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Abstract Low-level red laser (LLRL)-tissue interactions
have a wide range of medical applications and are garnering
increased attention. Although the positive effects of low-level
laser therapy (LLLT) have frequently been reported and en-
hanced collagen accumulation has been identified as one of
the most important mechanisms involved, little is known
about LLRL—collagen interactions. In this study, we aimed
to investigate the influence of LLRL irradiation on collagen,
in correlation with fibroblast response. Atomic force micros-
copy (AFM) and fluorescence spectroscopy were used to
characterize surfaces and identify conformational changes in
collagen before and after LLRL irradiation. Irradiated and
non-irradiated collagen thin films were used as culturing sub-
strates to investigate fibroblast response with fluorescence mi-
croscopy. The results demonstrated that LLRL induced small
alterations in fluorescence emission and had a negligible effect
on the topography of collagen thin films. However, fibroblasts
cultured on LLRL-irradiated collagen thin films responded to
LRLL. The results of this study show for the first time the
effect of LLRL irradiation on pure collagen. Although irradi-
ation did not affect the nanotopography of collagen, it influ-
enced cell behavior. The role of collagen appears to be crucial
in the LLLT mechanism, and our results demonstrated that
LLRL directly affects collagen and indirectly affects cell
behavior.
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Introduction

Low-level laser irradiation (typically 500—1100 nm) of cells
has recently been found to have a wide range of medical
applications, and its effects on tissue or individual tissue com-
ponents are of increasing interest [1-4]. In recent decades,
low-level laser therapy (LLLT) has become increasingly pop-
ular for treating a wide range of medical conditions because
irradiation at these energy densities (typically involving deliv-
ery of 1-4 J/cm® to the treatment site [1, 2]) accentuates cel-
lular biochemical reactions. The resulting reactions reduce
tissue edema and inflammation, phagocytosis, collagen depo-
sition, protein synthesis, and epithelialization and improve the
tensile strength of tissues [5, 6]. Among the more promising
applications are the biostimulation of wound healing [7] and
the improvement of the healing process in a variety of patho-
logical conditions, such as burns [8]. The mechanism associ-
ated with photobiostimulation by LLLT is not yet fully under-
stood, although it appears to be due to the modulation of
certain cellular types that comprise the healing micro-
environment [9]. Although LLLT is now used to treat a wide
variety of ailments, it remains somewhat controversial, be-
cause uncertainties remain concerning its fundamental molec-
ular and cellular mechanisms, and a large number of dosime-
try parameters must be controlled [5].

Studying the effects of LLLT on extracellular matrix
(ECM) elements, such as collagen, is important to understand
how it affects the wound healing process. Because the healing
process is complex and involves a series of events (including
clotting, inflammation, granulation tissue formation,
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epithelialization, collagen synthesis, and tissue remodeling), it
must be researched extensively to identify factors that could
delay or hinder the process [8]. Although a large number of
reports demonstrating the positive effects of LLLT in various
in vitro, in vivo, and clinical studies have been published
[10-12], little is known about the effect of laser light on
collagen.

Collagen type I is the most prevalent ECM protein and is
located in skin, bone, tendons, and cartilage [13]. The molec-
ular unit of type I collagen (length ~300 nm, diameter
~1.5 nm) is fibrous and is composed of three polypeptide
chains wrapped together into a semi-flexible triple helix
[14]; the triple helixes are assembled to form fibrils which
are aligned laterally into bundles and fibers. Collagen fibrils
are the elementary building blocks of collagen-rich tissues and
support other bodily tissues. Furthermore, collagen is impor-
tant for a variety of functions, including tissue scaffolding,
angiogenesis, and tissue repair [15]. Additionally, collagen
contains amino acid sequences that may be recognized by
specific receptors, and cells have been shown to respond to
the mechanics, topography, and structure of the collagen ma-
trix [16, 17]. Through its influence on the interactions between
cells and ECM, it controls growth, differentiation, metabo-
lism, and gene expression. Therefore, modifying the surface
properties of collagen can improve or destroy cell alignment,
adhesion, and proliferation [18].

