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Abstract
The healing process in guinea pig skin following surgical incisions was evaluated at the molecular
level, in vivo, by the use of Raman spectroscopy. After the incisions were closed either by suturing
or by laser tissue welding (LTW), differences in the respective Raman spectra were identified. The
study determined that the ratio of the Raman peaks of the amide III (1247 cm−1) band to a peak at
1326 cm−1 (the superposition of elastin and keratin bands) can be used to evaluate the progression
of wound healing. Conformational changes in the amide I band (1633 cm−1 to 1682 cm−1) and
spectrum changes in the range of 1450 cm−1 to 1520 cm−1 were observed in LTW and sutured skin.
The stages of the healing process of the guinea pig skin following LTW and suturing were evaluated
by Raman spectroscopy, using histopathology as the gold standard. LTW skin demonstrated better
healing than sutured skin, exhibiting minimal hyperkeratosis, minimal collagen deposition, near-
normal surface contour, and minimal loss of dermal appendages. A wavelet decomposition-
reconstruction baseline correction algorithm was employed to remove the fluorescence wing from
the Raman spectra.
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1. Introduction
The healing process in skin following surgical incision includes a series of overlapping stages
[1]. Immediately after incision, platelet aggregation and blood coagulation form the dense
cross-linked network (provisional matrix) which prevents blood loss. The matrix is deposited
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at the wound site and provides the main structural support. The main components of the
provisional matrix are fibrin and fibronectin proteins. At 24 hours after an injury, the
polymorphonuclear neutrophils (PMNs) arrive, becoming the predominant type of cell at the
wound area [1]. PMNs are crucial in developing an inflammatory response [2]. The PMNs
fight bacteria and release the proteases, which break down damaged tissues [3-5].
Approximately 48 hours after the injury, fibroblasts begin to enter the wound site, replacing
the provisional matrix with granulation tissue composed of fibronectin and collagen. The
number of fibroblasts reaches a maximum in the first or second week post-wound. Fibronectin-
rich granulation tissue provides a vascularized network for the deposition of collagen. Scar
tissue is created from the bundled and cross-linked collagen fibrils. The most rapid changes in
the extent of collagen deposition and tensile strength in the wounded skin occur at six or seven
weeks post-injury, after which the rate of change flattens [6]. Ideally, healed skin tissue should
exhibit minimal scar formation.

Near-infrared (NIR) laser tissue welding (LTW) is a promising alternative to conventional
wound-closing techniques, such as sutures, staples, or clips [7]. In NIR LTW experiments, an
NIR laser is tuned to an overtone of water vibrational band at 1455 nm. Absorption of laser
light results in local, controlled heating of water molecules in tissue. Water in tissue exists in
both free and bound states. Bound water stabilizes the collagen matrix by mediating bonding
between fibers of the triple helix [8]. The absorbed energy is transferred from the water to the
collagen matrix.

The rate of energy inputted, and therefore the temperature, can be precisely controlled by
varying laser power, spot size, and exposure time. Careful control of the laser energy input can
result in partial denaturation of the collagen helix, followed by renaturation. This results in the
rapid formation of a watertight seal at the welded site. Recently, several extensive studies of
ex vivo LTW of skin, aorta, and ocular tissue were performed [9-13].

This study monitored the healing dynamics of incisions closed by sutures and LTW, using
Raman spectroscopy in vivo. The ratio of the intensity of the amide III band (1247 cm−1), which
are mostly from the collagen, to the intensity of the 1326 cm−1 band provides information about
collagen deposition and, hence, the status of wound healing. The 1326 cm−1 band is a
superposition of Raman signals from elastin [14,15] and keratins [16,17]. The measurements
were performed at 48 hours, 7 days, 20 days, and 40 days after the operation, times
corresponding to the major phases in the skin repair process.

Skin is a complex organ comprising several layers, each with a different molecular
composition. The epidermis, or external layer of the skin, is composed mostly of keratins in
the α-helical state. The guinea pig epidermis consists of two to three layers of keratinocytes
with a thickness of 20 to 40 μm , which compares to a thickness of 75 to 150 μm for the human
epidermis [16,19-21]. Raman bands at 1340 cm−1 and 1320 cm−1are predominantly from the
epidermal keratins [16]. The guinea pig dermis is 1 to 2 mm thick [17]. The major component
of the dermis's extracellular matrix is collagen, which accounts for approximately 80 percent
of its dry weight [18]. Elastin, the core constituent of the elastic fibers of connective tissue,
accounts for only 2 to 4 percent of the dermis's dry weight. Elastin contains desmosine and
isodesmosine. Desmosine analysis is used to determine the amount of elastin fibers in tissue.
Desmosine concentrations, and hence elastin content, in guinea pig skin is approximately 350
pmol, half the levels found in human skin [19].

