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In Vivo Assessment of Engineered Skin Cell Delivery
with Multimodal Optical Microscopy
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The healing process is often significantly impaired under conditions of chronic or large area wounds, which are
often treated clinically using autologous split-thickness skin grafts. However, in many cases, harvesting of
donor tissue presents a serious problem such as in the case of very large area burns. In response to this,
engineered biomaterials have emerged that attempt to mimic the natural skin environment or deliver a suitable
therapy to assist in the healing process. In this study, a custom-built multimodal optical microscope capable of
noninvasive structural and functional imaging is used to investigate both the engineered tissue microenviron-
ment and the in vivo wound healing process. Investigation of various engineered scaffolds show the strong
relationship among the microenvironment of the scaffold, the organization of the cells within the scaffold, and
the delivery pattern of these cells onto the healing wound. Through noninvasive tracking of these processes and
parameters, multimodal optical microscopy provides an important tool in the assessment of engineered scaf-
folds both in vitro and in vivo.
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Introduction

The natural process of wound healing is significantly
impaired under certain conditions such as large surface

area burns and chronic wounds. Often in these cases, auto-
grafting of split-thickness skin from a donor site in the patient
is the preferred treatment option and has shown good clinical
outcomes. However, in patients with large area burns, it may
not be possible or prudent to find a suitable donor site. In
addition to this, repeated harvesting of tissue from a variety
of donor sites may be necessary for large surface area and
chronic wounds leading to pain, scarring, and potentially poor
healing.1 In response to this, a variety of engineered skin
substitutes and cell therapies have emerged. The goal of these
treatments is to mimic the natural skin environment in such a
way as to promote strong healing outcomes. Currently, many
split-thickness-engineered skin substitutes are available and
even used clinically.2 Most recently, autogeneic substitutes

have been developed, in which cells from the patient are ex-
tracted and embedded into a support structure, which is sub-
sequently grafted onto the skin.3,4 However, many of these
autologous therapies have been associated with unpredictable
engraftment rates, further leading to poor healing outcomes.5

Another approach to this problem has been to develop
methods to successfully deliver skin cells directly onto the
wound bed without requiring the need for engraftment of an
engineered tissue scaffold. These methods have shown im-
proved wound healing, and in some cases, reduced scarring
when compared with previous approaches.6,7 Some methods
for cell delivery include the development of autologous cell
suspensions, which are sprayed directly onto the wound bed8,9

as well as engineered scaffolding structures that support the
flow of skin cells onto the wound bed in an organized man-
ner.10 However, in vivo assessment methods of these cell
delivery approaches remain fairly primitive. In most cases,
parameters such as wound size are assessed through the use of
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photographs of the skin, and many other important outcomes
such as amount and severity of scarring remain highly sub-
jective and can vary greatly depending on the patient and
physician.11 While many ex vivo histological analyses can be
performed to better objectively assess wound healing quality,
this requires excision of skin and is generally not practical
clinically. To rapidly and objectively assess the outcome of a
particular therapy, it is critical to have a tool capable of
noninvasively monitoring the wound bed and transplanted
cells in vivo throughout the course of the treatment. In this
study, a multimodal optical microscopy platform is utilized to
track the wound healing process in vivo in a mouse model
following treatment with a novel cell delivery therapy utiliz-
ing an engineered alginate hydrogel to deliver cells directly
onto the wound bed.

Recently, intravital multimodal optical microscopy has
emerged as a technique for sensitive, cellular-level resolu-
tion imaging in humans12 as well as animal models.13 Using a
variety of optical contrast mechanisms, the native environment
of tissue can be probed noninvasively, providing a wealth of
information. Among the many optical imaging techniques that
can be incorporated into such a multimodal optical microscope,
the combination of optical coherence microscopy (OCM) and
multiphoton microscopy (MPM), in particular two-photon-
excited fluorescence (TPEF) microscopy and second harmonic
generation (SHG) microscopy, have shown promise in the
assessment of skin health and viability.12,14,15

OCM is a noninvasive structural optical imaging modality
based on the principle of optical coherence tomography,16 in
which contrast is obtained through scattering of the incident
light due to the sample structure. These scattering events
occur mainly from interfaces and regions of refractive index
mismatch, providing strong structural label-free contrast
with high resolution.

