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STRUCTURAL AGING AND DEGRADATION OF HUMAN FINGERNAIL PLATES
UPON COSMETIC AGENTS

The knowledge whether and how chemical species react with tissues is important because of protection against harmful fac-
tors, diagnose of dermatological diseases, validation of dermatological procedures as well as effectiveness of topical therapies. In
presented work the effects of chemical agents on plates of human fingernails were studied using Atomic Force Microscopy and
Scanning Electron Microscopy. Apart from that, mapping of the elastic properties of the nails was also carried out. To obtain reli-
able measures of spatial evolution of the surface variations, recorded images were analyzed in terms of scaling invariance brought
by fractal geometry, instead of common though not unique statistical measures.
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1. Introduction

The problem of quantitative investigation of the nail plates
at the micro- and nanoscale turns out to be of great importance
for diagnosing a broad spectrum of dermatological diseases,
validation of treatment procedures as well as analysis of effec-
tiveness of topical medicines applied to the affected areas [1,2].
Development of procedures for qualitative characterization of
fingernail plates may be relevant to determination of evolution-
ary mechanisms and post-exposure consequences of fungal and
bacterial infections. For example, Liu et al. reported SEM ob-
servations of superfine structure of the nail plates suffered from
chronic mucocutaneous candidiasis (CMC). Imaging revealed
that the hyphae penetrated the nail plate from the ventral surface
and started to build-in into it causing gradual degradation [3].

On the other hand, the assessment of a surface structure of
the nail plates might be important for the treatment of other infec-
tions with various etiologies [4,5]. For example, surface energy
of the fingernail plate is a factor that controls surface adhesion,
and hence affects processes occurring on the plate: colonization
by microorganisms and penetration by pathogens. Healthy nails
exhibit surface energy around 34 mJ/m? [6], however, this energy
can be substantially changed due to abrasion processes [6]. The
abrasion also enhances surface development through creation of
ridges and grooves while surface energy affects contact phenom-
ena at the nail-liquid interface, which is of great importance for
topical therapy of various nail diseases. Depending on the contact

area, drug dissolution and bioavailability directly determine the
effectiveness of the applied medicine [7].

Analysis of nails by means of AFM and SEM techniques
prevails over other microscopic methods. First of all, the
nails are made of hard tissues, which makes preparation of
histopathological specimens tedious task [8]. To facilitate the
thinning, various tissue softeners need to be used, for example:
formalin [9], non-ionic surfactants (Tween) [10] or ethanol [11].
Unfortunately, the above compounds cause undesirable side ef-
fects upon application, substantially influencing biomechanical
properties of the nail plates. Specimens for AFM imaging are
not that restricted since the coupling medium contains water
and cannot penetrate the nail plate. It should also be noted that
in case of localized nail infections, pathogens may be found on
the bottom side of the nail plate [12]. As a consequence, getting
a swab culture will likely yield false-negative results. In spite of
that, however, SEM images might reveal outbreaks of infection,
even inactive, and help identify potential pathogen in order to
optimize the treatment procedure [13,14].

Finally, spatial characterization of the structure of the nail
plates is important from the point of view of effectiveness of
the topical pharmacological treatment, which actually peaks at
15 percent at its best [13]. The main reason for that is low pen-
etration rate of active substances through the nail plate, hence to
increase the effectiveness of the topical therapy, various etching
agents might be used including, among others: lactic acid, tartaric
acid, glycolic acid, citric acid or 5-fluorouracil [13,15].
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2. Experimental

Free edge of healthy nail was acquired from 18-years-old
female and cut into a series of small, rectangular pieces firmly
attached to AFM sample discs. The discs were then transferred
to a Petri dish and covered with a droplet of acetone such that
the nails were completely immersed in the liquid. The Petri
dish was closed and the nails were incubated for 2 and 4 min. at
room temperature. After that, the samples were dried, scanned
using Atomic Force Microscopy (AFM) and left for aging. The
samples were exposed for 2 years to ambient air under the fol-
lowing conditions: sub-room temperature 18°C, atmospheric
pressure (might slightly vary), relative humidity 50%. Changes in
surface geometry of the nails were studied using both AFM and
SEM. AFM measurements were carried out using Multimode 8
(Bruker) instrument and the Scanasyst-Air probe (Bruker) work-
ing in the tapping mode. The instrument enables direct tip-surface
force control (PeakForce Tapping) and maps nanomechanical
properties of the scanned surface, including Young’s modulus
(Quantitative Nanomechanical Mapping). The probe was made
of SiN with triangular cantilever and the following parameters:
nominal resonant frequency 70 kHz, spring constant 0.4 N/m,
tip radius 2 nm. Maximum press force achieved in a PeakForce
tapping mode was kept at 1 nN.

