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Abstract

Burns are one of the leading causes of morbidity worldwide and the most costly traumatic injuries. A better understanding

of the molecular mechanisms in wound healing is required to accelerate tissue recovery and reduce the health economic

impact. However, the standard techniques used to evaluate the biological events associated to wound repair are laborious,

time-consuming, and/or require multiple assays/staining. Therefore, this study aims to evaluate the feasibility of Fourier

transform infrared (FT-IR) spectroscopy to monitor the progress and healing status of burn wounds. Burn injuries were

induced on Wistar rats by water vapor exposure and biopsied for further histopathological and spectroscopic evaluation at

four time-points (3, 7, 14, and 21 days). Spectral data were preprocessed and compared by principal component analysis.

Pairwise comparison of post-burn groups to each other revealed that metabolic activity induced by thermal injury

decreases as the healing progresses. Higher amounts of carbohydrates, proteins, lipids, and nucleic acids were evidenced

on days 3 and 7 compared to healthy skin and reduced amounts of these molecular structural units on days 14 and 21 post-

burn. FT-IR spectroscopy was used to determine the healing status of a wound based on the biochemical information

retained by spectral signatures in each phase of healing. Our findings demonstrate that FT-IR spectroscopy can monitor the

biological events triggered by burn trauma as well as to detect the wound status including full recovery based on the

spectral changes associated to the biochemical events in each phase.
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Introduction

Burns are a global public health problem and one of the

leading causes of morbidity worldwide. An estimated

180000 deaths every year are caused by burns, in which

the vast majority occur in low- and middle-income coun-

tries.1 Due to the extensive time of hospitalization, rehabili-

tation, treatment of wounds and scars, burns are the most

costly traumatic injuries.2,3

After a burn trauma, a complex cascade of events is trig-

gered in order to recover the tissue stability. The wound

healing process is divided into four distinct and overlapped

phases known as homeostasis, inflammation, proliferation,

and remodeling.4,5 Deregulation of one of these phases

might alter the normal repair process, resulting in impaired

healing (chronic hard-to-heal ulcers or excessive scar-

ring).6,7 In order to accelerate the wound repair/regener-

ation process, a better understanding of the cellular

and molecular mechanisms underlying wound healing is

necessary. However, the biological events involved in

tissue repair as well as its failure to heal are still not fully

understood.8,9

Determining the healing status of a wound after a burn

trauma plays an important role in deciding on a suitable

treatment regimen. The techniques routinely used to
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study the mechanisms of wound tissue repair may include

histological examination of tissue biopsies, immunohisto-

chemistry, in situ hybridization, polymerase chain reaction,

etc.10–12 These methods are expensive, laborious, time-

consuming, and require multiple assays/stains. Thus, new

technologies that are able to determine the healing status

of a wound as well as to provide information for a better

understanding of the wound repair process in a simple and

fast way have been investigated over the last years. Infrared

spectroscopy and several other optical methods have been

proposed for the characterization of physical and chemical

properties of skin.13–19 Fourier transform infrared (FT-IR)

spectroscopy provides information about the overall bio-

chemical status of the examined sample based on the vibra-

tions of molecular structural units (lipids, proteins, nucleic

acids, and carbohydrates) that are infrared active.20 The

potential applications of FT-IR spectroscopy as a tool to

study biological samples has been well demonstrated over

the past years. Most studies have focused on using the bio-

chemical information retained by spectral data for the diag-

nosis of cancerous and non-cancerous diseases,21–25 as well

as to evaluate drug–disease interaction.6,26–29 However, the

molecular vibrations measured by FT-IR spectroscopy also

provides valuable information which can be used for analyz-

ing basic biological processes, such as cell division and death

mechanisms,30,31 presenting a great promise as a tool to

assess biological events triggered by wound repair.32–35 In

light of this, this study aims to evaluate the feasibility of FT-

IR spectroscopy to monitor the progress and healing status

of burn wounds based on the spectral changes associated

to the biochemical events in each healing phase.

