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S ynopsis

 The internal ultrafi ne structure of human hair was explored with atomic force microscopy (AFM). Cross 
sections of hair were prepared by a proprietary technique that provided a smooth surface for effective imaging 
in contact-mode AFM. Investigations of virgin hair revealed structural details of cortical and cuticle cells 
consistent with previous transmission electron microscopy (TEM) studies, in addition to the identifi cation of 
a boundary region surrounding macrofi brils of the cortex. The effects of bleaching and solvent extraction on 
the internal structure of hair were also investigated. In the cuticle cell, bleaching causes the most damage to 
the endocuticle and cell membrane complex, evident by erosion of these components. Similarly, bleaching 
results in crevices, cracks, and asperities in the cortex of hair. In addition, the cortical cell membrane complex 
appears compromised along with either lipid or protein structures at the outer boundaries of macrofi brils. In 
delipidated hair, most structural components of the fi ber appear intact with the exception of an overall 
swollen nature of the various morphological components.

 INTRODUCTION

 The ultrafi ne structure of human hair has captured the attention of scientists for decades. 
Most of what we currently know about hair morphology comes from a plethora of studies 
of thin sections of hair using transmission electron microscopy (TEM) (1–5). Despite 
advances made in our understanding of the hair structure, there still remain a number of 
unanswered questions about the physicochemical properties of hair. The advent of atomic 
force microscopy (AFM) techniques gave researchers an alternative route to explore the 
nanomechanical, nanotribological, and nanostructural properties of the hair fi ber.

 AFM studies of human hair started to appear in the literature in the late 1990s to early 
2000s and mostly focused on the quantitative analysis of three-dimensional topographi-
cal images of the hair surface (6–8). A key advantage to using AFM as an investigative 
technique of the morphological properties of the hair fi ber surface is that there is no need 
to coat the specimen with metal (e.g., gold and platinum) and studies can be conducted 
in ambient conditions (and even in solution) rather than vacuum (9). A study of cuticle 
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step height and its swelling behavior in water as a function of pH was key to understand-
ing possible access points to the fi ber for cosmetic ingredients (7).

 In addition to topographic imaging, one of the earliest AFM modes available to research-
ers was lateral force microscopy (LFM), also known as frictional force microscopy. In this 
technique, the lateral forces or twisting experienced by an AFM probe, as it moves from 
one side of a sample to the other, can be monitored. This mode of operation provided 
researchers with many insights into the nanotribology of the outer surface of hair, spe-
cifi cally the exposed surface of the cuticle. Early LFM studies sought to elucidate the role 
that free and covalently attached lipids play on the hair surface (10,11). In addition, AFM 
friction and adhesion mapping has also provided insight into the structural features of the 
lamellar layers of the cuticle. In any given area, the different cuticle layers (A layer, exocu-
ticle, endocuticle, and inner layer) may be exposed to the surface and observed by AFM 
(12). Furthermore, the relationship between macro- and microscale friction of hair was 
investigated with LFM (13).

 In another LFM study, it was suggested that stretching hair could possibly affect the 
nanotribological properties (coeffi cient of friction, adhesion, and surface roughness) of the 
hair surface (14). A rather modern approach for its time, Sadaie et al. (15) modifi ed an 
AFM probe with a self-assembled monolayer and monitored the frictional interaction 
between the modifi ed probe and the surface of hair, specifi cally probing the outermost 
18-methyleicosanoic acid (18-MEA) layer of the cuticle. In fact, AFM has been an essen-
tial tool to demonstrate that 18-MEA plays a paramount role in the structural integrity 
of the cuticle (16).

 AFM has also been at the forefront of allowing researchers to monitor intrinsic and extrin-
sic aging of hair. Intrinsic aging refers to the natural aging process of the fi ber, and it has 
been shown by AFM that the surface roughness of hair increases with age, which is ac-
companied by a decline in the overall health state of the ultrafi ne morphological struc-
tures of hair (17). Extrinsic aging of hair refers to external elements that accelerate the 
aging process of hair, such as photodegradation or chemical treatments. Photodegrada-
tion leads to a substantial increase in the cuticle step height of hair and an increase in the 
size and depth of micropores apparent in the cuticle cell structure (18). The presence of 
micropores in the cuticle has been demonstrated by several techniques and their presence 
increases with photodegradation and bleaching (11,19). Using chemical force micros-
copy—achieved by chemically modifying AFM probes with –CH3 and –NH2 groups—
allowed for the determination that bleaching of hair leads to the partial removal of the 
hydrophobic moiety—presumably 18-MEA—on the outermost surface of the cuticle (20).

