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W
ater is one of the important com-
ponents constituting human tis-
sue, which accounts for ∼60%

of body weight for adults.1 It is helpful in
digestion and balancing body temperature.
It is of paramount importance for nutrient
transportation to organs and tissues, and
for their proper functional structure mainte-
nance. The cornea is one of the important
connective tissues containing ∼78% water,
which is the convex highly transparent hu-
man tissue in the front part of the eye, cover-
ing the iris, pupil and anterior chamber.2,3

Proper corneal function and the biophysical
properties of cornea tissue depend on a
precise maintenance of the hydration.
The human cornea is composed of sev-

eral distinct layers including the epithelium,
Bowman's layer, the stroma, Descemet's
membrane and the endothelium.4 The cor-
nea plays important role in regulating the
refractive optics of the eye and has impor-
tant protective functions for the inner struc-
tures of the eye. Recent studies have focused
on the biophysical characterization of these
structures due to their roles in normal tissue
functions and diseases.4�10 Themain part of
cornea is the stroma, accounting for 90% of

the corneal thickness. The corneal stroma is
a very dense matrix composed of several
hundred sheets of highly organized collagen
lamellae lying between Bowman's layer
and Descemet's membrane (Figure 1c). In
the stroma extracellular matrix, collagen
fibrils are arranged in a lattice-like structure
and proteoglycan molecules fill the space
around them.11 Stroma has an innate ten-
dency to imbibe fluid and a swelling capa-
city that exceeds any other connective
tissues in the body, which is caused by a
net fixed charge density created by glycosa-
minoglycans (a subject covalently attached
to the core protein of the proteoglycan).
Previous research has shown that disruption
of the interfibrillar separation of stromal
collagen affects stromal hydration, corneal
clarity and visual acuity.12 A normal corneal
hydration is in healthy subjects provided
by a normal functioning and intact layer of
epithelial and endothelial cells.13 Thenormal
clarity of the corneal stroma is traditionally
explained by destructive interference of
scattered light from the interaction between
collagen fibrils and interfibrillary substance
(proteoglycan).14,15 A change in hydration
results in varying interfibrillary distances,
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ABSTRACT The structures and mechanical properties of human tissues are significantly influenced by water.

The functionality of the human cornea can be linked to the hydrated collagen fibers. By applying quantitative

dynamic atomic force microscopy to investigate morphological and mechanical property variations of corneal

stroma under different hydration levels, we found that the collagen fibers in the stromal tissue show the specific

periodicities and the stiffness of giga-Pa magnitude at 40% humidity. However, under increasing hydration, the

collagen fibers clearly show nanoparticle structures along the fibers with the stiffness in mega-Pa magnitude. By

increasing the hydration time, the stroma regains the fiber structure but with larger diameter. The age-

dependency in stiffness was further investigated. The interplay of structures and nanomechanical mapping may

be applied for the future diagnosis and assessment or even pathologic analysis.
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compromised destructive interference, and therefore
decreased stromal transparency, which in turnwill alter
corneal optics and influence the optical performance
of the eye.16 If the stromal hydration has a major
departure from normal level, the visual acuity will be
affected because of light scattering differences. The
cornea swell is due to the attraction of water into
interfibrillary substance whereby the arrangements of
collagen fibrils are affected. Besides, certain diseases
can also result from corneal hydration, for example,
Fuchs endothelial dystrophy, pseudophakic bullous
keratopathy.17,18

Corneal ultrastructure has been investigated ex-
tensively.10,19�25 Numerous methods have been
used to characterize the morphology, including elec-
tron microscopy,4,5,10,26 atomic force microscopy
(AFM).4,5,27�31 The reported periodicity of the corneal
collagen fiber ranged from 22 to 39 nm,32 from 20 to
60 nm,33 65.7 ( 0.8 nm,24 and 68.50 ( 10.3 nm.27,29

