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SYNOPSIS

The surface energy of the human nail plate is expected to influence the adhesion of
microorganisms (and subsequent colonisation and infections) as well as that of
medicines (and subsequent drug permeation) and of cosmetics. The aim of the study
was therefore to measure the surface energy of nail plates in vivo. The surface energy
of healthy human fingernails (untreated, hydrated and abraded) and of hoof
membranes (often used as a model for the nailplate) was estimated from contact angle
measurements of liquids (water, formamide, diiodomethane and glycerol) on the nail
plate and subsequent computation using the Lifshitz-van der Waals/acid-base (LW-AB)
approach. The surface energy of untreated fingernail plates was found to be 34
mJ/m?. Most of this total energy was from the apolar Lifshitz-van der Waals
component. When the polar component of the surface energy was analysed, the
electron-donor component was considerably larger than the electron-acceptor one.
Hydrating the nail plate had no significant influence on the surface energy. In contrast,
abrasion caused a small, but statistically significant increase in the apolar surface
energy component. The surface energy of bovine hoof membrane was similar to that
of the fingernail plate. We conclude that the human fingernail plate is a low-energy
surface, and that bovine hoof membranes may be used as a substitute for the nail

plate in certain experiments.
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INTRODUCTION

The human nail unit has diverse functions, such as protection of the delicate tips of
fingers and toes against trauma. It allows us to manipulate objects, enhances the
sensation of fine touch, and is used for scratching and decoration [1-5]. The nail is also
subject to diseases, such as fungal infections, and a range of topical medicines, such as
solutions, paints, lacquers and patches, have been formulated [6-8]. Despite the
advantages of local drug delivery such as, drug targeting to the site of action, and
avoidance of systemic side effects and drug interactions, the success of local drug
therapy is limited [9]. In their review on the topical delivery of drugs to the nail, Sun et
al, in 1999, concluded that the topical treatment of onychomycosis was a drug delivery

problem [10]. To date, optimisation of topical drug formulations remains a priority.

While considerable literature exists on the bulk properties of the nail plate
(summarised briefly in [11]), its surface properties have not been extensively studied.
A greater understanding of the nail plate surface properties would be invaluable to the
drug/cosmetic formulator as interfacial energies between topical formulations and the
nail plate are expected to govern their contact. For drug delivery, this would influence
ungual (pertaining to the nail; used interchangeably with onycheal) drug permeation,
while for cosmetics, this would influence residence and consumer acceptability.
Interfacial forces between the nail plate and micro-organisms are also expected to
influence the adhesion of microorganisms onto the nail plate and subsequent

colonisation and infections. Despite the important role of the nail plate’s surface



properties on local infections and their treatment, the nail plate’s surface energy has
not been extensively investigated. Our aim was therefore to measure the surface

energy of nail plates in vivo.

Surface energy was determined from contact angle measurements of appropriate
liquids against the nail plate surface as this widely used method is believed to be the
simplest [12]. The contact angle that a liquid droplet makes on a solid surface (Fig. 1)
can be treated as a result of the mechanical equilibrium under the action of three
surface tensions — the solid-vapour interfacial tension (ysy), the liquid-vapour
interfacial tension (y.y), and the solid-liquid interfacial tension (ys.) [13], as follows:

Vv €0s(60) = ysv- vst (1)

Thus, ysy can be calculated from the above equation by measuring the contact angle 6
that a liquid makes on the solid surface, and from knowing the surface free energies y.y
and ys. from reference sources [14]. A number of approaches to compute a solid’s
surface energy following contact angle measurements have been developed, as
reviewed in [12]. In this paper, the Lifshitz-van der Waals/acid-base (LW-AB) approach
has been used as it is currently one of the most commonly used approaches, it has
been successfully applied in many instances, including in the evaluation of the surface
energy of biological surfaces such as the skin [15, 16]. The LW-AB approach was
developed by van Oss et al. who suggested that the surface energy of a solid or liquid
(y) can be considered as the sum of the apolar Lifshitz-van der Waals (yLW) and the

polar acid-base (yAB) components [17-20]as follows:

v=y"+y® o (2)