 Not surprisingly, great efforts have been made for understanding how AFM techniques 
could better be used to understand the deposition of cosmetic ingredients onto hair. Mostly, 
this includes monitoring the deposition of cationic ingredients onto the hair surface 
and performing frictional measurements with LFM (21–26). Although some ingredients 
decrease the dry friction of hair, it should be noted that application of cationic polymers to 
the hair normally increases the dry friction. In the wet state, however, cationic polymers 
reduce the capillary forces between the fi bers and, as a result, lower the energy required to 
comb through the hair. Therefore, when conducting AFM measurements, a good under-
standing of the targeted state, dry or wet, and its relation to the application is needed.

 Nanomechanical measurements of hair have also been carried out using AFM. Initial 
studies in this area included the determination of the mechanical properties (e.g., 
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Young’s modulus) of various lamellar constituents of the cuticle (27,28). Other studies 
focused on elucidating changes in the nanomechanical properties as a result of bleach-
ing treatments or by changing the relative humidity. Not surprising, both bleaching 
and exposure to increasing levels of relative humidity reduce the modulus of the cuticle 
(29,30).

 As technology in the fi eld of AFM progresses, so does the analysis of hair by a variety of 
novel  techniques. For example, surface potential imaging experiments—also known as 
Kelvin probe microscopy—were carried out to determine the electrostatic properties of 
the hair surface (31–34). Key fi ndings from these studies shed light on the surface poten-
tial properties of the cuticle, in particular demonstrating the increased polar nature of the 
cuticle edge and also the infl uence of lipids on the wettability properties of the fi ber 
(31,32). In addition, a nanoscale understanding of the electrostatic (static charging) prop-
erties of hair was also garnered with Kelvin probe microscopy (33,34).

 Other important contributions by AFM technologies to understanding phenomena in 
hair include the use of nanoscale infrared spectroscopy and imaging for the high-resolution 
localization of structural lipids in hair (35). New  insights have also been gained by attach-
ing individual hair fi bers to AFM probes and measuring the interaction between the 
probe fi ber and another hair fi ber (36,37). Furthermore, one of the caveats of any micros-
copy technique with human hair is the diffi culty of monitoring the same region before 
and after treatment, which is circumvented with a practical mounting solution offered by 
Breakspear and Smith (38).

 Almost all of the AFM studies investigating human hair have focused on probing the 
outer surface of the cuticle. From a different perspective—using torsional resonance mode 
AFM—researchers at Ohio State University analyzed cross sections and transverse sec-
tions of human hair (39,40). These studies shed light on some of the internal structures 
of hair, and the researchers were able to differentiate between the different sublamina of 
the cuticle and several features of the hair cortex. In this article, we demonstrate how a 
cross-sectioning technique in combination with contact-mode AFM allows us to visualize 
the various ultrafi ne structural components of the cuticle and cortex and investigate the 
infl uence of bleaching and delipidation on these structures.

 MATERIALS AND METHODS

 Studies were conducted on Asian hair purchased from International Hair Importers & 
Products Inc.  (Glendale, NY). Before analysis, all hair was washed with a 3% (w/w) sodium 
laureth sulfate:cocamidopropyl betaine (12:2) mixture.

