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Prevalent methods for monitoring burn injuries and testing drug efficacies rely on fixed
tissue sections. However, this may leave out cellular details in the living state. In vivo
assessments of burn healing has been long sought after and are of scientific and clinical
interest. Nicotinamide adenine dinucleotide (phosphate) (NAD(P)H), collagen, and melanin
are endogenous fluorescent molecules and their signals can be captured by two-photon
microscopy (TPM), therefore providing information on epidermal histological features and
collagen growth in real-time. In addition, TMP imaging on exogenous fluorescent
substances provides a basis for detecting blood vessels. In this work, two-photon
microscopy was used to capture the exogenous fluorescent substances and
endogenous fluorescent molecules at different times to assess and track burn healing
in vivo. Combining TPM imaging and morphological characteristics, proliferation and
differentiation of the keratinocytes in different layers of skin, collagen contents, and
angiogenesis were identified and quantified. The TPM monitoring method provides an
effective tool to systemically evaluate skin healing of deep burns in vivo.

Keywords: deep burns, skin healing, angiogenesis, two-photon microscopy, in vivo imaging

1 INTRODUCTION

Burn injuries are one of the most common accidents that cause morbidity and mortality. Burn
injuries, especially severe burns impose great burdens on both physical and mental health of the
patient [1]. Burns are divided into three categories (first degree; superficial second degree and deep
second degree; third-degree). Deep burns, including deep second-degree and third-degree wounds,
damage the deep layer of the dermis. Burn healing process includes three stages, termed as:
inflammatory (reactive), proliferative (reparative), and maturation (remodeling) phases with
distinct biological characteristics. Drug misuse at improper stages may delay the healing process
and cause microbial infections and scar formation. Therefore, identifying the different stages and
pathological events in burn healing is the cornerstone of precise medicine.

Recently, non-invasive technologies have been developed to diagnose and classify burn injuries
and monitor the burn healing in vivo, such as terahertz spectroscopy [2] and dual-scale
photoacoustic imaging [3]. As far as we know, simultaneously assessing the epidermis,
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extracellular matrix deposition, and angiogenesis in deep burns is
deficient. Two-photon microscopy (TPM) is a high-resolution
laser scanning imaging technique and a powerful tool to obtain in
vivo quantifiable details of the skin. TPM has been extensively
applied to study in vivo in inflammatory skin diseases [4, 5], skin
aging [6-8], and transdermal drug deliveries [9, 10]. The
penetration depth of TPM goes beyond the epidermis and
superficial dermis to about 300-600 um depending on the site,
excitation wavelength, and fluorophores [11], compared with that
of confocal microscopy, approximately 50-60 pm. TPM relies on
the non-linear photoexcitation of molecules, whereby two low-
energy photons are almost simultaneously absorbed in the same
focal point, resulting in fluorescence emission [11]. Epidermal
cells and extracellular matrices include a variety of endogenous
fluorescent molecules, such as nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H), collagen, elastin, and melanin, which
can be imaged by TPM non-invasively [12-14]. In addition, TMP
imaging of exogenous fluorescent substances rhodamine-dextran
provide important assessments for angiogenesis.

TPM  imaging of NAD(P)H, collagen, and
andrhodamine-dextran provided epidermal cells, dermal
collagen, and blood vessels changes in vivo, which are
important indicators of wound healing in deep burns.
Therefore, we developed a method to provide real-time
tracking of the burn healing process using TPM. In vitro
pathological staining was employed as the gold standard to
compare with the TPM results, regarding the evaluation of
collagen contents and blood vessels. Our method may provide
new insights in assessing skin healing and angiogenesis of deep
burns in vivo.

2 MATERIALS AND METHODS

2.1 Animal Preparation

All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of China
Academy of Chinese Medical Sciences (protocol code
ERCCACMS21-2016-10). 24 male C57BL/6 mice (20 + 2 g),
provided by Beijing Vital River Laboratory Animal Technology
(Beijing, China), were randomly divided into two groups: burn
group (Burn) and basic fibroblast growth factor (b-FGF)
treatment group (Burn + b-FGF) with 12 in each group. Hair
on the dorsal skin was shaved and depilated after anesthesia with
isoflurane (Ruiward, Shenzhen, China). A burn model was
established as reported by Tanaka and others with a slight
modification [15]. Briefly, a 1-cm diameter circular wound
was made on the back by water vapor heated to 96.5 °C at a
water bath for 6s. The wound was covered with Tegaderm™
transparent film (3M, Saint Paul, MN, USA). Three days later,
excisions of the wounds were undertaken following a current
clinical practice. b-FGF (150 TU/cm?) was employed topically in
the Burn + b-FGF group according to the instructions (Beijing
Shuanglu Pharmaceutical, Beijing, China), and 0.9% physiologic
saline was applied topically in the Burn group, once a day for
21 days.

