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Supplemental Methods: 

Keratin fluorescence identification: Identification of keratin positive and non-keratin 

positive pixels was based on linear discriminant analysis (LDA). Specifically, the average 

normalized fluorescence intensities from images acquired at the six different excitation 

and emission combinations were calculated for a training set of 2,296 user-specified 

regions from three independent C HFK and three independent 16E7 HFK EETEs.  The C 

HFK and 16E7 HFK EETEs were chosen since those contained the most highly 

keratinized superficial layers as identified by H&E (Fig. 2) and involucrin/loricrin 

staining (Fig. S2). Based on the training set, a combination of five metrics was used to 

differentiate keratin from non-keratin fluorescence: the fluorescence intensity detected at 

460 nm (755 nm excitation), its ratio to the fluorescence detected at 525nm (860 nm 

excitation), and the intensity detected at 525 nm for each excitation wavelength (755nm, 

800nm, and 860nm). Using these LDA input parameters, there was a 7.97% 

misclassification rate from the training set using JMP 8 (SAS; Cary, NC).  Most of this 

error was due to misclassifying cells as keratin (the misclassification of keratin regions as 

cells was only 2.35%). The LDA-based equations that define each classification 

probability were derived using JMP and then exported to Matlab, where each pixel in 

every TPEF image was automatically classified as either keratin or non-keratin. 

 

LC-MS/MS protocol: To extract intracellular metabolites, tissues (n=14) were cut in 

half prior to imaging. The epithelium was peeled from the dermis and flash-frozen in 



preparation for a modified version of a previously established extraction protocol (1). 

Specifically, a 2:1 mixture of methanol:chloroform by volume (500µL) was added to 

each tissue.  The tissues were flash frozen in liquid nitrogen for 30 seconds and allowed 

to thaw, followed by a brief 10-second vortex.  This freeze/thaw step was repeated twice, 

and 200µL of ice cold water was added to each sample.  Samples were centrifuged for 1 

minute at 15,000 g to form a biphasic mixture, and the upper (polar) phase was collected 

for LC/MS-MS analysis. To establish standard curves for NAD+, NADH, and FAD, 

0.01g of each compound was dissolved in 10mL of 50:50 v% methanol:water to obtain a 

1g/L stock solution. We diluted the stock solutions 100-fold, and then serially diluted 

them again to obtain a set of standards ranging from 1-10mg/L.  We purchased all 

compounds and solvents  from Sigma-Aldrich (St. Louis, MO).   We achieved standard 

curves exceeding R2=0.9, and used them to calculate the concentration of each cofactor in 

the extract. We performed the LC/MS-MS analysis using a 3200 QTRAP Hybrid Triple 

Quadrupole Linear Ion Trap mass spectrometer (AB SCIEX, Foster City, CA) coupled to 

a 1200 Series Binary LC System (Agilent Technologies, Santa Clara, CA).  For both the 

standard curves and tissue extracts, we quantified the areas under the NAD+, NADH, and 

FAD peaks using Analyst software (Version 1.5, AB Sciex). Based on the concentrations 

derived from the LC/MS-MS, we computed redox ratios of FAD/(NADH+FAD) and 

NAD+/(NADH+NAD+) for each tissue.    
Glucose and oxygen starvation studies: Primary HFKs were isolated from neonate 

foreskins as described previously(2). For imaging, HFKs were cultured on 50 mm glass 

bottom dishes (Mattek) until reaching confluence. Cell cultures were imaged in 



commercially available keratinocyte serum free media (KSFM) and then after 3 hour 

exposure to media prepared in-house with either same glucose and glutamine 

concentrations as KSFM (Low Glu), or same glutamine concentration but no glucose (No 

Glu). Specifically, Low Glu media was prepared by adding 1 g/l of glucose (Sigma), and 

584mg/l L-glutamine (Sigma) in no glucose, no glutamine, no phenol red DMEM. No 

Glu media was prepared by adding 584mg/l L-glutamine in no glucose, no glutamine, no 

phenol red DMEM. Three different dishes were used for each treatment group and 5 

random fields were captured for each individual dish. In addition, images were acquired 

from cells in commercially available keratinocyte serum free media (KSFM) and then 

during the first 30 minutes of exposure to KSFM media that had been nitrogen bubbled 

for 6 hours (Low Oxy) and therefore contained very low concentrations of O2. 

Data was acquired from two different dishes with 15 to 20 random fields being captured 

for each individual dish.  For accurate redox calculation the cytoplasmic areas of the cells 

were segmented through an automated image processing technique as described 

previously (3). 

 

Glutamine consumption assay for cell culture studies:  To confirm enhanced 

glutamine consumption in HFK monolayers in response to glucose-starved media, 

primary HFKs were cultured on falcon clear polystyrene 6 well cell culture plates (BD 

353046) until reaching confluence. Once confluent, cell cultures were exposed to KSFM, 

Low Glu or No Glu media (1ml per well) for 8 hours. Media samples from each well 

were collected and stored at -80 0C. Samples were diluted 1:5 and glutamine was 

quantified in the media by LC-MS/MS as described above. 
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SI FIGURE LEGENDS 

Supplementary Figure S1: (a) Representative depth-resolved 2D autofluorescence 

images from the same superficial, parabasal and basal layers of C HFK, 16E6 HFK, 16E7 

HFK, 16E6E7 HFK and HKc/DR EETEs shown in Figure 2(a), created by the overlay of 

the TPEF signal detected at 755nm exc/455 nm emission (green) and 860 nm 

excitation/525 nm emission (red) prior to processing for extraction of keratin and redox 

ratio information. (b) 3D rendered optical stacks of the corresponding tissues included in 

(a). Scale bar is 50μm for all 2D images. 

