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Abstract Optical coherence tomography (OCT) is used to investigate the microstructure changes of human finger-

nail induced by hydration. Images of nail plate are obtained to display the morphology of fingernail and to disclose the

keratinization of basal cells of nail plate. Combined with digital vernier caliper, this imaging technology is used to

evaluate thicknesses and changes of nail in vitro after immersion with time. OCT images of nails show that the dorsal

and ventral layers of nails have similar thicknesses which are much thinner than intermediate layer. The total thick-

ness of fingernail exponentially increases with immersion time, and the saturating phenomenon appears at about

12 min. Three layers show different contributions to the total increase of the thickness of 17.4% . Microstructure

changes in vivo are similar to the results in vitro. The changes of optical path length also could be evaluated by this

method. OCT is capable of reflecting precise microstructure changes, and it has the potential to provide physician

with a modern and objective diagnostic standard for nail inspection (NI) and to monitor disorders in Chinese tradition-

al medicine (CTM) clinical practice and research.
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1 Introduction

Fingernail, which is a kind of human skin ac-
cessories, is composed of keratinized fibrin and ker-
atin. It grows from nail root and matrix, and is
supported by nail bed until it reaches nail free edge.
The studies on composition and microstructure of
fingernail have been previous reported. Olabanji et
al. studied the elemental concentrations of finger-
nail to provide the evidence of skeletal elements by
particle induced X-ray emission (PIXE)™. Caputo
et al. investigated the freeze-fracture replicas of
human nail plate to research the width of keratin
filaments and the ultra structural differences be-
tween the modes of keratinization and the plasma
membranes™ . Farran et al. studied the relation-
ship between microstructure and mechanical prop-
erties and revealed the functional morphology by

scanning electrical microscopy™’ . Using the same
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technology, Forslind et al. found that the hard
dorsal nail plate was supported by the plastic inter-
mediate layer'. Piao et al. drew a conclusion that
the harder intermediate layer was composed by the
fibrous keratin, while the dorsal and ventral layers

[5~51  However, due to

were the plate-like keratin
the demands for the sample preparation and other
related technologies, the above methods can hardly
achieve in vivo and non-destructive detection.
Fingernail is very impervious and lowly pene-
trative to most of chemical agents. Vejnovic et al.
researched the optimal permeation enhancers of
drug deliveries through the nail plates to curve the
fungal fingernail, and thought that hydrophobins
were suggested efficient to be in drug delivery
through the nail plate’®’. Water content plays an es-
sential role in the keratinized tissues of fingernail.
However, daily routines water touching impairs the
keratin structure of nail, making it softer and more
frangible. Finlay et al. used different ultrasound
velocities to immersed fingernails and demonstrated
changes of thickness™®'. Farran et al. evaluated
the effects of humidity and mechanical properties,
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and thought increasing relative humidity lowered
the torsional stiffness, which plasticized the matrix
rather than the fibers™*"'"). Barba et al. investiga-
ted the water content of fingernail keratinized tis-
sues and concluded that the chemical treatments of
nails impaired their integrity and led to a decrease
in the internal water content. They researched the
moisture absorption that showed a low regain and a
much lower diffusion coefficient than human hair
and made a conclusion that the diffusion coefficient
was important in determining the integrity of kera-
tin fibers''*'. Wessel et al. investigated the water
uptake and saturating effect of nail samples after
immersion and found that a saturating effect ap-

peared after 10 min by near infrared Fourier trans-
12,13]

form Raman (NIR-FT-Raman) spectroscopy-
Marzec et al. found that the values of permittivity
of dielectric spectroscopy with low content water
showed significant differences. but three separate
relaxations of permittivity and conductivity were
similar for both healthy and diabetic nails "*'.

Although this technology has been early applied

). optical coherence tomo-

to the ophthalmology
graphy (OCT) is a recently developed and noninva-
sive imaging technique that provides high-resolution
cross-sectional images of the microstructures of bio-

[15. 16]

logical tissue . This technology is very popular

and illustrates a good prospect of application and ex-

tension'"" 1%

. It combines the advantages of inter-
ferometer and confocal microscopy to probe the
weakly backscattered photons from the microstruc-

[ In this study, we

tures beneath tissue surfaces
observe the microstructure changes of fingernail in
vivo before and after immersion to make a prepara-
tion for the study on nail inspective (ND in Chinese
traditional medicine (CTM) clinical practice and re-

search.

