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Background and Objective: Many lasers have claimed
the clinical efficacy on skin rejuvenation. In this study,
the mechanisms of laser induced collagen remodeling were
explored systematically on a Kunming (KM) mouse model
in vivo by comparing the different non-ablative laser effects
using four different laser treatment modalities.
Materials andMethods: The dorsal skin of KM mice was
exposed by depilation before the laser treatments. Four
laser treatment modalities were used: the 595-nm pulsed
dye laser (PDL) (10 ms), 1,320-nm neodymium–yttrium–
aluminum garnet (Nd:YAG) laser (0.35 ms), 1,064-nm
Nd:YAG laser with Q-switched (5 ns), and long-pulsed
(0.3 ms) mode. Each modality exposed one side of the mouse
dorsal skin leaving the other side as the contralateral
control. Then skin histology, fibroblast number, and the
genesis of collagen type I and III were studied by comparing
the treatment site and control site at 1 hour, 1 day, 1 week,
3 weeks, 4 weeks, and 8 weeks after laser treatment.
Hydroxyproline content of the skin tissue was measured
4 weeks and 8 weeks after laser exposure.
Results: All laser treatments led to marked improvements
in dermal layer thickness and collagen fiber density, and
the increase in fibroblast number and hydroxyproline
content compared with their own controls. Collagen syn-
thesis and remodeling induced by the Q-switched 1,064-nm
laser was most effective 4 weeks after treatment, while
there was no significant difference among the other three
modalities. Among the new collagen genesis after the dif-
ferent laser treatments, collagen type III increased sharply
after the Q-switched 1,064-nm laser treatment whereas
more collagen type I was elicited by the other laser
treatment modalities.
Conclusions: The efficacy of photo-mechanical effects in
promoting more effectively the synthesis of collagen type
III, whereas the photo-thermal effect favored more the
formation of collagen type I. Lasers Surg. Med. 40:13–19,
2008. � 2008 Wiley-Liss, Inc.
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INTRODUCTION

In recent years, non-ablative skin rejuvenation by
various laser treatment modalities has achieved growing

popularity due to their minimal down-time and good
clinical efficacy. Goldberg first reported the effect of
non-ablative laser skin resurfacing with the Q-switched
1,064-nm neodymium–yttrium–aluminum garnet (Nd:
YAG) laser in 1997 [1]. They found that the Q-switched
1,064-nm Nd:YAG laser provides satisfactory clinical
results with no post-operative morbidity in the treatment
of periocular and perioral rhytides. Later Goldberg per-
formed a series of clinical studies with histologic examina-
tions to prove the collagen remodeling effects of Q-switched
1,064-nm Nd:YAG laser [2,3]. The 1,320-nm Nd:YAG laser
with a dynamic surface cooling device was the first laser
system specifically designed for the purpose of non-ablative
skin rejuvenation [4–6]. Trelles et al. [5] investigated
the histological changes in human skin 6 weeks after 8
treatments with the 1,320-nm Nd:YAG laser and observed
that there is an increase in the number and density of
collagen fibers, indicating some compaction in the remod-
eling process, less interfibrillary space, and good linear
orientation of the fibers parallel to the dermoepidermal
junction. The pulsed dye laser (PDL) is commonly used to
treat port wine stains, hemangiomas, telangiectasias, and
other vascular anomalies [7,8]. Studies using this laser
have also noted post-treatment improvement in atrophic
striae distensa, hypertrophic scars, and rhytides [9].
Several studies have confirmed the findings that PDL
treatment of sun-damaged skin can lead to improvements
in wrinkles with histological evidence [10–15]. Long pulsed
1,064-nm Nd:YAG laser with its low scattering coefficient
and weak absorption by water and melanin has also been
shown to improve the appearance of coarse wrinkles
and fine lines and to reduce skin laxity [16–20]. Rapid
sequences of long 1,064-nm pulses (0.3 ms) enable a large
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area to be covered quickly by multiple passes, causing
diffused general heating of the upper dermis and thus
stimulating a wound healing response and collagen
remodeling. Although the efficacy of the different laser
treatment modalities varies from one group to another, the
reported histological findings indicate new collagen for-
mation after the laser treatments.