Where yLW is the sum of the London dispersion forces, Debye induction and Keesom
orientation interactions, and

=20y y)? (3)
Where y" and y are the electron accepting and electron-donating surface energy
parameters respectively, determining the material’s ability to exert acid-base
interactions on a comparative scale with respect to the reference water, for which the
ratio y*/ Y is arbitrarily setto 1.
Equation (1) can be solved if the solid-liquid interfacial free energy is expressed
in terms of Lifshitz-van der Waals and acid-base components, and according to van Oss
et al. [17-19] ys. can be re-written as:
LW
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where subscripts "S" and "L" denote for a solid and a liquid respectively.
Rewriting equation 1 using equations 2-4 above gives:
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The solid surface parameters 2 = 75 and - + can be computed following
measurements of contact angles of droplets of three different liquids (two polar and

one apolar) whose surface free energy components are known.

In our experiments, we used the polar glycerol, formamide and distilled water and the
apolar dilodomethane; the literature values of these liquids’ surface tension and

components are shown in Table |. In addition to untreated nails, we also measured



the surface energy of hydrated and abraded nail plates. The latter were evaluated as
in practice, patients abrade their nail plates prior to applying medicines in an attempt
to increase ungual drug permeation. Hydrated nails were evaluated as topical nail
medicines may increase nail plate hydration by occluding the nail plate surface and
reducing trans-onychial water loss [21-23]. Any changes in the surface properties of
nails due to abrasion or hydration could affect the interfacial interactions between the
nailplate and the topical preparation, and hence contact. In addition, the surface
energy of bovine hoof membranes was measured as these are often used as models

for nail plates in drug delivery studies, e.g. in [24-28].

MATERIALS AND METHODS

Glycerol was obtained from Ransom (Herts, UK); formamide and diiodomethane were
from Sigma. Bovine hooves, obtained from an abattoir, were cleaned and cut into thin
sections. A contact angle goniometer (FTA 1000, First Ten Angstroms, USA) was used
to measure the contact angle made by a liquid on a bovine hoof membrane/ fingernail

plate in volunteers.

Measurement

Following approval by the London School of Pharmacy’s ethics committee, volunteers
(8 females and 9 males, aged 23-51 years old) with healthy fingernails were recruited.
The measurements were conducted in a laboratory where the room temperature

ranged from 20 to 26 °C and the relative humidity from 19 to 29%. Volunteers washed



their hands with tap water and a liquid hand cleanser, dried them with tissue paper
and sat in the measurement laboratory for 20 minutes prior to measurement. To
measure contact angle, the volunteer’s finger was placed on a support underneath the
syringe holder and a liquid droplet (volume 5-10uL) was dispensed from a micrometer
syringe (Gilmont Instruments) fitted to a 20 gauge blunt needle and allowed to fall
gently onto the fingernail. The distance between the needle tip and the nail was kept
to a minimum such that the drop of liquid could fall without interference from the
needle, but did not spread on the nail upon contact due to kinetic energy. The liquid
droplet was allowed to stabilize on the nail surface, all the while video recording the
droplet. For each video, a series of droplet images were analysed, and the triple point
at the intersection of the liquid, solid and vapour phases on both sides of each image
was manually identified. The contact angles were calculated and averaged for the two
sides on each video image. Subsequently, contact angle versus time was plotted to
enable visualization of the stable contact angles, which were then averaged to obtain a
mean contact angle. For each liquid, the experiment was repeated at least three times

on each nail, with handwashing, drying and equilibrating prior to each repetition.

To measure the contact angle of liquid droplets on hydrated nails, the fingernail
(washed as above) was immersed in distilled water at room temperature for ten
minutes, then blotted dry with paper towels, before immediate measurement as
described above. Ten minutes was considered sufficient to achieve hydration
saturation in vivo as shown by trans-onycheal water loss (TOWL) measurements [23].