Raman spectroscopy provides direct information regarding the secondary structure of proteins.
A number of studies discuss the influences of conformation changes in proteins — especially
the transformation of α-helixes and of β-sheets to random states and the different percentages
of α-helixes and β-sheets in protein structure on Raman shift of the amide I band [20-24]. The
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amide I vibrational mode consists of carbonyl C=O stretching with a small contribution from
C-N stretching and H-N bending [24]. The profile of the amide I band is sensitive to protein
conformational changes [25]. The 1661 cm−1 amide I peak arises from helix-related hydrogen-
bonded carbonyls [21,26], while the lower energy amide I peak at 1633 cm−1 arises from
disordered carbonyls. Tarnowski et al. [20] found that the conversion of reducible cross-links
to nonreducible cross-links in collagen resulted in a increase in the Raman spectrum intensity
at 1660 cm−1 relative to 1630 cm−1. Tsunoda et al. [21] investigated the role of water in laser
ablation of corneal collagen tissue and compared the amide I band for collagen fibers and
gelatin (denatured collagen). They found that the amide I peak at 1661 cm−1 is higher in
intensity than the 1633 cm−1 peak in collagen fiber, but in gelatin, the 1633 cm−1 peak is more
intense. Goheen et al. [23] employed Raman spectroscopy to investigate changes in corneal
collagen due to aging and heat denaturation and observed that heat-denatured collagen
experienced broadening of the amide I and III bands. Lin et al. [27] studied the thermally
induced conformational changes of α-helixes to β-sheets in human fibrinogen proteins. The
increase of the β-sheet (1670 cm−1) component compared to the α-helix component (1654
cm−1) caused by thermal denaturation was observed in the Raman spectrum of the fibrillogen.
Gnanakaran et al. [28] investigated the behavior of the amide I band as peptides changed from
completely helical to random coils. They employed replica-exchange molecular dynamics
(REMD) simulations to determine shifts in the Raman spectrum. Broadening of the Raman
line was observed, with increasing structural inhomogeneity of the proteins [22,24].

The CH2-CH3 bending protein band (1451 cm−1) is insensitive to protein secondary structure
and depends only on the concentrations of CH2 and CH3 groups [29,30]. The spectral changes
in the region of 1440 cm−1 to 1520 cm−1 are caused, not by the changing of protein structure,
but by the formation of new components in the biological system. The protein bands overlaps
with the phospholipids band (1440 cm−1) [29]. The peak near 1520 cm−1 is related to carotene
content and has been observed in the Raman spectrum from blood serum [31].

Raman spectroscopy can serve as a tool to investigate the molecular changes which occur as
a result of LTW and can provide a method to evaluate the healing of incisions. The major
drawback to Raman measurements in tissues is the presence of a strong fluorescence wing
[32], which can obscure the relatively weaker Raman signals. Several baseline correction
methods exist that take advantage of the narrowness of Raman bands compared to the
background signals to remove unwanted background [33,34]. Two methods frequently used
in biological specimens to subtract the fluorescence wing from Raman spectra are polynomial
subtraction [35] and wavelet transforms [36,37].

In the work presented here, we demonstrated that in situ Raman spectroscopy can be used to
evaluate weld quality and the status of wound healing. The ratio of intensity of the amide III
band to the 1326 cm−1 band can indicate the status of the tissue repair process.

2. Materials and methods
All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) of The City College of New York. This study used a total of eight adult female albino
guinea pigs (Cavia porcellus) between the ages of seven and eight weeks and weighing
approximately 500 g. The animals were weighed and anesthetized appropriately with isoflurane
(2-chloro-2-difluoromethoxy-1,1,1-trifluoro-ethane; Errane Baxter Health Care Corporation,
IL) via an anesthesia vaporizer (V-1 Table Top Anesthesia Machine; Vetiquip, Pleasanton,
CA). All animals were given buprenorphine (pain medication) after surgery to alleviate their
musculoskeletal pain. The surgery was performed on a customized operation table equipped
with a mechanical clamping system, consisting of two grips made of a mesh of pins. The
clamping system was used to appose the tissue during LTW. A total of four incisions were
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made with a No. 3 scalpel on the back of each guinea pig. Each incisions was 1 cm long and
2 mm deep (skin deep). The four incisions were parallel to the guinea pig's spine at 2 cm
intervals. One of the incisions was closed with evenly spaced 5-0 nylon sutures. The sutured
incision served as a control. The remaining three incisions were laser welded, with either a
1455 nm continuous wave (CW) fiber laser (model BWF2, B&W Tek, Inc., Newark, DE) or
a 1560 nm femtosecond (fs) pulsed fiber laser (IMRA America, Ann Arbor, MI). The CW laser
emission (1455 nm) is at the maximum of the overtone absorption band, and its penetration
depth (90 percent absorption) into tissue is approximately 1 mm [38,39]. The fs laser, at 1560
nm, is at the long wavelength edge of the overtone band; thus, the absorption is weaker. At
1560 nm, the penetration depth into tissue is about 3.3 mm.

