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Multiphoton microscopy study of the morphological
and quantity changes of collagen and elastic fiber
components in keloid disease
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Abstract. Multiphoton microscopy was used to study the extracellular matrix of keloid at the molecular level
without tissue fixation and staining. Direct imaging of collagen and elastin was achieved by second harmonic gen-
eration and two-photon excited fluorescence, respectively. The morphology and quantity of collagen and elastin
in keloid were characterized and quantitatively analyzed in comparison to normal skin. The study demonstrated
that in keloid, collagen content increased in both the upper dermis and the deep dermis, while elastin mostly
showed up in the deep dermis and its quantity is higher compared to normal skin. This suggests the possibility
that abnormal fibroblasts synthesized an excessive amount of collagen and elastin at the beginning of keloid
formation, corresponding to the observed deep dermis, while after a certain time point, the abnormal fibroblast
produced mostly collagen, corresponding to the observed upper dermis. The morphology of collagen and elastin
in keloid was disrupted and presented different variations. In the deep dermis, elastic fibers showed node structure,
while collagen showed obviously regular gaps between adjacent bundles. In the upper dermis, collagen bundles
aligned in a preferred direction, while elastin showed as sparse irregular granules. This new molecular information
provided fresh insight about the development process of keloid. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3569617]
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1 Introduction
Human keloids are characterized by the deposition of exces-
sive extracellualar matrix components produced by abnormal
fibroblasts (the so-called keloid-derived fibroblasts) in response
to cutaneous injury. They occur at areas of cutaneous injury
that do not regress or contract, and continue to grow and ex-
tend beyond the confine of the original wound.1, 2 They can
lead to pain, pruitus, deformity, or limiting joint mobility, and
considerable cosmetic defects.2–4 Unfortunately, there is no ef-
fective treatment modality that has been established for human
keloids.2, 5 There are very high recurrence rates after surgical
removal of keloids. It is becoming increasingly obvious that
limitation of existing treatments just highlights the urgency on
achieving better understanding of this disease at the molecular
level.

Keloids are unique to humans. There is no animal model
available for study of the molecular progress of keloids. Existing
studies are based on histological method, electron microscopy,
and immunohistochemical techniques.4, 6, 7 These methods usu-
ally involve fixation, staining, and dehydration of biopsied tissue
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specimens, and the native morphology of collagen and elastin are
altered.

The most significant advantage of multiphoton microscopy
based on two-photon excited fluorescence (TPEF) and second
harmonic generation (SHG) imaging is its capability of ob-
serving non-fixed, unstained tissue samples. It also has the
potential of perform noninvasive in vivo measurements di-
rectly on a patient. Because collagen in the skin dermis can
easily produce a SHG signal and elastin are more effec-
tive in generating TPEF, multiphoton microscopy has found
widespread applications in dermatology for studying cutaneous
collagen and elastin. For example, this technique has been
used to study normal skin, assess skin aging and photoaging,
and diagnose basal cell carcinoma.8–11 Recently, it has be-
come a new technology for studying wound healing12–14 and
for differentiating keloid and hypertrophic scars from normal
skin.3, 15, 16 In this study, morphology and quantities of colla-
gen and elastin in human keloid tissues were characterized,
quantitatively analyzed, and compared with normal skin using
multiphoton microscopy. The results provided new molecular
information useful for understanding the development process
of keloid.
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2 Materials and Methods
2.1 Ex-vivo Human Keloid Specimens
Five keloid samples were obtained from 5 patients (age 32 to 55
years) undergoing reconstructive surgical procedures. Five nor-
mal skin samples were collected during aesthetic plastic surgery
from 5 healthy subjects aged 30 to 58 years old. Informed con-
sent was obtained from every patient who participated in the
study. We strictly conformed to the institutional rules governing
clinical investigation of human subjects in biomedical research.
Immediately after being excised from patients, tissue samples
were snap-frozen and kept in liquid nitrogen [at atmospheric
pressure, liquid nitrogen boiling point is at 77 K (−196◦C)]
until use in order to avoid protein denaturization and preserve
native morphology. The tissue sections for multiphoton micro-
scopic imaging were cut into 120-μm thickness and sandwiched
between the microscope slide and cover glass. The sample was
imaged with the cover glass facing the microscopic objective.