Materials and Methods

Animal Experiment and Sample Preparation

After approval by the institutional Ethics Committee for

Animal Research (CEUA IPEN 165/15), burn injuries were

induced on the back of Wistar rats by applying water

vapor at 90 �C for 12 s.36,37 Tissue specimens were

extracted after 3, 7, 14, and 21 days of thermal injury,

as shown in Table I, in order to evaluate the progress and

healing status of the wound repair. The specimens were

cryopreserved, and longitudinally oriented sections of

5 mm thickness were placed in MirrIR low-E-coated

slides (Kevley Technologies, Chesterland, OH). Previous

studies have reported the occurrence of an electric field

standing wave artifact in thin samples placed onto low-E

coated slides, which may induce spectral distortions such

as alterations in the peak shape and position.38–42

According to Cui et al.,43 tissue sections thicker than

2–3 mm should be used in order to avoid undesirable

spectral distortions. Thus, in the present study, spectral

data were acquired from tissue sections of 5 mm thick-

ness. More than one biopsy was taken from each

animal, according to ethical committee guidelines.

FT-IR Spectroscopy

Spectral data were collected using an FT-IR system (Thermo

Nicolet 6700, Waltham, MA) operating with an attenuated

total reflectance accessory as sampling mode (Smart Orbit,

Thermo Scientific, Waltham, MA). Measurements were per-

formed in MID-infrared region (4000–400 cm–1) with spec-

tral resolution of 4 cm–1 and 150 scans per spectrum in

which tissue specimens were pressed into a diamond crys-

tal with an area of 2.25 mm2. Spectral collections were per-

formed in a random mapping point-by-point in the entire

tissue biopsy.15 Up to 10 spectra were measured in each

tissue biopsy. Each spectrum obtained represents the equi-

distant measurement in each biopsy. After that, a spectral

quality control was performed.

Chemometric Analysis

Fingerprint region (900–1800 cm–1) and high wavenumber

region (2800–3000 cm–1) were truncated for posterior

offset–correction and normalized by amide I band area.

Second derivatives were calculated from spectra in order

to assess the overlapped sub-bands and smoothed by

Savitzky-Golay filter with a polynomial of second order in

a 13–point window. Spectra collected from healthy tissue

over the range of 1000–1400, 1500–1800, and 2800–

3000 cm–1 were compared to burn injuries using principal

component analysis (PCA).20,44 More information about

the selection of spectral range used as input for PCA is

provided in the supplemental material, in which accuracy,

sensitivity, and specificity are showed according to the heal-

ing stage (supplementary Appendix—PCA performance).

For chemometric validation, we compare the PCA results

with spectral barcodes based on Mann–Whitney U-test.45

A complete description of these evaluations is shown in the

Supplemental Material (Appendix—Chemometric

Validation). All chemometric methods, including the aver-

age spectrum and standard deviation from each group

according to post-burn days, were carried out on Matlab

R2015a (MathWorks, Natick, MA).

Table I. Experimental setup.

Group Post-burn No. of No. of No. of spectra

days rats tissue collected per

specimen group

G0 – 5 25 60

G1 3 10 40 65

G2 7 10 25 60

G3 14 10 25 30

G4 21 10 25 70
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Results

Histological Evaluation

Figure 1 shows histological sections of the skin tissue

before and after the burn experiment. The healthy skin

showed a typical histological organization: an outer epider-

mis formed by a thick squamous stratified epithelium and

an underlying dermis composed of dense connective

tissue (Fig. 1a).

On day 3 post-burn (Fig. 1b), the integrity of the skin

tissue was strikingly altered. The burn-wound lacked the

characteristic squamous stratified epithelium, and the

underneath dermis exhibited dense bundles of collagen

fibers. Prominent granulation tissue was observed in the

dermis wherein a wide inflammatory cell infiltration could

be identified. On day 7 post-burn (Fig. 1c), areas of re-

epithelization were observed on the surface of the burn-

wound, and the remodeling of dermis subjacent to the

burn-wound was still ongoing as dense bundles of collagen

fibers was observed in a random orientation. It was

observed that there was a noticeable decrease in the exten-

sion of granulation tissue and the number of inflammatory

cells in the dermis compared to the previous stage. On day

14 post-burn (Fig. 1d), re-epithelization was advanced. The

new epithelial layer completely covered the burn-wound

surface and exhibited intense cell proliferative activity in

its basal domain. Moreover, a distinct albeit discrete corneal

stratum was observed in the apical surface of the newly

formed epithelium. The subjacent dermis displayed a

loose connective tissue wherein numerous fibroblasts

were observed (Fig. 1d). Neither granulation tissue nor

inflammatory cell infiltrate was observed in the healing

tissue at this stage. On day 21 post-burn (Fig. 1d), the

healing burn-wound was fairly comparable to the healthy

skin in terms of histological organization. The epidermis

and dermis were completely re-stored and the skin surface

was entirely covered by a typical squamous stratified

epithelium.

