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Abstract Clinical experiences with non-ablative fractional
erbium glass laser therapy have demonstrated promising re-
sults for dermal remodelling and for the indications of striae,
surgical scars and acne scars. So far, molecular effects on
human skin following treatment with these laser systems have
not been elucidated. Our aim was to investigate laser-induced
effects on skin morphology and to analyse molecular effects
on gene regulation. Therefore, human three-dimensional (3D)
organotypic skin models were irradiated with non-ablative
fractional erbium glass laser systems enabling qRT-PCR, mi-
croarray and histological studies at same and different time
points. A decreased mRNA expression of matrix metallopro-
teinases (MMPs) 3 and 9 was observed 3 days after treatment.
MMP3 also remained downregulated on protein level, where-
as the expression of otherMMPs likeMMP9was recovered or
even upregulated 5 days after irradiation. Inflammatory gene
regulatory responses measured by the expression of chemo-
kine (C-X-C motif) ligands (CXCL1, 2, 5, 6) and interleukin
expression (IL8) were predominantly reduced. Epidermal dif-
ferentiation markers such as loricrin, filaggrin-1 and filaggrin-
2 were upregulated by both tested laser optics, indicating a

potential epidermal involvement. These effects were also
shown on protein level in the immunofluorescence analysis.
This novel standardised laser-treated human 3D skin model
proves useful for monitoring time-dependent ex vivo effects
of various laser systems on gene expression and human skin
morphology. Our study reveals erbium glass laser-induced
regulations of MMP and interleukin expression. We speculate
that these alterations on gene expression level could play a
role for dermal remodelling, anti-inflammatory effects and
increased epidermal differentiation. Our finding may have im-
plications for further understanding of the molecular mecha-
nism of erbium glass laser-induced effects on human skin.
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Introduction

For some time, dermatological experiments have been in-
creasingly performed using human three-dimensional (3D)
skin equivalents since clinical trials in human skin are labori-
ous and the skin of laboratory animals differs in some biolog-
ical properties from human skin. Furthermore, clinical trials
and animal experiments are rightly subjected to strict surveil-
lance due to ethical reasons. Although human 3D models,
established as in vitro test systems, can certainly not meet all
the requirements of in vivo conditions, they offer a good al-
ternative and allow for reliable data, hereby avoiding animal
experiments or clinical trials in humans. 3D organotypic skin
equivalents are also currently applied in several in vitro stud-
ies, including dermatotoxicological and pharmacological test-
ing [1–4], and the European Centre for the Validation of Al-
ternative Methods (ECVAM) has approved the use of 3D skin
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models as an alternative for human clinical tests, e.g. for skin
irritation [5]. Recently, we established a novel standardised
laser-irradiated in vitro/ex vivo 3D model, using full-
thickness human skin equivalents to analyse the effects on
wound healing and gene regulation [6].

Non-ablative fractional laser therapy with erbium glass la-
ser systems were successfully used to treat conditions with
deeper dermal involvement, such as acne scars [7, 8], mature
burn scars [9] and striae distensae [10], which require deep
dermal remodelling. Also, for melasma [11], female pattern
hair loss [12] and acne vulgaris [13], clinical improvements
were described. So far, not much is known about the molecu-
lar effects on human skin after treatment with these laser
systems.

Our aim was to investigate the effects of two different er-
bium glass laser systems (XD Microlens and XF Microlens
optics from the manufacturer Palomar Medical Technologies,
Burlington, MA, USA) on skin morphology and to analyse
time-dependent laser-induced molecular effects on gene reg-
ulation in vitro in 3D human skin models.

Materials and methods

Isolation of normal human epidermal keratinocytes
and normal human dermal fibroblasts

Normal human epidermal keratinocytes (NHEKs) and normal
human dermal fibroblasts (NHDFs) were isolated from fore-
skin obtained from healthy volunteers after cutaneous surgery.
After separation of the epidermal sheet from the dermis using
dispase (BD Biosciences, Franklin Lakes, NY, USA), trypsin
(Lonza, Basel, Switzerland) digestion and neutralising with
Trypsin Neutralization Solution (TNS) (Lonza), a single cell
suspension of NHDF was generated by incubating the dermis
in collagenase 1A (Sigma, Taufkirchen, Germany). This study
was conducted according to the Declaration of Helsinki Prin-
ciples and was approved by the ethical committee of the Uni-
versity Hospital, RWTH Aachen, Germany. A written in-
formed consent was obtained from all participants/
participating parents.

Cell culture

Cultivation of NHEK and NHDF was done as previously
described [2].

