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Hydration dynamics of human fingernails: An ellipsometric study
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We use spectroscopic ellipsometry to obtain the complex refractive imder+ ik, of human fingernails.
By studying the change af upon hydration and dehydration, we reveal three different time domains with
typical time constants of 4, 150, and 3200 min. A simple model that takes into account the presence of one fast
and one slow process is fully consistent with the observed hydration and dehydration dynamics. We attribute
these processes to “free” water incorporated between the keratin filaments and water more tightly “bound” in
keratin complexes, respectively. From our model we determine the hydration profiles of “free” and “bound”
water during, both, hydration and dehydration.
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[. INTRODUCTION guence of the single amino acids, which result in the
polypeptide, the protein. The secondary structure is given by
Optical studies on complex biological systems have bespecific foldings of the chain due to the interactions of the
come increasingly important during the last two decade@mino acids resulting in, e.ge helices org sheets. These
[1,2]. However, mostly techniques using diffuse ligi#] secondary structures of the protein group together due to
such as reflectometry or transmission measurements hafdrophobic interactions between side chains of the amino
been used to study the optical properties of biological mattefcids and form the tertiary structuf@l]. The quartenary
such as nails, skin, muscle fibers, and liver tig@8]. Many ~ Structure is the combmatlon of eight proteins forming a kera-
models of the complex refractive indéthat determines the Un filament. Any changes in these structures can affect the
optical properties and its dependence on the chemistry anoom'Cal properties via ch_anges in the glectr(_)mc conf|gurat|9n.
the morphology of biological tissue have emerged and hav Iso the mor_phology, given by the orientation of 'ghe Keratin
hardly been tested experimentall§]. Furthermore, many of !Iaments inside the nail, should influence the optical proper-
the applied experimental techniques are destructive to th%ei[elrze]' we show that ellipsometry using focused light is an
investigated material so that a straightforward comparisoly, -a|ient tool to determine the optical properties of nails. We

between theoretical models and experimental facts is ofteare able to gain information about the water content of the

not feasible. As an example, the hydration dynamics of Nup i 1o study its hydration dynamics. The time evolution of

man nails have been investigated by Raman Spectroscopye optical parameters follows an exponential behavior. We

but due to the strong heating of the sample by the laser beagyye determined one time constantrgf=4 min during hy-

no dehydration process could be measu#&d dration, but two, namelyr,= 150 andr;=3200 min during
Ellipsometry is an optical technique that determines amyehydration. To analyze the time dependence of the optical

plitude and phase changes denoted as two quanitie®d  properties during hydration and dehydration, we employ a

A, respectively, upon reflection of light from a samp@.  model describing the water exchange within the nail. Water

From these two quantities, one can unambiguously deducgolecules can be either regarded as “free” or “bound” with

the complex refractive inder=n+ik for a homogeneous, respect to the keratin matrix structure of the nail. We derive

semi-infinite systeni6]. To our knowledge, only a few ellip- the time behavior of both types of water. The optical con-

sometry studies of biological tissues and bio-organic materistantsn and k are computed with the help of an effective

als have been publish¢@—9]. medium approximatiori6]. The resulting time dependence
There are still many open questions regarding the opticabf the refractive index and the absorption coefficient agrees

properties of human nails, such as the complex refractivéo a high degree with the experimental data.

index, scattering properties, or scattering phase functions

[10]. The optical properties should be determined by the Il EXPERIMENT

main components keratin, lipids, water, and trace elements,

such as calcium, potassium, sodium, and magnesium. Like In ellipsometry, circularly or linearly polarized light is

all proteins, the structure of keratin can be described as folreflected under an angle of incidengg from the sample.

lows. First, the primary structure is determined by the se-The polarization properties of the directly reflected light are
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FIG. 1. Time schedule for the hydration and dehydration stud- ’ ’ ’ ’
ies. The time required to perform one measurement is 38 s. < Fempleig ®
g 0.10
determined using a rotatable analyzer. The measured inten- o
sity for various analyzer positions is converted into the ellip- § 0.08
sometric parameterd andA. As we only measure relative g '
changes ofV andA, this technique is self-normalizing in the 2 sample 1
sense that no reference spectrum is needed and that intensity < 0.06f 1
fluctuations of, e.g., the light source cancel out. Assuming a 4(')0 5(')0 660 760
homogeneous, semi-infinite material in air, the ellipsometric
parametersV and A can be straightforwardly transformed Wavelength (nm)
into the refractive indexh and the absorption coefficiekt
[6], FIG. 2. Spectra of the optical constamtsnd k of several fin-
gernails. Each curve represents the average of 12 spectra from dif-
3 4 tanweid 172 ferent positions on the same sample. The samples were stored for
n=tangy| 1— 'n2¢0 . (1) one week at room temperature at 40% relative humidity.