FT-IR Spectroscopy

Figure 2 shows the averages of spectra and second deriva-

tives of healthy and post-burn wounds at different days

over the range of 1000–4000 cm–1. Spectral regions over

1400–1500 cm–1 and 1800–2800 cm–1 were excluded prior

spectroscopic analysis.

According to Fig. 2, alterations on band peak position as

well as the appearance or disappearance of infrared bands

were not observed between the groups. The vibrational

modes are identified on the second derivatives and their

biological assignments are summarized in Table II.

Differences in healthy tissue to skin submitted to ther-

mal injury measurements were compared using PCA in

order to monitor the biochemical changes induced by

the healing process in each time-point (3, 7, 14, and 21).

Figures 3a and 3c show score plots using the first (PC1) and

second (PC2) principal components obtained for G0 com-

pared to G1 and G2. Satisfactory data discrimination was

achieved in both cases along PC1, in which most scores

from G1 and G2 are grouped on negative values of PC1

axis, and scores from G0 lie in the positive values. Figures

3b and 3d depict the loadings associated to PC1 in each

Figure 1. Representative photomicrographs of healthy skin (a) and burn-wound during the healing process (b–e). (b) day 3 post-burn;

(c) day 7 post-burn; (d) day 14 post-burn; (e): day 21 post-burn. EP: epidermis; D: dermis; GT: granulation tissue; CS: corneal stratum;

thin arrow—inflammatory infiltrate; *Dense collagen bundles; Loose connective tissue; large arrow is epithelial proliferative area.

Hematoxylin and Eosin staining. 100� magnification.
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pairwise comparison and retain information about the vari-

ables responsible by different groupings along PC1 axis in

the score plots. Considering that PCA was applied on the

second derivatives, positive scores are related to negative

loadings and negative scores are related to positive

loadings.

In both cases, positive loadings were evidenced for all

vibrational modes, indicating an increase in the amount of

carbohydrates (1028 and 1082 cm–1), proteins (1202, 1235,

1280, 1340, 1626, and 1653 cm–1), and lipids (1745, 2852,

and 2924 cm–1) in the tissue from groups thermally injured.

Figures 4a and 4c depict scores plots (PC1� PC2)

obtained for G0 compared to spectral data collected

from G3 and G4. Scores associated with spectra from G0

lie on the negative values of PC1, whereas scores from G3

and G4 are grouped on positive values. Loadings of PC-1

(Figs. 4b and 4d) indicated a decrease in the amount of

carbohydrates, proteins, lipids, and nucleic acids in the

post-burn groups.

Spectral data from groups submitted to thermal injury

were also compared to each other in order to evaluate

the metabolic activity during the healing process. PCA

scores obtained comparing spectral data from G1 to G3

and G4 groups are shown in Figs. 5a and 5c, in which the

first principal component provided satisfactory data discrim-

ination. Loadings of PC1 from each pairwise comparison are

shown in Figs. 5b to 5d and revealed higher amount of carbo-

hydrates, proteins, lipids, and nucleic acids in spectral data

collected from G1 (three days post-burn) in both cases.

Similar findings were obtained comparing G2�G3 and

G2�G4 as shown in Fig. 6. On the other hand, satisfactory

data discrimination was not observed in the score plots of

G3�G4, suggesting that no clear biochemical changes are

noticed between spectra from both groups at these days of

healing process.

Discussion

Our results using PCA revealed similar biochemical infor-

mation for the pairwise comparisons G0�G1 and

G0�G2, in which higher content of carbohydrates, pro-

teins, lipids, and nucleic acids were identified in the post-

burn groups. These findings indicate intense metabolic

activity after the burn trauma and are associated with the

cascade of events triggered by the thermal injury.

Immediately after the trauma, biological events associated

to the homeostasis phase are activated in the wound site.