Also the mechanical property of bulk cornea, including
all layers, is in a wide range of stiffness values from
0.2 to 20.0 MPa.4,30,34�38 However, the specific proper-
ties of each discrete corneal layer are not accessible
by macro tensile testing or bulge testing, because of
the difficulty in isolating each layer properly.
Further studies of the correlation betweenmorphol-

ogy and mechanical properties of the corneal stroma
are needed to give insight into the fundamental
properties on which corneal clarity depends. Recently,

AFM has been shown to be an ideal technique to
provide the structural information on soft biological
samples at nanoscale.39�42 In addition, AFM nanoin-
dentation allows determining the local, mechanical
properties of discrete corneal layers by measuring
the modulus on the surface of the tissue and capture
morphology as well.4,30 However, the resolution of
the force-volume map is poor, and the measurements
are very time-consuming. To overcome this limit, an
advanced quantitative dynamic AFM has been devel-
oped, which is able to record the morphology
and quantitatively measure mechanical properties of
inorganic and biological samples simultaneously
with real-nanolateral resolution and microsecond-
force identification.41,43 So far, AFM based methods
to compare the morphology and mechanical property
variations of the corneal stroma under different hydra-
tion levels have not been reported.
Here, we apply quantitative dynamic AFM to inves-

tigate the structural and mechanical properties of the
corneal stroma under different hydration conditions.
By comparing the results, we have learned that the
nanostructure and the mechanical property of the
stroma are significantly influenced by the hydration
levels. At 40% humidity, collagen in the corneal stroma
shows a fine fiber structure. The periodicities of 24.2(
1.4 nm and ∼67 nm coexist in the stroma tissue. The
stiffness of the collagen at 40% humidity is ∼7 GPa.
After increasing the hydration level, themorphology of

Figure 1. (a) Schematic image of excising a corneal lenticule from a corneal stroma. (b) Lowmagnification SEM image of the L
(left eye) corneal stroma; the white dashed circle indicates the periphery of the stroma. (c) Schematic image of five parts of
human cornea (the two surfaces 1 and 2 indicate the outer and inner surface of the lenticule). (d) TEM image of the cross-
section of the stroma; the dashed lines indicate the boundaries between two lamella collagen layers, which have different
lamella orientations. (e�g) The behavior of different corneal stromas on three different substrates, (e) mica, (f) Si and (g) SiO2,
respectively. (i) Contact angles of water on three different substrates and (ii�iv) the fitting angles of one pair of corneal
stromas on three different substrates. SL‑2 indicates the left corneal stroma sample with the inner surface faces up on the
substrates, while SR‑2 indicates the right corneal stroma sample with the inner surface faces up, and SR‑1 indicates the right
corneal stroma sample with the outer surface faces up.
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the collagen shows particle protrusion. The Young's
modulus of the collagen decreases to MPa magnitude,
which are three magnitudes lower than observed at
40% humidity. With further increasing hydration level,
the collagens regain the normal fiber structure butwith
larger fiber diameters, and the periodicity disappears.
In addition, the age-dependency on corneal stiffness
was preliminarily evaluated. The quantitative stiffness
measurement provides a convincing rationale for eval-
uating the water contained to keep the cornea func-
tion. The findings encourage further research into the
subjects with the ultimate perspectives of using this
quantitative dynamic AFM approach to diagnose and
characterize corneal diseases by examining the stiff-
ness differences of the cornea and tissue in general.