—— =i

(1+tanwe's)? o _ .
sample was dried in the 40% relative humidity of the clean

The angle of incidence was kept at 70° in our experimentsi oM without moving it from the ellipsometer. During this

The experiments were performed with a SENTECH SEg5iehydration process, spectra were accuml_JIateq after_ 10, 25,
ellipsometer located in a clean room with controlled tem-40, and 60 min. Several samples were left in their position to

perature (20.0°@0.5°C) and relative humidity (40% measure long-time dehydration. In this case, spectra were

+309%). Theincident light is produced with a broadband xe- accumulated on an hourly basis until a total dehydration time

non gas-discharge lamp, and the reflected light is recorde@l 46 N was reached.

using a grating spectrograph and a photodiode array. The
ellipsometer covers a spectral range between 230—780 nm in
a single measurement. Because of the high surface rough- Figure 2 compares the refractive index and the absorption
ness, we used focusing optics to focus the parallel beam afoefficient of three different nail samples. The data were ob-
the ellipsometer with a diameter 66 mm down to a spot tained by averaging 12 spectra measured at different posi-
with ~200 wm diameter. The reflected light is collected andtions of the sample in order to minimize effects originating
collimated into a parallel beam before passing the analyzeirom inhomogeneous biological material arising from local
[13]. chemical or morphological differences. At each position a
Nail clippings from different volunteers were measuredslightly different combination of keratin, lipids, air, water,
on various positions in order to check the nail for homoge-and trace elements, as well as a different spatial conforma-
neity and individual variations. The nail parts originatedtion of keratin filaments, results in slightly different optical
from the distal part of the index or ring fingernail. In this properties. On every single position, the obtained spectra
part, they are a few months to half a year old and no longewere reproducible within the noise of the setup. The error
connected to the nail bed. The samples were cut off anthars show the standard deviation of the absolute values of
divided into two parts to measure more than one hydratiorandk due to this biological inhomogeneity. However, the line
process on the same fingernail. They were gently cleaneshape stays similar over the 12 positions. The absolute values
with isopropanol and stored at room temperature in the dryf nfor nail samples from different volunteers range between
clean room. The first spectra were accumulated one week. 25 and 1.40, which is more than the biological variations
after cutting off the samples. They then stayed one monthwithin one sample. This can be explained by individual
under the above described conditions before the hydratiomariations, which derive from the fact that the keratin fila-
studies were performed. ment structure inside the nail is not the same among different
These hydration studies started with a measurement of thgersons. Differences can be caused by, e.g., diseases, nutri-
nonwatered fingernail. After soaking the sample in watettion, cosmetic treatment, stress, or genetic divefdid}, re-
with a constant temperature of 20°C for 1 min, we per-sulting in variations of the morphological or chemical struc-
formed the second measurement. Subsequently, we increasenle of the nail.
the time interval to 4 min and 5 min, yielding a total hydra- Regarding the absorption coefficient in Figbg one can
tion time of 20 min(see Fig. 1 In the following hour, the see that all fingernails display similar spectra, despite the

Ill. RESULTS AND DISCUSSION
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FIG. 3. (a) Refractive indexn for a fingernail after different
hydration times as indicated. Solid curves are guides to the(bye.

H_ydratlon and_ dehydration behawor_ofl_n different spectral re- mic time scale for two spectral region@) 400—500 nm andb)
gions. The solid curves are exponential fits. Dashed lines are gu'd%%)O—GOO am. Three different time domains are discernible in both
to the eye. The error bars are due to biological variations by the '

L . . regions. The solid curves are exponential fits. The sample was
repositioning of the nail between hydrations. The sample was store ) . -
; ) . stored at room temperature for five weeks at 40% relative humidity.
at room temperature for five weeks at 40% relative humidity.