LLLT has been shown to contribute to increased expression
of collagen and elastic fibers during the early phases of the
wound healing process [9]. Moreover, laser irradiation has
been demonstrated to improve the arrangement of collagen
fibers, which is necessary for development of the tensile force
of the cicatricial tissue. The increased number of collagen
fibrils and fibers in the ECM following laser treatment may
result from a combination of fibroblast proliferation and en-
hanced collagen synthesis by these cells [19]. Laser treatment
may act by stimulating either one or both simultaneously.
Similar data have been presented in relation to bone and lig-
ament repair [20, 21]. Although all of these studies have indi-
cated that LLLT plays a decisive role in determining the
amount and quality of the collagen produced by fibroblasts
during wound healing, the influence that low-level laser irra-
diation may have on collagen itself has not been clarified.

In this study, we aimed to investigate the influence of low-
level red laser (LLRL) on collagen by developing a well-
characterized collagen-based surface with controlled topogra-
phy of collagen thin films in the nanoscale range. We quanti-
fied the surface modification of collagen induced by LLRL
and examined correlations with cell alterations. Our investiga-
tion focused on short exposure times to LRLL and doses rel-
evant to LLLT. Thin collagen films were used because they
can act as substrates for culturing cells, and their surface can
be characterized with atomic force microscopy (AFM), which
is a powerful quantitative and qualitative tool [22, 23]. AFM

@ Springer

can be used for investigating tissue alterations, such as the
natural healing process and the regeneration of collagen after
laser treatment [24], and shows excellent performance for in-
vestigating films similar to the ones used in this study [18, 25,
26].

Materials and methods
Collagen stock solution

Type I collagen from bovine Achilles tendon (Fluka 27662,
Sigma-Aldrich) was dissolved in acetic acid (CH;COOH
0.5 M) to a final concentration of 8 mg/mL and stored at
4 °C for 24 h. The solution was then homogenized at 24,
000 rpm (Homogenizer IKA T18 Basic, Staufen, Germany)
and stored at 4 °C as the stock solution. Part of the stock
solution was diluted with phosphate-buffered saline (PBS) to
a final concentration of 1 mg/mL. Part of the stock or the
1 mg/mL solution was laser irradiated, and both irradiated
and non-irradiated collagen solutions were used for collagen
thin film formation.

Collagen thin film formation

Collagen thin films were formed by spin coating (SpC) (Spin
Coater WS-400B-6NPP/LITE, Laurell Technologies) using
both irradiated and non-irradiated collagen solutions.
Collagen solution (50 pL) was flushed onto fresh-cleaved
mica discs (71856—01, Electron Microscopy Science,
Hatfield, PA) and SpC for 40 s at 6000 rpm.

LLRL irradiation of collagen

The collagen solution was irradiated in air using a 661-nm
diode laser system (GCSLS-10-1500 m, China Daheng
Group, Inc., Beijing, China), accompanied with an optical
fiber with diffuser. The experiments were performed in 1-cm
cuvettes, and the solution was constantly stirred with a micro-
submersible magnetic stirrer (Model MS-7, TRI-R
Instrument, Inc., Rockville Center, NY) placed inside the cu-
vette. The collagen solutions and films were placed 4 cm from
the light. The fluence rates were measured with a power meter
with a laser thermal low power sensor (Nova display with a
3A-FS-SH puck, Ophir Laser Measurement Group, North
Logan, USA) and adjusted to 4 mW/cm?.

Collagen samples (solutions or films) were irradiated
after formation, and the irradiation was repeated several
times to simulate LLLT, in which tissue is treated with
laser at specific time intervals [5, 8, 27]. Sufficient time
was allowed between treatments to avoid laser-induced
thermal effects. Table 1 shows the irradiation parameters.
All measurements were performed at the same
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Table 1 Irradiation parameters

Laser GCSLS-10-1500 M

Frequency Continuous

Power 7 mW

Power density 8.9 mW/cm®

Spot size 0.785 cm?

Energy density 4 Jjem?

Time per point 45 s

Treatments 0 No treatment
a 5x45=225's 5x4 Jfem®
b 10x45=450 s 10x4 J/em®
c 15x45=675 s 15x4 J/em®
d 20x45=900 s 20x4 J/em®

temperature to avoid any influence on the physicochemi-
cal properties of collagen.

Fluorescence studies

Emission spectra of the collagen solution and films were re-
corded before and after laser irradiation using a fluorescence
spectrophotometer (PerkinElmer LS 45, Luminescence
Spectrometer, MA, USA). The samples were excited at
253 nm, which is the maximum excitation wavelength of phe-
nylalanine residues [28], and the fluorescence emission max-
imum was monitored.

