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Abstract

We report investigations of hair surface potential under wetting at the nanometric scale by atomic force microscopy (AFM). Surface
potential imaging was used to characterize the electrostatic properties of the hair samples. We found that the surface potential noticeably
increases along the edges of the cuticles. These results are correlated with wetting behavior of different liquids performed using AFM in
noncontact mode.
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1. Introduction contact angle between a fiber and different liquids, but these
measurements remain macroscopic [13-17]. Moreover, it

Hair is a natural fiber of typical diameter 70 um, with appears difficult to correlate the results with the microscopic
an extremely complex structure [1]. The hair surface is cov- structure of the sample. The local wetting properties are ex-
ered by a layer of intercalated flattened cells, called cuticles, pected to be related to the local polarity, another property
resembling the scales of a snake’s skin. The flat region of scarcely investigated. A special difficulty comes from the
the cells is covered by a compact hydrophobic layer, mostly fact that the surface is porous to some liquids: in particu-
composed of fatty acids; the side of the cells is less hy- lar, hair swells considerably in the presence of water [18].
drophobic, and is covered in part by proteins. In this paper, we present an investigation of local wet-

In recent years, the structure of human hair has beenting properties and polarity of human hair by atomic force
widely studied by numerous techniques. Among them are microscopy. Surface potential imaging was used to map the
optical microscopy, scanning electron microscopy (SEM), local polarity of hair samples. The wetting properties of the
transmission electron microscopy (TEM) [2-6], and X-ray samples were investigated using AFM in noncontact mode
microdiffraction [7]. Recently, the growing development of and using different liquids directly deposited on the hair sur-
atomic force microscopy (AFM) has facilitated local inves- face.
tigations of hair structure [8-11], especially by providing
more details of the cuticular surfaces [12]. This nondestruc-
tive technique appears to be a useful tool for the study of the 2 Experimental
surfaces of capillary fibers.

However, the local wetting properties of hair, and more  Eyropean brown virgin hair samples were used without
generally of fibers, have received relatively little attention. any chemical treatment. Nevertheless, they were washed
Some experiments have been performed to determine theyjth a surfactant solution (20% sodium lauryl ethoxylated

sulfonate) then subsequently rinsed thoroughly with distilled
~* Corresponding author. water before use in order to reduce the number of deposits

