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Abstract—Second-harmonic-generation (SHG) microscopy is a 

powerful tool for in vivo monitoring of collagen fibers in human 

skin. Furthermore, polarization-resolved SHG microscopy can 

provide additional insights regarding the direction of collagen 

fibers, i.e., collagen fiber orientation. However, their practical use 

in the dermatological field is still limited due to the bulky and 

complicated setup. In this paper, we constructed a photonic-

crystal-fiber-coupled, hand-held polarization-resolved SHG 

microscope for in vivo monitoring of collagen fibers in human skin. 

Fiber delivery of ultrashort pulse light was achieved without 

significant change of the linear polarization by a large-mode-area 

photonic-crystal-fiber whereas the SHG microscopy setup was 

enclosed into a hand-held probe head. The combination of PCF 

with the hand-held probe head largely enhances the flexibility of 

measurement sites in the human skin. 

Index Terms—Optical microscopy, Optical harmonic 

generation, Biophotonics, Biomedical optical imaging. 

I. INTRODUCTION

ECOND-harmonic-generation microscopy (SHG-M) is

an interesting new tool for observing collagen fiber in 

biological tissues [1]. SHG-M provides unique imaging 

characteristics: high image contrast, high spatial resolution, 

optical three-dimensional (3D) sectioning, low invasiveness, 

deep penetration, and no interference from background light. 

More importantly, by using the naturally endogenous SHG 

process as a contrast mechanism, the structure of collagen fibers 

in tissue can be clearly visualized in vivo without additional 

staining. For example, SHG-M equipped with a 800-nm mode-

locked Ti:Sapphire laser has been used for selective 

visualization of collagen fibers in skin [2, 3], cornea [4], bone 

[5], cartilage [6], tendon [7], and cultured cell model [8]. 

Furthermore, combination of SHG-M and polarimetry, namely 

polarization-resolved SHG-M or PR-SHG-M, can provide 

additional insights regarding the direction of collagen fibers, i.e., 
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collagen fiber orientation [9-12]. This is because the efficiency 

of SHG light is sensitive to collagen fiber orientation when the 

incident light is linearly polarized: strong SHG light for parallel 

configuration and weak SHG light for perpendicular 

configuration. In spite of such high functionality, the clinical 

use of SHG-M or PR-SHG-M is still restricted. 

One reason for this restriction is in the bulky, complicated, 

fixed SHG-M setup. From the viewpoint of patent’s burden 

reduction in clinical applications, characteristics of 

compactness, convenience, robustness, maintenance-free, and 

flexibility are required in SHG-M. To meet these requirements, 

(a) miniaturization of SHG-M probe, (b) miniaturization of

laser source, and (c) transmission of laser light via optical fiber

are important technical elements. Since commercialized

compact optics and mechanical components can be used for

packing optical components into a hand-held probe, a hand-held

SHG-M probe was constructed by use of custom design lens

and 3D microscanner [13]. However, use of the mode-locked

Ti:Sapphire laser conflicts with a compact and simple SHG-M.

Furthermore, although the ultrashort pulse laser light could be

delivered to the hand-held SHG-M probe by a 2.5-m double

clad fiber (DCF), use of such long DCF needs the bulky external

dispersion compensator (grating pair) to avoid the pulse

broadening caused by the DCF. Recently, a 1030-nm mode-

locked Yb-fiber laser, in place of the mode-locked Ti:Sapphire

laser, has been used for the hand-held SHG-M probe [14]. Such

all-fiber SHG-M benefits from cost effectiveness, fiber optics

flexibility, and compactness; howver, the external dispersion

compensator was still needed. Although very low risk of

thermal or photochemical damage of the tissue is another

advantage of SHG-M at this wavelength band, use of the

longer-wavelength laser light is favorable to further suppress

the damage.

The wavelength within the range from 1200 to 1300 nm is 

the best for optical window in biological tissues because of the 

decreased scattering and absorption in tissues. A promising 
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laser source for this wavelength light is a mode-locked 

Cr:Forsterite laser centered around 1250 nm; it has emerged as 

a new source for SHG-M, showing decreased photodamage 

[15-17] and enhanced penetration depth [18]. Thanks to these 

benefits, the 1250nm-band SHG-M or PR-SHG-M has been 

used in dermatological applications in vivo or ex vivo, such as 

skin aging [19], skin burn [20], skin burn healing [21], skin 

wound healing [22], and skin wrinkling [23, 24]. 

Since the state-of-art large-mode-area photonic crystal fiber 

(LMA-PCF) technology [25] enables us to deliver the 

femtosecond pulse light without the need for external 

dispersion compensators, it was used for delivering of the 

Cr:Forsterite laser light to the hand-held SHG-M probe [26, 27]. 