TPEF is a fluorescence-based technique similar to fluores-
cence confocal microscopy that relies on the simultaneous
absorption of two near-infrared photons to bring the fluor-
ophore to an excited state.17 Due to the optical nonlinearity of
this effect, TPEF provides high axial and transverse resolution
without the need for a pinhole required by fluorescence con-
focal microscopy. In addition to this, TPEF allows imaging
deeper into scattering tissue due to the decreased scattering of
the near-infrared excitation wavelengths. Together, these
properties of TPEF imaging demonstrate the effectiveness of
using this modality in the setting of an intravital multimodal
optical microscope utilizing either endogenous fluorescence
from molecules such as reduced nicotinamide adenine dinu-
cleotide (NADH) and flavin adenine dinucleotide (FAD),18 or
from exogenous tags, dyes, or genetically expressed proteins
such as green fluorescent protein (GFP).

SHG imaging is a nonlinear optical imaging technique
that achieves contrast from noncentrosymmetric crystalline
structures. In skin imaging, this is particularly useful as this
contrast is achieved primarily from dermal collagen.19 Thus,
SHG imaging provides a tool for noninvasive imaging of the
collagen support network in living skin, providing a measure
of skin integrity and strength. With these techniques integrated
into a single microscope platform, complementary informa-
tion regarding the functional and structural parameters of the
living skin environment can be obtained, providing an ex-
cellent tool for the assessment of skin health and response to
a particular therapy.20

Previously, multimodal microscopy utilizing TPEF and
SHG has been utilized for the assessment of skin under
conditions of skin grafting and wounding.14,15 In particular,
these studies used a GFP-labeled bone marrow transplant
(BMT) mouse model to study the BM-derived cell response to
various wounding conditions. In this GFP BMT model, all
BM-derived cells, including immune cells, are labeled with
GFP by replacing the BM of the host animal with that of a
GFP-expressing mouse. Recently, investigation of in vitro-
engineered tissue structures have also been performed using
similar multimodal optical microscopy methods.21–23 In this
study, these methods are extended to more thoroughly com-
pare several engineered tissue scaffolds and study the effect
they have on the healing process in vivo. The integrated OCM
and MPM microscope, in conjunction with this animal model,
is used to noninvasively assess both functional parameters,
including the BM-derived cell response, as well as the struc-
tural integrity of the skin microenvironment in vivo.

Materials and Methods

Integrated multimodal optical microscope

A custom-built multimodal optical microscope capable of
simultaneous OCM, TPEF, and SHG imaging was used for
skin imaging (Fig. 1). This system has been described pre-
viously for in vivo skin imaging.14,24 In brief, excitation light
is provided by a titanium:sapphire laser (MaiTai HP; Spectra
Physics). The beam is passed through 90/10 beamsplitter