To measure the contact angle of liquid droplets on abraded nails, the dorsal surface of



the nail plate was rubbed using an abrasive file provided in a pack of Curanail®

(amorolfine nail lacquer). Rubbing was performed at least three times, ensuring that
the entire nail surface on which a liquid droplet would sit was abraded. The nail plate
wasthen wiped gently with tissue paper before immediate measurement as described

above.

The contact angles of two polar liquids and one apolar liquid obtained on each nail
plate was then used to calculate its surface energy by the LW-AB method using the
goniometer software. Use of water, glycerol, formamide and diiodomethane liquids
enabled the computation of the nail plate’s surface energy using the following two
liguid combinations : water-formamide-diiodomethane (WFD) and water-glycerol-
diiodomethane (WGD). It was intended that for each nail, the contact angle of all
four liquids would be determined, and that in each volunteer the surface energy of all
the ten fingernails would be measured. This was not always possible, however, as a
stable droplet of a particular liquid could not always be obtained, e.g. due to high
curvature of some fingernails. In addition to curvature, the surface smoothness of the
nail plate was taken into account. For each volunteer, the flattest and smoothest nail

plates were used.

The surface energy of bovine hoof membranes was also measured as described above,
except for the use of bovine hoof membranes instead of nails. Measurements were
conducted on four hoof membranes. On each membrane, the contact angles made by

water, glycerol and formamide (ten drops for each liquid) were measured.



Although temperature is known to affect contact angles of liquids [29], the errors were
expected to be small [16]. Surface roughness - also known to influence contact angles

- is discussed later.

Statistical analysis

Contact angles: To analyse the influence of nail plate hydration and abrasion on the
contact angle formed by the four liquids, repeated measures ANOVA was conducted
on the contact angle data for nails which had been measured at all three conditions —
untreated, hydrated and abraded.

Surface energy: General linear model was performed to investigate the influence of
volunteer, hand side, digit and liquid combination used, on the nail plate surface
energy. One way ANOVA was conducted to investigate the influence of hydration and
abrasion on the nail plate surface energy. SPSS 18 was used for all statistical

calculations.



RESULTS AND DISCUSSION

Contact angles of liquid drops on human fingernail plate in vivo

The contact angles formed by distilled water, glycerol, diiodomethane and formamide
on untreated, hydrated and abraded fingernail plates are shown in Fig. 2.
Diiodomethane (the liquid with the lowest surface tension of 50.8 mN/m) spread on
the nail plate surface to the greatest extent and gave the lowest contact angle.
Diiodomethane was followed by formamide (surface tension of 58.2 mN/m), which
was itself followed jointly by glycerol (surface tension of 64.0 mN/m) and water
(surface tension of 72.8 mN/m). The inverse relationship between a liquid’s surface
tension and its extent of spreading on the nail plate is expected: high liquid surface
tension would oppose liquid spreading (to minimise the liquid-air interfacial area) and
thereby minimise the total surface energy. Our results reflect the inverse relationship
between cosO (where 0 is the contact angle) and the surface tension of liquids
reported by Zisman [30]. Water’s greater surface tension compared to that of glycerol
could have led to the expectation of a greater contact angle by water. However, the
relationship between cos0 and liquid surface tension is known to be not linear for high

surface tension liquids [30].

Standard deviations of between 6° and 8° were obtained (Fig. 2). Such variability is due
to a number of factors including the inherently inexact [31] manual location of the
triple point (where the solid, liquid and vapour phases meet) on the goniometer

images and intra- and inter-individual variability, compounded by the nail plate’s
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curvature [32] and surface roughness. Interestingly, similar contact angles (and

standard deviations) for these liquids on the skin have been reported [16, 33] .