RESULTS AND DISCUSSION

Corneal lenticules were excised by a femtosecond
laser in ReLEx SMILE surgery44 for myopia (Figure 1a
and Supporting Information Figure S1). The transpar-
ent part clamped by the forcep is the removed lenti-
cule from the bulk stroma at a depth of approximately
120 μm from the corneal surface. The low magnifica-
tion scanning electron microscope (SEM) image
(Figure 1b) shows the removed lenticule on a mica
surface. Thewhite dashed circle indicates the periphery
of the lenticule. The thickness of the removed lenticule
depends on the degree of myopia being treated, while
the diameter ranges from 6.0 to 6.5 mm. The removed
lenticule from the corneal stroma is also demonstrated
in the schematic image of the layer structure of the
stroma as the part between the two dark dash lines
(1 and 2) shown in Figure 1c, where the five parts of
cornea are illustrated. The stroma accounts for 90%
thickness of the whole cornea (the pink part of cornea
in Figure 1c), where stroma_1/stroma_2 indicate the
outer/inner surface of the lenticule, respectively. The
detailed structure of the surface and cross-section of
the stromal samples are revealed by high resolution
SEM (Supporting Information Figure S2) and transmis-
sion electronmicroscopy (TEM) (Figure 1d and Support-
ing Information Figure S3), where the highly ordered
interweave lamellar structure is clearly seen.
The hydrophilicity/hydrophobicity of the stroma can

be evaluated by depositing the stroma onto different
substrates (mica, Si_silicon, SiO2_silicon oxide) with
different hydrophobicity. The contact angles of water
drops on three bare fresh substrates (3.0�, 39.5�, 50.8�)
represent the degree of hydrophobicity (Figure 1e�g, i).
It illustrates that mica is the most hydrophilic, while Si
and SiO2 are less hydrophilic. The stromas were trans-
ferred onto these three different substrates to investi-
gate the shape changes (Figure 1e�g, ii�iv). Here the
shape of the contour of corneal stromas deposited on
these substrates is fitted and the relative fitting angles
are measured (labeled on the images). The results show
that the stroma deposited on mica surface is more

stretched comparing to that on silicon or silicon oxide
substrates. That is because the stroma contains high
water level and themica surface is very hydrophilic, thus
the stroma will reshape immediately like water after it is
deposited on themica substrate, and it was stretched to
be flat. Because of the more hydrophobic properties of
the Si/SiO2 substrates, the fitting angles of the stroma
onto them are larger (onmica substrate:∼10�; on Si and
SiO2:∼20�). The fitting angles of one pair of stromas on
three substrates are shown in Figure 1e�g, ii, iii. Both
SL‑2 and SR‑2 perform very similarly on the same kind of
substrate (on mica, L, 11.4� ( 1.3�, R, 10.3� ( 2.5�; on
silicon, L, 21.1�( 1.0�, R, 19.0�( 2.0�; on silicon oxide, L,
21.8� ( 1.8�, R, 19.4� ( 2.6�). This demonstrates no
major topographical differences between L and R cor-
neal stromas on the same substrate. However, for SR‑2
and SR‑1 samples (Figure 1e�g, iii, iv), the fitting angles
of SR‑1 are larger than that of SR‑2 becauseof the inherent
curvature of the cornea stroma. These different beha-
viors of the stroma onto different substrates must be
linked with the high water containing and the unique
interweave lamella packing structures (Figure 1d and
Supporting Information Figures S2, S3). It is alsobelieved
that this may be tightly related to the mechanical
property of the cornea stroma.
These observations suggest that the water in the

stroma is important to keep the inherent shape. How-
ever, whatwill happenwhen the stromalwater content
is reduced? How about the structure and the physical
property? In order to answer these questions, the
corneal stroma properties are investigated at extreme
condition-ambient condition (40% humidity). The
AFM images of SL‑1, SL‑2 and SR‑2 samples are shown
in Supporting Information Figure S4. It is shown that
the morphologies of these three samples are very
similar and there are no obvious morphological varia-
tions between the corneas from both eyes and the
two sides of individual ones. The high resolution AFM
images in Supporting Information Figure S4c,f,i, further
show that the corneal stroma is composed of fine
collagen fibers which are the main component of the
cornea.45