The effectiveness of collagen remodeling induced by laser
skin treatment as reported above can be attributed to the
unique physical properties of laser technology. By wave-
length selection, the laser can effectively target the specific
chromospheres, such as melanin, oxygen–hemoglobin, and
water, and defines the penetration depth, which affects the
extent of the laser treatment in the skin. The laser pulse
duration determines the mechanism of laser-tissue inter-
actions (photo-thermal vs. photo-mechanical effect), which
may result in different repairing mechanisms once the local
damage is induced by the laser treatment. The laser energy
density affects the degree of specific laser effect set by the
laser pulse duration. The optimal combination of those
parameters may lead to the most effective collagen
remodeling while minimizing side-effect during the non-
ablative laser skin rejuvenation.

In this paper, we conduct a comparative in vivo study on
KunMing (KM) mouse model to evaluate the collagen
remodeling process induced by the different non-ablative
laser treatment parameters: namely, the 595-nm PDL
(10 ms), 1,320-nm Nd:YAG laser (0.35 ms), 1,064-nm Nd:
YAG lasers with long-pulsed (0.3 ms), and Q-switched (5 ns).

MATERIALS AND METHODS

Animal Preparations

This study was approved by Shanghai Jiao Tong
University Institutional Review Board for Animal Study.
One hundred standard breed KM mice were provided by the
Experimental Animal Production and Supply Center of
Shanghai Institutes for Biological Science (Shanghai,
China). These KM mice were 8 weeks old. They were fed
standardized and kept in a constant temperature and
humidity environment with a 12-hour light/dark cycle.
After 48 hours, the mice were shaved on their back and then
denuded with depilatory cream ((HSCH2COO)2Ca,a-bisbo-
lolws, monoglyceryl ester, SIMP hair depressant, LiangfuTM,
Bingwang Biomedical Company, Shanghai, China).

Laser Irradiation

Experimental animals were anesthetized with Chloral
Hydrate 1 ml/kg intraperitoneally. First, the dorsal area

was divided into two 2�2-cm grids by a marker pen. The left
grid was for laser irradiation leaving the right one as the
respective control. Fifty mice were treated with 595-nm
PDL (Vbeam, Candela Corporation, Wayland, MA, USA)
and 1,320-nm Nd:YAG laser (CoolTouch II, Roseville, CA),
and the other 50 mice were intervened with Q-switched
(Medlite IV, Continuum Biomedical Inc, Livermore, CA,
USA) and long-pulsed 1,064-nm Nd:YAG laser (Coolglide
Vantage, Altus Medical Inc, CA, USA).

The treatment fluence level for each laser was deter-
mined as 80% of the minimal fluence level that induced
erythema effect on the treated skin with that laser. These
treatment parameters for each laser modality are shown
in Table 1. Each mouse received three passes of laser
treatment with 10% overlap.

Histological Evaluation

Skin samples of eight mice for each laser modality were
taken at 1 hour, 1 day, 1 week, 3 weeks, 4 weeks, and
8 weeks, fixed in 10% formalin and then embedded in
paraffin. Totally samples of 96 mice were taken and the
remaining four mice were used as standby. Four samples
were taken from each mouse (two laser intervened area and
two control area). The samples were then sectioned to slices
of 5 mm thickness and stained with hematoxylin/eosin to
evaluate dermal changes and Van Gieson stain to assess
the amount and organization of collagen fibers. Histopa-
thologic analysis was performed and photographs were
obtained with an Olympus light microscope.

On the slides stained with H&E, fibroblast number was
counted. The cell nucleus of fibroblast was stained blue.
An experienced pathologist counted the number of fibro-
blast in the microscopic field at a magnification of 400�.
Three fields were chosen at random in each section. Eight
sections were counted in each experimental group. The
mean value was calculated and represented as the average
number of fibroblasts.