2 Method

Nail fragments were collected from students
and teachers of our laboratory (n =12 in vitro and
n =9 in vivo). All donors had no obvious dermato-
pathic symptom and case history. Subjects kept fin-
gernail clean and off water for at least 2 h before
testing. Specimens of nail free edge were clipped
when lengths of free edges were more than 5 mm
and conserved in the dried and sealed ampules at
room temperature before testing. Nail clippings
were softly brushed and measured by the digital

vernier caliper and OCT before and after being
soaked in the double-distilled water at the 3-min in-
terval from 0 to 30 min. Nail plates were examined
in vivo from 9 volunteers after being soaked in wa-
ter in the same interval from 0 to 15 min.

The OCT system is shown in Fig. 1. Imaging is
obtained by directing low-coherence light to the
sample and detecting the reflected ray from various
internal structures by using an optical fiber inte-
grated scanning system. A superluminescent diode
with the central wavelength at 1310 nm and band-
width of 50 nm was employed as the light source.
The light was delivered via a single-mode fiber with
a mode field diameter of 5.3 pm. A visible light
source (1 = 645 nm) was used to guide the probe
beam. The two-dimensional OCT images were ob-
tained by scanning along « and y directions from
dorsal and ventral surface of nail clippings, as
shown in Fig. 1. Each in-depth scanning consisted
of 10000 data points. The lateral scanning image
was obtained by moving the mirror relative to the
tissue sample. This system can provide an axial res-
olution of 10 ~ 15 ymand a transverse resolution of
15 ~ 25 pm. The signal-to-noise ratio (SNR) of this
system was measured at 100 dB. The system was
controlled automatically by computer and the con-
trol software was written in LabVIEW 7. 2-D.

3 Results and Discussion

In the view of anatomy, nail plate origins from
nail root, which is surrounded by nail matrix. Nail
matrix is composed by the immature differentiated
and formatted epithelial cells. These cells are polar-
ized to prickle cells, which are further differentia-
ted into hard orthokeratotic cells. These primary
cells of different parts generate layers of nail
plates. Basal cell divisions promote nail plate to
grow forward free edge. The growing structure of
nail plate was scanned by employing OCT. The
shape of nail root was an oblique wedge. The nail
root was surrounded by nail matrix, ventral position
of which was considered the source of basal cells in
Fig.2(a). As basal cell proliferation, keratinocyte
is pushed forwards with newly cell proliferation.
Nail plate grows continuously. From Fig.2 (b), it
is seen that nail structure is relatively homogenous.
Nail plate and dermis are separated by nail matrix.
To the free edge shown in Fig. 2 (¢), nail plate
starts to become off nail matrix, meanwhile the nail
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matrix piles up and differentiates into stratum cor-
neum. The growing structure permeates bio-life in-

light source

formation and could provide a detailed statement a-
bout normal tissue to control pathological changes.
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Fig.2 OCT images of different locations of fingernail in vivo. (a) the nail root, (b) the middle part of fingernail,

(¢) the free edge of nail.

At the distal edge, free edge peels off nail ma-
trix with nail plate growing. Free edge corresponds
to nail plate, which is made up of hard keratinocyte
cells. The arrangements of these cells construct the
structures of three nail layers that have been detec-
[5:19:201 © The two-di-

mensional OCT image is obtained along the surface

ted by some physical methods

of fingernail clipping. The three-layer structure
from OCT image is consistent with the previous re-
searches®, as shown in Fig.3(a). Micro-structure
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is visible because of arrangemental modes of kera-
tins. The dorsal and ventral layers appear to be
composed of flat, overlapping slate-like sheets. In
contrast, the intermediate layer is more fibrous and
parallel to the free edge of fingernail. The gray val-
ues with depth of low-interference show clearer
differences among three layers. There are two con-
spicuous dark marks next to the dorsal and ventral
internal surfaces. The marks are the boundaries be-
tween dorsal layer and intermediate layer and be-

Gray value of OCT image
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J o 1
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Lateral length
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DL: dorsal layer
IL: intermediate layer

120 VL: ventral layer

Fig.3 (a) OCT image of fingernail clipping surface structure, (b) distribution of the gray value

of the OCT image along the interference depth, corresponding to the rectangle in (a).
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tween ventral layer and intermediate layer. The
values were calculated from chippings of fingernail
by OCT and processed by the software of Origin7.5
in Fig.4. The time-dependent charts show the
depth of the dorsal, intermediate, and ventral lay-
er, respectively. Human fingernail plate is one of
the most impervious biological structures, and the