FIG. 1. Experimental setup of the integrated multimodal
microscope. BS, beam splitter; CCD, charge-coupled device
camera; CL, collimating lens; DG, diffraction grating; DM,
dichroic mirror; GS galvo scanning mirror; HWP, half-wave
plate; M, mirror; O, objective; PBS, polarizing beam splitter;
PCF, photonic crystal fiber; PH, pinhole; PMT, photo-
multiplier tube; RM, reference mirror; TL, telescope lens.
Color images available online at www.liebertpub.com/tec
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separating the beams used for OCM and MPM. The OCM
beam is sent through a photonic crystal fiber, which expands
the bandwidth to *100 nm full-width half-maximum. Fol-
lowing this, the OCM and MPM beams are recombined, sent to
the sample arm of the microscope, and focused beneath the
skin using a high numerical aperture (NA) objective lens
(XLUMP20X, NA = 0.95; Olympus). The optical power at the
focus was <10 mW. The thickness of the optical sections is
*1mm, and the maximum imaging depth is *150mm. The
focal spot was raster scanned transversely across the sample
using a pair of computer-controlled galvanometric mirrors
(MicroMax 671; Cambridge Technology). Detection of TPEF
and SHG signals was performed using a pair of photomultiplier
tubes (Hamamatsu H7421-40). The two channels were sepa-
rated spectrally using a dichroic mirror (Semrock) and spectral
filters (Semrock) chosen particularly for each modality to en-
sure that minimal cross talk occurred between the detection
channels. The OCM signal was detected in a custom-built
spectrometer. OCM images were processed online to provide
structural images by performing a fast Fourier transform and
identifying the corresponding en face frame in each dataset. To
achieve a large field-of-view, sample scanning following the
acquisition of each frame was performed using a three-axis
computer-controlled motorized stage (Newport M-VP-25XL-
XYZL). Finally, the images were stitched together into a large
field-of-view mosaic. Data acquisition was performed through
custom-built LabVIEW software controlling the acquisition,
sample scanning, and raster scanning.

Fabrication of vertically oriented microchanneled
alginate hydrogels

Fabrication of alginate hydrogels followed procedures similar
to those in previous studies.25,26 Sterile, alginate substituted with
oligopeptides containing the Arg-Gly-Asp sequence was dis-
solved in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES)
buffer (pH 6.5) at a concentration of 2% (w/v). The alginate
solution was sequentially mixed with 1-hydroxybenzotriazole
(Hobt; Fluka), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC; Sigma-Aldrich), and adipic acid dihydrazide (AAD;
Sigma-Aldrich). The molar ratio of EDC:Sulfo-NHS:AAD
was kept constant at 1.0:1.0:0.2. The molar ratio between
AAD and uronic acid of alginate was also kept constant at
0.2:1.0. The pregelled solution was placed in a space between
two glass plates separated by a 1 mm spacer. After 10 min,
hydrogel disks with 5 mm-diameters were punched out and
incubated in deionized water at room temperature for 12 h.
Then, each gel disk was placed on top of a copper plate with
thickness of 0.5 mm. The lower part of the copper plate was
placed in contact with a liquid nitrogen bath for 5 min, to
decrease the copper plate temperature to near -200�C. The
gel disk was surrounded by polystyrene foam to create a
uniaxial temperature gradient. The volumes of the hydrogel
and the liquid nitrogen were kept constant between batches, to
obtain reproducible results. The resulting frozen gel was ly-
ophilized to remove ice columns and, in turn, introduce hol-
low microchannels with 0.1 mm diameter.

Fabrication of randomly oriented microporous
alginate hydrogels

Separately, the microporous hydrogel was prepared by
placing the alginate hydrogel in a copper container at -200�C.

The diameter of the copper container was designed to be
equivalent to a diameter of the hydrogel to make the bottom
and wall of the hydrogel disk contact with the surface of the
copper container. Again, the frozen hydrogel was lyophilized
to remove ice from the matrix. The dehydrated sample was
rehydrated with aqueous media containing cells.

GFP BM transplant mouse model

All animal procedures were performed under protocols
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the University of Illinois at Urbana-
Champaign. BMTs were performed in 10–12-week-old re-
cipient female wild-type C57BL/6 mice as previously de-
scribed.27 Male transgenic mice with global GFP expression
[C57BL/6-Tg (CAG-EGFP) 10sb/J] were used as BM do-
nors.28 Donor mice were sacrificed by CO2 inhalation, and
BM was harvested from their hind limbs (femur and tibia).
The hind limb bones were extracted, and the GFP BM was
flushed using a 25-gauge needle and syringe with 1 mL of
sterile phosphate-buffered saline (PBS). Cells were counted
and diluted to a concentration of *7 · 106 cells/mL and
kept on ice before transplantation. Following radiation
treatment in recipient mice from a cobalt-60 source (two
doses of 6 GY, administered 4 h apart), donor BM cells were
transplanted in recipient mice via retro-orbital injection.29