Measurement of Type I and III Collagen

Sections at 1 week, 3 weeks, 4 weeks, and 8 weeks were
stained with sirius red (Sigma, Germany) at room temper-
ature for 1 hour. After that, they were hydrated by a series
of concentrations of ethanol, then cleared with xylene, and
mounted with the neutral resin. A polarization microscope
(XPT-7, Cany Precision Instruments Co., Shanghai, China)
was used to distinguish collagen type I from collagen type
III. Under the polarized microscope, the collagen fibers of
type I showed red while the collagen fibers of type III were

TABLE 1. Laser Parameters

Lasers (nm) Fluence (J/cm2) Pulse Width Spot (mm) Cooling

Epidermal

Temperature

595 12 10 ms 7 25 ms —

QS 1064 2.5 5 ns 6 — —

LP 1064 30 0.3 ms 6

1320 22 350 ms 10 25 ms 40–428C
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green. The increase in percentages of collagen type I and III
at 8 weeks were evaluated by two histologists who were
unaware of the laser modalities.

Quantitative Analysis of Hydroxyproline

Skin samples at 4 weeks and 8 weeks were taken for
hydroxyproline content assay. The samples were delipidiz-
ed with a blade and weighed for 100 mg. A 2% skin homo-
genate was prepared from a physiological saline solution.
Hydroxyproline concentration was measured with the
chemical colorimetry method by commercial detection kit
(A030 Hydroxyproline Detection Kit, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Statistical Analysis

All experimental data were analyzed using SPSS 11.5
software, and the figures were made via SAS V8.2. Both
of the software were commercially available. Statistical
analysis was performed with the paired t-test analysis for
each laser modality between the laser irradiated skin and
the control. Then, one-way AVONA test was done to com-
pare the difference between those different laser modal-
ities. Data were expressed as mean� standard deviation,
and difference in measured values was considered to be
statistically significant when P<0.05.

RESULTS

Histological Changes Induced by Four Laser
Treatment Modalities

Histological observations demonstrate that: 1 hour after
the Q-switched Nd:YAG laser irradiation, thin vessels were
dilated with extravasations of red blood cells followed by a
mild chronic inflammatory infiltration. Vessel dilation and
edema were observed in the irradiated areas of the 595-nm
laser while obvious denaturization of collagen fibers was
noted for the 1,320-nm laser. For the 1,064-nm long pulsed
laser, only slight dermal wound was observed after
irradiation. However, the epidermis was intact irrespective
of laser wavelength. After 1 day, neutrophils and mono-
cytes appeared in the extravascular dermis. Their appear-
ance is followed somewhat later by lymphocytes, which
appear with great numbers at 1 week after treatment. After
1 week the inflammatory reactions associated with fibro-
blastic proliferation disappeared. Meanwhile, the epider-
mis became even and its thickness increased markedly.
After 3 weeks, collagen fibers began to increase, ranging
from disorganized collagen with reduced affinity for stain to
new collagen formation with an improvement in the
organization of collagen fibrils. After 4 weeks, the increases
in collagen and fibroblasts were quite remarkable, asso-
ciated with thicker epidermis. Figure 1 showed that a
significant increase in fibroblasts was noted in the areas of
laser irradiation compared to their respective controls at
4 weeks. It was found that the fibroblast number increased
by 37.0� 5.2% in the 595-nm laser-treated group, 35.5� /
�4.5% in the 1,320-nm laser-treated group, 31.4� 4.6%
in the 1,064-nm long pulse laser-treated group, and
58.0� 5.1% in the Q-switched Nd:YAG laser-treated group.

Obviously, the largest increase in fibroblast number was
for the Q-switched Nd:YAG laser treatment at 4 weeks
post-irradiation (P< 0.05). Moreover, following the quick
increase at the fourth week of post-operative treatment, the
number of fibroblast maintained similar increase level up
to 8 weeks in the histological improvement when compared
with controls, whereas the epidermal thickness at 8 weeks
returned to the normal level. The histological examination
at 4 weeks and 8 weeks revealed that collagen fibers
increased markedly after laser irradiation, ranging from
disorganization and reduced affinity for the stain to parallel
well-oriented fibers with enhanced staining (Fig. 2). Addi-
tionally, the Q-switched Nd:YAG laser induced more
histological improvement, consistent with the fibroblast
count described above (Fig. 2).