AFM imaging

AFM images of the collagen films were obtained in air using a
commercial microscope (CP II, Vecco Bruker Metrology,
Santa Barbara, CA). All images were obtained at room tem-
perature in tapping mode using typical anisotropic AFM
probes (MPP-1123, Bruker). The samples were mounted on
AFM metal discs with epoxy glue, and locator grids (copper
finder grid, G2761C, Agar Scientific, Essex, UK) were used
to map the surface. Images of various sizes were captured of
each sample at several locations; only representative illustra-
tions are shown. Surface images, with a scan rate between
0.5—-1 Hz, were acquired at a fixed resolution (512x512 data
points).

Cell culture

A human dermal primary fibroblast cell line was used in all
experiments (passages 4—12). The cells were cultivated in 25-
cm” culture flasks (Corning, New York, USA) in Complete
Cell Culture Medium (CCCM) containing Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, Life Technologies,
Paisley, UK) supplemented with 10 % heat-inactivated fetal
bovine serum (FBS) (Gibco), and 0.1 % antibiotic—antimitotic

(Gibco). Cells were stored at 37 °C in a 5 % CO, humidified
incubator, trypsinized, and re-seeded into fresh medium every
6—7 days.

Seeding cells on films

Prior to seeding of cells on the samples, the substrates were
rinsed twice with PBS containing 0.1 % antibiotic—antimitotic
and were conditioned for 30 min with the CCCM described
above. During this period, the films were stored at 37 °C in the
humidified incubator. Cells were removed from tissue culture
flasks by trypsinization and plated at a density of 2x 10° cells/
dish in a petri dish containing a substrate in CCCM. Care was
taken to ensure the seeding density was homogeneous over the
substrates. Cells were grown in CCCM for 3 days before
being imaged with fluorescence microscopy.

Fluorescence microscopy imaging of cells

Cells were imaged with fluorescence microscopy using
rhodamine B, which can be used as a probe for assessing
cells’ mitochondrial matrix [18]. The films with the seed-
ed cells were incubated for 10 min at 37 °C in a 5 % CO,
humidified incubator in CCCM containing 1.2 uM rhoda-
mine B. Fluorescence microscopy studies were performed
using an epifluorescent microscope (Olympus BX-50,
Olympus Optical Co. GmbH, Tokyo, Japan). Regions of
interest were imaged using both phase contrast and fluo-
rescence imaging modes. Images were acquired with an
Olympus 20%, UPlanFl, 0.50 NA. The fluorescence mi-
croscope was equipped with a 100-W mercury arc light
for excitation using appropriate optical filter sets for each
dye. The filter cubes for rhodamine B were configured as
follows: excitation BP510-550, dichroic mirror DM570,
and emission BA590. Images were acquired with a
charge-coupled device (CCD) color camera (Olympus
XC30). For in vivo microscopic observation of cells, a
small perfusion chamber was used, as described previous-
ly [29]. The thin films with the seeded cells were mounted
upside down in the perfusion chamber, which was filled
with 4-(2-hydroxyethyl)-1-piperazineethanesulonic acid
(HEPES)-Hanks balanced buffer, via the hydrostatic per-
fusion system.

Image processing

AFM image processing and quantitative measurements were
performed using the image analysis software that accompa-
nied the AFM system, DI SPMLab NT ver.60.2 (Veeco) and
the freeware scanning probe microscopy software WSxM 5.0
dev.2.1 [30].

Additionally, image analysis of fluorescence microscopy
images was performed using Image] (NIH, Bethesda)
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software. ImageJ was used to assess cell elongation and area.
The elongation (E) factor of cells was calculated using the
formula E = %—1 [18]. The E factor describes the ex-
tent to which the equimomental ellipse is lengthened or
stretched out. Thus, £ is 0 for a circle and 1 for an ellipse with
an axis ratio of 1 : 2. Thus, the cells that presented £ values 0—
0.5 were considered as spherical, 0.5-1 as ellipsoid, and E
values higher than 1 as elongate [18]. For the measurement
ofthe long and short axes, the filopodia of the fibroblasts were
excluded. The elongation of the nucleus was also assessed.
For quantitative investigation of cell characteristics, approxi-
mately 100 cells, for at least three different samples from each
different condition, were measured.

Statistical analysis

The values of the measurements were expressed as the mean
+standard deviation. Fluorescence intensity measurements
were analyzed with OriginPro 8 SRO (OriginLab
Corporation), and linear and polynomial fitting were per-
formed by using OriginPro’s routines. Experimental groups
were compared using an unpaired Student’s ¢ test. Statistical
significant difference was determined when p<0.05.