Cell delivery procedure

Microchanneled alginate hydrogels were initially seeded
with DiI-labeled C57/BL6 mouse dermal fibroblasts at a
density of 1 million cells. Cells were suspended in 20 mL of
culture media, and pipetted onto the dehydrated lyophilized
scaffold. Upon contact with the media, the scaffolds drew in
the cells and media as it rehydrated, allowing an even dis-
tribution of cells throughout the scaffold. The fibroblasts
were cultured within the scaffold for 2 days. Under anes-
thesia, the back skin of GFP BMT mice was shaved to re-
move all hair from the wound site and cleaned thoroughly
using isopropyl alcohol. Following this, a 5 mm diameter
full-thickness skin wound was made on the GFP BMT an-
imal that was to receive treatment.

Immediately following wounding, the alginate hydrogel was
placed directly on the wound site and animals were bandaged
using a transparent bandage (Nexcare Tegaderm), followed by
a second more sturdy bandage (Band-Aid Tough Strips) to
ensure that the scaffold would not be removed by the animal, as
well as to prevent photobleaching of the DiI-labeled fibro-
blasts. Mice were then allowed to recover from anesthesia and
were returned to their cages. Two days following wounding
and grafting, bandages were removed, and the alginate hy-
drogel scaffold was extracted. Wounds were imaged directly
following scaffold removal, and follow-up imaging was per-
formed 10 days after wounding. Removed scaffolds were also
imaged immediately following extraction to determine the
presence of any remaining cells and the extent of the response
from the GFP-labeled BM-derived cells.

Results

Multimodal imaging of alginate hydrogels

Multimodal imaging of the unseeded alginate hydrogels
was first performed to assess the structure and viability of
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these samples as cell delivery tools. Imaging was performed
at two laser excitation wavelengths, 800 and 920 nm, per-
formed in rapid succession. It was found empirically that the
alginate hydrogels exhibit strong autofluorescence when
excited at 800 nm. However, at this wavelength, fluores-
cence from the DiI-labeled cells was also present. Thus,
fluorescence imaging at 800 nm provided a combination of
contrast from both the structure of the alginate hydrogel as
well as from the seeded cell population (Fig. 2a). OCM was
also acquired at 800 nm (Fig. 2b) and yielded contrast
mainly from the interfaces of the hydrogel, providing
complementary structural information. At 920 nm excita-
tion, it was found that the fluorescence signal from the al-
ginate hydrogel was nearly absent, but the DiI signal from
the labeled fibroblasts remained (Fig. 2c). By acquiring
fluorescence images at excitation wavelengths of both 800
and 920 nm and coregistering the data in an appropriate
color map, the fluorescence contributions of the cells and
alginate hydrogel scaffold could be isolated and better vi-
sualized (Fig. 2d). This imaging strategy was utilized to
further assess the effect of various structural parameters of
the scaffold on the seeded cell population.

In vitro assessment of alginate hydrogel scaffolds

To better understand the delivery mechanism of cells
within the hydrogel scaffolds, the effect of cell organization
and mobility within the hydrogel scaffold microenvironment
was investigated. In particular, the effect of the orientation

of the micropores within the hydrogel scaffold on the profile
of cellular distribution was studied. Hydrogel scaffolds are
capable of being produced with transversely-, vertically-, or
randomly-oriented microchannels or micropores relative
to the plane of the wound bed. In scaffolds with randomly
oriented micropores, each micropore was independently
oriented in a random direction. As the goal is to use these
scaffolds to deliver cells onto the wound bed, only verti-
cally- (Fig. 3a, c) and randomly oriented (Fig. 3b, d) scaf-
folds were investigated, as the transverse microchanneled
scaffolds were not likely to efficiently deliver cells onto the
wound bed. Two days following the initial fibroblast seeding
procedure, hydrogel scaffolds were imaged using the inte-
grated OCM and MPM microscope. In vertically oriented
scaffolds, it was observed that cells tended to form small
clusters within the individual channels in the scaffold
(Fig. 3c). In contrast to this, large clusters of cells with
dimensions larger than the average channel size were ob-
served in the randomly oriented scaffolds (Fig. 3d). In both
cases, cells tended to be found in isolated clusters within the
micropores of the scaffold. In addition to this, the cell
clusters were observed to be distributed relatively homo-
geneously throughout both the vertically- and randomly
oriented scaffolds.