 BLEACHING OF HAIR

 Bleaching was carried out by mixing 120 g of Clairol Professional BW2 powder lightener 
(The Wella Corporation, Woodland Hills, CA) with 147 mL of Salon Care Professional 
20 Volume Clear developer (Arcadia Beauty Labs LLC, Reno, NV). The resulting mixture 
was applied to damp hair for two 30-min intervals for a total bleaching time of 1 h. 
Bleached hair was shampooed twice with 3% (w/w) sodium laureth sulfate:cocamidopropyl 
betaine (12:2) before experiments.
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 DELIPIDATION OF HAIR

 Using a Soxhlet extraction apparatus, free internal and surface lipids were removed from 
hair. This method is based on an established procedure in which hair is extracted with a 
series of solvents of increasing polarity (41). The apparatus consisted of a round-bottom 
fl ask to which a Soxhlet extraction tube was mounted. Inside the Soxhlet extraction tube, 
a bundle of hair was placed in a cellulose thimble. A condenser was mounted on top of 
the Soxhlet extraction tube. The effect of solvent extraction on hair was investigated fi rst 
 by treatment with t-butanol and n-hexane for 4 h each, then with a mixture of chloroform/
methanol (70:30, v/v) for 6 h. In each procedure, 3 g of hair was treated with 250 mL of 
solvent in the Soxhlet extractor.

 PREPARATION OF HAIR CROSS SECTIONS

 Hair fi bers were embedded in an epoxy resin block. The hair-epoxy block was cut into 
approximately 2-mm-thick sections. A Buehler MetaServ 250 Grinder-Polisher (Lake 
Bluff, IL) was used to prepare a smooth surface of the hair cross sections, suitable for AFM 
analysis. In this procedure, the hair-epoxy sections were sequentially grinded with alumi-
num oxide sandpaper with grit levels of 300, 600, and 1,200 with a head force set to 
0.5 lb ( 2.22411 N). Both the head and plate rotate at a speed of 150 rpm in opposite 
directions. The lower head force and spin rate ensure mild abrasion and no tearing of the 
hair specimen. After sandpaper treatment, polish was applied with a liquid suspension of 
Al2O3 (0.05 μm). Suspended Al2O3 particles can roll and gently slide across the cloth and 
specimen. Finally, the hair-epoxy section was sonicated in deionized water for 1 min to 
eliminate the residues generated from grinding and polishing. This polishing technique 
was chosen as an alternative to conventional microtome preparation, which can introduce 
a variety of artifacts, including scores and tearing, chatters (thick and thin zones parallel 
to the knife edge), and compression artifacts. If performed incorrectly (e.g., with a large 
head force or high spinning speed), grinding and polishing can also introduce artifacts to 
the sample resulting in scratches, tearing, and uneven surfaces. Polishing is a preferential 
technique for preparing various biological specimens, such as bone or tooth, for micro-
scopic investigations. Because a rough surface prevents the AFM probe from being able 
to raster effectively over the sample, the polishing technique creates a smooth surface and 
makes the sample more amenable for AFM analysis.

AF M MEASUREMENTS

Co ntact-mode AFM studies were carried out using a Multimode Nanoscope III (Bruker 
Corporation, Billerica, MA) using a 128-μm piezoelectric scanner. In this technique, a 
small tip attached to a cantilever is rastered in the X and Y directions on the surface of a 
sample, and the height (Z direction) is monitored. The operation of the instrument is 
based on the principal that a diode laser beam is focused on the top of a cantilever and 
refl ected onto a position-sensitive photodetector. The probe (cantilever and tip) is shaped 
like a stylus, and as it traverses across the surface, the topographic features are mapped 
based on forces encountered between the probe and the sample. An Si3N4 probe (SNL-10) 
with a triangular cantilever (force constant of 0.06 N/m) from Bruker Corporation was 
used for all experiments. We operated the instrument in constant force mode, in which the 
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sample vertical height is continuously adjusted via an electronic feedback loop so that the 
probe maintains a constant force on the sample. All of the AFM micrographs presented 
in this article are raw images, which have not been fi ltered in any way, and are representa-
tive of many measurements carried out on each data set. AFM (and other microscopies) 
can sometimes be misleading because of the small region represented in an image. For 
this reason, we scout many areas to ensure that the selected images are representative of 
the data set. In the fi nal analysis, at least three hair fi ber cross sections were analyzed for 
each hair treatment set, and images were collected in a minimum of four sections of each 
cross section. It should be noted that care must be taken to ensure that enough fi bers are 
sampled, and suffi cient area of each fi ber is analyzed to provide an accurate depiction of 
the morphological condition of the fi ber. Each AFM image represents a small area of the 
hair fi ber, and one can fi nd a pristine or extremely damaged region on the same fi ber.

