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Imaging wound healing using optical coherence
tomography and multiphoton microscopy in an in vitro
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Abstract. Laser thermal injury and subsequent wound healing in or-
ganotypic, skin-equivalent tissue models were monitored using opti-
cal coherence tomography (OCT), multiphoton microscopy (MPM),
and histopathology. The in vitro skin-equivalent raft tissue model was
composed of dermis with type | collagen and fibroblast cells and epi-
dermis of differentiated keratinocytes. Noninvasive optical imaging
techniques were used for time-dependent, serial measurements of ma-
trix destruction and reconstruction and compared with histopathol-
ogy. The region of laser thermal injury was clearly delineated in OCT
images by low signal intensity. High resolution MPM imaging using
second-harmonic generation revealed alterations in collagen micro-

structure organization with subsequent matrix reconstruction. Fibro-
blast cell migration in response to injury was monitored by MPM
using two-photon excited fluorescence. This study illustrates the
complementary features of linear and nonlinear light-tissue interac-
tion in intrinsic signal optical imaging and their use for noninvasive,
serial monitoring of wound healing processes in biological tissues.
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1 Introduction hance the therapeutic outcome. vitro skin-equivalent raft
An important feature of high resolution optical imaging tech- tissue models emulate important structural and physiological
nologies such as optical coherence tomograf@gT)! and characteristics of human sRirand have been shown to re-
multiphoton microscopyMPM)? is their capability to image ~ SPOnd to both epidermal and dermal injdry. N

thin sections within thick, living biological tissues nonde- ~ 1he imaging of burns could find utility in the clinic by

structively, without exogenous dyes. This ability has the po- diagnosis and noninvasive monitoring of wound healing re-
tential to change the biological paradigm of time-dependent SPonse after thermal injury. The most important structural
experiments from sequential biopsies using destructive histo-component of human skin, collagéis also the primary light
pathological techniques to serial measurements on the exacgcattering componeritThermal injury may perturb the struc-
same site throughout an extended experimental protocol.  ture of collagen and alter the optical scattering properties of
Without the use of exogenous agents, both OCT and MPM the tissue. By measuring changes in skin light scattering fol-
rely on spatial inhomogeneities in tissues to provide image lowing thermal injury, OCT has shown some success for burn
contrast. OCT maps the local linear tissue optical scattering depth analysi§.In tissues with ordered collagen structures,
properties and MPM relies on differences in the local nonlin- OCT sensitivity to tissue thermal damage can be enhanced
ear optical properties of tissue. The linear optical scattering using polarization-sensitive detectid®econd-harmonic gen-
properties and nonlinear susceptibilities provide structural and eration(SHG) has been used for specific imaging of collagen
chemical information on the local tissue environment. Char- in tissue$’~*2and has been well characteriz€d* MPM, us-
acterization of these signals can provide functional informa- ing SHG, has been shown to be particularly sensitive to the
tion and enhance image contrast. collagen structuré®> High resolution structural information
Herein, thermal injury induced by a Nd:YA@erovskite from MPM is therefore complementary to light scattering
laser in engineered skin-equivaldraft) tissue models and its  measurements of OCT.
subsequent wound healing response were monitored using High contrast imaging of laser induced thermal injury in
OCT, MPM, and histopathology. Understanding the wound skin-equivalent raft tissue models is demonstrated using OCT
healing response following laser exposure is essential to en-and MPM. The region of injury is characterized using OCT by
significant reduction in light scattering and with MPM by a
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Fig. 1 Image of a 6 um thick histopathology section of organotypic raft tissue at 20X magnification.

Fig. 2 Histopathology of the raft (A), (C), (E) immediately after laser thermal injury and (B), (D), (F) 10 days thereafter. (A), (B) Nonirradiated regions
of the raft. (C), (D) Edge of the laser irradiated region of the raft. Horizontal (vertical) arrows point to the nonirradiated (irradiated) region. (E), (F)
Laser irradiated region of the raft.
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ages demonstrate that the wound healing process is mediate@.3 Thermal Injury by Laser Irradiation

by infiltration of fibroblast cells into the thermally injured  Raft tissue was irradiated with one pulse from a perovskite

region. _Flnally, op_tlcal imaging _of the wound healing re- (\=1341 nm laser (Dualis™, Fotona, Ljubljana, Slovenia

sponse in the raft is compared with histopathology. An ~2 mm diam spot was irradiated near the center of the raft
using fluence of 20 J/cfrand pulse duration of 20 ms.