Blood clots are formed on the wound surface to stop the

bleeding and migratory cells playing different roles in the

healing task are attracted to the region.6,49 In our study, no

Figure 2. Averages and standard deviation of spectra (a) and second derivatives (b) of healthy and post-burn wounds at different days

of healing process over the range 1000–3000 cm–1.

Table II. Biological assignments for vibrational modes observed

in the second derivative of averaged spectra.

Band (cm–1) Assignment References

1029 Carbohydrates 46,47

1082 Carbohydrates 46,47

and nucleic acids

1202 Proteins 46,47

1235 Proteins 46–48

and nucleic acids

1280 Proteins 46,47

1340 Proteins 46,48

1626 Proteins 46–48

1653 Proteins 46,47

1745 Lipids 46,47

2852 Lipids 46,47,49

2924 Lipids 46,47,49

Zezell et al. 761



Figure 3. (a,c) PCA score plots obtained by the two main principal components (PC1� PC2) for days 3 and 7 compared to healthy

tissue. (b,d) Loadings associated to the first principal component obtained by each pairwise comparison (G0�G1 and G0�G2).

White circles represent scores related to spectra of healthy tissue, hexagram and pentagram relate to spectra collected for days 3

and 7 post-burn.

Figure 4. (a,c) Score plots using PC1 and PC2 obtained for G0�G3 and G0�G4 pairwise comparisons. (b,d) Loadings of PC1. White

circles represent scores related to spectra of healthy tissue, diamond and gray circles relate to spectra collected for days 14 and 21 post-

burn.
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Figure 5. (a,c) Score plots using PC1 and PC2 obtained for G1�G3 and G1�G4 pairwise comparisons. (b,d) Loadings of PC1. Black

hexagram represents scores related to spectra of day 3 post burn tissue, diamond and gray circles relate to spectra collected for days 14

and 21 post-burn.

Figure 6. (a,c) Score plots using PC1 and PC2 obtained for G2�G3 and G2�G4 pairwise comparisons. (b,d) Loadings of PC1. Gray

pentagram represent scores related to spectra of day 7 post-burn tissue, diamond and gray circles relate to spectra collected for days 14

and 21 post-burn.

Zezell et al. 763



tissue was extracted immediately after the thermal injury;

therefore, the events associated to homeostasis were not

evaluated. Concurrent to the homeostasis, growth factors,

cytokines, and chemokines released on the wound area

activate an inflammatory response, therefore initiating the

inflammatory phase.6,49 It is important to notice that the

biological events associated to the distinct phases that regu-

late the healing process are overlapped and vary with the

severity of the burn trauma (size and depth), location, infec-

tion, and other characteristics particular to each individual

(age, genetic conditions, etc).7 Thus, there is no consensus

about the exact duration of each phase of the wound repair,

since this is a multifactorial process influenced by all the

factors mentioned above. According to Landen et al., the

inflammation in normal skin wound healing usually lasts for

2–5 days after injury.6,50 On the other hand, Xue et al.

stated that inflammation progresses to the proliferative

phase after 2–3 days.51 In our study, intense inflammatory

cell infiltration was evidenced by histological examination

after three and seven days of thermal injury, indicating that

the inflammatory phase is still ongoing at the seventh day.

Histological aspects of granulation tissue were also

observed at three and seven days of wound healing and

indicate that proliferative phase has already initiated.

Fibroblasts attracted to the wound site synthesize granula-

tion tissue in order to restore the network of blood vessels

to provide nutrition and oxygen to the growing healing

tissue. Granulation tissue is composed of fibrous proteins

such as collagen and elastin,6,49 which present vibrational

modes over the range 1200–1400 cm–1 due to its fibrous

structure.51 Besides these bands, the secondary structure

of fibrous proteins also have vibrations peaking at Amide I

region. Thus, overexpression of Amide I and the increased

absorption of bands peaking at 1202, 1235, 1280, and

1338 cm–1 revealed by PCA in the spectra from G1 and

G2 indicate the intense synthesis of collagen and elastin

demanded to the formation of granulation tissue and extra-

cellular matrix (ECM). The overexpression of sub-bands of

Amide I is also influenced by the contribution of non-

fibrous proteins playing different roles during the healing

process. Granulation tissue is also composed by other

ECM components such as glycoproteins, proteoglycans, gly-

cosaminoglycans, and hyaluronic acid.6 These molecules are

essentially constituted by carbohydrates (monosaccharides,

disaccharides, polysaccharides) associated or not to other

molecules and have vibrational modes peaking at 1029 and

1082 cm–1. The overexpression of these bands in the spec-

tra of G1 and G2 groups indicate the high demand of these

molecular structural units during the wound repair.