Results
Fluorescence spectroscopy of LLRL-irradiated collagen

Fluorescence spectroscopy was used to determine if collagen
was photostimulated by the LLRL wavelengths and doses
used. Figure 1a shows the fluorescence spectra of the original
collagen solution (1 mg/mL). Excitation at 253 nm generated
two emission peaks (at 345 and 420 nm) for the native colla-
gen solution. These peaks are in concordance with previous
literature, in which it was demonstrated that acidic collagen
solutions show the fluorescence spectrum presented here and
that the peaks are influenced by the concentration and aggre-
gation of the collagen [31].

After laser irradiation for various time intervals (treatments),
the fluorescence spectra of the collagen solution maintained
their characteristic maxima, but the emission intensity was al-
tered. Figure 1b shows the fluorescence maxima measured after
irradiation of the collagen solution (squares) and thin films
formed by the laser-irradiated collagen solution (circles).
Increasing the duration of irradiation produced a small gradual
increase in the fluorescence emission in both samples (for the
solution, the initial fluorescence was 371.03+2.73 a.u. and the
final was 413.85+0.39 a.u., while for the film it was 204.84+
0.58 and 216.21+0.55 a.u., respectively). Furthermore, the lin-
ear fitting of the values demonstrated that solution and film
samples presented positive values of the slope, 2.98+0.33
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Fig. 1 Fluorescence spectrum of the original collagen solution (a) and
fluorescence intensity of collagen solution at fluorescence maximum after
laser irradiation (b). For Fig. 1b, each measurement was compared for
statistical significance with the initial measurement without irradiation
dose (asterisk indicates statistical significance of p<0.05). Also, all the
measurements for irradiation of the collagen solution were compared with
the measurements for irradiation of the film (the bracket and the asterisk
on the right of the figure indicate that all the measurements presented
statistical significance of p<0.05)

and 0.27+0.06, respectively (see Fig.1b linear fitting). The dif-
ference in fluorescence intensity between the solution and the
film is due to the different types of samples and to the fact that
the solutions were measured in a 1-cm cuvette, whereas the
films were formed by SpC and were extremely thin. Complex
fluorescent molecules, such as collagen, have more than one
fluorophore, and changes in the structure of these molecules
also alter their fluorescence spectrum [32].

AFM imaging of LLRL-irradiated collagen films

The use of the SpC enabled the formation of thin films
consisting of randomly oriented fibrils/fibers [18, 25, 26]
(Fig. 2, 0). A transverse D-banding periodic pattern consisting
of grooves and ridges could be clearly observed in the fibril
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4 Fig. 2 Atomic force microscopy (AFM) topographic images (5x5 pm)
of collagen films irradiated with different doses (0 no dose, a 1x4 J/em?,
b 2x4 J/em?, ¢ 3x4 J/em?, and d 4x4 J/cm?)

images. The average distance between the neighboring
grooves was approximately 67 nm, similar to naturally occur-
ring fibrils [13]. The collagen films formed with this nano-
structure because collagen molecules naturally self-assemble;
in vivo self-assembly is entropy-driven and is responsible for
the characteristic D-banding pattern [13]. In vitro, collagen
self-assembly occurs via both linear and lateral growth steps,
with parallel events to those observed in vivo; however, in the
absence of cellular control and enzymatic cleavage of pro-
peptides, the growth mechanism is altered [33]. The remaining
images (a—d) in Fig. 2 show the same area after the film was
irradiated with different doses of LLRL. Irradiation did not
induce any significant alterations of the surface topography
of the thin films. Fiber diameter, orientation, and average
height remained constant. Surface roughness measurements
also demonstrated that roughness was not altered by
irradiation.

Because the D-periodicity of collagen is crucial [13, 14,
16], the influence of laser irradiation on the D-banding of
collagen fibrils was investigated. An area of a collagen thin
film (where the D-band of several collagen fibrils could clear-
ly be observed) was selected for monitoring D-periodicity
alterations after LLRL irradiation (Fig. 3). As Fig. 3 shows,
the LRLL doses used in this study did not alter the D-banding,
and height profile measurements confirmed that the groove-
to-ridge distances did not change measurably.