2 Experimental Materials and Methods

2.1 Cell Cult . . . .

© .u ure ) . Broadband light from a superluminescent di¢@® mW with
Human epidermal keratinocytes from neonatal skiio a center wavelength of 1310 niwas coupled into a Michel-
Whittaker, Walkersville, MD were cultured in KGM-2 me- o interferometer. A collinear visible sour¢@33 nn was

dium (Bio Whittaken at 37 °C in 7.5%CO, atmosphere. HU- g npioved for beam positioning on the raft. Backscattered
man dermal fibroblasts were cultured in Dulbecco’s modified light from the sample was combined with the reference to

24 OCT

eagle's me.diun(DOMEM) (Invitrogen, Carlsbad, CAsupple-  generate interference fringes on a photodetector. A rapid-
mented with 10% fetal bovine serurtFBS), 20 IU of scanning optical delayRSOD) line was used for rapid axial
penicillin/mL, 20 international unitlU) of streptomycin/mL, scanning. Phase modulation of the signal was generated by an

and 0.4 mML glutamine. electro-optic phase modulator. The RSOD scanning rate and

modulation frequency of the phase modulator were 400 Hz
2.2 Skin Equivalent (Raft) Tissue Model and 500 kHz, respectively. The image acquisition time was
’ approximatef 7 s and the number of data points for each

Reconstitution buffer was made with 22N@HCO; and 4.77  Ajine data acquisition was 4096. The lateral and axial reso-
g Hepes in 100 mL 0.05 M NaOH and sterilized with a 0.22 | tions were 10 and 1%m, respectively.

um filter. Seven parts of rat-tail collagen, typeBD Bio-
sciences, Bedford, MA were mixed with two parts of
5XDMEM and one part buffer and neutralized with 1 M 2.5 MPM
NaOH topH 7.4=0.2. Ultrafast pulseg150 fs, 800 nm from a Ti:Al ,O5 oscillator
Fibroblasts were suspended in the collagen matrix at a den-pumped by a frequency doublebtld:YVO, laser were
sity of 4 10° cells/mL. For construction of the dermal layer, coupled into an inverted microscope. Galvanometer driven
1.5 mL of this suspension was allotted in each well of a 24 mirrors scanned the laser pulses in the focusing plane. Non-
well plate (Corning, Corning, NY and incubated at 37°C in  linear optical signals from the sample were collected by the
7.5% CO, atmosphere. Construction of the epidermal layer focusing objective in backscatter geometry and directed to a
was initiatel 6 h later by suspending keratinocytes in KGM-2 photomultiplier tube(PMT) for photon counting detection.
medium at density ofl X 10° cells/mL and seeding 0.5 mL  One of three filters was placed in front of the PMT for spec-
aliquots onto each dermal layer of the 24 well plate. trally selective imaging. A 400 nfil0 nm, full width at half
The following day, raft tissues were lifted onto a stainless maximum(FWHM)] band pass filter was used to isolate SHG.
steel grid support to form an air—liquid interface. Once lifted, A 520 nm (40 nm, FWHM band pass filter was used to iso-
keratinocytes and fibroblast cells were nourished by diffusion late fluorescence. A Schott colored glass filter which transmits
through the collagen matrix. The keratinocytes were allowed 390-570 nm, FWHM, was used to image both SHG and fluo-
to stratify and differentiate into a 50m full-thickness epithe- rescence collectively. The acquisition rate for 25%6 pixel
lium with 10-12 layers. All raft models were constructed and images was approximately 1 Hz with a pixel dwell time of
incubated under identical conditions throughout the study.  ~20 us.

Fig. 3 OCT intensity image of the raft immediately after laser thermal injury with corresponding MPM images using SHG in collagen from (A)
nonirradiated, (B) edge of laser irradiated, and (C) laser irradiated regions. The fluorescence in (C) is imaged through a Schott colored glass filter.
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Fig. 4 Representative MPM images of the raft showing infiltration of fibroblast cells into the laser irradiated region two days after injury. (A) MPM
image using cellular fluorescence and SHG in collagen. (B) A band pass filter at 520 nm was used to image cellular fluorescence. (C) A band pass
filter at 400 nm was used to image SHG in collagen.

2.6 Histopathology ure 2 shows H&E stained sections of control nonirradiated

Raft specimens were examined immediately postirradiation and irradiated regions of the raft immediately after laser irra-
and subsequently over three weeks. All samples were fixed fordiation and 10 days thereafter. The raft tissue in Figé,)2
24 h in buffered 10% formalin and then transferred to phos- and 2B) shows a dense, fibrous collagen structure in the der-
phate buffered saline. The samples were embedded in paraf-mis and a stratified epidermis. The decrease in dermal thick-
fin, cut into 6,um thick sections, and mounted onto albumin- ness from day 1 to 10 is believed to be due to contraction
coated slides for hematoxylin and eo$H&E) staining. mediated by fibroblast cell$.

Three digital images were taken from each sample slide  The edge of the irradiated region is clearly delineated in
using an optical microscopegnodel BH-2, Olympusand a Fig. 20C). Vertical (horizonta) arrowheads point to the irradi-
digital camergDP10, Olympug and then standardized using  ated (nonirradiatedl region in Figs. 2C) and 2D). The col-

computer softwaréAdobe Photoshop lagen fibrous structure is lost within the irradiated redibiy.
2(E)]. Histopathology suggests that the thermal denaturation
3 Results and Discussion of collagen leads to increased dye uptake, resulting in a highly