2.2 Multiphoton Microscopy Imaging System
The multiphoton microscopy system used in this work has been
described previously.8, 15 The system is a high-throughput scan-
ning inverted Axiovert 200 microscope (Zeiss LSM 510 META)
equipped with a mode-locked femtosecond Ti:sapphire laser
(Coherent Mira 900-F). For high-resolution imaging, a high-
numerical-aperture, oil immersion objective (Plan-Apochromat
63×, N.A.1.4, Zeiss) was employed in all experiments. In the
multichannel mode, the backward SHG and TPEF signals from
tissue samples were collected by the META detector with eight
independent channels. In this work, two different channels were
selected to obtain the high contrast images of collagen and
elastin in the dermis of keloid scar and normal skin. One channel
is corresponding to the wavelength range of 398 to 409 nm to
show the microstructure of collagen using SHG signals, whereas
another channel covered the wavelength range from 430 to 697
nm in order to present the morphology of elastin using TPEF
signals when an excitation wavelength of 810 nm was used. In
order to increase the contrast of the SHG/TPEF image, the col-
lagen images are color-coded in green and elastin images are
color-coded in red. All images have a 12-bit pixel depth. The
images were obtained at 2.56-μs per pixel. Under the transmis-
sion mode, a large field mosaic image from the epidermis to the
dermis of keloid scar tissue was acquired to better illustrate the
multiphoton microscopic imaging results.

2.3 Quantitative Analysis of Collagen and Elastin
Volume Density

In order to calculate collagen and elastin volume density, se-
quential 2-D images were taken at intervals of 2 μm to a final
depth of 30 μm, resulting in a total of 15 images per tissue sam-
ple. Then this stack of two-dimensional images were used to
reconstruct a 3-D multiphoton microscopic image of the colla-
gen and elastin within the tissue specimen. Quantitative analysis
of collagen and elastin volume density was performed using the
following method. The pixel numbers of collagen SHG image,
elastin TPEF image, and the total pixel number of the whole
area within each of the 15 sequential 2-D images were defined
as Ai, Bi, and C (the total pixel of each 2-D image is identical),

respectively. C is usually larger than Ai + Bi. Then the volume
density of collagen or elastin was calculated by using the follow-
ing formula:

∑i=15
i=1 Ai/15C and

∑i=15
i=1 Bi/15C , respectively. In

this nomenclature, the higher ratio value indicates that the quan-
tity of collagen or elastin is higher. All data in this paper are
presented as a mean value followed by its standard deviation
(mean ± SD).

3 Results
3.1 Large Field Image of Keloid Tissue with

Transmission Mode Microscopy
The transmission mode microscopy is based on optical density
recognition of the detected transmitted light from the sample to
be visualized. The difference of tissue specimen component can
be delineated in sub-millimeter size.17 The cross dimension from
the top of the epidermis to the bottom of the dermis of the keloid
tissues examined in this study was several millimeters. To better
illustrate the following multiphoton microscopy imaging results
of keloid scar, the transmission microscopy image of keloid
tissue was recorded. Figure 1 shows a representative transmis-
sion mode image of a keloid scar (from a 51-year-old patient)
with an average thickness of 7.49 ± 0.21 mm. This is a mosaic
of 154 individual 925×925 μm2 size transmission images ob-
tained by scanning the microscope sample stage. There are two
boundaries (the white lines approximate indicate their corre-
sponding positions). The first boundary is corresponding to the
epidermal-dermal junction that reflected the differences on the
optical densities between epidermis and dermis: the epidermis
consists mostly of keratin and epithelial cells, while the dermis
is dominated by collagen and/or elastin. The second boundary
is within the dermis, representing a very interesting result. It
indicates that there are obviously differences on the molecular
compositions and/or morphological structures that resulted in
different absorption or scattering properties in two sides of this
boundary. It will be interesting to see if multiphoton microscopy
can reveal these differences. For convenient discussion, we call
the dermal part between the epidermal-dermal junction and the

Fig. 1 The mosaic transmission mode image from the epidermis to
dermis of a keloid scar tissue specimen (51-year-old patient). The white
lines approximately indicate the corresponding positions of the two
boundaries. Scale bar: 1 mm.
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second boundary the “upper dermis,” while the dermis below
the second boundary is defined as the “deep dermis.” Based
on this definition, the average thickness of the upper dermis is
4.25 ± 0.26 mm. Locations 1 to 4 from upper dermis to deep
dermis are labeled in Fig. 1 for convenient discussion of the
representative morphological variation of collagen and elastin
in the keloid sample.