Collagen skin equivalents

Collagen skin equivalents were performed as previously de-
scribed [1]. For all 3D skin equivalents deployed in this study,
NHEK and NHDF originate from a single donor (not pooled
material). In brief, to construct the dermis of the skin

equivalent, collagen gels were prepared by mixing eight vol-
umes of ice-cold bovine collagen I solution (Vitrogen; Cohe-
sion Technologies, Palo Alto, CA, USA) with one volume of
×10 concentrated Hank’s balanced salt solution (Gibco/
Invitrogen). After neutralisation with 1 M NaOH, one volume
of NHDF suspended in FCS was added. The final concentra-
tion of NHDF in this gel solution was 1×105 cells/ml. Four
millilitres of this gel solution was poured into each polycar-
bonate membrane insert (3.0 μm pore size; Corning, NY,
USA) and placed in six-well plates. Following complete po-
lymerisation, gels were covered with Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10 % FCS, 100 U/ml
penicillin and 100 mg/ml streptomycin and incubated in a
humidified atmosphere at 37 °C and 5 % CO2. After 1 to
3 days, approximately 2×106 NHEK were seeded on each
dermal equivalent. The originated skin equivalents were cul-
tured in equal volumes of DMEM and keratinocyte growth
mediumwith 5 % FCS, 100 U/ml penicillin, 100 mg/ml strep-
tomycin and 50 μg/ml ascorbic acid. After 2 to 4 days of
submerged culture, the skin equivalents were lifted to the
air–liquid interface and the calcium concentration in the me-
dium was raised to 1.2 mM. Cultivation of the collagen skin
models was continued, and medium change was done every
other day.

Laser irradiation

3D skin models were irradiated with the non-ablative fraction-
al Erbium glass laser of the Palomar ICON 1540 Fractional
Laser System® with 1540-nm XD Microlens or 1540-nm XF
Microlens optic (Palomar Medical Technologies, Burlington,
MA, USA). 3D models were treated with a single pulse from
the 1540-nm XD Microlens [14] at 60 mJ/microbeam, 15 ms
using firm compression or with a single pulse from the 1540-
nm XF Microlens [15] at 44 mJ/microbeam, 15 ms. During
laser irradiation, culture medium was removed and cultures
were kept on cold phosphate-buffered saline (PBS). Radiation
intensity was kept under equal conditions by fixing the laser
head on a tripod. After treatment, the models were cultivated
with fresh culture medium and harvested on days 0, 3 or 5 to
perform histology and gene expression analysis. An untreated
model was maintained as a negative control at any given time.
All experiments were repeated twice for every time point.

RNA isolation

Total RNAwas isolated using the Nucleo Spin II RNA Mini
Kit (Macherey+Nagel, Düren, Germany), according to the
manufacturer’s instructions, including on-column digestion
of DNA with RNase-free DNase I. The RNA was quantified
using photometric measurement (NanoDrop Technologies,
Wilmington, DE, USA), and its integrity was analysed on a
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2100 bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA).

Quantitative reverse transcription polymerase chain
reaction

Purified RNA was reverse transcribed with the SS VILO
Mastermix (Life Technologies, Carlsbad, CA, USA) accord-
ing the manufacturer’s instructions. TaqMan experiments
were carried out on an ABI Prism 7000 sequence detection
system (Applied Biosystems, Weiterstadt, Germany) using
Assays-on-Demand gene expression products for human
MMP3 (HS00233962_m1), MMP9 (HS00234579_m1),
MMP7 (HS01042796_m1), CASP14 (Hs00201637_m1),
KRT1 (Hs01549614_g1), KRT17 (Hs00356958_m1),
SPINK7 (Hs00261445_m1), CXCL5 (Hs00171085_m1),
CXCL6 (Hs00605742_g1), IL8 (Hs00174103_m1), IL36
gamma (Hs00219742_m1), DSC1 (Hs00245189_m1),
FLG1 (Hs00856927_g1, FLG2 (Hs00418578_m1) and
loricrin (Hs01894962_m1), according to the manufacturer’s
recommendations. An Assay-on-Demand product for HPRT
(Hs99999909) was used as an internal reference to normalise
the target transcripts. All measurements were performed in
triplicate in separate reaction wells.

Analysis of gene expression using exon expression arrays

Purified mRNAwas analysed on the GeneChip Human Gene
2.0 ST array as previously reported [16]. Expression values of
each probe set were determined and laser-irradiated samples
were compared to laser-irradiated samples following
dexpanthenol-treatment probes using the Gene-Spring GX
11.0.2 software (Agilent Technologies, Frankfurt am Main,
Germany).