To investigate the nanostructure of the collagen
fiber in detail, high resolution AFM imaging (Figure 2a
and Supporting Information Figure S5) was further
carried out. The periodicity of the fibers can be clearly
seen in these images. The line profiles of five collagen
fibers in different colors in Figure 2a are shown in
Figure 2b. By dividing the fiber length over the bump
length, the periodicity of individual fiber is calculated,
ranging from 24.9 to 28.0 nm. Also, the periodicities of
fibers in SL‑1 and SR‑2 corneal stromas were analyzed,
respectively (Supporting Information Figure S5). The
inset in Figure 2a is a Fast Fourier transformation (FFT)
of the topography to analyze repeated patterns. Fourier
images reflect repeated patterns as narrow peaks, the
coordinates of which describe their periodicity and

A
RTIC

LE



XIA ET AL. VOL. 8 ’ NO. 7 ’ 6873–6882 ’ 2014

www.acsnano.org

6876

direction. The repeat distances can be measured very
accurately by determining the Fourier peak coordinates
at subpixel level. The white dashed curves in the inset
indicate the outmost circle of the FFT pattern. The
line profile of 110 in Figure 2c indicates the periodicity
of collagen fibers. The coordinates along the x-axis
shown in Figure 2c should be multiple of the periodi-
city. And the outmost circle of the Fourier transforma-
tion pattern (inset of Figure 2a) corresponds to the last
peak in Figure 2c, which is supposed to be the mini-
mum repetition period. It turns out the periodicity is
∼25.0 nm, which is consistent with the value (24.2 (
1.4 nm) obtained from the line scan analysis. Moreover,
the width of the collagen fiber was analyzed as well.
The distribution of the fiber width and the Gaussian
fitting (Figure 2d) show the width of the collagen fiber
is around 45.4 nm. The fiber widths of both SL‑2 and SR‑2
(Supporting Information Figure S6) are almost the
same. These results are consistent with previous cornea
studies by AFM that the periodicities of corneal stroma
is ranged from 22 to 39 nm,32 from 20 to 60 nm.33

However, it is different from the well-known D-banded
structure (the periodicity of around 68 nm27,29,46,47),
which can be assembled from tropocollagen through
controlling the collagen concentration, incubation
time, temperature and pH.48�50

Interestingly, the D-banded periodicity was clearly
observed at the brim of the stroma samples where
both the isolated and bulk collagen can be identified
(Figure 3a). Figure 3b and Supporting Information
Figure S7a are zoomed in from the dashed squares
in Figure 3a, where the isolated collagen or the bulk
collagen is dominant, respectively. The morphology
images (Figure 3b, Supporting Information Figure S7a)
and the corresponding line profiles of 110 (Figure 3e)
and 330 (Supporting Information Figure S7b) show two
distinct periodicities (61.6 and 23.2 nm), respectively.
In addition, the line profiles of aa0 and bb0 (Figure 4g,
Supporting Information Figure S7c) derived from the
FFT images (the insets of Figure 4b, Supporting Infor-
mation Figure S7a) of the morphology images are
shown coexisting these two periodicities both in iso-
lated and bulk collagen of the tissue. More interest-
ingly, combining the morphology (Figure 3b) and the
in situ phase image (Figure 3c) of the isolated collagen,
it is found that the higher periodicity (∼62 nm indi-
cated in the line profile of Figure 3e) is composed of
three small periodicities (∼21 nm indicated in the line
profile of Figure 3f). The periodicity of the D-band
structure of the isolated collagen is also found to
be ∼67 nm (Supporting Information Figure S7d�j),
which is composed of three ∼22 nm periodicities.