RES ULTS AND DISCUSSION

The  evaluation of cross sections of hair is a novel tec hnique that provides insight into the 
morphological properties of hair and the effects of damaging treatments and environmental 
exposure. We demonstrate the use of AFM analysis of hair cross sections to identify key 
structural components of the cuticle and cortex of hair while also offering insight into its 
structural architecture, in agreement with other recently published results. We also provide 
key insights into induced changes to the internal structural components of hair by hair 
bleaching, one of the most common chemical processes used in hair salons. In addition, we 
examine the effects of removing endogenous and exogenous lipids from hair and identify 
unique details that provide insight into the boundary region surrounding macrofi brils.

IDE NTIFICATION OF ULTRAFINE STRUCTURAL FEATURES IN HAIR CROSS SECTIONS

Fig ure 1 contains an optical micrograph with an inset that roughly approximates the region 
of a hair cross section where the AFM micrograph was collected. Immediately apparent in 

Figu  re 1. Typical AFM micrograph of a cross section of human hair. Note that only a section of the hair cross 
section is visible in the fi eld of view of the image. The bright-fi eld microscope image (refl ection mode) of 
several cross sections of virgin hair is provided to give a scale of the section imaged by AFM.
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the AFM image are the multiple layers of lamellar cuticle cells—roughly seven layers—
surrounding the cortex of hair.

A m agnifi ed view of the cuticle cells is provided in Figure 2. Within the cuticle cells, 
density variations are observed in the image because of the different lamellar structures 
within each cuticle cell. Starting from the outside and going inward toward the cortex, 
each individual cuticle cell, or layer, consists of the following components with thickness 
indicated: A layer (110 nm), exocuticle (100–300 nm), endocuticle (50–300 nm), and 
inner layer (10–40 nm) (42).

Eac h cuticle cell is connected together by the cell membrane complex, which comprised 
a lipid layer on each side of the delta layer, known as the lower and upper layers, which are 
2.5–4.0 nm thick. The delta layer is thought to serve as the intercellular cement between 
adjacent cuticle cells and believed to be composed mostly of polysaccharide. Overall, the 
cell membrane complex is roughly 25–28 nm thick (42). Some apparent features in the 
AFM micrograph of the cuticle cells are the various lamellar structures, which are out-
lined in the fi gure.

Sev eral key features are evident when comparing the A layer, exocuticle, and endocuticle. 
Not surprisingly, the A layer, which is the mostly densely crosslinked sublamina struc-
ture in terms of cystine and isodipeptide crosslinks, is the least granular layer in the AFM 
micrograph of Figure 2. Roughly 30% of the amino acid composition of the A layer is 
cystine (ultrahigh sulfur protein) (43). The endocuticle, which is predominantly made of 
low–sulfur protein (ca. 3% cystine) content, is the most granular of the three layers. The 
exocuticle—the second most crosslinked sublamina of the cuticle (approximately 15–20% 
cystine content)—has a granular structure intermediate to that of the A layer and endocu-
ticle. The cuticular cell membrane complex, located between each cuticle cell, is indi-
cated by a very thin line in the image. It is more diffi cult to gain information about the 
cuticular cell membrane complex because of geometric constraints of the AFM tip. Initially, 
we contemplated the possibility that the granular structure of the cuticle was an arti-
fact of the sample preparation technique. However, it should be noted that the granular 

Figu r e 2. AFM micrograph of the cuticle region of a cross section of virgin hair. Three layers of cuticle cells 
can be discerned in the image where various morphological regions of the cuticle are indicated by the arrows.
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structure observed for the cuticle was not found in the cortex region. Furthermore, the 
granular nature of the cuticle was proposed by Powell and Rogers to arise because of 
cysteine-rich granules from the cytoplasm that are fused together during the formation of 
the mature hair shaft (44).