Burn Skin Healing Using TPM

2.2 Wound Healing Rate
Deep burn wounds were photographed on days 7, 14, and 21 with

a rubber cushion of an inner diameter of 1.3 cm. The wound
healing rate was calculated with ImageJ (National Institutes of
Health), the following formula was used to calculate the wound
healing rate.

wound healing rate (%) = (A, — Ay)/AO.

A, was the wound area on day 0, Ay was the wound area on
day N (7, 14, or 21).

2.3 TPM Imaging

In vivo imaging was done using a commercial two-photon excited
fluorescence microscopy system (FV1000, Olympus, Japan) with
a water-immersion objective lens (PLAN x25 OB, Olympus,
Japan) and a Ti: sapphire laser oscillator (MaiTai HP DS-OL,
Spectra-Physics, CA). The excitation wavelength was tunable in
visible and near-infrared spectrum (690-1,040 nm), which was
suitable for detecting skin fluorescent molecules, such as adenine
NAD(P)H, collagen, melanin, and elastin.

The mice were fixed to an object stage of TMP after anesthesia
with isoflurane. The objective lens was immersed in water on the
holder which sucked the skin to reduce the effect of breathing
during measurements. Data were collected at the margin of the
wound before re-epithelialization and at the center of wound after
re-epithelialization on days 7, 14 and 21. The experimental
scheme, procedure, and schematic illustration of the skin are
shown in Figure 1. Pathological changes in the epidermis, dermis,
and blood vessels were detected. NAD(P)H signal was detected at
an excitation wavelength of 750 nm and emission wavelengths of
420-460 nm. Epidermal live cells were included in stratum
granulosum, stratum spinosum, and stratum basale. Stratum
basale is located at the deepest layer of the epidermis [16] and
consists of columnar cells. Stratum granulosum lies in the
outermost layer of the epidermis, the cells of stratum
granulosum are larger than those of stratum spinosum.
Previous studies distinguished stratum granulosum, stratum
spinosum, and stratum basale and analyzed their pathological
changes by TPM detection of NAD(P)H according to the
localization and characteristics of living cells [4, 17]. The
diameter and the number of epidermal skins were counted
using Image] software. A collagen signal was detected at an
excitation wavelength of 850 nm and emission wavelengths
420-460 nm. 3D reconstructions of the collagen were
generated using Imaris software. The mean fluorescence
intensity of the collagen fibers was calculated by dividing the
total fluorescence intensity by fluorescence area. The density of
the blood vessels was analyzed based on rhodamine-dextran
(Sigma-Aldrich, Saint Louis, MO, USA) images. Briefly,
rhodamine-dextran was injected in the tail vein of the mice,
following a previously published protocol [6]. Images were
collected at an excitation wavelength of 850 nm and emission
filters of 495-540 nm. Rhodamine-dextran image sets were
obtained comprised of TMP image stacks (90 um) to assess
angiogenesis. The image size was 1,024 x 1,024 pixels. Step
size was 2.5um. The scanning speed of NAD(P)H and
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FIGURE 1 | Experimental scheme and schematic illustration of the skin. (A) Establishment of the deep-burn model and experimental scheme. (B) Anesthetized
mouse on the imaging stage. Yellow arrows point at the sucker apparatus and wound area. (C) Imaging area at the margin before re-epithelialization and at the center of
wound after re-epithelialization. The white square represents the imaging area. (D) Schematic illustration of the skin. Black arrows point at the different compositions of
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collagen images was 4 um/pixel, and that of rhodamine-dextran
was 2 pm/pixel.