Influence of nail plate hydration and abrasion on contact angles

As can be seen from Fig. 2, the contact angles of the different liquids on the nail plate
surface did not differ greatly when the nail plate was hydrated or abraded. For a
number of nails, the contact angle formed by the four liquids had been measured at all
three conditions — untreated, hydrated and abraded (Table Il). Repeated measures
ANOVA on this data showed that, unlike abrasion, hydration did not significantly alter
the contact angle of any of the four liquids (p>0.01). Immersion of the nail in water is
known to increase its water content, such that nails become soft, and the surface
water content, measured by opto-thermal radiometry (OTTER) was found to increase
from 19 to 24% after a 15-minute immersion in water [34]. It seems that such a small
increase in water content does not affect the nature of the nail plate surface in a
sufficient manner to influence the contact angles of water, glycerol, formamide and

diiodomethane.

On the other hand, abrading the nail plate surface (which greatly increased surface
roughness as shown in Figure 3) reduced the contact angles of diiodomethane and of
formamide (p<0.01), but had no influence on those of water and glycerol (p>0.01).
Surface roughness is known to influence the contact angle of a liquid on a solid surface
in complex ways [35-39]. Our results show an influence of surface roughness on the

contact angles of the two liquids which formed the lowest contact angles.
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Surface energy of fingernail plates

Surface energy of fingernail plates (untreated, hydrated and abraded) was calculated
for the fingernails of digits 1-4, on the right and left hands in 15 volunteers, using two
combinations of liquids (diiodomethane-formamide-water or diiodomethane-glycerol-
water). General linear model showed no influence of volunteer, hand side or digit on
the nail plate surface energy (p>0.01), but a significant influence of the nail state and
of the liquid combination used (p < 0.01). The mean surface energy for the different
nail states (untreated, hydrated and abraded) and the two liquid combinations was
thus calculated by grouping the digits of the right and left hands in all the volunteers
(Table I1I). A number of negative values for y*and y"*® can be seen in Table IIl.

Negative values for surface energy components are known to occur when the LW-AB
method is used [40], although the proponents of the LW-AB method have
demonstrated how small changes in the contact angles, e.g. by as little as 0.5° (due to
slight error in measurement) could have led to a positive value for y* (and hence for
yAB) instead of a negative one [41]. Thus, the small negative energies could arise from
‘noise’ in the contact angle data, as well as from imperfect knowledge ofyAB
components [42], and are taken by some authors to be zero [43]. It can also be seen
that the two liquid combinations (WFD and WGD) gave similar, but not identical
surface energy values. Different surface energy values obtained by the use of different
liquid combinations are also not unusual [12, 15, 16, 40], and is another criticism of the

LW-AB approach, although in our experiments, the values of surface energy computed
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by water-formamide-diiodomethane and water-glycerol-diiodomethane combinations

were fairly close (Table ).

The mean surface energy of the untreated fingernail was calculated to be 35.5 +4.7
mJ/m? and 32.6 +6.2 mJ/m*using WFD and WGD combinations respectively.
Averaging the surface energy values obtained with these two combinations gives a
mean surface energy of 34.1 +5.5 mJ/m?. These are similar to, although slightly lower
than, those reported for untreated skin using the same liquids and LW-AB method
[16]. The nail surface energy values show that the nail plate, like other organic
substances, and like the skin, is a low-energy surface. The apolar Lifshitz-van der
Waals (y*V) part is the major component of the nail plate’s total surface energy (Table
Il1). When the polar acid-base (y*°) is analysed, the nail plate’s electron acceptor
constituent (y") is negligible, in contrast to the considerable electron donor constituent
(v')- The nail plate surface seems to be a largely basic surface. It must be noted that
most solid surfaces, including the skin, have been found to be overwhelmingly basic

when the LW-AB approach has been used [12, 17, 40, 41].

Influence of hydration and abrasion on nail plate surface energy

Hydration caused very small changes in the nail plate’s surface energy and its
components, all of which were statistically insignificant (ANOVA; p<0.01). This is not
surprising given that hydration did not significantly alter the contact angle of any of the

four liquids as discussed above. A small increase in the water content of the nail plate,
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following immersion in water for ten minutes, does not seem to affect its surface

energy.