The  hair cortex is comprised of elongated cortical cells approximately 5 μm in diameter 
and 50 μm in length. The hierarchical appearance of the intermediate fi laments can be 
described by envisioning two strands of slightly different keratin proteins arranged in an 
in-phase fashion and twisted together to produce a two-stranded rope (a coiled coil). Pairs 
of these associate to produce an antiparallel offset protein tetramer. By a process, the fi ne 
details of which remain to be elucidated, the tetramers associate both longitudinally and 
laterally to produce a discrete rod of semi-infi nite length containing 32 protein chains in 
its transverse section. This is the “crystalline” part of the hair fi ber known as the keratin 
intermediate fi lament (or microfi bril). Hundreds of intermediate fi laments are then em-
bedded in a pseudo-hexagonal array within a cysteine-rich protein matrix (keratin associ-
ated proteins) to form the keratin macrofi bril. Several tens of macrofi brils are packed 
longitudinally within each cortical cell. The macrofi brils are separated in places by other 
cellular components such as the effete cell nucleus, melanin pigment granules and, in 
places, a thin matrix of protein of low cysteine content (sometimes referred to as “non-
keratin”). In a recent study, Kadir et al.(45) provided evidence that the amorphous matrix 
of hair contains granular structures ranging in size from 2 to 4 nm.

On cl ose inspection of the cortex region in the AFM micrograph furnished in Figure 3, it 
is apparent that a number of intricate structures are present. The dark crater-like features 
(indicated by the white arrows), approximately 0.2–0.5 μm in diameter, more than likely 
are ghost melanin granules. Possibly, melanin granule structures were present in these 
locations, but during the hair cross section sample preparation procedure, these were 
sheared from the exposed surface. Previous studies report melanin granule dimensions on 
the order of 0.3–0.6 μm in width and 0.8–1.2 μm in length, which are in agreement 
with the ghost melanin granule measurements (46).

We are also able to discern cortical cell structures in Figure 3. These have varying forms 
and dimensions and are highlighted by the white circles in the micrograph. At times, 

Figur e  3. AFM micrograph of the cortical region of a cross section of virgin hair. The white arrows indicate 
places where melanin granules were present, whereas the white circles correspond to cortical cells. The smaller 
faint blue circles highlight the boundaries of several macrofi brils. It is suspected that nuclear remnants are 
also present (white asterisks).
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cortical cells can have an irregular shape as illustrated in the fi gure. The small features in 
Figure 3, outlined in blue, correspond to macrofi brils. At a higher resolution, we can see 
the clear delineation between several macrofi brils (see Figure 4). Each macrofi bril, 
measured to be approximately 400 nm in diameter, is surrounded by a thin boundary. It 
has been suggested in the past that there is a demarcation between adjacent macrofi brils 
denoted as intermacrofi brillar material (47). 

Most reference texts report that the macrofi bril dimensions for human hair typically 
range from 40 to 500 nm in diameter (43,48,49). In wool, there are three types of cortical 
cells: paracortical, orthocortical, and mesocortical cells. In human hair, researchers have 
used terminology such as ortho-type and para-type cortical cells to denote the similarity 
of cell types that share some common features with those from wool. The size and struc-
ture of macrofi brils in wool are fairly consistent for each cell type. However, the macrofi -
brils in human hair were reported to vary considerably in size and shape (50). Therefore, 
it should come of no surprise that there is such high variability in the size of macrofi brils 
reported from various sources. Regardless, our measured values (approximately 400 nm) 
appear to be in line with those previously reported in the literature. Noteworthy, in a 
study carried out by Harland et al., (47) the thickness of the cross section was found to 
cause some variability in the measurement of macrofi brillar dimensions because of the tilt 
angle of intermediate fi laments. 

Another key feature of hair morphology is the medulla. It is not always present in hair 
fi bers and is most commonly found in hair of Asian descent. For example, in Caucasian 
hair, the medulla is not continuous along the length of the fi ber, so depending on the 
location from which the fi ber cross section is obtained, you may or may not observe the 
medulla structure. Regardless, Figure 5 contains an AFM image of the cross section of 
hair containing a medulla. In agreement with previous studies, the medulla appears as a 
porous and rough structure (51). 

Historically, not that much attention was given to understanding the structure and func-
tion of the medulla. It was merely thought to be a vacuolated morphological component 
of the fi ber. Studies in recent years, however, have shown that it is rich in lipids and also 
contain fi brillar protein structures (35,51,52). Furthermore, studies have demonstrated 
that the medulla is a fairly complex structure and consists of a medullary tube surrounded 
by two types of medullary cells and vesicles with proteinaceous granules (53). 