Tissues were welded using a preset eight-line pattern to reduce thermal damage. Laser light
was delivered to the animals via an optical fiber and focused with a microscope objective to a
nominal spot size of 80 μm. However, light scattering in the tissue broadened the spot size to
approximately 0.5 mm. The focusing objective was mounted on a three-axis motorized
translation stage controlled by a computer. This setup allowed the laser to follow the incision
line during welding. The laser fluence was in the range of 6100 to 6500 J/cm2.

Animals were sacrificed 2, 7, 20, and 40 days after the LTW for histological analysis, two
animals for each time period. The time frame for wound evaluation and animal sacrifice
corresponds to physiological and biochemical responses that occur in the animals.

The Raman spectra were collected with a Raman spectrometer (Model R2000, Ocean Optics,
Dunedin, FL) connected to a personnel computer. The R2000 uses a 300 mW NIR laser diode
emitting at 785 nm for excitation. Excitation and light collection were at normal incidence
through a bifurcated optical fiber. The collection arm of the fiber contained a notch filter to
block scattered excitation light. Penetration depth at 785 nm is approximately 2 mm in skin
[40]. Raman spectra were acquired from each of the four incisions on live animals while under
anesthesia. A total of four animals were studied, four incisions on each animal. For two animals,
the Raman spectra were acquired throughout the healing process (spectra were acquired
immediately post-operation [PO], as well as at days 2, 7, 20, and 40 PO; for one animal, the
Raman spectra were measured immediately PO and on day 2 PO; for the other animal, the
Raman spectra were measured on day 40 PO). The Raman spectra were measured at three
different locations directly on the weld or sutured lines. Raman spectra were also acquired at
a distance of 2 to 3 cm away from the incision for each animal. These spectra served as control
measurements. The control spectra were collected each time that Raman spectra were acquired
at the incision site. The integration time varied from 15 to 30 seconds. Three spectra were
collected at each location and averaged to reduce the noise level.

Baseline correction
A hybrid baseline correction algorithm, as described in Hu et al [37], was applied to remove
the fluorescence wing from the spectra. Calculations were performed on a PC using MathLab
(The Mathworks, Natick, MA). The software algorithm requires that the number of data points
be a power of 2. Although the R2000 spectrometer uses a 2048 pixel array, the lower-order
pixels overlap the excitation laser wavelength, and higher-order pixels cover wavelengths near
the limits of detector sensitivity. Therefore, the spectra were reduced to 1024 points, spanning
the range from 930 to 2370 cm−1.

The wavelet-based baseline correction is a three-step process. First the signal is denoised,
followed by low-frequency baseline removal and, lastly, reconstruction of the Raman
spectrum. Denoising was performed using the Daubechies family of wavelets with order 4 and
level 4. The default denoising threshold matrix was calculated, and a hard threshold was applied
to detail coefficients for levels 1 to 4. The smoothed spectrum was then reconstructed.

Alimova et al. Page 4

J Photochem Photobiol B. Author manuscript; available in PMC 2010 September 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Baseline removal uses a multilevel decomposition. The optimal order and level for a
Daubechies wavelet family is determined experimentally. For the data set analyzed in this
work, it was found to be db7 with level 7. The third step is signal reconstruction. Approximation
coefficients contain low-frequency information and should be zeroed. Detail coefficients for
levels 1 to 7 were not changed. The wavelet reconstruction function was applied using modified
coefficients, and the reconstructed signal was retrieved. The baseline removal and denoising
processes are shown schematically in Fig. 1a. Fig. 1b shows the Raman spectrum before the
baseline removal and denoising processes and after removal was performed.

At each time point, the ratio of the intensity at 1247 cm−1 (amide III) to the intensity at 1326
cm−1 (elastin and keratins) (ratio 1247 cm−1/1326 cm−1) was calculated.