3. Theory

Euclidean geometry deals with objects with well-developed
habits and integer dimensions. Apart from that, however, there
are also irregular and discontinuous structures that behave as if
they have non-integer dimensions. Their main feature include
(limited) geometrical self-similarity, that is the scale-invariance.
Previous works on surface engineering of materials demonstrated
that popular statistical parameters based on data distribution
functions (e.g. mean height, standard deviation, higher moments
etc.) of height data do not provide any unique specification of
rough surfaces [16-18], and that more accurate characteristics
of spatial complexity can be brought by fractal analysis [19-22].
Regardless of the acquisition method, fractal descriptors can be
derived by making use of allometric scaling among data samples,

which was described in details elsewhere [23-27]. An outline of
the routine includes calculation of such parameters as: anisotropy
ratio S,,, corner frequency z, fractal dimension D etc., via auto-
correlation and height-height correlation (structure) functions.

4. Results and discussion
4.1. As-cut nails exposed to acetone

Fig. 1 presents 50x50 um*> AFM images of the as-cut
nails before and after exposure to acetone. Topography images
exhibit flat nail plates crossed with irregular trenches, although
visual appearance does not reveal significant differences between
scanned sections. Fortunately, structural changes are reflected in
spatial characteristics presented in Table 1. First of all, untreated
sample is found monofractal with only one fractal dimension
D equal to 2.41. The surface is also isotropic, since anisotropy
ratio S, approaches 0.79. However, the above scaling behavior
vanishes within a distance set by the corner frequency, which is
one order of magnitude smaller than the scan length. In contrast,
samples exposed to acetone are found bifractal with a second-
order alignment pattern of geometrical objects of dimensions less
than 2 nm in size. Split in fractal characteristics might be due
to chemical-stimulated abrasion of the nail surface that unveils
deeper lying structures.

TABLE 1

Surface texture characteristics of nails exposed to acetone derived
from AFM images (5050 um?): S, — RMS surface roughness,
S, — developed interfacial area ratio, S, — surface anisotropy ratio,
Y,y — average Young’s Modulus, D — fractal dimension,
and 7 — corner frequency

sample| 1 | oy | S e | 2 || 2 |
Ref. 320 6.3 0.79 | 2000 — — 241 | 5.10
2 min. | 450 9.0 0.91 1900 | 241 | 1.97 | 2.66 | 8.43
4 min. | 240 4.3 0.55 760 242 | 192 | 272 | 7.78

Apart from qualitative changes in fractality, obtained statis-
tical parameters, namely: interfacial area ratio S,, anisotropy ra-
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Fig. 1. AFM images of the as-cut nails exposed to acetone (50x50 um>): (A) reference sample, (B) 2 min exposure, (C) 4 min exposure



tio S, and Young’s modulus might suggest further changes in the
surface development and its elastic properties at the nanoscale.
In the beginning of the exposure routine the nails become more
isotropic and more developed, but then the process turns down-
wards, and the surface becomes more compact and more aniso-
tropic. On the other hand, elastic modulus Y, steadily decreases
from 2000 down to 760 MPa with increasing exposure time. To
conclude the above results, the plate under study is the hard part
of the nail, made of translucent keratin protein. Several layers
of dead, compacted cells cause the nail to be strong but flexible,
however, due to the dehydrating aspects of acetone, super dry,
damaged nails will get more brittle. Further exposure to this
liquid might eventually lead to splitting, peeling and breakage,
because the solvent will bathe the uppermost parts of the plate.

4.2. Aged nails

Fig. 2 shows AFM images of the same nails as in Fig. 1,
although subject to prolonged aging under atmospheric condi-
tions. Similar to previous results, there is no difference between
samples in their visual appearance. In fact, significant changes
can be seen considering fractal and statistical characteristics
summarized in Table 2.