In contrast, the changes in the nail plate’s surface energy due to abrasion were
somewhat more complicated due to the fact that abrading the nail plate surface
changed the contact angle of formamide but not that of glycerol (as discussed earlier),
which led to differences in the computation of the nail plate surface energy by the two
liquid combinations water-formamide-diiodomethane and water-glycerol-
diiodomethane. The water-formamide-diiodomethane combination showed that
abrasion increased the nail plate’s surface energy (p<0.01) while the water-glycerol-
diiodomethane showed no significant change (p>0.01). However, for both liquid
combinations, when the surface energy components were considered, abrasion
resulted in a statistically increased apolar Lifshitz-van der Waals (y tW) component
(p<0.01), but caused no significant change in the polar acid-base, electron acceptor

and electron donor components (p>0.01).

Surface energy of hoof membranes

The surface energy of bovine hoof membranes is shown in Table IV. The total surface
energy and its components are similar to those of the nail plate shown in Table lll. As
for the nail plate, the apolar component is the greatest constituent of the total surface
energy of the hoof membrane, the electron acceptor constituent (') is negligible,

while the electron donor constituent (y’) is considerable. The surface energy

14



similarities of the nail plate and of the hoof membrane are likely due to the structural

similarities between the two keratinic tissues [44, 45].

CONCLUSIONS

The surface energy of healthy nail plates were determined in vivo from contact angle
measurements, using the Lifshitz-van der Waals/acid-base (LW-AB) approach.
Fingernail plate surface energy was found to be 34 mJ/m? and to have a significant
apolar Lifshitz-van der Waals component (the major component), and like most solid

surfaces, considerable electron-donicity, and negligible electron-accepticity.

Hydrating the nail plate had no significant influence on the contact angles of any of
the liquids, and consequently, on the nail plate’s surface energy. In contrast, abrasion
decreased the contact angles of diiodomethane and of formamide, but caused no
change in the contact angles of water and glycerol. The latter differences resulted in
different computations of the surface energy of abraded nails by the two liquid
combinations. Thus, the water-formamide-diiodomethane combination showed that
abrasion increased (albeit to a small extent) the nail plate’s surface energy, while the
water-glycerol-dilodomethane showed no significant change. When the surface
energy components were considered, for both liquid combinations, abrasion increased
the apolar Lifshitz-van der Waals component, but caused no change in the polar acid-

base components.
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The surface energy of bovine hoof membranes was found to be similar to that of the
nail plate. This shows that the hoof membrane could be used as a model for the nail
plate in experiments related to the latter’s surface energy properties, for example,

when testing adhesion and residence of nail preparations to the nail plate.

ACKNOWLEDGEMENTS

We are extremely grateful to all the volunteers who participated in this study, to John
Frost who prepared a ‘finger rest’ for use with the goniometer, and to The School of
Pharmacy, University of London, for funding this work. The authors also thank Dr

Chandrasekaran Ramaswamy for procurement of the bovine hoof membranes.

REFERENCES

1. Dawber RPR, de Berker DAR, Baran R. Science of the nail apparatus. In; Baran and Dawber's
Diseases of the Nails and their Management (Baran R DR, De Berker DAR, Haneke E, Tosti A, editor. p.
1-47. Blackwell Science Ltd, Oxford (2001).

2. Fleckman P. Structure and Function of the Nail Unit. In: Nails. Diagnosis Therapy Surgery (Scher R,
Daniel 111 CR, editors. p. 13-25. Elsevier Saunders, (2005).

3. de Berker DAR, Andre J, Baran R. Nail biology and nail science. International Journal of Cosmetic
Science 29, 4, 241-275 (2007).

4. de Berker D, Forslind B. The structure and properties of nails and periungual tissues. In: Skin, Hair,
and Nails, Structure and Function (Forslind B, Linberg, M., Norlén, L., editor. p. 409-464. Marcel
Dekker, New York (2004).