FIG. 4. Refractive index for a fingernail sample on a logarith-

are compared. As long as the sample is being hydratés,

individual variations. The line shape kfshows spectral fea- decreasing, where the decrease in the energy region around

tures, which are only a litle broadened by the averaging300 nm is less than the decrease in the region between 500

process. However, the curve for the refractive index in Fig.and 650 nm. The rate of the decrease is lowered towards the

2(a) is relatively smooth. Our results in Fig. 2 demonstrateend of the hydra“oﬁ ;]l'me.hDurlng the fo.”OW'Qg dehydration,
overall the excellent signal to noise ratio of ellipsometry andg s{tays Ié:_onsttz;mt Wit fl!:ttde ’?;Xt 60 min. Tt_elmeasurement
its sensitivity to individual variations between different per- ata in Fig. #) were fitted with an exponential curve
sons. t

Figure 3 shows the results of the hydration dynamics in n=A+B exp{ - T—)- 2
one representative sample that was additionally dried for !
four weeks in the clean room environment at 40% relativeln the nonwatered state, fa=0, the refractive index is
humidity. The spectra in Fig.(8) are single, not averaged =A+B=1.48. Fort—x, the refractive index approaches
data after 0, 5, and 20 min in the hydration protoae Fig. A=1.34, which is relatively close to the refractive index of
1). The size of the error bars is estimated by biological variawater,n=1.33. The time constant, as well as the values of
tions due to the repositioning of the nail. The nonwateredA and B are sample dependent. The time constant differs
sample displays a flat curve with a nearly constant refractivéetween 4 min for the ultraviolet region and 5 min for the
index around 1.47. After 5 min of hydration of the nail, the visible and infrared spectral regions.
absolute values afi drop drastically over the whole spectral ~ The ellipsometric results of long-time dehydration pro-
range and are between 1.40 and 1.37. However, it is alreadyesses using another fingernail sample are presented in Figs.
visible that the refractive index has dropped less in the ultra4 and 5. In this study, all measurements were made on the
violet region around 300 nm than in the region between 50Game position. Therefore, no biological variations influence
and 650 nm. The spectra accumulated after 20 min of hydrathe experiment and the error is given by the size of the mark-
tion again show an increased slope and a decrease in tles. In both figures, one can distinguish three time domains
absolute values afi over the whole spectral range. One cangoverned by the different time constants, 7,, and 75. The
now clearly see that the strongest decrease occurs in the erefractive index decreases exponentially during the hydration
ergy region between 500 and 650 nm, whereas the energyocess with a time constant af~10 min, which is close
region around 300 nm seems to saturate earlier. to the 5 min value estimated in Fig(l8, considering bio-

In Fig. 3(b), the behavior of the refractive index over a logical and individual variations. The sample shows a high
hydration/dehydration schedule over 80 min is presentedsaturation value at the end of the hydration period. This
Averages over the refractive index in various spectral regionsneans that the sample did not absorb as much water as the
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FIG. 5. Absorption coefficienk for a fingernail sample on a
logarithmic time scale for two spectral regiofa), 400—500 nm and
(b) 500-600 nm. Three different time domains are discernible in
both regions. The solid curves are exponential and linear fits, re (¢)
spectively. The sample was stored at room temperature for five o
weeks at 40% relative humidity. unbinding

sample used for the first hydration study, which was pre-
sented in Fig. 3. In the first part of the dehydration, the
refractive index increases slowly compared to the decrease FiG. 6. A hypothesis for explaining the measured hydration dy-
observed during hydration. This increase is even deceleratgmics in the human nail.

after some hours. When drying the sample for several days,

the value ofn reaches the starting level again. This dehydra- . y ) . y
tion behavior of the refractive index can be fitted with adensny Wat?r, R?f[16] C‘."’l”S them “free” and s_tructured .
double exponential function waten. The “free” water is only loosely bound into the nail

structure, nearly like a mix of water and the other ingredients
t of the nail. “Bound” water is strongly interacting with the
+E ex;{ - —)

(3)  keratin matrix structure. The water molecules form crystal-
like pentagonal structures around the protejd§]. The
“bound” water can influence the quartenary structure of the

The two time constants arer,~150 min and 75 keratin or even the tertiary structure by shielding side chains
~3200 min in the wavelength range of 400-500 nm. Re-of the amino acids. Apart from changing the conformation of
garding just the first hour, the shape of the curveno  the proteins, the “bound” water can also affect the structure
similar to the ones presented in FighB Due to the high of the keratin matrix, e.g., through forming hydrogen bonds.
value of 75, the increase of is invisible on the short time When a nail is hydrated as shown in Fig. 1, the incoming
scale shown in Fig. ®). The same three time domains with water is distributed into “free” and “bound” watefFig.