In vivo tracking of delivered cells in GFP BMT animals

Immediately following imaging of the cell-seeded scaf-
folds, the scaffolds were implanted directly onto the wound

FIG. 2. Multimodal mi-
croscopy imaging of micro-
channeled alginate hydrogel
scaffolds. (a) TPEF imaging
at 800 nm excitation allows
visualization of the scaffold
and seeded fibroblasts.
(b) OCM imaging provides
structural contrast of the
hydrogel scaffold. (c) TPEF
imaging at 920 nm excitation
isolates the cells from the
scaffold. (d) The overlay of
all imaging modalities provi-
des the location of cells in the
context of the microchannels
within the scaffold microen-
vironment. White arrows cor-
respond to locations of seeded
cells in the microchanneled
scaffolds. Color key: Green,
TPEF at 800 nm; Red, TPEF
at 920 nm from DiI labeled
fibroblasts; Cyan, OCM.
Scale bar is 250mm. OCM,
optical coherence microsco-
py; TPEF, two-photon-excited
fluorescence. Color images
available online at www
.liebertpub.com/tec
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bed such that the imaged side of the scaffold was in contact
with the wound bed. Animals were immediately bandaged,
and scaffolds remained on the wound for 2 days, after which
the bandages and scaffolds were removed. Subsequently, the
in vivo wound bed was imaged using the integrated OCM and
MPM microscope. Imaging 2 days following wounding and
implantation of the hydrogel scaffolds revealed the presence
of DiI-labeled cells in the wound bed for scaffolds seeded
with cells, compared with control animals implanted with
control scaffolds that did not contain any fibroblasts (Fig. 4a).

Due to the large size of the wound and the limited extent
of the practical imaging range, it was not possible to image
the entire wound bed. Thus, images were acquired from
approximately the center of the wound bed. In addition to
this, it was observed that scaffolds with vertical micro-
channels tended to yield higher densities of delivered cells,
based on the images acquired from the wound bed immedi-
ately following scaffold removal. After imaging, bandages
(but no scaffolds) were replaced over the wound to prevent
photobleaching of the delivered DiI-labeled fibroblasts. Ten
days following wounding, bandages were again removed, and
wounds were imaged to assess the wound microenvironment
and identify the presence of any remaining fibroblasts deliv-
ered by the hydrogel scaffolds. In the wounds treated with the
vertically oriented fibroblast-seeded hydrogels, the presence
of DiI-labeled fibroblasts was confirmed 10 days following
treatment, providing evidence of the extended contributions

of this cell therapy approach. In addition to this, the GFP BM-
derived cells appeared morphologically distinct, compared
with the GFP BM-derived cells observed 2 days following
wounding (Fig. 4b, arrows in c). On Day 2, these cells ap-
peared more spherical or elliptical in shape, while on Day 10,
cells were observed to have a more dendritic morphology.
These dendritic GFP BM-derived cells also appeared to cluster
around the deposited DiI-labeled fibroblasts when treated with
vertically oriented hydrogels containing DiI-labeled cells
(Fig. 4c, column 2), demonstrating an evident BM-derived
cell response to the introduction of these foreign cells. Fi-
nally, in several cases, the presence of DiI-labeled fibro-
blasts was associated in several instances with the presence
of SHG contrast from thick collagen patches (Fig. 4a, c—
vertical with cells), suggesting the production of collagen
from these newly deposited fibroblast cells.