The 80-fs pulse light could be delivered with little pulse 

broadening by a 75-cm LMA-PCF even though no external 

dispersion compensator was used [27]. However, there are no 

attempts to expand it to PR-SHG-M. 

In this paper, we modified our previous fiber-coupled, hand-

held SHG-M [27] for PR-SHG-M and evaluated its 

performance. We demonstrated in vivo visualization of collagen 

fiber in human skin. 

II. MATERIALS AND METHODS 

A. Experimental Setup 

Figure 1(a) shows the experimental setup of the hand-held 

PR-SHG-M. A mode-locked Cr:Forsterite laser (Cr:F-L; 

Avesta Project Ltd., CrF-65P, center wavelength = 1250 nm, 

pulse duration = 80 fs, mean power = 250 mW, repetition rate 

= 73 MHz) pumped by a 1064-nm Ytterbium fiber laser was 

used as a laser source. We used a LMA-PCF (Thorlabs, Inc., 

LMA-25, core diameter = 25µm, NA = 0.05, length = 75cm) 

for fiber-delivery of the laser light. In this LMA-PCF, mode 

dispersion and wavelength dispersion are largely reduced by the 

designed PCF structure. Furthermore, the large mode-area 

diameter suppresses unnecessary optical nonlinear effects in the 

fiber and hence the pulse distortion. After passing through a 

polarizer (P) and a half-waveplate (/2) for linear polarization 

and its rotation, the laser light was incident into the LMA-PCF 

with a coupling efficiency of 33 % by use of an objective lens 

(Edmund Optics, magnification = 4, NA = 0.10). We did not 

observe any long-term thermal or other damages to the LMA-

PCF input end. The matching of NA between the LMA-PCF 

and  the objective lens will further improve the coupling 

efficiency. The laser light propagated in the LMA-PCF and then 

were fed into a hand-held SHG-M probe. The SHG-M was 

composed of a fiber collimator, a pair of galvano-mirrors (GM), 

relay lenses (RL1 and RL2), a harmonic separator (HS; 

reflected wavelength = 625 nm), an objective lens (OL; Nikon 

Instruments Inc., CFI Plan 50×H, magnification = 50, NA = 0.9, 

working distance = 350 µm, oil-immersion type), an optical 

band-pass filter (BPF; transmitted wavelength = 625 nm), and 

a photon-counting photomultiplier (PMT; Hamamatsu 

Photonics K. K., H7155-01). After passing through the fiber 

collimator, GM, RL1, RL2, and HS, the laser beam was focused 

onto the sample with the OL. The SHG light back-scattered 

from the sample was reflected by HS, is filtered by the BPF, 

and then was detected by PMT. While the focus of the laser 

light was two-dimensionally scanned over the sample by GM, 

it was scanned along the depth direction by a translation stage. 

These optical systems were enclosed in the lens tube system 

(Thorlabs, Inc.) [see Fig. 1(b)]. For comparison, Fig. 1(c) shows 

an optical photograph of our previous SHG-M [19]. Since 

volume of this hand-held SHG-M (310mm wide, 150mm height, 

and 50mm depth) was only 5 % of that of our previous SHG-M 

(700mm wide, 400mm height, and 400mm depth), one can hold 

it by hand as shown in Fig. 1(b). 
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Fig. 1. (a) Schematic diagram and (b) optical photograph of hand-held PR-

SHG-M. (c) Optical photograph of conventional SHG-M. 

B. In vivo measurement of human skin 

To evaluate the risk of photodamage to human skin, we 

previously examined changes in the subjects’ skin before, 

immediately after, and one month after irradiation with a laser 

light, based on color measurement with a spectrophotometer 

(Konica Minolta, CM-2600d) and clinical evaluation by a 

board-certified dermatologist [19]. We concluded from these 

examinations that there was no laser-induced photodamage to 

the skin under irradiation of 35-mW laser light, corresponding 

to the damage threshold of 6.2 MW/cm2. Based on this evidence, 

we set the average power of the laser light radiated onto the skin 

to 30 mW. Written informed consent was obtained from the 

subject before the measurement. The protocol conformed to the 

Helsinki Declaration and was approved by the ethics committee 

for human experiment in Tokushima University (No. 14003). 

We measured the SHG image of collagen fiber at the cheek skin 

in the 20’s male subject. 

III. RESULTS AND DISCUSSION 

A. Fiber delivery of linearly-polarized pulse light 

In PR-SHG-M, while the polarization angle of a linearly-

polarized laser light is rotated, the corresponding SHG images, 

namely polarization-resolved SHG images, are acquired [9-12]. 