5. Zaias N. 2 edThe Nail in Health and Disease. Appleton & Lange. Connecticut (1990).

6. Murdan S. Drug delivery to the nail following topical application. Int. J. Pharm. 236, 1-2, 1-26
(2002).

7. Murdan S. Enhancing the nail permeability of topically applied drugs. Expert Opinion on Drug
Delivery 5, 11, 1267-1282 (2008).

8. Gupchup GV, Zatz JL. Structural characteristics and permeability properties of the human nail: A
review. Journal of Cosmetic Science 50, 6, 363-385 (1999).

9. Pierard GE, Pierard-Franchimont C, Arrese JE. The boosted antifungal topical treatment (BATT) for
onychomycosis. Med. Mycol. 38, 5, 391-392 (2000).

10. Sun'Y, Liu J-C, Wang JCT. Nail Penetration. Focus on topical delivery of antifungal drugs for
onychomycosis treatment. In: Percutaneous Absorption. Drugs Cosmetics Mechanisms Methodology
(Bronaugh RL, Maibach HlI, editors. p. 759-778. Marcel Dekker, Inc., New York (1999).

11. Murdan S, Milcovich G, Goriparthi GS. An Assessment of the Human Nail Plate pH. Skin
Pharmacology and Physiology 24, 4 175-181 (2011).

12. Sharma PK, Rao KH. Analysis of different approaches for evaluation of surface energy of microbial
cells by contact angle goniometry. Adv. Colloid Interface Sci. 98, 3, 341-463 (2002).

13. Young T. An Essay on the Cohesion of Fluids

16



Phil. Trans. R. Soc. Lond 95, 65-87 (1805).
14. Petrie EM. 2 edHandbook of Adhesives and Sealants. McGraw-Hill. New York (2007).
15. Mavon A, Redoules D, Humbert P, Agache P, Gall Y. Changes in sebum levels and skin surface free
energy components following skin surface washing. Colloids and Surfaces B-Biointerfaces 10, 5, 243-250
Apr 15 (1998).
16. Mavon A, Zahouani H, Redoules D, Agache P, Gall Y, Humbert P. Sebum and stratum corneum
lipids increase human skin surface free energy as determined from contact angle measurements: A study
on two anatomical sites. Colloids and Surfaces B-Biointerfaces 8, 3, 147-155 (1997).
17. van Oss CJ, Chaudhury MK, Good RJ. Monopolar surfaces. Adv. Colloid Interface Sci. 28, 1, 35-64
(1987).
18. van Oss CJ, Chaudhury MK, Good RJ. Interfacial Lifshitz-van der Waals and polar interactions in
macroscopic systems. Chem. Rev. 88, 927-941 (1988).
19. van Oss CJ, Good RJ, Chaudhury MK. Additive and nonadditive surface tension components and
interpretation of contact angles Langmuir 4, 4, 884-891 (1988).
20. van Oss CJ. 2nd edlInterfacial forces in aqueous media CRC Press. New York (2006 ).
21. Spruit D. Effect of nail polish on the hydration of the fingernail. Amer. Cosmet. Perf 87, 57-58
(1972).
22. Marty JP. Amorolfine nail lacquer: a novel formulation. J. Eur. Acad. Dermatol. Venereol. 4 Suppl 1,
S17-S21. (1995).
23. Murdan S, Hinsu D, Guimier M. A few aspects of transonychial water loss (TOWL): Inter-individual,
and intra-individual inter-finger, inter-hand and inter-day variabilities, and the influence of nail plate
hydration, filing and varnish. Eur. J. Pharm. Biopharm. 70, 2, 684-689 (2008).
24. Mertin D, Lippold BC. In-vitro permeability of the human nail and of a keratin membrane from
bovine hooves: Influence of the partition coefficient octanol/water and the water solubility of drugs on
their permeability and maximum flux. J. Pharm. Pharmacol. 49, 1, 30-34 (1997).
25. Mertin D, Lippold BC. In-vitro permeability of the human nail and of a keratin membrane from
bovine hooves: Penetration of chloramphenicol from lipophilic vehicles and a nail lacquer. J. Pharm.
Pharmacol. 49, 3, 241-245 (1997).
26. Mertin D, Lippold BC. In-vitro permeability of the human nail and of a keratin membrane from
bovine hooves: Prediction of the penetration rate of antimycotics through the nail plate and their efficacy.
J. Pharm. Pharmacol. 49, 9, 866-872 (1997).
27. Long L, Pfister W, Ghannoum M. In vitro evaluation of terbinafine HCI nail lacquer in a bovine hoof
penetration bioassay. J. Am. Acad. Dermatol. 54, 3, AB147-AB147 (2006).
28. Mohorcic M, Torkar A, Friedrich J, Kristl J, Murdan S. An investigation into keratinolytic enzymes
to enhance ungual drug delivery. Int. J. Pharm. 332, 1-2, 196-201 (2007).
29. Neumann AW. Contact angles and their temperature dependence: thermodynamic status,
measurement, interpretation and application. Adv. Colloid Interface Sci. 4, 2-3, 105-191 (1974).
30. Zisman W A. Relation of the Equilibrium Contact Angle to Liquid and Solid Constitution. In:
Contact Angle, Wettability, and Adhesion. p. 1-51. American Chemical Society, (1964).
31. Kwok DY, Neumann AW. Contact angle measurements and criteria for surface energetic
interpretation. Contact Angle, Wettability and Adhesion, Vol 3 117-159 (2003).
32. Murdan S. Transverse fingernail curvature in adults: a quantitative evaluation and the influence of
gender, age, and hand size and dominance Int J Cosmet Sci in press, first published online May,
/d0i/10.1111/j.1468-2494.2011.00663.x/abstract