2.4 Staining

2.4.1 Hematoxylin and Eosin Staining

Burned skin was fixed in 4% paraformaldehyde (Solarbio, Beijing,
China) for 48 h. Then, the specimens were paraffin-embedded
and sectioned 6-um in thickness with a microtome (Thermo
Fisher Scientific, Waltham, MA, USA). Slices were stained with H
and E and captured with a microscope (Olympus BX51, Tokyo,
Japan).

2.4.2 Masson’s Trichrome Staining

Tissues were fixed, paraffin-embedded, and sectioned. The
collagen was stained with Masson staining reagent (Solarbio,
Beijing, China), following a previously published protocol [18].
Finally, the images were captured with a microscope.

2.4.3 Toluidine Blue-Eosin Staining
Blood vessels were stained with toluidine blue and eosin after
being fixed. Images of blood vessels were taken with a microscope.

2.5 Statistical Analyses

All data were expressed as mean + standard deviation (SD). Data
were analyzed by one-way ANOVA using SPSS v17.0 (IBM,
Armonk, NY, United States). Graphs were created using Prism
v6.0 (GraphPad, La Jolla, CA, USA). p < 0.05 was considered
significant.

3 RESULTS
3.1 Wound Healing of Deep Burns in Mice

To evaluated wound changes on days 7, 14, and 21, the wound in
each group was photographed (Figure 2A) and the wound
healing rate was analyzed (Figure 2B). On day 7, the wound
area of the Burn + b-FGF group was reduced significantly than
that of the Burn group (p < 0.01). On day 14, the wound in the
Burn group did not heal, whereas the wounds in the Burn +
b-FGF group had healed completely (p < 0.0I). On day 21, the
wound in each group had healed, but the scar area treated by
b-FGF was less than that in the Burn group. These results
suggested that b-FGF could accelerate the healing of deep
burns in mice.

3.2 Epidermal Healing of Deep Burns in Mice
To evaluate the epidermal healing of deep burns in vivo, we
tracked the cell morphology of stratum granulosum, and the cell
numbers of stratum spinosum and stratum basale throughout the
21 days. Different layers were recognized according to the
characteristics and location of the cells obtained by NAD(P)H
imaging. The reconstructions of the different layers of epidermis
are shown in Figure 3A.

To examine cell morphology of stratum granulosum, we
imaged the cell of stratum granulosum by NAD(P)H imaging
in normal skin (Figure 3B), the Burn group, and the Burn +
b-FGF group at different days (Figure 3C). The cell mean
diameter of stratum granulosum was calculated (Figure 3D).
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FIGURE 2 | Wound healing of deep burns in mice. (A) Images of the
deep burns in different groups. Scale bar = 50 mm. (B) Wound healing rate of
the deep burns was measured (n = 6).

The epidermis had virtually no cells of stratum granulosum at
the wound margin in the Burn group and Burn + b-FGF group
on day 7 (the images are not shown). On day 14, the cell
diameter of stratum granulosum was larger in the Burn +
b-FGF group than that of the Burn group, however, without
statistical significance. On day 21, the cell diameters of stratum
granulosum were 15.34 £ 0.56 and 22.24 + 1.11 um in the Burn
group and Burn + b-FGF group, respectively, with statistical
significance (p < 0.05).

To further explore keratinocyte proliferation and
differentiation of stratum spinosum and stratum basale in
deep burns, cell numbers were counted by obtaining in vivo
NAPDH signals. Figures 3E,F show the representative
NAD(P)H images of stratum spinosum in normal skin and
deep burns selected from one field of view from 170 um X
170 um images (Supplementary Figure S1A). The cell
number of stratum spinosum from NAD(P)H images were
calculated (Figure 3G). Representative NAD(P)H images of
stratum basale in normal skin (Figure 3H) and deep
burn (Figure 3I) were shown selected one field from
170 um x 170 um images (Supplementary Figure S1B). The
cell number was calculated (Figure 3J). Cells of
stratum spinosum and stratum basale from NADPH
images were sparse on day 7. On day 14, the number of
cells in the stratum spinosum and stratum basale were
increased significantly compared with the Burn group (p <
0.05). On day 21, the intercellular space was reduced

Burn Skin Healing Using TPM

significantly, the cell number of stratum spinosum and
stratum basale increased by 1.37-fold (p < 0.05) and 1.43-
fold (p < 0.01) after b-FGF treatment. These results showed
that the proliferation and differentiation of an epidermal cell
can be detected and quantified in vivo by NAD(P)H imaging
using TMP.