When its polarization angle is rotated before propagating in the 

LMA-PCF as shown in Fig. 1(a), the LMA-PCF has to maintain 

the same polarization condition during the propagation. We first 

evaluated the polarization characteristics of the laser light 

before and after propagating in a 75-cm LMA-PCF with a 

curvature radius of 7.5 cm when the vertically linear-polarized 

laser light is incident into the LMA-PCF. To this end, we placed 

an additional analyzer before or after the LMA-PCF [not shown 

in Fig. 1(a)] and analyzed the polarization characteristics by 

rotating the analyzer at a step of 20 degree. Figure 2 shows a 

comparison of polarization characteristics (a) before and (b) 

after propagating in the LMA-PCF, which are illustrated as a 

radar graph of the optical intensity with respect to the 

polarization angle. In this radar graph, the major axis gives the 

dominant polarization direction, and a ratio of the minor axis to 

the major axis is corresponding to the extinction ratio. For 

example, a figure-of-eight profile indicates the linear 

polarization whereas a circular profile is given by the circular 

polarization or completely random polarization. Since the 

similar figure-of-eight profile was confirmed in Fig. 2(a) and 

2(b), the linearly polarized light was maintained during the 

propagation of the LMA-PCF. Even though the LMA-PCF used 

is not a polarization-maintained fiber, such polarization-

maintaining capability is an interesting profile in the LMA-PCF. 

 
Fig. 2. Comparison of polarization characteristics (a) before propagating in the 

LMA-PCF and (b) after propagating in the LMA-PCF with a curvature radius 

of 7.5 cm. 

 

We next evaluated the polarization characteristics of the laser 

light after propagating in the LMA-PCF when the linear-

polarization angle of the incident laser light is rotated by /2. 

Figure 3(a) shows a relation of the dominant polarization 

direction between the incident light and the output light from 

the LMA-PCF. A good linear relation was confirmed between 

them. On the other hand, Fig. 3(b) shows the extinction ratio 

with respect to the linear-polarization angle of the incident laser 

light. The extinction ratio largely changed depending on the 

linear-polarization angle. One possible reason for such change 

is in bending of the LMA-PCF with a curvature radius of 7.5 

cm; however, it is not clear at the present stage. Such 

dependence has to be compensated for precise polarization-

resolved SHG imaging. 
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Fig. 3. (a) Relation of the dominant polarization direction between the incident 

light and the output light from the LMA-PCF. (b) Extinction ratio of the output 

light with respect to the linear-polarization angle of the incident laser light. 

 

B. Ex vivo polarization-resolved SHG imaging of sliced 

tendon specimen with uniaxial collagen fiber orientation 

We next performed ex vivo polarization-resolved SHG 

imaging of a sliced tendon specimen by the constructed hand-

held PR-SHG-M setup. To obtain a spatial distribution of 

collagen fiber orientation in the dermis, orthogonally 

polarization-resolved SHG imaging was applied for the samples. 

Polarization anisotropy of SHG light () was defined using the 

following equation [23, 24] 

 
where IV and IH are SHG intensities when the incident light is 

vertically and horizontally polarized, respectively. Then the  

image was calculated by substituting IV and IH values at each 

pixel of two orthogonally polarization-resolved SHG images 

for Eq. (1). Collagen fiber orientation is uniaxial for  = ±1 and 

random or biaxial for  = 0. The sign of  value provides the 

dominant direction of the collagen fiber orientation: positive for 

a vertical orientation (blue) and negative for a horizontal 

orientation (red). Figure 4 shows (a) IH image, (b) IV image, and 

(c)  image (image size = 400 µm by 400 µm, pixel size = 256 

pixels by 256 pixels) when the collagen fiber orientation of the 

sample was directed at horizontal direction. Due to the 

polarization dependence of SHG light efficiency, there is a 

small difference of image brightness between Fig. 4(a) and 4(b), 

leading to the reddish  image. On the other hand, Fig. 5 shows 

(a) IH image, (b) IV image, and (c)  image when the collagen 

fiber orientation of the sample was directed at the vertical 

direction. In this case, IH image was darker than IV image, and 

hence the  image became bluish. Such  the reddish  image in 

Fig. 4(c) and the bluish  image in Fig. 5(c) correctly reflected 

the collagen fiber orientation of the tendon specimen. In this 

way, we confirmed the effectiveness of the constructed hand-

held PR-SHG-M setup for evaluation of collagen fiber 

orientation. 

 

 
Fig. 4. (a) IH image, (b) IV image, and (c)  image when the collagen 

orientation of the sample was directed at the horizontal direction. 