(2011).
33. Elkhyat A, Leduc M, Agache P. The critical surface tension of hunman skin in vivo J. Invest.
Dermatol. 94, 3, 394-394 (1990).
34. Xiao P, Ciortea LI, Singh H, Berg EP, Imhof RE. Opto-thermal radiometry for in-vivo nail
measurements. 15th International Conference on Photoacoustic and Photothermal Phenomena (Icpppl5)
214, (2010).
35. Wenzel RN. Resistance of solid surfaces to wetting by water Industrial & Engineering Chemistry 28,
8, 988-994 1936/08/01 (1936).
36. R.N.Wenzel. Resistance of solid surfaces to wetting by water. Industrial and Enginnering Chemistry
28, 8, 988-994 (1936).
37. Hitchcock SJ, Carroll NT, Nicholas MG. SOME EFFECTS OF SUBSTRATE ROUGHNESS ON
WETTABILITY. Journal of Materials Science 16, 3, 714-732 1981 (1981).

17



38. Leroy F, Mueller-Plathe F. Rationalization of the Behavior of Solid-Liquid Surface Free Energy of
Water in Cassie and Wenzel Wetting States on Rugged Solid Surfaces at the Nanometer Scale. Langmuir
27,2, 637-645 Jan 18 (2011).

39. Marmur A. Wetting on hydrophobic rough surfaces: To be heterogeneous or not to be? Langmuir 19,
20, 8343-8348 Sep 30 (2003).

40. Volpe CD, Siboni S. Some reflections on acid-base solid surface free energy theories. J. Colloid
Interface Sci. 195, 1, 121-136 (1997).

41. van Oss CJ, Giese RF, Wu W. On the predominant electron-donicity of polar solid surfaces. Journal
of Adhesion 63, 1-3, 71-88 (1997).

42. Woodward RP. Prediction of adhesion and wetting from Lewis acid base measurements. In: Inc FTA,
editor. First Ten Angstroms Manual. Portsmouth, VA.

43. van der Mei HC, Bos R, Busscher HJ. A reference guide to microbial cell surface hydrophobicity
based on contact angles. Colloids and Surfaces B-Biointerfaces 11, 4, 213-221 (1998).

44, Edwards HGM, Hunt DE, Sibley MG. FT-Raman spectroscopic study of keratotic materials: horn,
hoof and tortoiseshell. Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy 54, 5, 745-
757 (1998).