the same critical time points are visible faras well. The 6(a)]. After stopping hydration, the incorporation of “bound”

absorption coefficient shows an exponential increase whil&ater can continue, whereas the “free” water starts to evapo-

hydrating. The dehydration process must be separated intate into the aifFig. 6(b)]. Once all “free” water has van-
two steps. At the beginning, another exponential increasdshed into the air or into “bound” water, the latter starts to be
instead of the expected decrease, appears. Herelftlr;  released into “free” water that evaporates into the environ-
creases slowly in a linear manner. ment[Fig. 6(c)]. Within this framework, the refractive index

In Fig. 6, we present a framework hypothesis that caris determined through the keratin-water mix, whereas the
account for the observed hydration dynamics. There are twabsorption coefficient, which is very low for water in the
states for water in bio-organic materials such as nails or strailtraviolet and visible spectral regidd 7], will be very sen-
tum corneum, the topmost layer of skin: “free” and “bound” sitive to the above described conformational changes. We
water (Ref. [15] denotes these states as “low” and “high” propose a simple numerical model of the dynamics of water

t
n=C+D exp(——
T2

73
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incorporation into the nail. The basic assumption is that wa- sol -
ter absorbed by the nail can be classified either as being (@)
“free” or “bound.” The water transport is assumed to go
between the environment to the “free” state, and between the
“free” and the “bound” state, but not directly between the
“bound” state and the environment:

(Hzo)enF(Hzo)freeﬁ(Hzo)bound- (4)

Niree7 Nbound(o/")

\  —— "free" water
\ e "bound” water

The exchange of water between the three states is assumed to
be driven by concentration differences described by rate

1.47F

equations, o
! g 1.46
deree =145

dt =a1(Nepy— Nfree) + a(Npoung— Nfree)a 2
3 1.44
E 1.43

d Nbound .
dt = a2(Ngree= Npound - (5) 1 4ol

+

3 +++3..-4:*F+¥'~- W .
S +

The constantr, is the exchange rate between the environ-
ment and the “free” statew, describes the exchange be-
tween the “free” and the “bound” states. The parameters

10" 10
Time (min)

) 109 uondiosqy

FIG. 7. (a) Calculated time dependence of the water concentra-

Nenvs Niree, @andNpq, nga@re normalized measures of the watertions in the “free” and “bound” states(b) Corresponding optical
contents in the environment, “free,” and “bound” states, re- constants and the experimental values from Figs). @nd 5a). The
spectively. Unity represents full saturation of the respectiverertical dashed line marks the change from hydration to dehydra-

water typesN,,, was set to unity during hydration and zero tion.
during dehydration. It is reasonable to assume that the ex-

change rate of water between the nail and the environment i§f (3) usingq= Nyound/ (Niree™ Npound - S€CONA, this interme-

dra.Stica"y different when the nail is immersed in ||qU|d wa- diate medium was used as an embedded material in the
ter and when the nail is surrounded by air. Therefore, theyost material (1) with a volume fraction q=(Nfee

constania; was allowed to be different during hydration and + N, - 3/(Nee Npound* 1)

dehydration. To include the stability of the keratin-water
complexes in the model, the constamj was allowed to

The time-dependent optical constantandk as obtained
from the model are depicted in Fig(bJ. The measured re-

depend on the direction of the net flow of water between theractive indexn and absorption coefficierk are very well

“bound” and “free” states. The coupled Eqs(5) were
solved numerically with the initial conditionNged0)

reproduced by the simple model. Especially the existence of
two time domains during dehydration is clearly visible in the

=Npound 0)=0 to give the time dependence of the amountsfigure. The crossover at=100 min between these two do-
of water in the two different states in the nail. The Computeq'nains occurs roughly when the net flow of water between

hydration dynamics is displayed in Fig.ay for one selection

of parameters, shown in Table I. The optical constants have ag| E |. Input parameters used to produce the curves in Fig. 7

been derived fromNyed(t) and Ny n{t) assuming that the gpq Fig. 8.
optical properties of the nail can be determined from its con-

stituents using the effective medium approximatjéih We
use three constituents for our model, namély,a basic host
material describing the uninfluenced parts of the ngj,

Hydration dynamics

Valuéellipsometri¢  Value (weighing

“free” water incorporated into the nail structure, ar{@d) )
“bound” water-keratin complexes. For a heterogeneous sys«: (dehydration
tem of one host material and one embedded material, the, (“free” —“bound”)

complex refractive indeRgy can be determined from Efg]

parameter (mint) (min~1)

a4 (hydration 0.05 0.058
0.009 0.023

0.009 0.004

a, (“bound” — “free” ) 0.0003 0.0003

~> (l+2q)ﬁﬁﬁg+ 2(1—q)?1;11 Effective medium

Valuéellipsometrig

Ngg (- Qe+ (2+ Qe (6) parameter
- - Nhost
wheren,, and n, are the complex refractive indices of the Khost
host and embedded material, respectively, gns the vol- Niree
ume fraction of embedded material. In our case, we have Kiree
three constituents of our effective medium, which was solved Nbound
by invoking Eq.(6) recursively. First, an intermediate me- Kpound