3. Results and discussion
The typical Raman spectra at 48 hours, 7, 20, and 40 days PO are displayed in Fig. 2, for LTW
incisions, and Fig. 3, for sutured incisions. Control skin samples (spectra acquired prior to
incision) are also shown in the figures. The most intense and characteristic Raman peaks from
normal skin are at 1004 cm−1 (phenylalanine), 1117 cm−1 and 1247 cm−1 (both from amide
III), 1326 cm−1 (superposition of elastin and keratin bands), 1448 cm−1 (protein CH2- CH3-
bending) and 1656 cm−1 (amide I).

In order to characterize the degree of tissue repair at the incision site, the intensity of the amide
III band at 1247 cm−1 relative to the intensity at 1326 cm−1 was used. The 1326 cm−1 Raman
spectrum consisted of a superposition of the desmosine and isodesmosine bands at 1335
cm−1 (components of elastin) and keratin band at 1320 cm−1. Both elastin and keratins are
indicators of the status of tissue repair. The I1247/I1326 ratio calculated for both welded and
sutured incisions was plotted as a function of time in Fig. 4. The I1247/I1326 ratio for non-incised
skin was 0.79±0.10.

Immediately following LTW, a small decrease in the ratio, to 0.55±0.16 (p=0.19), was
observed, most likely due to the thermal denaturation of collagen fibers. The sutured tissue
experienced no thermal exposure; hence, its I1247/I1326 ratio, 0.83±0.11, was close to that of
normal skin (p>0.5). A shift of the amide I band to 1670 cm−1 from 1656 cm−1 was observed
for laser-welded skin incisions. This shift was likely due to thermal denaturation of the collagen
fibers and transformation from highly ordered α-helix (1654 cm−1) to lower-ordered β-sheets
(1670 cm−1). In sutured incisions, the amide I peak position shifted to 1653 cm−1, indicating
that the collagen remained well ordered at the sutured incision site.

On day 2 PO, a significant decrease in the I1247/I1326 ratio occurred for both welded and sutured
tissues. For LTW incisions, the ratio value was 0.46±0.05 (p<0.1) and, for the sutured incisions,
it was 0.54±0.2 (p<0.1). Both welded and sutured samples exhibited a lower ratio compared
to the normal skin I1247/I1326 ratio. The amide I band continued to shift to lower energy (1690
cm−1) for both LTW and sutured incisions. The amide I band also exhibited broadening due
to an increase in Raman spectra contributions from many different conformational states —
both ordered and random. At this stage of the tissue repair process, the damaged tissue was
being removed by the action of macrophages and was being replaced by a provisional matrix.
The removal of the damaged tissue was accompanied by tissue denaturation, which caused
conformational changes in proteins, such as α-helical transitions to β-sheet and/or to random
coils. Significant broadening of the band in the 1448 cm−1 to 1547 cm−1 range was observed
for both LTW and sutured tissues. The incision area contained clotted blood and exhibited
significant inflammation. Thus, the Raman markers from the blood could be observed. The
1520 cm−1 peak is associated with β-carotene [15,31,41] in blood serum or from the crust of
fibrin and inflammatory cell debris, and peaks at the 1501 to 1512 cm−1 range are associated

Alimova et al. Page 5

J Photochem Photobiol B. Author manuscript; available in PMC 2010 September 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with enzyme-catalyzed ring openings from the hem proteins [41]. The superposition of the
1448 cm−1 protein band onto the 1501 cm−1, 1523 cm−1, and 1547 cm−1 peaks contributed to
the broadening of the Raman spectra in the 1448 to 1547 cm−1 region. The integral intensity
of the Raman spectra from the 1448 to 1547 cm−1 range was greater for LTW incisions than
for sutured ones.

On day 7 PO, the I1247/I1326 ratio for the LTW skin incisions continued to decrease, reaching
a value of 0.4±0.18 (p<0.1), but for sutured tissue, the I1247/I1326 ratio, 0.79±0.11 (p>0.5),
returned to that of normal skin. The decrease in Raman intensity of the amide III band at this
time point is related to the removal of damaged tissue and formation of granulation tissue.
Serial sections of Masson's trichrome staining performed on LTW skin at day 7 PO show almost
complete wound healing of the epidermis, the presence of granulation tissue in the dermis, and
significant inflammatory cell infiltration (Fig. 5a). Hyperkeratosis was also observed in the
LTW tissue. In contrast, the sutured incision exhibited very minimal healing of the epidermis,
minimal granulation tissue in the dermis, and no inflammatory cell infiltration (Fig. 5b). A
significant shift in the amide I band to 1680 cm−1 was observed on day 7 PO for both sutured
and LTW samples. Broadening of the band in the 1448 to 1547 cm−1 range was observed. The
position of the peak maximum shifted to 1447 cm−1 for sutured skin, but for LTW skin
incisions, the position of the maxima was 1488 cm−1.