E-mail address: langevin@Ips.u-psud.fr (D. Langevin). which can be currently found on the cuticles. In this study,
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we limited ourselves to the cleanest hair sections located To compensate for this force, the voltage of the tip has to be
near the root. adjusted so that the tip is at the same potential as the hair
Two different atomic force microscopes were used during surface [19,20]. The voltage applied to the tip is then used to
these studies. Surface potential experiments were performednap the surface potential image. As a result, two images are
on a Nanoscope Ill multimode AFM (Digital Instruments), captured successively for each sample: a topographic image
connected to an extender electronics module, with elec- and either an electric field gradientimage or a surface poten-
tric force microscopy cantilevers (silicon with a conduc- tial image. Unless otherwise specified, an electric potential
tive coating). The substrates were commercially available of 5V was applied to the tip during all experiments.
12-mm-diameter doped silicon wafers (in order to be con-  Figure 1 shows a topographic image (a) and the corre-
ductive) (Veeco Instruments). The wetting experiments were sponding surface potential image (b) of the same hair region.
performed on a Park M5 AFM (TM microscope, Veeco In-  Similar images are observed for all the samples investigated.
struments) using the noncontact mode with silicon tips. This Despite the fact that all the hair samples were taken near the
microscope possesses a large and movable platform whichyoot end to obtain undamaged scale edges, several of the im-
is very convenient for wetting investigations on bulky sub- ages indeed reveal eroded scale edges (Fig. 1a). The surface
strates; it increases the investigated area and allows us to usgotential appears uniform on the cuticle surface, but clearly
larger samples. The substrates used during these wetting exincreases close to the cuticle edges, suggesting that these re-
periments are hydrophilic silicon wafers or glass coverslips. gions are more polar. A horizontal section is shown in Fig. 1c
During surface potential experiments, the hair was glued and reveals a variation of about 0.7 V between the high-
to a silicon chip using silver paint in order to ensure good est value measured close to the edge of the cuticle and that
electrical contact with the scanner. During the Wettlng in- measured far from the edge. Many different sections have
vestigations, either silver glue or two pieces of transparent peen analyzed on different images and the range of poten-
tape were used to fix the hair sample to the substrate. tial variation between the edge and the center of the cuticles
The liquids used to characterize the wetting properties of js petween 0.4 and 0.8 V. To ensure that the measured val-
the hair were pure Millipore water, alkane (decane, dode- es were not due to artefacts, we varied the tension applied
cane) from Sigma (99% purity), glycerol (99% purity), sili- 15 the tip. No change was observed on the images and the
cone oil (PDMS, polydimethylsiloxane of viscosity 100 ¢S gyrface potential differences were found independent of the
from Rhodia), and squalane (2,6,10,15,19,23-hexamethyl-v0|tage applied to the tip.
tetracosane, $3Hs2), @ nonpolar branched hydrocarbon  therefore, we conclude that the edges are more polar than
(Merck,>99% purity). _ the other exposed parts of the cuticles. These differences
Temperature and humidity were controlled during each ¢an pe related to the molecular structure of the cuticles. It
experiment. Temperatures were in the range 20€24 5 yell known that the outer surface of the cuticle cells, the
(£1°), while the relative humidity was 40%(5%). epicuticle, is essentially made of fatty substances (particu-
larly several fatty acids, among them 18-methyleicosanoic
acid, stearic acid, palmitic acid, and oleic acid) [21]. On the
other hand, the edges are regions where important concentra-
tions of proteins are observed. Surface potential is a measure
of the density and orientation of molecular dipole moments
(or even possibly ionized protein groups under a water ad-
sorbed layer) and reflects the local polarity of the surface.
The differences revealed here by surface potential imaging
are likely due essentially to the more polar environment cre-

3. Results
3.1. Surface potential experiments

Two techniques are available to characterize electrical
properties of samples using a Nanoscope IIl AFM connected
to an extender electronics module: electric force microscopy
(EFM) and surface potential imaging (SPI). Surface poten- ated by proteins.

tial imaging was selected for this study; this technique is It must be noted that some debris, which could be at-

sometimes referred to as Kelvin pr_ob_e force microscopy tributed to endocuticular debris, is observed on several oc-
(KFM) [19,20]. It maps the local variations of the surface

potential of the sample.

This technique is based on a two-pass lift-mode measure-
ment across each line of scan. Topographical data are take
in tapping mode in the first pass. Then the tip is raised to a
fixed height for a second scan (a constant separation is main- ) )
tained between the tip and the surface using data obtained3-2- V\etting experiments
during the first scan); the mechanical oscillation occurring
in tapping mode is then idle and an adjustable voltage is ap- To correlate the surface potential imaging observations
plied directly to the tip. During the travel of the tip above with other properties, wetting experiments were performed
the hair sample, a difference of potential exists between theon hair samples using different liquids. Two different tech-
tip and the surface, which leads to the appearance of a forceniques were used, depending on the nature of the liquid:

casions (Figs. 1 and 5) [6]. Surface potential images reveal
that this debris seems to be quite polar as the border of the
scales. This could be related to the particular composition of
the endocuticle, which is known to be rich in proteins [1].
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Fig. 1. (a) Tapping mode AFM image of a European black hair. (b) Surface potential image of the same region. (c) Cross section profile showing dimensions
of the surface features along the line indicated in the surface potential image. The value in italics indicates the measured surface potentta beowvee
solid triangles.