3.3 Collagen Production in the Dermis of

Deep Burns in Mice

In order to explore collagen production, we observed the features
of collagen growth and quantitatively analyzed the mean
fluorescence intensity. 3D reconstructions of the collagen were
obtained in normal skin (Figure 4A), the Burn group, and the
Burn + b-FGF group at different days (Figure 4B). Mean
fluorescence intensity presented in Figure 4B was calculated
(Figure 4C).

The collagen fibers showed centripetal growth, parallel and
loose arrangement, and less mean fluorescence intensity of the
collagen fibers at the margin of the wound site in both groups
before re-epithelialization. On day 14, re-epithelialization in the
Burn group had not completed, and the collagen continued to
grow centripetally. The re-epithelialization in the Burn + b-FGF
group had completed, however, the mean fluorescence intensity
did not show statistical differences between the Burn group and
the Burn + b-FGF group. On day 21, the mean fluorescence
intensity of the Burn + b-FGF group increased significantly
compared with that of the Burn group, with statistical
significance (p < 0.05). We further evaluated the collagen
change by Masson staining. Representative Masson staining
images were obtained in normal skin (Figure 4D), the Burn
group, and the Burn + b-FGF group at different days (Figure 4E).
Results showed collagen volume fraction (CVF) was low in the
Burn group and the Burn + b-FGF group on days 7 and 14. On
day 21, the CVF of the Burn + b-FGF group increased
significantly compared with that of the Burn group
(Figure 4F, p < 0.01). Masson staining results were consistent
with TMP imaging. The aforementioned results showed that the
changes of collagen could be detected and quantified in vivo
using TMP.

3.4 Angiogenesis of Deep Burns in Mice
TMP imaging detects exogenous fluorescent substances as well as
endogenous fluorescent molecules, which provides the basis for
detecting blood vessels in vivo. In order to assess angiogenesis of
deep burns in mice, we injected rhodamine-dextran into the tail
vein and obtained the rhodamine-dextran image sets. We
quantitatively analyzed the density of rhodamine-dextran
image sets during wound healing.  Representative
rhodamine-dextran images sets were obtained in normal skin
(Figure 5A), the Burn group, and the Burn + b-FGF group at
different days (Figure 5B). The density of the blood vessels from
rhodamine-dextran images presented in Figure 5B were
calculated (Figure 5C).

Rhodamine-dextran from TMP imaging showed that blood
vessels grew toward the wound before re-epithelialization. The
density of the blood vessels in the Burn + b-FGF group increased
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FIGURE 3| Epidermal healing assessment of the deep burns from NAD(P)H images by TPM in mice. (A) Reconstructions of different layers of the epidermis. (B) Cell
morphology of the stratum granulosum from NAD(P)H images in normal skin. The area of NAD(P)H images was 33 pm x 33 pm. Scale bar = 10 um. (C) Cell morphology
of the stratum granulosum from NAD(P)H images between the Burn group and the Burn + b-FGF group. The area of NAD(P)H images was 33 upm x 33 pm. Scale bar =
10 pm. (D) Cell diameter of stratum granulosum was calculated. (E) Images of stratum spinosum from NAD(P)H images in normal skin. The area of the NAD(P)H
images was 56 pm x 56 pym. Scale bar = 10 um. (F) Images of stratum spinosum from the NAD(P)H images between the Burn group and the Burn + b-FGF group. The
area of the NAD(P)H images was 56 pm x 56 um. Scale bar = 10 um. (G) Image number of stratum spinosum was calculated. (H) Cells of stratum basale from NAD(P)H
images in normal skin. The area of NAD(P)H images was 56 pm x 56 pum. Scale bar = 10 pm. (1) Cells of stratum basale from the NAD(P)H images between the Burn
group and the Burn + b-FGF group. The area of the NAD(P)H images was 56 um x 56 upm. Scale bar = 10 um. (J) Cell number of stratum basale was calculated.

markedly than the Burn group on day 7 (p < 0.05). On day 14,
the density of the blood vessels in the Burn + b-FGF group