The engineeredn vitro skin-equivalent raft tissue models the stained s_ection. Fibrobl_ast _ceIIs within the irradiate_d region
dermis and epidermis using a collagen matrix embedded with € Not viable as noted in Fig(). After 10 days, the irradi-
human fibroblast cells and stratified epidermal layers from atéd region can still be delineated in FigD2 (vertical arrow-
human keratinocytes. A H&E stained histopathology section head by the low density of collagen. The collagen matrix has
of the raft is shown in Fig. 1 that has a dermal layer composed reformed, but the dermis has not yet recovered completely
of collagen and fibroblast cells and stratified epidermis that compared to that in Fig.(B). Viable fibroblast cells can be
shows approximately 10 layers with stratum corneum on the seen within the irradiated regidifrig. 2(F)].
surface. An OCT image of the raft immediately after laser irradia-
The effect of laser irradiation and subsequent raft wound tion is shown in Fig. 3 along with three high resolution MPM
healing response can be monitored using histopathology. Fig-images. The OCT picture is a cross-sectional intensity image

Fig. 5 OCT intensity image of the raft seven days after laser thermal injury with corresponding MPM images using SHG in collagen from the (A)
nonirradiated and (B) laser irradiated regions. Recovery of the collagen matrix in (B) is incomplete.

Journal of Biomedical Optics * March/April 2004 * Vol. 9 No. 2 251



Yeh et al.

a~h
—_ e—
a<< i

N ¢

Fig. 6 Schematic of collagen thermal denaturation from an ordered
array of molecules with a characteristic length comparable to the
probe laser wavelength to randomly oriented collagen molecules with
a characteristic length much less than the probe laser wavelength.

with a high (low) signal from the nonirradiatedrradiated
region. MPM images are shown from the nonirradiate.
3(A)], edge of the irradiatefd=ig. 3B)] and irradiated regions
[Fig. 3(C)]. The MPM imaging plane is orthogonal to that of
OCT (i.e., en facg SHG from collagen is used to image a
dense fibrous matrix in the nonirradiated region of Figh)3

A band pass filter at 400 nm was placed in front of the PMT
to isolate the SHG signal. At the edge of the irradiated region,
the sudden loss of SHG signal indicates the thermally dam-
aged matrix as seen in Fig(B. Within the irradiated region,
there was no SHG signal except for in isolated regions of
fluorescence presumably from cellular debris as shown in Fig.
3(C). Fluorescence was imaged by replacing the 400 nm band
pass filter with a Schott colored glass filter.

Two days after laser irradiation, infiltration of the exposed
region by fibroblast cells is observed by MPM as shown in
Fig. 4. The MPM images are representative of fibroblast cells
migrating into the thermally injured area and progressively
remodeling the matrix predominantly from the edges
inward!” Figure 4A) is characteristic of the wound healing

dominantly determined by collagen and have been described
as Mie scattering by cylinders of infinite lengthThermal
denaturation of collagen reduces the characteristic length of
the scatterer to much less than the wavelength of liRaty-
leigh scattering leading to reduced light scatteririgee Fig.

6). This is evident in the OCT images shown in Fig. 3. Ther-
mal denaturation results in the loss of collagen molecular or-
ganization which can have profound consequences on SHG.
In the MPM images, the thermally injured region is indicated
by the complete loss of SHG as seen in Fig. 3.

This study demonstrates the potential of OCT and MPM
for burn depth determination and noninvasive serial monitor-
ing of wound healing processes in human skin. Linear and
nonlinear laser—tissue interactions were used to relate the col-
lagen microstructure organization to bulk tissue optical prop-
erties. OCT was sensitive to tissue optical scattering which is
believed to be primarily from collagen matrix components.
High resolution MPM using SHG was shown to be highly
dependent on the collagen molecular organization. Together,
these measurements indicate that the thermal denaturation of
collagen resulted in the reduction of tissue optical scattering
and loss of SHG, leading to high contrast imaging of thermal
injury. Intravital MPM imaging of fibroblast cell infiltration
into the injured region provided insight into the raft wound
healing processes. Simultaneous measurements of optical
scattering and two-photon excited fluorescence have been re-
ported previously to image the cell and tissue structti®e-
guential measurements by OCT and MPM in this study fur-
ther suggest simultaneous acquisition of nonlinear optical
signals with the functionality of OC??! would provide a
powerful modality for imaging the function and structure of
tissue.
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response as fibroblast cells migrate towards the edge of the

thermally injured region. The fibroblast cells are isolated in
Fig. 4B) by a band pass filter centered at 520 nm in front of
the PMT. The filter was chosen to discriminate cellular fluo-
rescence from pyridine nucleotid¥sSHG from collagen is
shown in Fig. 4C).

Seven days after laser irradiation, an OCT image shows
recovery of raft light scattering from the irradiated regide-
lineated by black dotted lines; see Fig. Bligh resolution
MPM images using SHG from collagen showed a reformed,
fibrous matrix in the irradiated regidifrig. 5(B)] comparable
to that in the control nonirradiated regidRig. 5(A)]. How-
ever, matrix recovery is not complete in the irradiated region
since imaging planes above and below Fi@)show regions
of no signal, consistent with observations made by histopa-
thology [Fig. 2(F)].

High contrast imaging of thermal injury in the raft ob-
served by OCT and MPM is believed to be due to gross struc-
tural changes in collagen. The light scattering properties of
human skin and organotypic, skin-equivalent tissues are pre-
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