e For nonvolatile liquids, a deposition technique was used: tensions were used during the experiments and were found
small drops of liquid were directly deposited on the to exhibit various behaviors (Table 1). The results obtained
hair by using a microsyringe. Similar experiments were for the different liquids are as follows.
performed previously on small drops on flat substrates
[22,23], but only when a noncontact mode is used can 3-2.1. \ater
unperturbed droplets be imaged [24]. When the tip is  The experiments were performed using a droplet of water
too close to the liquid surface, the liquid is attracted N contact with the hair glued on a silicon wafer. The wa-
to the tip and instabilities are observed [25], which are ter qu.lckly evaporatgs from the sqrface of the substrate, and
very characteristic of these liquid surfaces. The appear- N0 €vidence of wetting on the hair surface is observed: the
ance of instabilities is therefore a useful signature of the IMages are similar to those of a dry hair and no instabilities
presence of liquid on the surface. Note that using this are observ_ed._Moreover, the _dla_meter of the hair sgm_ple n-
technique, a possible local dewetting of the hair may oc- creasgd with time as clearly'mdlcated by a slow d.”.ft n the
cur, due to the interaction with the deposited liquid on Z position of the scanner during the scans. The hair is indeed
the substrate. porous and can take up a large amount of water (typically up

0 i :
o For volatile liquids, a condensation technique was used: o 35% ofits own weight).
by putting the hair sample on top of a liquid reservoir, 3.2.2. Glycerol

we create condlthns such that the liquid can condense Glycerol is a polar liquid which is much less volatile than
directly on the hair. One then tests the heterogeneous,ater under standard conditions and is known not to pen-
nucleation at a local scale. etrate the hair, as checked by the absence of shift of the
scanner during AFM measurements. However, results sim-
A simple way to predict the wetting properties of aliquid jlar to those for water were obtained: no instabilities were
on a surface consists of comparing the solid critical surface detected, indicating that the cuticle remained dry.
tensiony, with the surface tension of the liquid [26]. If
y > y,, partial wetting occurs with a finite contact angle 3.2.3. Squalane
If ¥y < v., a thin layer of liquid spreads the surface (com- Squalane is also expected neither to penetrate, nor to
plete wetting,0 = 0). Several liquids with different surface evaporate, on the experimental timescale. Its behavior is very
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Table 1

Silicone oil Decan@ Dodecane Squalane Glycerol Water

(PDMS)
Surface tensiory 21 23.4 25.6 31.1 64 72.8
(mN/m)
Wetting Liquid layer Liquid seen along the borders Liquid seen along the borders No liquid found on the
behavior on the hair of the cuticle cells of the cuticle cells surface (no wetting)
(total wetting) Sometimes liquid

covers a part of
the cuticular surface

@ Indirect wetting method.
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Fig. 2. Topographic image of a hair sample wetted by squalane. The image
was taken immediately after liquid deposition.

different from that of water and glycerol: immediately after
the deposition of a small droplet on the top of the hair using .
a microsyringe (typical volume around 1 pl), a smoothening
of the cuticles features is detected, as if the surface topogra-1 :
phy was hidden by a squalane layer (Fig. 2). odll
To ensure that these observations were not due to contam: 20
ination of the tip by the liquid, experiments were performed
with the same tip but with a new dry hair (without squalane),
keeping the same imaging parameters. The topographic im-
ages confirmed that the tip was free of contamination: the
sharp details of the cuticles were recovered. When new im- Fig. 3. Topographic image of a hair sample wetted by squalane (a) and asso-
ages of the sample covered by squalane were taken with thesiated 3-dimensional perspective (b). The image was taken 2 h after liquid
same tip, smoothened features such as those of Fig. 2 wergleposition.
recovered. We then conclude that a layer of squalane remains
on the sample. A small droplet of squalane, about 1 pl, seemsin detail by Dubreuil et al. [25]. The top of the cuticle can be
to be sufficient to cover several centimeters of hair. After a accurately imaged, without any evidence of being wet.
period of 2 h, drainage removes squalane from the top of the
hair and it turns out that instabilities appear along the borders3.2.4. Decane and dodecane
of the scales (Fig. 3). These instabilities reveal the presence Two other alkanes were investigated, decane and dode-
of liquid, indicating that squalane prefers to accumulate on cane, which are more volatile than squalane. It then becomes
the edges. The nature of these instabilities has been studiedlelicate to observe the wetting properties using the direct

(b)
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Fig. 4. Optical image of hair sample wetted by decane using the condensa-
tion method. A liquid film is seen on the sides of the hair, as well as on the
wafer.