On day 20 PO, an increase in the I1247/I1326 ratio to a value of 0.59±0.1 (p<0.1) was observed
for LTW skin. The ratio was still significantly lower than that of normal skin. For sutured
incisions, the ratio decreased to 0.66±0.16 (p<0.1), which was not significantly different the
day 7 ration, within a 90 percent confidence interval (p=0.34). At this time point, several
observed changes in the Raman spectra indicated that the incised tissues were beginning to
return to a normal state. The peak of the amide I band was 1659 cm−1 for LTW and two peaks
at 1636 cm−1 and at 1657 cm−1 for sutured incisions. Shift to the higher energy indicates the
formation more ordered structural proteins. The Raman spectra in the 1448 to 1547 cm−1 range
narrowed and appeared similar to those of normal skin, which is dominated by CH2-CH3
bending in protein.

On day 40 PO, the I1247/I1326 ratio, 0.85±0.15 (p>0.1), for the LTW incisions was close to
normal levels, but for sutured skin, the I1247/I1326 ratio was higher than the normal skin ratio,
with a value of 1.2±0.2 (p>0.5). Raman markers for the amide I and CH2-CH3 protein bending
bands were similar to those of normal skin. While collagen deposition, as evidenced by an
increase in the I1247/I1326 ratio, started at an earlier time and continued more excessively for
the surgically sutured skin than for LTW one. On day 40 PO, the sutured skin exhibited
excessive collagen formation compared to normal skin, whereas LTW skin exhibited the same
collagen content as normal skin. The intensity of the amide III band for the sutured skin was
higher than the amide III bands of either the normal or LTW skin, reflecting the excessive
collagen formation. Histology images reveal that the laser-welded skin incisions exhibited a
near-normal epidermis with minimal hyperkeratosis, minimal collagen deposition, near-
normal surface contour, and minimal loss of dermal appendages (Fig. 6a). The sutured tissues
exhibited hyperkeratosis and a thickened epidermis, extensive collagen deposition in an
irregular pattern, an irregular surface contour, and extensive loss of dermal appendages (Fig.
6b). The histology data confirmed the results from the analysis of the Raman spectra.

4. Conclusion
LTW of the skin is very promising method of wound closure, especially when scar formation
is undesirable, such as in plastic surgery. In situ Raman measurements of the healing process
allowed in vivo investigation into the degree of collagen deposition, formation of new tissue,
and conformational changes in proteins. The intensity ratio of the 1247 cm−1 band to the 1326
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cm−1 band proved to be a good marker for collagen deposition and for measuring the extent
of the healing process. LTW skin after 40 days PO exhibited an appearance like normal skin;
the Raman spectra show that the skin successfully healed and was practically identical to
normal skin. Raman analysis of the amide I band revealed that the sutured skin exhibited greater
collagen content than either normal or LTW tissue, which was confirmed by histology. The
amide III band and protein bands exhibited shifts and broadening during the healing process,
but returned to a more normal appearance at 40 days PO, when healing was complete.
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Figure 1.
Schematic diagram of the wavelet-based denoising and baseline correction procedures (a) and
Raman spectra of control (normal) skin before and after the background removal procedure
(b).
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Figure 2.
Typical Raman spectra for LTW skin. Measurements were performed for a control sample, 48
hours PO, and 7, 20, and 40 days PO. Data were normalized to unity.
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Figure 3.
Typical Raman spectra for surgically sutured skin. Measurements were performed for a control
sample, 48 hours PO, and 7, 20, and 40 days PO. Data were normalized to unity.
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Figure 4.
Ratio of intensities of the amide III band (1247 cm−1) to elastin/keratin bands (1326 cm−1) as
a function of time PO. Solid circles show the changing of the ratio for LTW incisions; open
circles, for the sutured incisions. The dashed line shows the ratio value for normal skin.
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Figure 5.
40x microscopic images of Masson's trichrome histology of serial sections of LTW (a) and
sutured (b) skin at day 7 PO. Arrows show the incision lines.
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Figure 6.
40x microscopic images of Masson's trichrome histology of serial sections of LTW (a) and
sutured skin incisions (b) at day 40 PO. Arrows show the incision lines.

Alimova et al. Page 16

J Photochem Photobiol B. Author manuscript; available in PMC 2010 September 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