3.2 Multiphoton Imaging of Collagen and Elastin in
Keloid Dermis Under Multichannel Mode

Collagen and elastin are two major extracellular matrix com-
ponents of human skin dermis. As a result of keloid develop-
ment, keloid-derived fibroblasts result in excessive deposition
and morphology changes of collagen and elastin. In this study,
we operated the multiphoton microscopy under the multichan-
nel mode. Two independent-channels from eight channels were
selected to acquire 2-D and 3-D TPEF/SHG images of colla-
gen and elastin along the central location of the keloid sample.
The representative 2-D and 3-D morphological variations of
collagen and elastin were shown in Figs. 2 and 3, respectively.
Figure 2 shows a 2-D TPEF/SHG image around the second

Fig. 2 The 2-D SHG/TPEF image around the boundary part across the
upper dermis and the deep dermis of the keloid tissue sample. The
green color-coded structure is collagen and the red color for elastin
component. Scale bar: 50 μm.

Fig. 3 The 3-D images of collagen and elastin with representative mor-
phologies from different locations in the keloid tissue sample. The SHG
images of collagen are shown in the first column, and the TPEF images
of elastin are shown in the second column, while the superimposed
SHG/TPEF images are displayed in the last column. Locations 1 to 4
from the upper dermis to the deep dermis have been marked in Fig. 1.
All images are 146 μm×146 μm×30 μm. Scale bar: 20 μm.

boundary (as illustrated in Fig. 1) across the upper dermis and
the deep dermis of the keloid tissue. Figure 3 presents 3-D im-
ages of collagen and elastin with the representative morpholo-
gies at locations 1 to 4 as indicated in Fig. 1. In Fig. 3, the
SHG images of collagen are shown in the first column, and the
TPEF images of elastin are shown in the second column, while
the superimposed SHG/TPEF images are displayed in the last
column.

As can be seen from Fig. 2, there are significant differences in
the morphology and content of collagen, and elastin in the upper
dermis and deep dermis of keloid tissue. In the upper dermis,
elastic fibers were almost completely devoid. Very few elastic
fibers in the 3-D image (Fig. 3) of elastin at locations 1 and 2
presented as irregular granules, very much like anetoderma.18

In the deep dermis, the amount of elastic fibers was markedly
increased, and the 3-D image (Fig. 3) of elastin at location 4
also showed that they have apparently accumulated together.
An obvious characteristic of elastin morphology at location 3 is
that each elastic fiber has many nodes. In order to quantitatively
measure the distance between two nodes, we plotted the TPEF
intensity profile along the selected elastic fiber. Along that line,
the lowest and highest intensities are corresponding to the loca-
tions without node and with node of elastic fibers, respectively.
The spacing between two nodes was determined by manually
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Fig. 4 The averaged distance between two nodes along elastic fiber
(a) and the gap between two collagen bundles (b) in the deep dermis
of keloid scar.

calculating the ratio of the selected line length to the number
of peaks, as shown in Fig. 4(a). In other words, the spacing
between nodes is approximately equal to the average distance
of two adjacent peaks. In this work, we computed and averaged
the node spacing over five selected elastic fibers. The average
distance between two nodes is 4.09 ± 0.35 μm.

The morphology of collagen in keloid also showed obvious
variations. Right below the boundary across the upper dermis
and the deep dermis (location 3), collagen bundles apparently
have regular gaps, consistent with the acellular node-like struc-
tures reported in histological study.19 Using the same method
that determined the distance between two nodes of elastic fiber,
the gap between two collagen bundles was measured (Fig. 4(b)),
to be 8.69 ± 0.93 μm. The appearance of a gap between two col-
lagen bundles and nodes of elastin in keloid dermis may lead to
decreasing tissue elastic properties. Far away from the bound-
ary in the deep dermis (location 4), the regular gaps between
collagen bundles disappeared. Near the top of the upper dermis
(location 1), except for the similar morphology of lower part of
this layer (location 2), there is a kind of special structure: the
thicker and abundant collagen bundles have preferred orienta-
tion along a certain angle, which is probably toward the injury
site due to their task to repair the wound.13

3.3 Comparisons of Collagen and Elastin
Morphology Between Normal Skin
and Keloid Scar

To better understand collagen and elastin alterations during
keloid development, 3-D SHG/TPEF images of collagen and
elastin were also acquired from the upper dermis and deep der-
mis of normal skin samples from a healthy volunteer aged 57