Fibroblast Proliferation Accounted for the
Increase in Hydroxyproline Content

As shown above, fibroblasts proliferated markedly
following laser irradiation. In order to examine whether
fibroblast proliferation is related to the increase in collagen,
we used a biochemical method to quantify hydroxyproline
content in the skin. Biochemical analysis revealed that the
level of hydroxyproline elevated in the sites of laser
irradiation, compared to non-irradiated skin. At 4 weeks,
the mean values of hydroxyproline content in the irradiated
areas were 0.72� 0.09 mg/mg (the 595-nm laser),
0.68� 0.07 mg/mg (the 1,320-nm laser), 0.64� 0.07 mg/mg
(the 1,064-nm long pulse laser), and 0.82� 0.05 mg/mg (the
Q-switched Nd:YAG laser). By contrast, their controls were
0.33� 0.02, 0.32� 0.01, 0.31� 0.02, and 0.33� 0.01 mg/mg
respectively. Hydroxyproline content increased approxi-
mately one fold for the four lasers within 4 weeks and
remained elevated at 8 weeks after laser irradiation.

Figure 3 illustrated the correlations between fibroblast
number and hydroxyproline content at 4 weeks. The
amount of hydroxyproline content showed a marked
increase in relation to the fibroblast proliferation. The
positive correlation between hydroxyproline level and
fibroblast number was highly significant (r¼ 0.892).

Fig. 1. The number of fibroblasts at 4 weeks after the four laser

irradiation. *P< 0.05. [Figure can be viewed in color online via

www.interscience.wiley.com.]
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The Increase in Collagen Type I and III by
Four Laser Treatment Modalities

We compared the effects of the four laser irradiation
paradigms on type I and III collagen synthesis. Eight weeks
after laser treatments, increase in collagen type I and III
were respectively observed with the 595-nm (52.7� 5.6%
vs. 24.4� 2.8%), 1,320-nm (48.9� 3.7% vs. 22.5� 4.2%),
1,064-nm long-pulsed (46.4� 4.6% vs. 15.9� 2.9%), and
Q-switched(45.1� 6.1%vs.50.3� 5.4%) lasers (Figs.4and5).
Figure 5 presented the relative percent increase in collagen
type I and III after the four laser irradiation. Obvious
increase in collagen type III was observed in the irradiated

sites of the Q-switched Nd:YAG laser compared to the other
lasers (P<0.05), while there was no significant differences
among the other three laser modalities.

DISCUSSION

As Goldberg suggested, non-ablative skin rejuvenation is
based on the theory of delivering a useful packet of photo-
thermal damage to the upper dermis under a cooled
epidermis, thereby initiating the wound healing process
under the biological protection of an intact epidermis and
achieving the required collagen synthesis and remodeling
[3]. Based on the theory of selective photothermolysis [21],
the four lasers we applied in this study target different
chromospheres. 595-nm PDL emits yellow light, which
selectively targets oxyhemoglobin. However, it is also
strongly scattered by the epidermis of the skin, resulting
in limited penetration. Thus, the effect of 595-nm laser was
thermal and relatively defined in the superficial layer of
the skin. The 1,320-nm Nd:YAG laser was designed to
thermally injure the dermis while protecting the epidermis
with its surface cooling mechanism. By cooling the
epidermis, the epidermal chromophores are effectively
shielded from injury by the incident light. The relatively
long 1,320-nm wavelength achieves excellent penetration
into the papillary and midreticular dermis where it is
non-specifically absorbed by dermal water [22]. The large
scattering coefficient of the 1,320-nm Nd:YAG laser causes
the thermal energy to disperse laterally within the dermis,
inducing a large volume of dermal injury relative to the
beam size [23]. For the long-pulsed 1,064-nm laser, since
the main target is protein with water as a secondary
target, the heating effect in the target tissue absorbing the
1,064-nm beam is non-specific [20]. In addition, because of
the scattering effect of tissue at this wavelength, the area of