Higher amount of lipids were identified by PCA at three

and seven days following burn wounding and may reflect the

direct involvement of some lipids in cell signaling (such as

phosphatidic acid, phosphoinositide, and diacylglycerol)52 as

well as source of energy (triglycerides, diglycerides, choles-

terol, free fat acids) for cell proliferation (growth and

division), migration and for synthesis of cellular

matrix.53,54 Besides the metabolic and energetic changes

induced by the intense proliferation of cells in the wound

site during the healing process, an increase in the nucleic

acids content may also be expected. In fact, spectral signa-

tures peaking at 1082 and 1235 cm–1, which are associated

with symmetric and asymmetric phosphate stretching from

nucleic acids, presented overexpression in the spectral data

from G1 and G2.

Histological aspects observed at the 14th and 21st days

of healing indicated partial and full recovery, respectively.

Neither granulation tissue nor inflammatory cell infiltrate

was observed in the healing tissue at these days, indicating

that proliferative phase has ended and the remodeling

phase is in process. At this stage, the collagen III produced

in the ECM is replaced by collagen I, the number of new

blood vessels decrease, the skin components are restored

(hair follicles and sweat glands), and fibroblasts are differ-

entiated into myofibroblasts in order to express as smooth

muscle actin that contract the wound.6 Fibroblasts were

identified in the dermis at the 14th day, but not observed

at the 21st day of healing, suggesting that wound contrac-

tion is over. At 21 days post-burn, the skin presented histo-

logical aspects of normality, therefore indicating that the

healing process has ended.

The ability of PCA to discriminate spectral data from

different groups is associated to the biochemical level of

similarity between the groups compared. No clear bio-

chemical changes were observed by PCA comparing G3

and G4 spectra to each other, which may be an indicative

that both groups are in the same healing phase. On the

other hand, decreased amounts of carbohydrates, proteins,

nucleic acids, and lipids were identified comparing G3 and

G4 to G1 and G2, indicating that metabolic activity induced

by thermal injury decreases as the healing process pro-

gresses. Reduced amounts of tissue molecular units were

also evidenced comparing G3 and G4 to G0, suggesting that

despite the similar histological aspects, healed tissue is bio-

chemically different of healthy skin.

Determining the state of wound repair is of great

importance in deciding the appropriate treatment for a

thermally injured patient. However, the current methods

used to obtain detailed information about the status of

tissue repair are laborious, time-consuming, and expen-

sive. In our study, we demonstrate that FT-IR spectros-

copy is able to provide information about the healing

status of a wound based on the biochemical information

retained by spectral signatures in each phase of healing.

Although the method is not capable of identifying specific

molecules when compared to molecular tests, as well as

assess spatial differences provided by FT-IR imaging, our

findings indicate that FT-IR spectroscopy is able to evalu-

ate the progress of tissue repair including full recovery

based on the biological events triggered by third-degree

burn trauma.
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Conclusion

In this study, FT-IR spectroscopy was used to monitor the

progress and healing status of cutaneous wounds after

third-degree burn trauma. Tissue collected on days 3 and

7 presented higher amounts of carbohydrates, proteins,

lipids, and nucleic acids compared to healthy skin, indicating

intense metabolic activity at these phases of wound healing.

Pairwise comparison of post-burn groups revealed that

metabolic activity induced by thermal injury decreases as

the healing process progresses. On days 14 and 21 post-

burn, healed tissue presented reduced amounts of molecu-

lar structural units compared to healthy skin, suggesting

that biological events triggered by burn trauma are signifi-

cantly reduced and the healing process is over. Our findings

demonstrate that FT-IR spectroscopy can monitor the bio-

logical events triggered by burn trauma as well as to detect

the wound repair status including full recovery based on the

spectral changes associated to the biochemical events in

each phase.
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