Figure   4. AFM micrograph of a magnifi ed section of the region shown in Figure 3. The slightly elliptically 
shaped feature in the center of the image is a macrofi bril.
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EFFECT OF BLEACHING ON HAIR MORPHOLOGY 

Hair bleaching is a common cosmetic procedure that is used to introduce highlights to the 
hair. A typical bleaching formulation contains a two-part system; the fi rst  is the bleaching 
powder, which contains persulfate salts that accelerate the bleaching process, whereas the 
second is typically a developer and contains H2O2. The ultimate goal of this procedure is 
the destruction of melanin granules; however, it results in a number of other secondary 
effects resulting in damage to the hair fi ber. Such damage is manifested in changes to the 
surface properties of hair, as monitored by surface techniques such as combing force and 
surface tension measurements, as well as damage to the internal components of the fi ber, 
which can be followed by tensile strength and differential scanning calorimetry measure-
ments of hair (54,55). At the chemical level, one of the hallmarks of hair bleaching is the 
breakdown of disulfi de bonds, resulting in the formation of cysteic acid residues (56,57). 
In addition, the lipid structures in hair are also vulnerable to the bleaching process (58). 

Figure 6 contains an AFM image of a cross section of the cuticle region of bleached hair. 
Three cuticle cells can be discerned in the micrograph. A comparison should be made 

Figure 5 .  AFM micrograph of the medulla region of virgin hair illustrating its rough and porous nature.

Figure 6.   AFM micrograph of the cuticle of bleached hair. In the image of the cuticle, the white arrows 
indicate regions of the cuticle where severe damage has been induced in the cell membrane complex and 
endocuticle.
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with the corresponding image of the cuticle of virgin hair in Figure 2. Structurally, the 
most noticeable difference between the virgin and bleached hair is the appearance of dark 
voids that are especially evident in the endocuticle region. Because the endocuticle has 
the lowest density of crosslinking of the sublamina layers, it seems likely that this would 
be the region most susceptible to damage from the bleaching procedure. There are also 
voids in the cuticle of the virgin fi ber (Figure 2); however, they are not nearly as large or 
deep as those found in bleached hair. These fi ndings are in agreement with TEM studies 
where it was shown that the electron density of the endocuticle of bleached hair—fi xed 
with osmium tetroxide and stained with uranium acetate and lead acetate—was greater 
than that of virgin hair, more so than the other lamellar structures (59). 

An AFM micrograph of the cortex of bleached hair is provided in Figure 7. Immediately 
apparent in the image are the large amounts of cracks, crevices, and other asperities in the 
bleached hair cross section (compare with virgin hair shown in Figure 3). Focusing in on 
the cortex at greater resolution allows us to discern the macrofi brillar structures and to 
make a comparison between virgin and bleached hair (Figure 8). In the bleached sample, 
there appears to be an erosion of biomaterial at the outer edges of the macrofi brils. This 
could suggest the presence of a low-sulfur–containing protein more susceptible to degra-
dation by bleaching than the inner core of the macrofi bril, or the possibility that a cell 
membrane-like material could be present on the exterior of the macrofi bril and then 
removed by the bleaching procedure. It should also be pointed out that, regardless of the 
material, erosion would be expected to proceed from the exposed edges inward. 

We did not observe noticeable differences in the medulla region of bleached hair as com-
pared with virgin hair. This is surprising because previous studies demonstrated greater 
quantities of lipids in the medulla than other regions of the fi ber (52). Removal of lipids 
by bleaching and other chemical processes could result in a change in the morphological 
appearance of the medulla, although this requires further investigation. 

INVESTIGATION OF DELIPIDATED HAIR 

Hair contains a variety of lipids that consist of free fatty acids, cholesterol, ceramides, 
cholesterol esters, and cholesterol sulphate (60). Typically, hair lipids are categorized as 

Figure 7.  A FM micrograph of the cortex of bleached hair. The arrows in the image of the cortex point to 
major cracks and crevices within the cortical structure caused by the bleaching procedure.
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endogenous or exogenous. Endogenous lipids carry out a structural function, serving as 
the building blocks of the cell membrane complex in hair. Compositionally and structur-
ally, there are three different types of cell membrane complex in hair fi bers: (i) cuticle cell 
membrane complex situated above and below each cuticle cell, (ii) cortex cell membrane 
complex that surrounds each spindle-shaped cortical cell, and (iii) cuticle–cortex cell 
membrane complex that provides the boundary between the cuticle and cortex (61). 
Exogenous lipids arise from the sebaceous gland, which coats the exterior of the fi ber and 
also secretes lipids within the fi ber structure.   