Infiltration of BM-derived cells into hydrogel scaffolds

In addition to the multimodal imaging of the in vivo
wounds treated with fibroblast-seeded scaffolds, the scaffolds
themselves were imaged ex vivo immediately following re-
moval after 2 days of direct contact with the wound bed of the
GFP BMT mice (Fig. 5). Imaging of the ex vivo hydrogels
revealed the absence of DiI-labeled fibroblasts in the scaffolds
with vertically oriented microchannels (Fig. 5c). However, in
scaffolds with randomly oriented micropores, some patches of

FIG. 3. Comparison of mi-
crochannel geometries in al-
ginate hydrogel scaffolds.
(a) Vertical microchannels
without seeded fibroblasts.
(b) Random microchannels
without seeded fibroblasts.
(c) Vertical microchannels
with seeded fibroblasts. (d)
Random microchannels with
seeded fibroblasts. Color key
follows from Figure 2. Scale
bar is 250 mm. Color images
available online at www
.liebertpub.com/tec
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FIG. 4. In vivo multimodal microscopy images of wounds treated with microchanneled alginate hydrogel scaffolds at (a)
Day 2 and (b) Day 10 following wounding. (c) Zoomed regions from the corresponding boxes in (a) and (b). White lines are
used to outline the wound boundary. White arrows correspond to GFP BM-derived cells with dendritic morphology. Color
key: Green, GFP fluorescence; Cyan, SHG; Red, DiI fluorescence from labeled fibroblasts delivered by scaffolds. Scale bar is
500mm. BM, bone marrow; GFP, green fluorescent protein; SHG, second harmonic generation. Color images available online
at www.liebertpub.com/tec

FIG. 5. Multimodal optical images
of microchanneled alginate hydrogel
scaffolds after removal from the
wound 2 days following treatment
with (a) vertical microchannels cul-
tured without fibroblasts, (b) random
microchannels without fibroblasts, (c)
vertical microchannels with fibro-
blasts, and (d) random microchannels
with fibroblasts. Color key: Yellow,
TPEF at 800 nm; Green, GFP fluo-
rescence; Cyan, OCM; Red, DiI fluo-
rescence from labeled fibroblasts.
Scale bar is 250 mm. Color images
available online at www.liebertpub
.com/tec
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clustered DiI-labeled fibroblasts were observed (Fig. 5d). This
observation implies that cells were more likely to be delivered
from the scaffolds and onto the wound bed using hydrogels
with vertically oriented microchannels, compared with those
with randomly oriented micropores. In addition to this, a large
presence of spherically shaped GFP BM-derived cells were
observed to have infiltrated into the micropores of both the
vertically- and randomly oriented hydrogels, indicating an
evident response to the hydrogel scaffold in both conditions.

Discussion

The developed imaging protocol for the in vitro investi-
gation of microporous alginate hydrogels represents a
powerful tool for the analysis of these constructs before
application onto wounds. Through the multimodal imaging
system and the cell labeling strategy used in this study, DiI-
labeled fibroblasts can be easily separated from the fluo-
rescence of the hydrogel scaffold. It is worth noting that in
the case that differently engineered scaffolds are used for
similar studies, the fluorescence properties of the particular
scaffold must be determined to utilize methods such as
these. If the scaffold is not autofluorescent or the fluorescent
signal is not separable from the cell labels being utilized,
this may present challenges in identifying the spatial posi-
tions of the cells in the context of the scaffold geometry.

It is also important to note that the DiI fluorescence in-
tensity will decrease proportionally with cell proliferation.
Thus, careful attention must be paid when attempting to use
similar methods for long-term time-lapse imaging of the
wound healing process. OCM provides further structural
information when combined with these, allowing visuali-
zation of the channel microstructures within the hydrogel.
By identifying the spatial positions of the cells within the
scaffold microenvironment, the direct influence of channel
size and orientation on cell aggregation and organization
can be determined in a straightforward manner. This pro-
vides a useful method for screening or monitoring the hy-
drogel scaffold before application or implantation, and may
give further information about particular scaffold micro-
structure, orientation, cell density, and cell type, especially
when correlated with healing outcomes at the conclusion of
an intervention or treatment.