Image size is 400 µm by 400 µm, corresponding to pixel size of 256 

pixels by 256 pixels. 
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Fig. 5. (a) IH image, (b) IV image, and (c)  image when the collagen 

orientation of the sample was directed at the vertical direction. Image 

size is 400 µm by 400 µm, corresponding to pixel size of 256 pixels 

by 256 pixels. 
 

C. In vivo SHG imaging of dermal collagen fibers in human 

cheek skin 

We performed in vivo SHG imaging of dermal collagen 

fibers in human cheek skin by the constructed hand-held PR-

SHG-M. Since the cheek skin does not have outstanding 

features in the collagen fiber orientation [24], we acquired 

several SHG images, in place of polarization-resolved SHG 

images, at a measurement rate of 0.5 image/s to demonstrate its  

in vivo SHG imaging capability of dermal collagen fibers in 

human skin. Figure 6 shows a series of SHG images at an 

interval of 2 s (image size = 400 µm by 400 µm, pixel size = 

256 pixels by 256 pixels). The obtained image quality and 

contrast were similar to those in the bulky SHG-M in the 

previous study [18, 19, 24]. Although motion artefact was 

confirmed in them due to the slow imaging rate, the detailed 

distribution of collagen fibers was clearly confirmed. This 

means that it is possible to perform quantitative analysis of 

collagen fiber structure based on SHG image analysis with the 

hand-held SHG-M [19, 28]. 

 

 
Fig. 6. A series of SHG images of dermal collagen fibers in human 

cheek skin acquired at a rate of 0.5 image/s. (a) t = 0 s, (b) t = 2 s, (c) t 

= 4 s, (d) t = 6 s, and (e) t = 8 s. Image size is 400 µm by 400 µm, 

corresponding to pixel size of 256 pixels by 256 pixels. 
 

Dermal collagen fibers significantly change their structure 

depending on the depth while SHG-M has the intrinsic depth 

selectivity. To confirm such features, we demonstrated the in 

vivo depth-resolved SHG imaging of dermal collagen fibers in 

human cheek skin by scanning the hand-held PR-SHG-M probe 

along the depth direction. Figure 7 shows a series of in vivo 

depth-resolved SHG images acquired at a step of 20 µm for 

dermal collagen fibers in human cheek skin (image size = 1.6 

mm by 1.6 mm corresponding to 256 pixels by 256 pixels, 

image acquisition time ≈ 20 s). We here defined the skin surface 

to be 0 µm in depth. These SHG images clearly indicated the 

depth dependence of dermal collagen fiber structure: thin 

collagen fibers distributed at the upper dermis corresponding to 

the papillary dermis whereas thick collagen fibers were 

observed in the lower dermis corresponding to the reticular 
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dermis. These findings are in good agreement with our previous 

researches using the bulky SHG-M [18, 19]. The maximum 

probing depth of the present SHG-M is limited by the working 

distance of the OL (= 350 μm) and a thickness (~ 100 µm) of a 

thin glass plate between the OL and the sample surface, rather 

than the vanished SHG light. Use of a longer working distance, 

high-NA OL will increase the penetration depth beyond 200μm. 

 

IV. CONCLUSION 

We constructed the fiber-coupled, hand-held PR-SHG-M by 

use of the 1250-nm Cr:Forsterite laser, the 75-cm LMA-PCF, 

and the hand-held probe. The LMA-PCF could deliver the 

ultrashort pulse light without the significant change of its linear 

polarization as well as its pulse duration. Also, the effectiveness 

of the fiber-coupled, hand-held PR-SHG-M was confirmed in 

the ex-vivo polarization-resolved SHG imaging of the sliced 

tendon specimen. Finally, we demonstrated in vivo SHG 

imaging of dermal collagen fibers in human cheek skin. The 

image quality and contrast in the hand-held PR-SHG-M are 

comparable to those in the bulky SHG-M. Also, use of the long 

LMA-PCF largely increases the flexibility of the hand-held 

SHG-M for practical applications. Although the Cr:Forsterite 

laser is still bulky for clinical application, use of a mode-locked 

fiber laser [29] or mode-locked integrated external-cavity 

surface emitting laser (MIXSEL) [30] is an alternative compact 

laser source at this wavelength band. The fiber-coupled, hand-

held PR-SHG-M will be open the door for in vivo 

dermatological applications in hospital as well as time-series 

monitoring of collagen fiber production by cells cultured in an 

incubator [8] and in vivo observation of the histological and 

mechanical features of tendon healing [31]. 
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Fig. 7. Result of in vivo depth-resolved SHG imaging of dermal 

collagen fibers in human cheek skin. 
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