45. Marshall RC, Orwin DFG, Gillespie JM. Structure and biochemistry of mammalian hard keratin.
Electron Microsc. Rev. 4, 1, 47-83 (1991).

18



Table I: Surface tension (and its components) of liquids used [21]

Surface tension and its components (mN/m)

Liquid y total ytW y B Y Y
Water 72.8 21.8 51.0 25.5 25.5
Formamide 58.0 39.0 19.0 2.28 39.6
Glycerol 64.0 34.0 30.0 3.92 57.4

Diiodomethane 50.8 50.8 0 0 0

Table 1I: Comparison of contact angles of four liquids on nails in the untreated,
hydrated and abraded states. * signifies statistical difference between the contact angle
of the abraded nail plate compared to the control (untreated).

Contact angle (degrees) on :
Liquid n=
untreated hydrated abraded
Diiodomethane 61 50.8+7.1 51.4+£6.7 46.2 £ 7.5*
Formamide 53 59.3+6.9 60.5+5.5 54.3 £ 8.9*
Glycerol 63 75.3+£9.6 75.7+75 75.3+£7.6
Water 62 774+7.3 759194 74.3+8.0
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Table 11I: Surface energy (and its components) of untreated, hydrated and abraded nail
plates computed using the two combinations water-formamide-diiodomethane (WFD)
and water-glycerol-diiodomethane (WGD). Means + sd are shown. Number of nails =

50-78 in 9-15 volunteers.

surface energy components (mJ/m?)

Total
surface . - T
Liquid | stateof | energy | LIMMZ | agiq page | Acidie. | Basicle
combinatio | the nail 2 olar electron
n used (m‘J/m ) Waals p AB acceE)tor dOI‘lOI’
'Y yLW Y 'Y y-
WFD untreated | 355 +4.7 | 340 +39 | 1.6 +40 | 04 +09 | 11.0 7.0
hydrated | 34.2 +3.6 | 33.6 +3.8 | 0.7 +3.3 | 0.5 £1.0 | 11.8 +8.7
abraded 39.2 +39 | 37.0 +4.2 | 2.2 £3.9 0.7 £1.1 95 +6.5
WGD untreated | 32.6 +6.2 | 34.1 +3.9 | -1.3 #56 | -0.1 +1.3 | 13.7 +7.6
hydrated | 31.5 +6.0 | 33.4 +3.8 | -1.9 +4.9 | -0.2 £0.6 | 15.0 +8.2
abraded 329 +48 | 37.0 +40 | -40 54 | -0.1 1.4 | 154 9.2
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Table IV: Surface energy of bovine hoof membranes, measured using water, glycerol
and diiodomethane. Means *sd are shown. N=4 hoof membranes.

Total surface
energy of hoof

surface energy components (mJ/m?)

Liquid Lifshitz- | Acid- id i Basic i
1 membrane Acid i.e. asic 1.e.
combination ) van der base electron | electron
used (m‘]/m ) Waals pOIar acceptor donor
y y|_W yAB Y+ v
WGD 348 £2.6 37.3 £2.8 | -2.6 44 | -04 05 | 12.2 £5.0
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Figure 1a: The contact angle () that a liquid droplet makes on a solid
surface can be treated as a result of the mechanical equilibrium under the

action of three surface tensions — the solid-vapour interfacial tension (ysy),
the liquid-vapour interfacial tension (y.v), and the solid-liquid interfacial
tension (ys ). 1b: A photograph of a water droplet sitting on a nail plate in
vivo during contact angle measurement.
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Figure 2: Contact angles formed by a drop of diiodomethane, formamide, glycerol and water,
on untreated, hydrated and abraded fingernail plates (digits 1-4). Means and standard

deviations are shown. The means were obtained from 57-86 fingernails in 11-17
volunteers.
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Figure 3: Scanning electron microscopy shows the increase in surface roughness of the
nail plate upon abrasion.
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