Light microscopy and immunofluorescence

For light microscopy, 4-μm cryosections of skin equivalents
were embedded in Tissue Tec OCTand stained with hematox-
ylin and eosin. Sections were examined using a
photomicroscope (DMIL, Leitz, Wetzlar, Germany). For im-
munofluorescence, 4-μm cryosections were fixed for 10 min
in acetone at 4 °C. First antibodies loricrin 1, MMP9 (Abcam,
Cambridge, UK), MMP3 (Sigma Aldrich, St. Louis, MO,
USA) and filaggrin (AKH1) (Santa Cruz, Dallas, Texas,
USA) were diluted with Antibody Diluent (Dako, Glostrup,
Denmark) and incubated at room temperature for 1 h. Follow-
ing the washing steps with PBS, the sections were incubated
in fluorochrome-conjugated secondary antibody Alexa Fluor
488 IgG H+L (Molecular Probes, Eugene, Oregon, USA) for
1 h at room temperature. Cell nuclei were stained with DAPI
(Applichem, Darmstadt, Germany). After a final washing
step, sections were mounted in Fluorescent Mounting

Medium (Dako, Glostrup, Denmark) and were coverslipped.
The sections were stored in the dark at 4 °C, examined using a
photomicroscope (DMIL, Leitz, Wetzlar, Germany) equipped
with epifluorescence illumination and were digitally
photodocumentated (DISKUS, Hilgers, Königswinter,
Germany).

Results

To investigate the effects of non-ablative fractional erbium
glass laser systems (1540-nm XD Microlens and 1540-nm
XF Microlens optic, Palomar ICON 1540 Fractional Laser
System® from the manufacturer Palomar Medical Technolo-
gies, Burlington, MA, USA) on skin morphology, full-
thickness human 3D skin equivalents were constructed.

These 3D skin models developed dermal and epidermal
structures with stratum corneum, a basal layer and a basal
membrane (Fig. 1). The 3D skin models were treated with a
single pulse from the fractional non-ablative laser with the
1540-nm XD Microlens optic [14], allowing for deeper der-
mal remodelling, or the 1540-nm XF Microlens optic [15].

Radiation intensity was kept under equal conditions by
fixing the laser head on a tripod, resulting in standardised
dermal damages. Figure 1 depicts representative coagulation
profiles with a column depth around 1 mm following applica-
tion of the 1540-nm handpiece with the XD Microlens
(Fig. 1a, b) or the XF Microlens (Fig. 1c, d). This laser irra-
diation model showed clearly defined coagulation of the der-
mis directly after treatment (Fig. 1a, c). There was no morpho-
logically visible epidermal damage following laser irradiation.
The epidermis is nearly not affected morphologically by the
laser treatment. Dermal coagulation was nearly totally re-
stored 5 days after irradiation by the XD laser device
(Fig. 1b). In the XF device-irradiated samples, the damaged
region of collagen coagulation was still visible 5 days after
treatment (Fig. 1d).

To our knowledge, there is no data about the molecular
effects of erbium glass laser irradiation on human skin.

To analyse possible laser-mediated stimulatory effects on
skin remodelling, we investigated the influence on gene ex-
pression in these laser-irradiated 3D skin models using an
Affymetix gene array and quantitative reverse transcription
polymerase chain reaction (qRT-PCR). In particular, gene ar-
ray analysis showed a downregulation of MMP3 and other
matrix metalloproteinases (MMPs) 3 days after laser treatment
(Fig. 2). Consistently, expression of tissue inhibitor of metal-
loproteinase 3 (TIMP3) was moderately upregulated on day 3
(Fig. 2c, XF device). After 5 days, MMP7, MMP9 and
MMP11 were moderately upregulated. Filaggrin 1, filaggrin
2 and loricrin upregulation was observed after 5 days; this
upregulation was stronger in the XF laser device. Expression
of caspase 14, which is also involved in keratinocyte terminal
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differentiation [17], was reduced following irradiation with
both devices, respectively. Inflammatory response on gene
level, measured using IL-8 expression, was reduced after
3 days (XF device) and 5 days (XF and XD devices). Reduc-
tion also occurred with the expression of IL6 and chemokines
such as CXCL1, CXCL2, CXCL5, CXCL6 and CXCL10.
Desmocollein 1 (DSC1), which is required for epidermal cell
adhesion and desmosome formation, was also upregulated by
both devices, but to a larger extent with the XD device. These
data were confirmed by qRT-PCR (data not shown). It should
be underlined that the upregulation of the epidermal differen-
tiation markers filaggrin 1, filaggrin 2 and loricrin, as well as
the keratinocyte adhesion gene DSC1, is increased compared
to the XD device. Furthermore, immunofluorescence staining
revealed that loricrin and filaggrin 1 protein expression is
clearly enhanced 5 days after laser irradiation mainly in the
basal epidermal layers compared to the untreated control
models (Fig. 3). Consistent with its expression on mRNA
level, MMP3 protein expression is reduced after erbium glass
laser treatment with both devices, respectively. Similar to the
mRNA results, laser treatment increased MMP9 protein ex-
pression (XF>XD) compared to the untreated control model.