1.46
0.09
1.36
0.09
1.36
0.18

dium was constructed from constitug@) with embeddings
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o]
o
T

index and the absorption coefficient of the constituents. The

r — "free" water
o bound” water 0.20 agreement between the simulated and measured optical con-
g 60+ N m masconange | 0.15 stants provides evidence for the previously outlined hypoth-
B AY 5 esis that the hydration dynamics of a fingernail is governed
£ 40 : 1 0.102 by the exchange of “bound” and “free” water, as well as the
% e exchange of “free” water between the nail and the environ-
Zg 20 4 0.05 ment. In comparison with the model, we can identify the fast
" i\ and slow dehydration processes as the release of “free” and
0 ey =—= 0.00 “bound” water, respectively. In addition, we also derived the
10° 10" 10° 10° water profiles of “free” and “bound” water from the simu-
Time(min) lation as shown in Fig. (3). Additional weighing measure-

) _ ments showed similar features as can be seen by comparing
FIG. 8. Mass change in the probed sample volume during hyFig. 7(a) and Fig. 8.

dration and dehydration and calculated water concentrations. The
vertical dashed line marks the change from hydration to dehydra-

) IV. CONCLUSIONS
tion.

. . ., . Ellipsometry has emerged as a very fruitful technique to
free” and "bound” states is reversed, as can be seen bygy,qy hiological samples in a noninvasive way. The very low
comparing Figs. & and 7). power density allows accurate measurements that hardly in-

The calculated optical parameters in Figb)7are not & g ence the sample. Spectra can be accumulated in short time
result of a fitting procedure, rather they come from a specifiGyieryals, so that one can resolve even relatively fast pro-
choice of simulation parameters that can be found in Table l.o5ses Jike the hydration of nails.

It is fair to assume that the absorption coefficient of water is Apart from individual and biological variations, we are

negligibly small. Since *bound” water is influencing the gpje tg retrieve information about the optical parameters of
conformation of the protein, it is reasonable that the absorpp,man nails. The refractive index has typical values of 1.40
tion coefficient of the nail is mainly governed by the amount; , wavelength range of 400 to 600 nm. The absorption

of “bound” water, while the refractive index is affected by cqefficient exhibits typical values of 0.06 and 0.10 at wave-
the presence of both types of water. The exchange of “freeyiengths of 700 and 450 nm, respectively.

water between the nail and the environment is much faster We find that the optical constants of the nail change upon

than the exchange of water between the *free” and *bound”y ration and dehydration. This allows us to follow the wa-

states. , _ ter dynamics in real time. The hydration process is charac-
In addition one can confirm our model by measuring the}j
|

; . : : erized by a time constant of about 4 min, while the dehy-
change of the nail mass during hydration and dehydration. I§ation process exhibits two distinct time domains with

one consgd_ers the effective sample volume of only 1.6y ch jonger time scales of 150 and 3200 min, respectively.
x10° um® in our ellipsometry measurements, one can estiysing the effective medium approximation, together with a
mate that the expected change of the nail mass is roughly,merical model that accounts for two types of water incor-
100 ng. Therefore, we collected three nail clippings from a,5ration, we reproduce the time dependence of the complex
different volunteer with an al(o)solut?(::t mass of 62 mg and aljefractive index during hydration and dehydration. From the
estimated volume of 8:210° um®. Assuming homoge- gimuiation we derive the water profiles of “free” and
neous physical properties, we derive the mass change in thg,ng” water. The findings show that the hydration and
probed sample volume as shown in Fig. 8. As one can segenydration properties of human fingernails can be fully de-

the results of the weighing measurements can also be dggyiped by the presence of two types of water.
scribed with our model. During dehydration the shoulder es-

pecially can be well described by assuming a model with
“free” and “bound” water. The parameters for this simula-
tion can also be found in Table I. We thank U. Merkt, M.V. Klein, L. Bojesson, S. L.

Even though the agreement between the experiment&ooper, J. Swenson, and M."Kér many discussions. We
data and the simulations is striking, one needs to consideacknowledge financial support for this work via BDF and
that at present we have no means to determine the refractini®@~G Ru773/2-1.
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