Fig. 2. Hematoxylin and eosin stain of mouse skin taken at 4 weeks after the four laser

treatment modalities. Collagen fibers in the irradiated sites showed a marked increase in the

amount and a significant improvement in the organization with the high affinity for the stain;

(A) the 595-nm pulsed dye laser (PDL), (B) 1,320-nm neodymium–yttrium–aluminum

garnet (Nd:YAG) laser, (C) 1,064-nm long-pulsed Nd:YAG lasers, (D) 1,064-nm Q-switched

laser; A0, B0, C0, and D0 were their respective controls. Scale bar¼ 100 mm. [Figure can be

viewed in color online via www.interscience.wiley.com.]

Fig. 3. Correlation between the increase in hydroxyproline

content and fibroblast proliferation.
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the highest photon density, and thus the photo-thermal
effect, is not at the surface of the tissue, but some 1–2 mm
below the surface [20]. The Q-switched 1,064-nm Nd:YAG
laser is characterized by very short pulse width, which
produces the dermal damage mainly by the photo-mechan-
ical effect; moreover, the Q-switched laser has less water
absorption and lower scattering, which results in a
relatively deeper dermal wound [3].

In our study, we compared the effects of dermal
remodeling with these four laser modalities, and found
that, although all the lasers produced a significant
improvement when compared with their respective con-
trols, there does exist marked differences in tissue response
within these lasers. The 1,064-nm Q-switched Nd:YAG
laser caused more histological improvement, fibroblast
proliferation, and collagen synthesis than the other three
lasers in our study (Figs. 1 and 2). By contrast, collagen
synthesis and remodeling induced by the 1,064-nm 1ong
pulsed laser was less than the other three lasers. Therefore,
the 1,064-nm Q-switched Nd:YAG laser was most effective
for KM mice skin collagen remodeling among the four
lasers. These findings indicated that collagen remodeling

Fig. 4. The Q-switched 1,064-nm laser caused more increase of collagen type III (A) (green)

while the 595-nm pulsed dye, long pulsed 1,064-nm, and 1,320-nm Nd:YAG lasers induced

more increase in collagen type I (red) (B, C, D). Sirius Red stain, scale bar¼ 100 mm. [Figure

can be viewed in color online via www.interscience.wiley.com.]

Fig. 5. The relative increase in percentages of collagen type I

and III ranked by two blind histologists at 8 weeks after the

four laser irradiation.
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after laser irradiation was related to laser-tissue effects.
Within the set of parameters tested, the photo-mechanical
effect proved most efficacious in collagen remodeling.

When skin samples were examined, the Q-switched
1,064-nm laser irradiation caused thin vessel dilation,
dermal edema, and subsequent inflammatory changes.
Following these changes, collagen fibers began to increase.
Therefore, the likely mechanism by which the 1,064-nm
Q-switched laser non-ablative treatment improved skin
morphology was due to inflammatory reactions. For the
595-nm laser, we observed disruption of vessels and
extravasation of red blood cells, so the 595-nm laser was
mediated through vascular hemoglobin absorption leading
to endothelial disruption, cytokine activation, and subse-
quent collagen remodeling. For the long-pulsed 1,064-nm
laser treatment areas, only slight dermal wound and
inflammatory changes were observed; meanwhile, fibro-
blast number and collagen content were less than the 595-
nm and the Q-switched 1,064-nm lasers. To some extent,
more dermal damage correlated with more new collagen
syntheses. For the 1,320-nm laser, obvious denaturization
of collagen fibers was noted. Based on the past studies
demonstrating the relation between the mechanical stress
on fibroblast and collagen synthesis [24,25], collagen
remodeling induced by the 1,320-nm laser might be mainly
dependent on the contraction of collagen fibers.