Culturing cells on LLRL-irradiated collagen films

The SpC collagen films were used as substrates for culturing
primary human skin fibroblasts. Fibroblast morphology and
alignment were assessed with fluorescence imaging and im-
age analysis techniques. Fluorescence images of the adherent
cells on the thin films are shown in Fig. 4. Qualitatively, the
fluorescence images show that untreated fibroblasts had a
more elongated structure, which is considered their native
form (Fig. 4, 0). The fibroblasts were fusiform or spindle-
shaped, usually with two filopodia extending in opposite di-
rections. However, as the LLRL dose increased, fibroblasts
became ellipsoidal or even spherical (Fig. 4a—d). Moreover,
the number of filopodia per fibroblast increased as the dose
increased.

To obtain quantitative data on cell shape, the elongation of
fibroblasts and nuclei was assessed using image analysis.
Figure 5a, b shows the elongation of the cell body and the
nucleus, respectively. From the charts, it can be seen that for
each separated dose, the values of the cell body elongation/
nucleus elongation in the three groups (spherical, ellipsoid,
and elongate) are similar. Statistical analysis demonstrated
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that there is no significant difference between the elongation
values of each group for the different doses comparing with
the initial value of elongation for 0 dose (data are not present-
ing). On the other hand, for each dose, the differences between
each group were statistically significant. Although, for each
dose, the values of elongation were not different, the percent-
age of the cells that belonged to each category was modified.
Charts showing the percentage of cell and nucleus elongation
are presented in Fig. 5c, d, respectively. Prior to irradiation,
the majority of the fibroblasts were the elongated type (59.0+
1 %), and only a small percentage of the fibroblasts were
spherical (19.0+5.0 %; Fig. 5c). As irradiation of the collagen
thin film increased, the percentage of elongated fibroblasts
decreased. Simultaneously, the number of spherical cells in-
creased. For the final dose, the 32.9+0.2 % belonged to the
elongated type and 42.9+5.7 % belonged to the spherical
type. A similar pattern was observed in fibroblast nuclei, al-
though the majority of the nuclei had a more ellipsoidal shape
following irradiation (Fig. 5d). Prior to the irradiation, the
59.0+£4 % were elongated and 26.0+4.0 % were spherical,
and for the final irradiation, the parentage was modified to
24.3+1.4 and 35.7+4.2 %, respectively.

Discussion

In this study, we aimed to investigate the influence of LLRL
on collagen directly, in correlation with fibroblast response.
The majority of studies published to date have focused on
fibroblast behavior, stimulation of collagen production, and
improvement of the healing process in damaged tissue. In
contrast, this investigation sought to characterize LLRL-
induced alteration of collagen and to identify possible modi-
fications in fibroblast behavior. The doses applied were simi-
lar to those used previously for stimulating the healing process
[5, 8, 9], because the appropriate energy density for wound
healing has been reported to be 1—4 J/cm? [34]. Previous stud-
ies have demonstrated that the wavelength used here is appro-
priate for LLLT [8, 27].

Studies published to date on the LLLT—collagen relation-
ship have emphasized the importance of the increased produc-
tion of new collagen reported during LLLT and have
attempted to investigate the various parameters involved.
The enhancement of collagen accumulation has been reported
to depend on the wavelength used [5], and in many cases, the
new collagen has been reported to consist of more dense and
aligned collagen fibers [27]. Increased proliferation of fibro-
blastic cells and/or increased anabolic cellular activity has
been identified as potential mechanisms for the increased de-
position of collagen during LLLT [9].

The results of this study demonstrated that LLRL induced
rather small alterations in the fluorescence emission of colla-
gen; a negligible influence on collagen thin film topography
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Fig.3 AFM topography images of D-banding of collagen films irradiated with different doses (0 no dose, a 1x4 J/em?, b 2x4 J/em?, ¢ 3x4 J/em?, and d
4%4 J/em?)

was observed after irradiation. The small alteration in the fluo- ~ many organs and tissues in vivo [35, 36]. This increase is
rescence emitted from collagen shown here may be a sign of  attributed to increased amounts of advanced glycation end
changes in collagen conformation or cross-linking. Collagen-  products (AGEs), which are responsible for protein cross-
linked fluorescence has been reported to increase with age in ~ linking [37, 38]. Moreover, an increase in fluorescence caused
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Fig. 4 Fluorescence images of
fibroblast cultures on irradiated
thin films. Irradiation was
administered at varying doses (0
no dose, a 1x4 Jem?, b 2x4 J/
cm?, ¢ 3%x4 J/em?, and d 4x4 J/
crnz)

by enhancement of AGE production has been reported in di-
abetic patients [37, 39]. These possible changes may differen-
tiate the mechanism of collagen—cell interactions and explain
a portion of the observed differences in cell behavior.