Figure 2. Periodicity and Young's modulus of the corneal stroma. (a) AFM morphology image of SL‑2. The inset is the FFT
image of (a); the arc line indicates the outmost circle of the FFT pattern. (b) The profiles of five color lines in (a). (c) The line
profile of 110 in the inset of (a). (d) The fiber width distribution of the collagen fiber in (a). (e,f) The stiffness maps of SL‑2 and
SR‑2; the right parts of both images are covered by the topography images. (g) The distribution of Young's moduli of both
samples.
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It is apparently observed the clear fingerprint of
D-band (∼67 nm periodicity) when the collagen is
isolated compared with the high roughness of bulk
stroma.
Beside of nanostructure study, quantitative nano-

mechanical measurements provided further physical
properties of stroma. Figure 2e,f shows the stiffness
maps of SL‑2 and SR‑2 corneal stromas, respectively.
Both the right halves of the maps are covered by the
topography images. In stiffness maps, the color con-
trast represents the stiffness instead of the height: the
brighter means the stiffer and vice versa. The stiffness
maps show that the mechanical properties of both
corneal stromas are very homogeneous. Here, one
can see that the SL‑2 is slightly stiffer than the SR‑2,
but histograms are overlapped partially, which means
there are no larger stiffness differences between these
stromal samples. The stiffness of SR‑1 is shown in
Supporting Information Figure S8. Compared with
SR‑2, the stiffness values of both samples are almost
the same. It is concluded that the nanostructure and
mechanical property of both L and R corneal stromas
and of both inner and outer surfaces of the same
stroma are independent of physical positions under
ambient condition.
From the mechanics viewpoint, the corneal stroma

is a polyelectrolyte gel, which will swell when it is
immersed in a solution. The swelling tendency for

the stroma to imbibe water is higher compared to
other connective tissues due to the imbalance be-
tween the ionic concentration inside and outside of
the tissue. The morphologies of the stroma in water
and physiological buffer with different hydration time
were studied. Figure 4a,b shows the topography
images of a human corneal stromal lenticule immersed
in water for 0.2 h. It is clear that the topography of the
hydrated stroma with the particles along the fibers is
different from that under the 40% humidity condition.
The sizes of particles along the fibers are heteroge-
neous, which means the initial swelling process is
nonuniform. This may be because the proteoglycan
composition (chondroitin sulfate, keratan sulfate and
dermatan sulfate) has the different capacity of water
swelling.51 However, the periodicity of the collagen
fiber is hard to distinguish in AFM images. Figure 4c
shows the line profile of 110 based on the inset in
Figure 4b (the FFT of the topography of Figure 4b),
in which the periodicity of the repeating pattern on
hydrated stroma can be indicated. The results show
22.0 and 65.0 nm repeating units, consistent with the
collagen fiber periodicity in 40% humidity condition.
Moreover, the particle size is also analyzed. The particle
size distribution derived from the fitting image
(Supporting Information Figure S6) shows the value
is around 21.0 nm (Figure 4d). The morphology of
the stromal tissue in physiological buffer after being

Figure 3. (a) Themorphology of the stroma sample at the brim. (b,d) The zoomed in images from the dash squares in (a); the
insets are the corresponding FFT images. (c) The in situ phase image of (b). (e,f) The line profiles of 110, and 220 in (b�c),
respectively (P indicates the periodicity). (g) The line profiles of aa0 in the inset of (b).
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immersed for 0.2 h is very similar to that in water
condition (Supporting Information Figure S9), which
indicates the ion concentration has little effect on the
swelling morphology of stroma.
In corneal stroma, a very small portion of stromal

fluid is directly related to the collagen fibrils hydration,
and the rest of the fluid interpenetrates between the
collagen fibrils to keep the fibrils apart. Therefore, the
increasing amount of fluid associated with increasing
hydration pushes the fibrils further apart and weakens
the neighboring fibrils interaction resulting in the
stroma swell.2 Interestingly, the morphologies of the
stroma immersed in physiological buffer for 1 h regain
fiber structure (Figure 4e,f). The particle protrusions on
the fiber disappear. But the fibers are much larger than
these in 40% humidity and in liquid condition with

short hydration time (0.2 h). Similar to that under liquid
condition with short hydration time, no apparent
periodicity is distinguished. But the line profile of 220