Fibroblasts play a crucial role in mediating wound
healing responses, ranging from their synthesis and
remodeling of extracellular matrix to the production of
growth factors [26]. Since hydroxyproline is a major
component of collagen and rarely found outside collagen,
it can be used to measure the content of collagen. In this
study, we applied fibroblast number analysis and hydrox-
yproline measurement in addition to making general
histological observations and measuring the dermal thick-
ness. After 2 months, we found that both fibroblast number
and hydroxyproline content increased markedly in the
laser-treated areas when compared with respective con-
trols. This indicated laser irradiations could strongly
stimulate collagen synthesis that was crucial to wrinkle
removal. Additionally, there was a positive correlation be-
tween hydroxyproline level and fibroblast number (Fig. 3),
which suggests that fibroblast proliferation accounted for
the increase in hydroxyproline content.

Dermal matrix in adult skin is composed of collagen type
I (80–85%) and type III (10–15%), in addition to glyco-
saminoglycans and elastin fibers [27,28]. Reduction of
fibrillar (type I and III) collagen is a characteristic feature of
chronologically aged skin and is enhanced by photodamage
treatments [29]. Collagen types I and III are synthesized by
dermal fibroblasts asaprocollagens. Type III collagen is the
dominant isotype found in foetal skin during the early
stages of development. However, during childhood and
early adult life collagen type I becomes the dominant
collagen of the skin [30]. During the aging process, collagen
type III is gradually replaced by collagen type I [31].
Therefore, collagen type III was demonstrated to be very
important in skin collagen remodeling. In our study, not
only collagen type I but also collagen type III increased

markedly after the four laser treatments. Moreover, the
differences between the four laser treatments were signifi-
cant. The Q-switched 1,064-nm laser resulted in more
synthesis of collagen type III than that of the other lasers,
while for the other three laser modalities, the increase in
collagen type I overpasses markedly collagen type III.
Correlating their different laser-tissue effects and our
findings, we demonstrated photo-mechanical effect using a
Q-switched Nd:YAG laser promotes more effectively the
synthesis of collagen type III, whereas the photo-thermal
effect favored more the formation of collagen type I. As
demonstrated in our study that the Q-switched 1,064-nm
Nd:YAG laser promotes the most synthesis of collagen type
III, which is the predominant collagen in youth skin, our
results suggest that the Q-switched 1,064-nm Nd:YAG
laser treatment modality may be more effective in increas-
ing the elasticity of treated skin. Recent published results
[32,33] demonstrated that Q-switched 1,064-nm Nd:YAG
laser leads to significant quantitative improvements in
skin topography in patients with mild to moderate atrophic
acne scars, and showed a greater response compared with
the 1,320-nm laser system, which could be explained by our
experimental findings.

Although the 1,064-nm Q-switched and long-pulsed
Nd:YAG lasers with the have the same wavelength, their
different action mechanisms lead to different effects of
collagen remodeling responses. Since the long pulsed 1,064-
nm laser, just like the 595-nm PDL and 1,320-nm Nd:YAG
laser, created dermal damage by photo-thermal effects
while the Q-switched 1,064-nm laser produces photo-
mechanical effects, it is clear that collagen synthesis and
remodeling are indeed related to the mechanisms of laser-
tissue interactions.

Simultaneously, we observed that the collagen began to
increase 3 weeks after laser treatments and the increasing
trend could persist for 5 weeks reaching its greatest level of
effect in 4 weeks, a result similar to human clinical trials
[19]. Maintenance treatments may be required to achieve
lasting effects. Further studies are needed to observe how
long the newly created collagen will last.

In summary, our results demonstrated a high correlation
between collagen remodeling and laser-tissue effects. We
observed that all the four laser irradiation modalities could
promote collagen synthesis and remodeling of KM mice
skin, and that fibroblast proliferation correlated with
collagen synthesis. We also demonstrated that photo-
mechanical effect promotes more effectively the synthesis
of collagen type III, whereas the photo-thermal effect
favored more the formation of collagen type I.

Since it has been documented previously that clinical
improvement is not always directly consistent with
observed histological changes [34], similar comparative
studies in human clinical settings are needed to confirm the
results achieved in our in vivo experiments.
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