Discussion

Non-ablative fractional laser therapy using erbium glass laser
systems was successfully used to treat conditions with deeper
dermal involvement, such as acne or mature burn scars, which
require deep dermal remodelling. These procedures are con-
sidered minimally invasive with a high safety profile [18].

To our knowledge, this is the first report demonstrating
erbium glass laser treatment in an in vitro 3D human skin

model. Previously, erbium glass laser systems were evaluated
in animal models [19] or in humans [20]. Consistent with
previous reports [14, 15], the efficacy of fractional non-
ablative erbium glass laser treatments on deeper penetration
and minimised epidermal involvement was also demonstrated
in our 3D human skin models. Due to the full-developed der-
mal structure, collagen skin models offer good experimental
possibilities for testing non-ablative laser systems, particularly
on deeper dermal layers. The histological examination of
these in vitro 3D human skin models revealed similar results
compared to the histological analysis of human skin following
erbium glass fractional laser treatment in vivo [20].

A deep penetration with reduced involvement at the
dermal/epidermal junction has potential advantages, particu-
larly for conditions that may require deeper remodelling [14].
However, we observed an upregulation of epidermal differen-
tiation markers, such as loricrin, filaggrin-1 and filaggrin-2,
following laser irradiation. Filaggrin-1 and loricrin were also
upregulated on protein level. Caspase 14, which is involved in
keratinocyte terminal differentiation and is important for the
formation of the skin barrier [17], was downregulated. These
gene regulations indicate a potential involvement of the epi-
dermis and an improved epidermal differentiation and expres-
sion of important skin barrier proteins; although, no clear epi-
dermal injuries were histologically detectable. Since inflam-
matory mediators influence epidermal keratinocyte differenti-
ation and skin barrier function [2, 21], the observed chemo-
kine and interleukin regulation in our 3D skin models may be
implicated in epidermal differentiation. Furthermore, we ob-
served a higher regulation of these epidermal differentiation
markers after treatment with the XF laser device compared to
the XD device. The XF optic houses a micro-lens array that
separates a single large diameter beam from the erbium glass
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laser into 175 microbeams, whereas the XD optic separates
only into 49 microbeams per shot [15]. For this reason, stron-
ger superficial effects were expected to be induced by the XF
optic. This is consistent with the observation that less disrup-
tion of the dermal–epidermal junction and deeper penetration
occurred after treatment with the XD optic compared to the
XF optic [14, 15]. We assume that epidermal microinjuries
also occur with dermal laser remodelling.

Inflammation and its cellular mediators are involved in the
pathogenesis of hypertrophic scars. It was shown that IL6, IL8
and monocyte chemotactic protein-1 (MCP-1) were signifi-
cantly increased in fibroblasts of hypertrophic scars compared
to normal fibroblasts [22]. Furthermore, scarless embryonal
healing tends to be characterised by minimal inflammatory
reaction mediated by reduced IL6 and IL8 expression [23].

In our study, the expression of IL6 and IL8, as well as the
chemokines CXCL1, CXCL2, CXCL5, CXCL6 and

CXCL10 were downregulated following laser treatment. The
chemokines are well-known to have chemotactic and activat-
ing functions on neutrophils, mainly during acute inflamma-
tory responses. We propose that these erbium glass laser-
induced anti-inflammatory effects might positively influence
scar remodelling and treatment of hypertrophic or keloid
scars.

Interestingly, non-ablative fractional photothermolysis
treatment of photodamaged human skin using a 1550-nm er-
bium doped fibre laser, which induced dermal and stronger
epidermal damage, resulted in an initial upregulation of
interleukin-1β and tumour necrosis factor-α [24]. This initial
inflammatory response was also induced by ablative laser sys-
tems in vivo [25]. A cause for these molecular differences in
inflammatory response could be the stronger epidermal dam-
age induced by these (ablative) laser systems and the in vivo
presence of multiple cells including inflammatory cells such
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as macrophages and Langerhans cells which interact in vivo
on intercellular levels in a cross-linked matter.