based on the inset in Figure 4f (the FFT of the topo-
graphy of Figure 4f) shows that the repeating patterns
are around 24.0 and 63.0 nm. In addition, the fiber
width of the collagen fiber in physiological buffer is
around 70 nm (Figure 4h), muchwider than that in 40%
humidity. The increasing of the fiber width is important
to contribute the swell. Moreover, the stroma samples
here are denuded of the epithelium and the endothe-
lium (Figure 1c). The ion transport function of endothe-
lial cells counteracts corneal tendency to swell is
disabled.52 It may induce the further swell. The image
of the stroma tissue dried out after imaging in liquid
shows regular periodicity as well (Supporting Informa-
tion Figure S10), which indicates that the wetting
process is reversible.
Considering that structural changes are often re-

lated to the corresponding mechanical property
changes, the comparison of correspondingmechanical
properties of corneal stroma under different hydra-
tions is studied. The topography images superimposed
the stiffness maps of the same stroma under different
hydrations are shown in Figure 5a�c. The force�
distance curves recorded on the stroma samples under
three different hydration conditions are shown in
Figure 5d�f, respectively. The force spectroscopy un-
der the controlled force enabled a quantification of the
local deformation to allow investigations without the
stroma bulk involved. It is shown the local deforma-
tions (indentations) of the sample in water (0.2 h
hydration) and in physiological buffer (1 h hydration)
are∼15 and∼50 nm, respectively. Compared with the
thickness (∼140 μm) of the whole stroma, these de-
formations are fully negligible. Hence, the overall
deformation of the stroma and the substrate effect
will not contribute to the measured Young's moduli.
It is obvious that the corneal stroma at 40% humidity
forms linear force�distance curves, while it forms
nonlinear force�distance curves in liquid. This linear/
nonlinear behavior is demonstrated by the slops of
force�distance curves. Under 40% humidity condition,
the slope is almost consistent along with the indenta-
tion, while it is varied in liquid. The indentation for full
hydration sample can reach up to 50 nm with 3 nN
loading force (Figure 5f). However, the maximum
indentation for 40% humidity in a sample is only
∼5 nm even with ∼50 nN loading force applied
(Figure 5d). This∼10 times larger indentation presents
the possible large deformation of particles-shape and
bigger collagen fibers in the stroma after the hydration
and indicates containing the high amount of water.
Obviously, under fully hydrated conditions, the

swollen stroma leads to a viscoelastic model.53,54

Meanwhile, the swollen stroma exhibits some dissipa-
tive behavior, which is manifested as a loss of some

Figure 4. AFM morphology images of corneal stroma in
liquid. (a) The AFM images of corneal stroma immersed in
water for 0.2 h. (b) The zoomed in image from the dashed
square in (a). (e) AFM images of corneal stroma after 1 h
immersed in physiological buffer. (f) The zoomed in image
from the dashed square in (e). The insets in (b) and (f) are
the FFT images of their topography images; the arc lines
indicate the outmost circle of the FFT spots. (c,g) The line
profiles of 110 and 220 in the insets of (b) and (f). (d) The
particle radius distribution of corneal stroma. (h) The fiber
width of the collagen fiber.
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energy stored during loading. It can be seen in the
indentation process as hysteresis in a cycle of force
displacement (Figure 5f), which is much larger than
that under 40% humidity. This energy dissipation is
believed to be accomplished by internal friction and/or
viscous damping mechanisms.55,56