Burn group, and the Burn + b-FGF group at different days
(Figure Figure5E). The number of blood vessels in the Burn +

significantly increased than that of the Burn group, with
statistical significance (p < 0.05). On day 21, the density of
the blood vessels in the Burn + b-FGF group was 1.69-fold than
that of the Burn group (p < 0.05). To further explore the changes
in the blood vessels by pathological staining, we examined
toluidine blue-eosin staining in normal skin (Figure 5D), the

b-FGF group significantly increased than the Burn group on
days 14 and 21 (Figure 5F, p < 0.05). The results of toluidine
blue-eosin staining were consistent with the TPM imaging.
These results showed the imaging of rhodamineVdextran by
TMP provided an important method for assessing the
angiogenesis of deep burns.
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FIGURE 4 | Collagen production assessment of the deep burns by TPM and Masson staining in mice. (A) 3D reconstructions of collagen were generated using
Imaris software in normal skin. Scale bar = 30 um. (B) 3D reconstructions of collagen were generated using Imaris software between the Burn group and the Burn +
b-FGF group. Scale bar = 30 um. (C) Mean fluorescence intensity of collagen was analyzed from TMP imaging. (D) Collagen images of tissue slices detected by Masson
staining in normal skin. Scale bar = 20 um. (E) Collagen images of tissue slices detected by Masson staining between the Burn group and the Burn + b-FGF
group. Scale bar = 20 pm. (F) CVF was analyzed from Masson staining.
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FIGURE 5 | Angiogenesis assessment of the deep burns by TPM and toluidine blue—eosin staining in mice. (A) Blood vessel image sets obtained in vivo which
comprised of the TMP image stack in normal skin. Scale bar = 50 um. (B) Blood vessel image sets obtained in vivo which were comprised of the TMP image stack
between the Burn group and the Burn + b-FGF group. Scale bar = 50 um. (C) Mean density of the blood vessels was analyzed from rhodamine—dextran imaging. (D)
Blood vessel images of skin slices detected by toluidine blue—eosin staining in normal skin. Scale bar = 20 um. (E) Blood vessels images of skin slices detected by
Toluidine blue-eosin staining between the Burn group and the Burn + b-FGF group. Scale bar = 20 um. (F) Number of blood vessels was analyzed from toluidine
blue—eosin staining.
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4 DISCUSSION

In this work, TPM was used for in vivo tracking the healing
process in deep burns by capturing the florescent signals of
epidermal NAD(P)H and dyes in the vessel. Recently, TPM
imaging has been used in skin diseases in vivo due to deep
penetration into tissue, low energy, and high sensitivity [11,
19, 20], which overcome the shortcomings of traditional
sectioning, staining, and antibody labeling.

Burn healing process is a multi-step process consisting of the
inflammatory, proliferation, and remodeling phases. The
inflammatory phase is defined as a temporal activation and
recruitment of various cells of innate and adaptive immunity.
The proliferative phase is vital for wound closure, involving
keratinocytes, endothelial cells, fibroblasts proliferation, and
granulation tissue formation. The remodeling phase lasts
weeks to months and is characterized by wound contraction
and scar maturation [21]. In the study, we mainly focused on the
proliferation phase that is vital to burn healing. Epidermal cell
proliferation and differentiation, collagen contents, and changes
of the blood vessels establishing blood circulation were detected
with TPM in vivo to manifest this phase. Furthermore, b-FGF was
used as a positive control which is widely used for deep burns.
Previous studies have found that b-FGF reduced the total
duration of therapy by accelerating the time of re-
epithelialization or healing time [22], increasing collagen
contents [23, 24], and regulating angiogenesis [25]. Therefore,
its effects were observed and specified in different aspects during
the proliferation phase of burn healing.