(4] However,

penetration of chemical agents is low
water is apt to influence nail keratin. Being satu-
rated in double-distilled water, the total thickness
of fingernail increases, as can be seen from
Fig.4(d). Hydration is thought to be the most im-
portant factor influencing the physical properties of
nails and possibly acts through changes in keratin
structure™’. However, three layers discriminate in
trends of thickness changes from the OCT images.,
as shown in Figs. 4(a) ~ (¢). Nail plate increases
by 17.4% after immersion. This indicates that nail
has a definite water holding capacity. Three layers

of nail plates have different contributions to the to-
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tal thickening. The dorsal and ventral layers in-
crease by 22.9% and 28.2% , respectively, while
the intermediate layer increases by 14.6% . Though
the increasing degrees of the formers two layers are
higher than the latter, the intermediate layer has
the more support. During time interval from 9 to
12 min, the thickness of nail plate increases to the
maxima due to the saturation'®’. Although the dor-
sal and ventral layers have higher rates, they show
less contribution to the total change of fingernail
plate because of the keratin arrangement. The in-
termediate layers have the actual thickness to main-
ly protect the nail. Hydration makes the fingernail
softer and more frangible.

The change trend of thickness in immersion is
exponential. These data further document the chan-
ges of fingernail after immersion. The related pa-
rameters, coefficients, and function are given in
Table 1.
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Fig.4 Time-dependent changes of three layers thicknesses and total depth during the immersion: the time interval is 3 min.
(a), (b), (¢), and (d) show the changes of the dorsal, intermediate, ventral, and total layer depths, respectively.

Table 1 Fit equation and parameters of the change of fingernail saturated in water

Y=Y, +Aexp(—u/T))

The fit function

Y, A, T,
The dorsal layer 0.098 -0.046 —-2.460
The intermediate layer 0.243 -0.022 2.153
The ventral layer 0.105 -0.020 2.702
The total depth measured by OCT 0.543 -0.057 1.744
The total depth measured by digital vernier caliper 0.547 -0.057 1.752
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OCT images appeared to be similar before and
after immersion. Nail matrix is a bifacial boundary
which conglutinates between nail plate and nail
bed. After immersion, the nail matrix has relatively
lower gray value and the nail plate is more clearly
divided from the nail bed. The nail plate apparently
becomes thicker by comparing Figs.5(a) with (¢).
For a fine detail, the curves of gray value is differ-
ent with that before immersion, as can be seen
from Figs.5(b) and (d). At the interface between
air and nail plate, gray value is lower after immer-
sion. The distribution of gray value of the nail plate
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is comparatively uniform, and the gray value of the
nail matrix decreases rapidly with less fluctuation.
This difference appears due to the interaction be-
tween water and keratin. As a vector for the com-
plex treatment, water could change the microenvi-
ronment to help pharmaceutical ingredients to the
focus of infection of fingernail. Meanwhile, OCT
was used as a tool for measuring the thickness chan-
ges of nail plate in vivo after immersion. Its thick-
ness increased by 14. 8% . This extremely tallied
with the result in vitro.
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Fig.5 OCT images of fingernail in vivo (a) before and (b) after immersion and (¢), (d) the corresponding gray value distributions
I, I, I, and IV correspond to the dorsal layer, the intermediate layer, the nail matrix, and the nail bed, respectively.

Refraction index of biological tissue is a basic pa-
rameter that characterizes how light interacts with bio-
logical tissue. However, refraction index is different
according to the permittivity of tissues, which is related
to the density of tissue and changes if the tissue is af-
fected by other materials. Due to keratin structures,
the depth changes of three layers are different. When
optical distance is measured by using OCT, the optical
path length (A) defined as the real path length (dil)
multiplied by the refractive index (dn) of the medium
in which the light is propagating is obtained: A = d/ X
dn. Because dn is related to the number of atoms per
unit volume, A changes after immersion, and shows dif-

ferent tendencies according to the microstructures of
three layers.

4 Conclusion

We have demonstrated the time-dependent changes
of the properties of fingernail structure influenced by
water in vitro using OCT. The combination of water
and keratins leads to the changes of properties of fin-
gernail. OCT, which is suitable to display the time-de-
pendent changes of the physical properties of fingernail,
IS a noninvasive imaging technique that provides the
high-resolution cross-sectional images of the micro-
structures of biological tissue. It is capable of sensitive-
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OCT has a potential to be developed into a useful tool

for NI in CTM clinical practice and diagnostic. So, u-

sing OCT to trace the progress of treatment of nail dis-

order in vivo is very significant and potential.
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