The Soxhlet extraction method used in this study more than likely removes both endog-
enous and exogenous lipids leaving only covalently bound 18-MEA, which is present in 
the outermost layer of each cuticle cell. Figure 9 contains an AFM micrograph of the 
cuticle of delipidated hair. It appears there is a greater degree of demarcation between 
cuticle cells than the virgin hair (see Figure 2). In addition, the cells adopt a swollen 
appearance—similar to that found in an earlier TEM study by Takizawa et al. (62) in 
permanent waved hair. The density of the various lamellar structures is less distinct in the 
delipidated hair than virgin and bleached hair. Overall, there appears to be a less granular 

Figure 8. A F M micrographs of the cortex of (A) virgin hair and (B) bleached hair.

Figure 9. AF M  micrograph of the cortical region of delipidated hair.
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appearance of the cuticle components. Again, swelling of the components in the cuticle 
cells due to solvent extraction could account for such an observation; however, we should 
not discount the possibility that the effects of the grinding and polishing procedure used 
in this study could also lead to the granular appearance of the morphological components 
of hair as observed in Figures 2 and 6. However, this is unlikely as the granular structure 
is not observed in the cortex of hair. 

An AFM micrograph of the cortex of virgin and delipidated hair is provided in Figure 10. 
As compared with virgin hair, the image of delipidated hair clearly shows a delineation 
surrounding the macrofi brils. Possibly, such a result suggests that intermacrofi brillar 
material or lipids surrounding the macrofi brils are removed during the lipid extraction 
procedure. Similar to the features observed in Figure 1, the small pits seen as dark spots 
in the images, presumably correspond to sites where melanin granules were present, but 
then removed during the polishing step of the sample preparation procedure. Another 
interesting feature in the cortex of delipidated hair is the swollen nature of the macrofi -
brils. Such a fi nding suggests that extraction of hair with solvents alters the structural 
morphology of the macrofi brils, although earlier work using the same extraction tech-
nique as used in this report demonstrated that solvent extraction had no effect on the 
structural integrity of keratin intermediate fi laments as measured by differential scan-
ning calorimetry (52). In TEM studies, the swollen nature of the macrofi brils in thiogly-
colic acid–treated wool/hair was also found and attributed to the reduction of disulfi de 
bonds followed by reaction of osmium tetroxide with the sulfhydryl groups (1,62). The 
fact that this phenomenon also occurs in solvent-treated hair leads one to inquire about 
the source of the swelling behavior. 

CONCLUSIONS 

In this study, we demonstrate the use of cross-sectional analysis of human hair fi bers by 
AFM. The ultrafi ne structure of hair was delineated—confi rming previous work with 

Figure 10. AF M  micrographs of the cortical region of (A) virgin and (B) delipidated hair.
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TEM—and new  insights about the intermacrofi brillar region were introduced. Compari-
sons were made between virgin and bleached hair as well as delipidated hair. In the hair 
cuticle, damage to the fi ber is especially noticeable in the endocuticle and is manifested 
in the form of low-density regions that likely correspond to disintegration of structural 
proteins. The cortical cells of bleached hair contain crevices, cracks, and cavities as a re-
sult of the destructive bleaching procedure. Likewise, the intermacrofi brillar material is 
also degraded. In delipidated hair, the morphological components of hair (i.e., cuticle 
lamellar structures and macrofi brils) become swollen. In the past, such behavior was also 
observed in hair prepared for TEM studies and attributed to the reaction of osmium te-
troxide (biological staining agent) with sulfhydryl groups of chemically reduced keratin 
fi bers. We are left to question the real source of swelling, which might be related to lipid 
structures in the fi ber or the effects of solvent extraction on protein structure. 
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