MMPs, which are involved in extracellular matrix remod-
elling, degrade and remove damaged structural extracellular
matrix proteins, such as collagen. This was originally thought
to be their primary function [26, 27]. However, recent evi-
dence suggests thatMMPs also influence other wound healing
responses, such as inflammation and re-epithelialisation.
MMPs are also involved in the remodelling of abnormal scars
[28]. It was shown that tissue inhibitors of metalloproteinase
(TIMPs) were downregulated in hypertrophic scars [29]. An
increased ratio of MMPs to TIMPs expression could have
positive effects on senescence of fibroblasts in hypertrophic
scars hereby inhibiting hypertrophic scar formation [30].

In this study, we found that MMP9 mRNA and protein
expression were increased by erbium glass laser treatment.
Consistent with these results, it was previously reported that

mechanical compression induces MMP9 release and activa-
tion in hypertrophic scars [31]. This upregulation could be an
effector mechanism responsible for hypertrophy regression.

Non-ablative fractional photothermolysis treatment [24]
and ablative laser systems [25] cause similar molecular upreg-
ulation of MMP gene expression in human in vivo wound
healing studies or in human skin explant models. Besides
these underlying molecular alterations, changes in gene regu-
lation of heat shock proteins, hyaluronic acid synthetases and
hyaluronidases have been postulated to play significant roles
in skin remodelling after ablative or non-ablative laser treat-
ment [25].

Other studies assessed mature burn scars treated with a
fractional CO2 laser for clinical parameters, histological
architecture and the biochemical mechanisms responsible
for clinical improvement [32, 33]. Besides the clinical
benefit, they found significant improvement in collagen
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Fig. 3 Epidermal differentiation markers were upregulated whereas
MMP expression was regulated differentially. An immunofluorescence
examination of loricrin, filaggrin 1, MMP3 and MMP9 was performed in

3D skin equivalents 5 days after XD or XF optic laser irradiation. 3D
models were counterstained with DAPI
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architecture and alterations in the procollagen expression
following laser treatment [32, 33]. Furthermore, MMP1
expression was significantly upregulated 48 h after laser
treatment [32].

Previous results indicate that MMP3 is responsible for fi-
broblast contraction and initiating wound contraction [34].
Furthermore, a recent study revealed that laser irradiation reg-
ulates MMP expression. In monolayers of the keratinocyte
cell line HaCaT, the expression of MMP1, MMP2 and
MMP12 decreased at different time points [35]. Consistent
with these results, we found that MMP3 mRNA and protein
expression were reduced after erbium glass laser treatment.

We assume that erbium glass laser treatment exerts its ef-
fects on extracellular matrix remodelling via a fine-tuned reg-
ulation of MMP expression.

A limitation of this in vitro skin model is that it can cer-
tainly not meet all the requirements of in vivo conditions.
Human skin physiology is a very complex fine-tuned system
regulated on many different levels. Various internal and exter-
nal variables influence wound healing and remodelling pro-
cesses in human skin in vivo.

This human 3D skinmodel contains only keratinocytes and
fibroblasts. However, it represents a simplified model
allowing reproducible and comparable data in vitro [5, 6].
The observed gene regulatory effects are specifically attribut-
ed to keratinocytes and fibroblasts. The model allows
performing analysis of gene regulation on both the RNA and
the protein level, as well as histological analysis. It can be
utilised to gain data at the same time point in one model, but
also at different time points (time course), which is hardly
possible in clinical in vivo studies in humans due to ethical
reasons. In addition, the organotypic skin model employed in
these studies allows performing experiments in various repli-
cates and complete research projects can be conducted with
cells from one single donor.

The cells used for the 3D skin model are human primary
skin cells. Human primary cells show inter-individual genetic
differences due to donor-specific variances. Therefore, an ex-
periment to experiment variability due to the inherent varia-
tion in genetics of the donors has to be considered; however,
each experiment was performed with primary human
keratinocytes and dermal fibroblasts from only one skin donor
each.

In conclusion, this human 3D model system may be
useful in the future for monitoring ex vivo effects of var-
ious laser systems on keratinocyte/fibroblast physiology,
skin morphology and gene expression. Due to the fully
developed dermal structure, collagen skin models offer
good experimental possibilities for testing non-ablative
laser systems, particularly on the dermal layers. It allows
reliable data and can be applied to comparative studies
that analyse the effect of different laser systems, hereby
avoiding animal experiments or clinical trials in humans.

Compliance with ethical standards All procedures performed in stud-
ies involving human participants were in accordance with the ethical
standards of the institutional ethics committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.
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