Fig. 6. NC-AFM image showing the edge of a dodecane drop wetting sev-
eral hair cuticle cells. The liquid partially wets the top of cuticle cells (black
arrows) with a local contact angle of approximately® 1Zonversely it
spreads more along the more wettable cell edges (white arrow). Note that
the longitudinal striations are likely due to an artefact.

was observed on the hair surface. This observation is dis-
cussed below in terms of competitive penetration, nucleation
and/or dewetting.

However, droplets wetting the hair are expected to have
a distorted contact line due to the chemical and geometri-
cal (roughness) heterogeneities of the surface. This can be
) o _ clearly seen in Fig. 6, showing a large dodecane droplet wet-
Fig. 5. Topographic image of hair wetted by decane, taken 4 hafter exposure ., o s\ era| cuticles. Notice that liquid spreads more along
to decane vapor. Note that instabilities are mainly present along the cuticle .
edges, which indicates that decane prefers to accumulate along these edge&he more wettable edge of the cuticle. The same features
The top of the cuticles is still relatively smooth, and does not show evidence could also be observed with decane by using the conden-
of being wet. sation method, although less neatly. On Fig. 6, longitudinal

striations could be seen. Such striations are likely due to an

wetting method described above. In order to avoid draw- artefact that appears during the scanning by the tip (probably
backs due to decane or dodecane evaporation, we creategemaining optical interferences) since they are also observed
conditions such that the liquid could condense directly on the on the liquid part. These striations are thus certainly different
hair. This hair was cut and fixed onto a silicon wafer, placed from the ones observed by Swift and colleagues on different
into a specially designed cell containing the AFM probe and mammalian fibers, which present a typical spacing always in
the sample [24]. The cell can be saturated with alkane va- the range from 0.3 to 0.4 pm [27,28].
por until many drops are seen to condense on the wafer
(Fig. 4). When the surface of the hair was imaged, droplets . )
were never observed on the top of the hair, suggesting that>-2->- Sliconeoil o _
the liquid was able either to penetrate or to fully spread onto _ USing silicone oil, a liquid of smaller surface tension
the hair surface. Images were captured over a period of sev(PDMS, viscosity of 100 cS), a liquid layer on the hair was
eral hours. During approximately 3 h, the wafer was clearly observed in all experiments, and the details of the cuticle
wet by droplets, but no liquid drop appears on the hair sur- surface were blurred as in the squalane case. We conclude
face. After three hours, typical liquid instabilities could be that silicone oil spreads very quickly on the hair and the
observed along the edge of the cuticles (Fig. 5). The pres-substrate surface. Such behavior is in agreement with obser-
ence of endocuticular debris could explain why instabilities vations made by Cazabat et al., who reported that silicone oil
are sometimes noticed on the flat part of the cuticle surface:spreads on all surfaces regardless of their nature (hydrophilic
the endocuticle is known to be richer in protein and thus less or hydrophobic) [29].
hydrophobic than the outermost layer, the epicuticle, essen- The findings obtained for the different liquids used are
tially made of lipids [1]. However, no drop-like condensation summarized in Table 1.
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4. Discussion mogeneous liquid layer covers the entire surface of the hair,
which is consistent with a complete spreading whea y..
It is well known that hair surfaces are covered by a If the outer hair cell surfaces were predominantly covered

compact hydrophobic layer, the epicuticle, mainly made of PY compact methylene groups, a higher valueyofs ex-

close-packed fatty acid chains [1,21]. Nevertheless, hair sur-Pected, about 31 mhin. Most conclusions which have been
faces are not chemically homogeneous: though the surface?Ut forward for the different liquids under the hypothesis of
composition is not yet accurately known, one can assume?”c = 22 mN/m are still valid: water penetrates into the bulk

that the surface chemical moieties of the flat part of the outer of the h dair fibbe " gilycerclﬂ prort]) ablyl%ewebts quickly dand/orl Is
hair cells (scales) consist of methyl and methylene groups.pumpe out by glycerol on the solid substrate and squalane