Considering the different composition of water
and physiological buffer, several control experiments
were initiated. The Young's moduli of the stroma
under different pH conditions are shown in Figure 5g.
Generally speaking, the pH value has little effect on
the stiffness of the stroma. The stiffness is around 2
MPa. Also, the stiffness values of the stroma in NaCl
solutions with different concentration were investi-
gated (Figure 5h). No large changes were observed.
Interestingly, the stiffness of the stroma changes a lot
with the variation of hydration time in physiological
buffer, shown in Figure 5i. The stiffness of the stroma
decreases monotonically with increasing hydration
time and then becomes saturated, which means that
the hydration level plays significant role to the me-
chanical properties of stroma. The relative stiffness
distributions of corneal stroma, according to the stiff-
ness maps (Figure 5a�c) and the force�distance
curves (Figure 5d�f) under different hydration levels
are given (Figure 5j). Apparently, the stiffness of stroma
in 40% humidity is two/three magnitudes higher than

that of the 0.2 h/1 h hydrated corneal stroma. During
the hydration process, the total fixed charge density of
the stroma, electrostatic repulsion between glycosa-
minoglycans and the osmotic pressure decrease.11 Any
decrease in the osmotic pressure possibly decreases
the prestress of collagen fibrils to change the stroma
stiffness. It is of huge difference just because of the
various hydration levels. So maintenance the normal
level of hydration in human eye is critical to keep its
functionality.
The mechanical behavior of the stroma under dif-

ferent hydration levels suggests that the stiffness
may be used for evaluating biological functionalities
of tissue materials. Total body water demonstrates
a diminution trend with increasing age.57 So does the
corneal hydration control.58 The aging effect on the
mechanical properties of corneal stromas from differ-
ent donors (6-, 25-, 41-year-old patients, respectively)
was investigated. Both topographies (Supporting In-
formation Figure S5e,g,i) and periodicities (22.0�
25.0 nm Supporting Information Figure S5f,h,j) of these
three samples are similar. The stiffness maps super-
imposedwith themorphology (Supporting Information
Figure S11a�c) with the corresponding distribution
(Supporting Information Figure S11d) of these three
samples show that age has a significant effect on the
mechanical properties of the corneal stroma under the

Figure 5. Stiffness map superimposed with the topography image of corneal stroma (a) under 40% humidity, (b) under 0.2 h
hydration time and (c) under 1 h hydration time. (d�f) The representative force�distance curves of the corneal stroma
according to different hydration levels. The stiffness versus the (g) pH, (h) concentration of NaCl solution and (i) hydration
time. (j) The comparison of the stiffness distributions of corneal stroma under different hydration levels.
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same hydration condition. Just as reported previously,
the human tissue including human lens and the cornea
stiffen with age.59�61 The mechanical distributions of
these three samples shift to the higher stiffness value
with increasing age. Besides, the full width half-max-
imum of modulus distributions becomes broader over
age, which indicates that the stiffness of the stroma
becomes less and less homogeneous. The mechanical
property change of corneal stroma over agemay either
be caused by a change of the hydration or a change in
interfibrillar structure or cohesion.58,61,62

CONCLUSION

The structure and mechanical properties of the
lenticules of corneal stroma removed by a femtose-
cond laser corneal surgery from healthy human sub-
jects under different hydration level conditions have
been investigated by quantitative dynamic AFM,which
allows us to learn the morphology and stiffness of the
corneal stroma in a quantitative and correlation way.
Experimental results show that the structure and the
stiffness of corneal stroma are significantly different
under different hydration levels. Under 40% humidity
ambient condition, collagen shows a fine fiber struc-
ture with both of 24.2 ( 1.4 nm and of ∼67 nm
periodicities. The large periodicity (∼67 nm) is com-
posed of three small periodicities (∼22 nm). Corneal
stroma at 40% humidity ambient condition is very