Multimodal optical microscopy allows for the nonintru-
sive study of the seeded cells in the alginate hydrogel
without perturbing the natural environment. This permits
both study of the cell organization and dynamics within
various scaffold microenvironments as well as evaluation
and monitoring of cell conditions within the scaffold before
being applied to the wound. Multimodal images of the
scaffolds show strong correlations between channel size,
orientation, and cell aggregation or cluster density. Seeded
cells within scaffolds produced with randomly oriented
micropores were observed to form large clusters within
the channels of the scaffold, compared with the cells in
scaffolds with vertically oriented microchannels, which
were observed to form smaller, less dense clusters more
uniformly throughout the hydrogel scaffold. In scaffolds
with randomly oriented micropores, it is likely that the
large, dense clusters of cells form due to the merging of
several porous channels. Due to the fact that these randomly
oriented scaffolds contain a network of connected channels,

it is reasonable to expect that the cells navigate these
channels to form the large clusters that are observed. In
contrast to this, cells within vertically oriented scaffolds are
not observed to form these large clusters, as these micro-
channels do not form connected networks of channels.

Due to the observed clustering of the DiI-labeled cells in
both vertically- and randomly-oriented hydrogels, the de-
livery of nonuniform clusters of cells for both orientations
was observed, with more cells being delivered in the case of
vertically oriented hydrogels. The ability to track large
populations of BM-derived GFP cells in the hydrogel scaf-
fold following scaffold removal provides a method for
tracking the immune response to externally engineered
materials, which may be useful in determining their efficacy
in the treatment of wounds. From the images of the ex-
tracted hydrogels, it was also discovered that the presence of
the scaffold invoked an evident BM-derived cell response,
as seen by the presence of large populations of GFP BM-
derived cells. The fact that some DiI-labeled cells remained
in the scaffolds with randomly oriented micropores also
provides evidence that the scaffold microenvironment plays
an important role in the efficacy of these cell therapies.

Tracking of these parameters using this multimodal mi-
croscope provides a set of methods that can be used to an-
alyze potential cell delivery therapies in terms of their
ability to transport cells onto the wound bed. In the future,
combining these methods with quantitative imaging meth-
ods to determine important metrics such as the number and
spatial distribution patterns of the delivered cells could
further enhance the power of these methods in the in vivo
and in vitro assessment of engineered tissue constructs. In
addition to this, histological methods can also be used as a
gold standard to determine treatment efficacy and confirm
observations from the in vivo microscopy data.

These two cell delivery strategies were directly observed
after examination of wounds in vivo utilizing the same in-
tegrated multimodal optical microscope. In addition to this,
the use of the GFP BMT animal model allowed visualization
of the interactions between the delivered fibroblasts and the
native BM-derived cells of the mouse, which provided
functional information regarding the native BM-derived cell
response to the treatment. The ability to also detect collagen
from the SHG signals in the wound bed led to the obser-
vations of the colocalization of the delivered fibroblasts in
the vicinity of dense patches of collagen. As fibroblasts are
known for their ability to produce collagen, especially in
the presence of wound healing,30 this suggests that these
delivered fibroblasts were either producing collagen or po-
sitioned themselves near existing collagen fibers to further
assist the wound healing process. The ability to simulta-
neously determine interactions such as this in the complex
in vivo wound healing environment demonstrates the power
of this multimodal imaging approach.

Conclusions

In this study, a custom-built multimodal optical micro-
scope was used to investigate the use of alginate hydrogel
scaffolds as cell delivery vehicles for the treatment of large
wounds in GFP BMT mice. This integrated multimodal
imaging platform based on different, yet, complementary
contrast mechanisms provides an important method for
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investigating novel treatments for cell delivery. In particular,
the microscope was able to noninvasively probe both the
hydrogel scaffold and the in vivo wound microenvironments,
allowing observations of the delivered cell dynamics as well
as the interactions among the host immune system, collagen
structure, and delivered cells. In this way, multimodal optical
microscopy represents a powerful tool for assessing wound
healing therapies based on novel engineered biomaterials.
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