.doi.org/10.1002/jbio.v7.9
http://dx.doi.org/10.1111/j.1600-0625.2011.01405.x
http://dx.doi.org/10.1002/jbio.v7.8
http://dx.doi.org/10.1371/journal.pone.0098609
http://dx.doi.org/10.1117/1.JBO.21.7.075001
http://dx.doi.org/10.1364/OPEX.13.008231
http://dx.doi.org/10.1083/jcb.37.2.244
http://dx.doi.org/10.1117/1.JBO.20.5.051006
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1038/s41598-017-01238-w
http://creativecommons.org/licenses/by/4.0/

	Two-photon autofluorescence lifetime imaging of human skin papillary dermis in vivo: assessment of blood capillaries and st ...
	Results and Discussion

	LSM imaging of capillaries in papillae. 
	Two-photon imaging of fingernail bed capillary loops. 
	TPEAF/FLIM of human red blood cells and blood plasma. 
	FLIM of the forearm capillaries. 
	Protein species in the papillary dermis. 

	Materials and Methods

	Research objects. 
	Confocal laser scanning microscopy (CLSM). 
	Multiphoton tomography and fluorescence lifetime imaging. 

	Acknowledgements

	Figure 1 Capillaries of human skin in vivo in (a) fingernail bed, 150 μm depth, (b) inner forearm, 60 μm depth as seen via LSM (reflection mode) the red lines correspond to papillae borders, and the red arrows indicate the position of capillary loops insi
	Figure 2 Two-photon imaging of the fingernail bed area: (a) SHG signal, (b) TPEAF signal, (c) merged SHG and TPEAF signals, (d) FLIM image, colors correspond to the τ1 values (the color scale corresponds to the 150–500 ps range), (e) FLIM image, colors co
	Figure 3 (a) TPEAF and (b) FLIM images of RBCs obtained at 760 nm excitation (2 mW on the sample, the image width is 50 µm).
	Figure 4 (a) Schematic representation of the skin structure.
	Figure 5 (a) FLIM image of the papillary structure, colors correspond to the values of mean fluorescence lifetime in the 100 ÷ 2000 ps range.
	Table 1 Fluorescence decay parameters obtained for the ECM components in the papillary dermis.