stiff with the stiffness in GPa magnitude, which is
consistent with the stiffness of the collagen in air-dry
condition.43 However, under hydration condition, the
morphology of the collagen shows some particles
along the fiber and the apparent periodicity disap-
pears. Most interestingly, the Young's modulus of the
collagen drops down to MPa magnitude, 3 orders of
magnitude softer than that in 40% humidity condition.
With increasing hydration time, the collagen regains
fiber structure but with larger size, and no apparent
periodicity can be identified. It is necessary to realize
the hydration effect on the fibers' size. This proves the
stroma has an innate tendency to imbibe fluid, and its
biophysical property depends on precisely maintain-
ing its hydration level. In addition, the aging effect may
be discriminated by this technique in terms of the
stiffness. Both swelling effects and stiffness changes of
stroma are due to an innate tendency of the stromal
tissue to imbibe fluid. This unusual connective tissue is
able to provide the possible controlling the water level
to avoid the light scatting. Since the corneal stroma
shows significant different mechanical properties un-
der different conditions, this technique provides
the possibility of diagnosing and assessing diseases
associated with stiffness changes due to the collagen
defects and disorder. Also, quantitative stiffness mea-
surements may be applied to investigate other clinic
human tissues and organs.

METHODS

Samples Preparation. The stroma samples (lenticules) were from
ReLEx SMILE surgery,44 which remodels the profile of the cornea
by removing the stroma to correct myopia (nearsightedness),
supplied by Aarhus University Hospital, Denmark. After corneal
surgery, the sampleswere kept in the 0.9%NaCl solution andwere
further used in the fitting angle, SEM and AFM characterization.

“Fitting Angle” Measurement. The contact angle of the three
substrates and the fitting angles of the cornea samples on
three different substrates were measured with a drop shape
analysis system (Krüss DSA100) in the sessile mode at room
temperature. All reported contact angles were the average of
five measurements.

SEM Analysis. Low Magnification SEM. Cornea samples on
mica surface were characterized by low magnification SEM.
Before this measurement, the sample was mounted on an
aluminum holder with double-sided adhesive tape. SEM micro-
graphs were taken on a Hitachi TM-1000 tabletop microscope,
maximum accelerating voltage of 15 kV.

High Magnification SEM. After the critical point drying, the
morphology of the cornea stroma was determined by high-
resolution SEM (FEI, Nova 600NanoSEM). The SEMwas operated
in low vacuummode because of the nonconductive property of
the sample.

TEM Analysis. The samples are fixed in 2% glutaraldehyd and
0.1 M cacodylate solution immediately after being removed
from the patient. TEM (CM 100) was applied to reveal the micro-
and nanostructures of the samples.

Quantitative Dynamic AFM Measurement. The AFM images and
quantitative mechanical measurements were recorded with
Peakforce Tapping mode in a commercial Nanoscope VIII
MultiMode SPM system (Bruker, Santa Barbara, CA) under
both ambient (temperature, 24 �C; humidity, 40%) and liquid

(different concentrations of NaCl solutions, PBS buffer at the
different pH values) conditions. For the air measurements, the
cornea samples were deposited onto the freshly cleaved mica
surface, air-dried. Ultrasharp silicon tips (rectangular, TESP-SS,
Bruker) with a standard spring constant of 20�80 N/m and a
normal tip radius of 2 nm were used for imaging morphology.
The silicon tips (rectangular, MPP-13120�10, recommended
stiffness measurement range: 1 GPa < E < 20 GPa, Bruker) with a
standard spring constant of 200 N/m and a normal tip radius of
8 nm was used for mechanical measurement. For the liquid
measurements, the cornea was mechanically fixed onto the
mica surface and immersed by the liquid while scanning. The
silicon tips (rectangular, MPP-12120�10, recommended stiff-
ness measurement range: 5 MPa < E < 500 MPa, Bruker) with a
standard spring constant of 5 N/m and a normal tip radius of
8 nmand the silicon tips (triangular, FastScan C, spring constant:
0.4�1.2 N/m, Bruker) with a normal tip radius of 5 nmwere used
for morphology and mechanical measurement for hydrated
samples.

Data Analysis. All the images and size distribution were
analyzed by using the commercial software Scanning Probe
Image Processor (SPIP). All force curves were analyzed with
offline software NanoScope Analysis (Bruker, Santa Barbara, CA).
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