Film topography, including surface roughness and nano-
scale characteristics of the collagen fibers (D-band periodicity,
groove-to-ridge distances, and fiber diameter), did not display
post-irradiation changes. However, fibroblasts cultured on
LLRL-irradiated collagen thin films responded to irradiation.
As the dose increased, both cells and nuclei became increas-
ingly spherical. In this particular cell line (primary human
fibroblasts), this is an indication of abnormal growth. These
changes in cell behavior occurred in the absence of measur-
able changes in collagen topography. Similar fibroblast behav-
ior has been reported on ultraviolet (UV)-irradiated collagen
thin films [40]. Differentiation of fibroblast behavior under the
influence of UV irradiation was correlated with alterations of
collagen surface properties such as topography, surface rough-
ness, and mechanical properties, and collagen
photodegradation was a possible effect parameter. However,
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the LLRL irradiation employed in this study caused changes
in cell behavior in the absence of measurable changes in col-
lagen topography. Therefore, surface-based cell guiding
mechanisms, such as the “contact guidance mechanism”
[41], could not have influenced fibroblast behavior.
Consequently, the fibroblast response could be correlated with
other types of collagen differentiation induced by laser light.
Further research should focus on possible alterations of the
mechanical properties of collagen and on collagen-to-cell sig-
naling mechanisms prior to and post-laser irradiation.

The mechanical properties of the ECM can alter cell mor-
phology, mobility, differentiation, and proliferation rate [17,
42], and stiffer matrices promote cell spreading and prolifera-
tion [43]. Although several potential mechanisms have been
proposed for collagen-to-cell interactions, the process is com-
plex and the complete mechanism has not yet been fully clar-
ified [44]. Generally, inhibition or modulation of the normal
cell growth cycle by the extracellular matrix may be derived
from the biochemical and/or physical properties of cell contact
with the ECM [44, 45]. Apart from mechanical properties,
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Fig. 5 Charts presenting the elongation of cells (a) and nuclei (b) on the different irradiated substrates. Charts ¢ and d show the percentage of cell and

nucleus that belong to each elongation group for each dose

changes in cell behavior may be caused by changes in the
conformational structure of collagen, which affects the bind-
ing of cells to collagen via appropriate receptors. Several
integrins, as well as non-integrin receptors, bind to distinct
regions of type I collagen, depending on whether the collagen
is in its native or denatured conformation [14]. Therefore, the
small alteration in the fluorescence emission observed after
LLRL irradiation may indicate the initiation of differentiation
of collagen conformation or growth linkages. These changes
may differentiate the mechanism of interaction and/or colla-
gen—cell signaling and partially explain the observed differ-
ences in cell behavior.

In previous LLLT studies, abnormal cell growth was not
reported, perhaps because irradiation was performed mainly in
the tissues and the cells themselves. Moreover, the collagen
fibrils/fibers in tissues are usually covered by other proteins
and proteoglycans, and consequently, collagen structures are
protected from irradiation and are inaccessible by cell

receptors [14]. Furthermore, irradiation of cells themselves
with the doses used in LLLT has been shown to enhance
cellular function, and it is therefore likely to overcome the
possible negative effect of the irradiation of collagen.
Consequently, all parameters should be carefully investigated
to clarify the alteration of fibroblasts after laser irradiation.

Conclusions

The results reported here demonstrate that successive LLRL
irradiation of collagen thin films and solutions caused a small
increase in the intensity of the emitted fluorescence. AFM
nanocharacterization of collagen thin films demonstrated that
surface topography was not altered after irradiation, and the
surface roughness of the films remained almost constant.
Moreover, after irradiation, the D-periodicity of collagen fi-
bers did not show any significant modifications. The use of
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LLRL-irradiated collagen thin films as a cell substrate showed
that increased irradiation repetition induced abnormal growth
in fibroblasts. The bodies and nuclei of fibroblasts became
more spherical, and they showed larger numbers of filopodia.
The results of this study show for the first time, to the best of
our knowledge, the effect of LLRL irradiation on pure colla-
gen. Although irradiation did not affect the nanotopography of
collagen, cell behavior was influenced. Because altered cell
behavior was observed in the absence of measurable surface
alterations, it can be inferred that cell-surface interactions/
guidance based on surface characteristics were not responsible
for modification of cell growth. The role of collagen in the
LLLT mechanism appears to be crucial, and our results dem-
onstrate that collagen affects not only the cell function but also
collagen itself.
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