Fig. 5 The 3-D SHG/TPEF images of collagen and elastin in the up-
per dermis and the deep dermis of normal skin tissue sample from a
healthy volunteer aged 57 years old who had no scar lesion. All images
are146 μm×146 μm×30 μm. Scale bar: 20 μm.

years old who had no scar lesions. The results are shown in
Fig. 5. Compared with keloid scar, morphologies and content
of collagen and elastin in normal skin demonstrated apparent
differences. Collagen bundles in both upper dermis and deep
dermis of normal skin appear relaxed and are in an unordered
arrangement. There is no regular gap between two collagen
bundles, consistent with the results from histological study.19

In keloid scar, only collagen bundles in location 4 have some
similarity to normal skin collagen bundles.

The elastic fibers in both the upper dermis and the deep
dermis of normal skin possess the morphology of long ropes
and make elastic skin structures, very different from elastin in
keloid tissue, which were fragmented, decreased in great amount
with the structure of irregular granules or even disappeared in the
upper dermis, but increased and showed curved or accumulated
morphology in deep dermis.

3.4 Volume Density of Collagen and Elastin in
Normal Skin and Keloid Scar

The volume density of collagen and elastin can well reflect their
excessive depositions produced by keloid-derived fibroblast
during the development of keloid. The volume density pa-
rameter was calculated using the quantitative analysis method
presented in Sec. 2. Figure 6 compared the volume density of
collagen and elastin between normal skin and keloid scar. In
the upper dermis, volume density of collagen in location 2 of
keloid tissue (close to the boundary across upper dermis and
deep dermis) was a little bit lower than that of the normal skin,
but this parameter in location 1 of keloid tissue (far from the
upper dermis/deep dermis boundary) was higher than that of
the normal skin. In the deep dermis, similar trends occurred.
Location 3 in keloid tissue showed lower collagen volume
density than normal skin, while location 4 showed higher
collagen volume density than normal skin.

For the elastin component in the upper dermis, its volume
density in normal skin was much higher than that in locations
1 and 2 of keloid tissue. In the deep dermis, this parameter in
normal skin was lower than that of keloid scar (for both locations
3 and 4). The observation of excessive elastin production in
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Fig. 6 The volume density of collagen (a) and elastin (b) in the upper
dermis and the deep dermis of normal skin and keloid scar.

the deep dermis of keloid is consistent with the experimental
results obtained using immunohistochemical and stereological
techniques.6 In summary, compared to normal skin the volume
density of collagen and elastin in the deep dermis of keloid tissue
both have increasing tendency, while in the upper dermis of
keloid tissue only collagen volume density is increased, whereas
the elastin content is greatly reduced.

4 Discussion
In this study, the morphology and quantity of collagen and elastin
in keloid scar were imaged and quantitatively analyzed and
compared with normal skin. Our results showed that these two
extracellular matrix components synthesized by keloid-derived
fibroblast have an apparently different behavior and character-
istics in the upper dermis and deep dermis. In the deep dermis
of keloid scar, elastic fibers showed node structure and became
curved and even aggregated together, while collagen showed
obvious regular gaps between adjacent bundles. In the upper
dermis, collagen bundles aligned in a preferred direction, while
elastin showed as sparse irregular granules. The increase of
both elastin and collagen contents in the deep dermis whereas
increase of collagen and the sharp decrease of elastin in the
upper dermis of keloid scar is an interesting finding. This sug-
gests the possibility that the keloid-derived abnormal fibroblast

synthesized both collagen and elastin excessively at the begin-
ning of keloid formation. However, after a certain time point
during the scar development (as indicated by the second bound-
ary in Fig. 1 and different collagen and elastin morphology and
quantity across this boundary), keloid-derived fibroblasts pro-
duced mostly collagen and very little elastin. This may be the
underlying reasons that most previous investigations only re-
vealed excessive deposition of collagen16, 20 and rarely reported
alterations of elastin in the formation of keloid scar.6, 21

Our study has also demonstrated the great capability and
advantages of using multiphoton microscopy for assessing the
morphology and quantity variations of collagen and elastin in
a keloid scar. Recent technical advancement on compact mul-
tiphoton microscopy has made in vivo multiphoton imaging of
skin tissue a practical possibility.9, 11 This technology, if used
in vivo for tracking the development of keloid and for assessing
treatment responses, will greatly improve the basic understand-
ing and management of this disease.
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