For such a surface, one could reasonably expect a lecaldgwets less quickly and some of it is left wetting _the edges.
: . With decane and dodecane, is then lower thary, imply-

surface tensiory, between 22 and 31 mih, respectively . . -

. ing a complete spreading. These two liquids may nucleate
the values found for pure methyl-like and pure methylene- . .
: : everywhere but still more preferentially on the border of the
like surfaces [30,31]. On the other hand, the side of the cells : . .
is covered in part by proteins. for which a higher value of the scales where a thicker film may pump out the film nucleated
IS cov np y proteins, forwhi \ghervalu on the scale. Taking into account a likely penetration of the
critical surface tension is expected.

. i . .__liquid may explain why no evidence of the presence of these
Let us discuss the results obtained according to the nOt'Onquuids was found on the flat part of the outer hair scales
of critical surface tension and consider separately the Case§y) the case of silicone oil, complete spreading is expected

of the flat part anq of the sides of the outer h§|r cells: (y < y.), which is in agreement with the observed behavior.
If the outer hair cell surfaces are predominantly covered To summarize. the value of the critical surface ten-

by compact methyl groups;. must be about 22 mAn. sion for the flat part of the cells is probably between 22
Wheny > y, partial wetting of the liquid should be ob- gnq437 miym. It cannot be estimated with more precision at
served with a measurable contact angle. Most liquids usedys time, because of the possibility of penetration of the two

in these experiments have a surface tension higher thanjqyigs used with tensions intermediate between these two
22 mN/m, implying a partial wetting on the outer surface \gjyes (decane and dodecane). Nevertheless, the results are
of the scales (Table 1). Whereas the observations made withy agreement with a critical surface tension due to a mixing

these liquids did not show any spreading, no drops were of methyl and methylene-like surface groups. The critical
observed either. Nevertheless, such results are not contrasyrface tension of the cell borders is certainly larger.

dictory when one considers the particular behavior of the
liquids. With water, a swelling of the hair fiber is observed,
indicating that the liquid penetrates the fiber. Water can also 5. Conclusions
evaporate fast, being quite volatile. Glycerol is known not to
penetrate the hair and it probably quickly dewets the outer In this paper we have reported investigations of wet-
surface of the scales. These assumptions also explain whyting and electrostatic properties of hair by atomic force
no evidence of wetting was observed on the borders of themicroscopy. Surface potential imaging was used to charac-
scales in spite of the higher value of the expected surfaceterize local polarities, while wetting properties were inves-
tension. tigated by imaging hair samples on which different liquids
Squalane is known neither to penetrate nor to evaporatewere spread, by using noncontact mode AFM. We found a
on the experimental timescale. The observations made by usremarkable concordance between the surface potential ex-
ing this liquid show that it dewets less quickly than glycerol: periments, reflecting the cartography of the polarity of the
immediately after the deposition, a layer of squalane covershair surface, and the location of hydrocarbon liquids during
the sample. After several hours, drainage removes squalanéhe wetting process of this hair: these liquids preferentially
from the top of the hair and instabilities appear on the bor- Wet the cuticles edges which are more polar. More polar lig-
ders, indicating that squalane prefers to accumulate on theUid.S such as water and glycerol do not appear to wet any
edges (some of it is left wetting the edges). This observa- Fégion of the cuticle, _although water was seen to penetrate
tion is in agreement with a complete wetting on the borders into the bulk of the hair fiber.
(y < v.). Decane and dodecane are more volatile than
squalane and are suspected of penetrating the hair. These
two liquids may nucleate drops which are not seen becauseReferences
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