Re-epithelialization is considered as a key step in wound
healing because it generates a new barrier between the
denuded surface and the environment. The epidermis is
composed of stratum granulosum, stratum spinosum, and
stratum basale from stratum corneum consisting of dead cells
[26]. Only basal keratinocytes can proliferate and give rise to
differentiated descendants [27]. The normal architecture of the
stratum granulosum appears to be lost next to the wound site, but
the granular layer is increasingly normalized away from the
wound [28]. The cells of stratum granulosum in normal skin/
mature skin have a larger body and continuous arrangement [4,
28]. The cell of stratum granulosum is large and its morphological
changes represent epidermal differentiation and the mature state.
So far, the repair process of the stratum granulosum, stratum
spinosum, and stratum basale cannot be evaluated well using
traditional methods in vivo; however it can be detected using
TPM. Different layers of the skin can be classified according to the
characteristics and location of the epidermal cell. In this work, we
explore the cell number of different layers of the epidermis
according to NAD(P)H images in vivo. The results found that
b-FGF accelerated cell proliferation and differentiation of stratum
spinosum and stratum basale, and increased the cell size of
stratum granulosum indicating a well-differentiated epidermis,
which demonstrated that b-FGF accelerates re-epithelialization.

The collagen, accounting for 70-80% of dry skin weight, is the
main component of the extracellular matrix [29, 30] and can be
employed as an indicator in the process of dermal repair.
Collagen imaging has been widely used in the transdermal

Burn Skin Healing Using TPM

movement of drugs in vivo [31], scar prognosis [32, 33], and
cancerous tissues [34, 35]. This study showed that b-FGF
accelerated collagen production by TMP imaging in vivo,
which was consistent with the Masson staining results in vitro.
In addition, TMP imaging of collagen found that newly grown
collagen fibers showed centripetal growth, parallel, and loose
arrangement before re-epithelialization. The aforementioned
results showed that the changes of collagen can be detected
and quantified in vivo by collagen imaging using TMP.

Angiogenesis is an important sign of wound healing [36, 37],
which maintains the growth of new granulation tissue and
ensures the survival of keratinocytes around wounds by
increasing the oxygen and nutrient supply [38]. Traditional ex
vivo methods of vessel identification rely on immunochemistry
and histological features [39, 40]; however, they omit real-time
details. This study found that rhodamine-dextran from TMP
images quantitatively assessed angiogenesis of deep burns
established blood perfusion in vivo in deep burns, and
revealed the dynamic changes of blood vessels during healing.

TPM is used for in vivo tracking the effects of b-FGF in deep
burns by epidermal cell proliferation and differentiation, collagen
contents, and angiogenesis. However, the effects of b-FGF on
epidermis, collagen, and blood vessels are different at different
times. The results showed that b-FGF promoted epidermal cell
proliferation and differentiation on days 7, 14, and 21. Due to the
limited imaging area of TPM, we only captured the partial collagen
fibers at the margin of the wound. We found that collagen fibers
showed the centripetal growth at the margin of the wound, and
there was no difference in collagen content during the healing
process on day 7 and 14. However, on day 21 after the healing, we
found that b-FGF promoted the regeneration of collagen at the
center of the wound by TPM imaging. TPM imaging showed that
b-FGF promoted angiogenesis on days 7, 14, and 21. When re-
epithelialization was completed, the density of blood vessels
decreased. Therefore, on day 21, vascular density was decreased
significantly in the Burn group and the Burn + b-FGF group than
that of on day 14. In conclusion, b-FGF accelerates epidermis
proliferation and differentiation, collagen contents, and
angiogenesis at different times.

The TPM monitoring method provides an effective tool to
systemically evaluate skin healing of deep burns in vivo. However,
two-photon imaging has disadvantages that limit its application
[1]. Two-photon-only images endogenous fluorescent molecules
and second harmonic substances, and other substances were not
evaluated [2]. The imaging area of TPM is limited, which omitted
partial useful information. We believe that TPM provides more
information on evaluating skin healing with the development of
TPM imaging technology.

5 CONCLUSION

We performed a longitudinal study to track skin and blood vessel
changes of deep burns during wound healing. By TMP imaging
exogenous fluorescent substances and endogenous fluorescent
molecules, we have directly detected epidermal cells, dermal
collagen, and micro-vessel changes. TMP imaging assesses
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epidermal healing by cell proliferation and differentiation. To
investigate the changes of extracellular matrix, we imaged
collagen, an important indicator of dermal repair. TMP
imaging showed collagen contents and grew centripetally. The
TMP imaging detects exogenous fluorescent substances, such as
rhodamine-dextran to provide changes in the blood vessels of
established blood circulation. These results highlight that TMP
imaging can be a powerful in vivo method to assess the skin
healing process in deep burns.
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