TABLE 2

Surface texture characteristics of nails exposed to acetone
and subsequently routinely stored under atmospheric conditions,
derived from AFM images (50x50 um?): S, — RMS surface r
oughness, S, — developed interfacial area ratio, S, — surface
anisotropy ratio, Y, — average Young’s Modulus,

D — fractal dimension, and 7 — corner frequency

sample | oty | fott | Se || P [t | P2 |
Ref. 260 3.8 0.69 | 1700 | 248 | 1.56 | 2.55 | 7.25
2 min. | 270 43 0.52 | 7100 | 245 | 1.26 | 2.54 | 6.89
4 min. | 330 53 | 030 | 3200 | 2.37 | 1.08 | 2.49 | 6.30

All samples exhibit bifractal characteristics, which means
that the nails tend to re-arrange their surface structure under the
influence of chemical solvents. In addition, the plates maintain
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their cluster sub-structure, in which smaller components (~1 pm)
aggregate into larger structures (7 pm in diameter). What is
more interesting, the fractal dimension D; is close to that in as-
cut samples, while the lower corner frequency 7, is smaller by
the factor of three. Likewise, the fractal dimension D, remains
constant at around 2.5 throughout the series, but appears smaller
compared with as-cut specimens.

Statistical parameters reveal compact, dense-packed surface
with anisotropic spatial alignment of various degree. Interest-
ingly, elastic modulus Y, in the reference sample is found close
to that in as-cut, exposed for 2 min to acetone. On the other hand,
the sample that was aged after 2 min treatment with acetone turns
out to have the highest elastic modulus approaching 7100 MPa,
i.e. over four times higher than the reference sample. Even the
sample treated for 4 min exhibits substantially raised elastic
modulus (3200 MPa), which might be possibly attributed to the
sorption of water vapors.

Fig. 3 presents SEM images of the nails taken with 1000x
magnification. Because of similar dimensions, it might be inter-
esting to compare spatial characteristics derived from SEM im-
ages to those obtained by AFM. At a glance, SEM images of the
specimen do not differ significantly upon performed treatment.
Unlike topographical appearance, however, fractal characteristics
reveal bifractal nature of the specimens. Note that fractal dimen-
sion Dy derived from SEM is larger than that from AFM, but D,
is very similar. As a result, the trend in the structure functions is
bent downwards, unlike previous measurements. Apart from that,
corner frequency 7; is smaller by a factor of two, while 7, two

TABLE 3

Surface texture characteristics of nails exposed to acetone
and routinely stored under atmospheric conditions, derived
from SEM images taken with 1000x magnification:

S, — RMS surface roughness, S, — surface anisotropy ratio,
D — fractal dimension, and 7 — corner frequency

Sample S, D, [n‘:rln ! D, [n:rzn]

Ref 0.96 2.71 0.86 2.56 15.3
2 min. 0.71 2.57 0.42 2.44 14.5
4 min. 0.32 2.53 0.62 2.42 10.5

Fig. 2. AFM images of the aged nails previously exposed to acetone (50x50 pm?): (A) reference sample, (B) 2 min exposure, (C) 4 min exposure
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Fig. 3. SEM images of the aged nails previously exposed to acetone, taken at 1000x magnification (128x87 pm?): (A) reference sample, (B) 2 min

exposure, (C) 4 min exposure

times larger than those in the as-cut samples. Observed discrep-
ancies in the corner frequency values might be due to improper
linearization procedure that converted grayscale SEM images
into pseudo-height maps using direct proportionality routine.

5. Conclusions

As-cut fingernails exhibit monofractal characteristics,
although their scaling behavior breaks down at distances of one
order of magnitude smaller than the scan length. Human nails
are found to undergo structural reconstruction under chemical
treatment from monofractal into bifractal geometry, which
means that higher-order surface patterns appear. The appearance
of long-range surface patterns is independent of the chemical
treatment: agressive factor (acetone) as well as mild ones (at-
mospheric oxygen) exert similar influence. Acetone affects the
sample geometry in a twofold way: initially enhances surface
development, but then makes the surface more compact. Apart
from that, acetone lowers the elastic modulus of the plates. In
turn, aging diminishes variations in the surface height amplitude
but preserves trends in surface geometry measures. On the other
hand, texture anisotropy steadily decreases to very low values.
Regardless of the imaging method, fractal characteristics of the
samples under study are similar.
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