  

Supplementary Figure S2: Representative histological staining of cytokeratin 14 (K14), 

cytokeratin 10 (K10), involucrin (INV) and loricrin (LOR) for each type of EETE reveals 

differences in the depth-dependent patterns of proliferation and differentiation. 

Cytokeratin 14, which is typically expressed in mitotic cells, is found throughout the 

epithelial layers of the HKc/DR EETEs and diffusely localized within the basal and 



parabasal layers of the 16E7 and 16E6E7 HFK EETEs. On the contrary, loricrin, a major 

component of the cornified cell envelope during late terminal differentiation stages, is 

highly confined within the most superficial layers of the C and 16E6 HFK EETEs and not 

detectable in the HKc/DR EETEs. Interestingly loricrin seems to be detected also 

intraepithelially in a spotty like manner in 16E6E7 EETEs. Involucrin, typically 

expressed during the early terminal stage of  squamous differentiation , is predominantly 

present in cells of the granular layer and inner stratum corneum of the C, 16E6, 16E7 

and 16E6E7 HFK EETEs.  In contrast, it provides “patchy” patterns within the HKc/DR 

EETEs. 

 

Supplementary Figure S3: Quantitative evaluation of PCNA staining (green) with 

respect to DAPI staining (blue) throughout the depth of the EETEs.  These representative 

images demonstrate how proliferation is confined to the basal layer in the C HFK and 

16E6 tissue types only. 

 

Supplementary Figure S4: (a) Representative endogenous TPEF images detected at 460 

nm following 755nm excitation from cells exposed to KSFM, Low Glu (low glucose), No 

Glu (no glucose), and Low Oxy (low O2) media (top row). Corresponding redox ratio 

images of cytoplasmic areas isolated through automated image segmentation are shown 

in the bottom row. (b) Redox ratio values observed before and after 3 hour exposure of 

HFK cells either to Low glucose or No glucose media. A significantly higher redox ratio 

is observed following exposure to No glucose media (p=0.04). Enhanced glutamine 

consumption upon exposure of cells to No Glucose media is confirmed by LC-MS/MS 



(inset, p<0.01). (c) The redox ratio value decreases significantly (p=0.02) 30 minutes 

following exposure of cells to low O2 media. Bar plots display the mean and standard 

error.   

 

 

 

SI MOVIE LEGENDS 

 

Supplementary Movie S1: Representative endogenous TPEF image stacks from distinct 

depths of C HFK EETE. On the left, the overlay of the NADH TPEF (pseudo-colored 

green) and the FAD TPEF (pseudo-colored red) channels is presented. On the right, the 

overlay of the calculated redox ratio and the pixels identified as keratin is presented. The 

color scale for the redox ratio is the same as used in Fig. 1, while the keratin is shown in 

magenta. The image stacks have been smoothed in ImageJ with a Gaussian Blur filter 

(sigma=1). 

 

Supplementary Movie S2: Representative 3D renderings of C HFK EETE created in 

OsiriX by 3D volume rendering. On the left, the 3D projection of the overlay of the 

NADH TPEF (pseudo-colored green) and the FAD TPEF (pseudo-colored red) channels 

is presented. On the right, the 3D projection of the overlay of the calculated redox ratio 

and the pixels identified as keratin is presented. The color scale for the redox ratio is the 

same as used in Fig. 1, while the keratin is shown in magenta. For optical optimization, a 



Gaussian Blur filter (sigma=1) was applied in ImageJ to the image stacks used for the 

redox ratio and keratin 3D projection. 

 

Supplementary Movie S3: Representative endogenous TPEF image stacks from distinct 

depths of HKc/DR EETE. On the left, the overlay of the NADH TPEF (pseudo-colored 

green) and the FAD TPEF (pseudo-colored red) channels is presented. On the right, the 

overlay of the calculated redox ratio and the pixels identified as keratin is presented. The 

color scale for the redox ratio is the same as used in Fig. 1, while the keratin is shown in 

magenta. The image stacks have been smoothed in ImageJ with a Gaussian Blur filter 

(sigma=1). 

 

Supplementary Movie S4: Representative 3D renderings of HKc/DR EETE created in 

OsiriX by 3D volume rendering. On the left, the 3D projection of the overlay of the 

NADH TPEF (pseudo-colored green) and the FAD TPEF (pseudo-colored red) channels 

is presented. On the right, the 3D projection of the overlay of the calculated redox ratio 

and the pixels identified as keratin is presented. The color scale for the redox ratio is the 

same as used in Fig. 1, while the keratin is shown in magenta. The window for both 3D 

projections was adjusted in OsiriX for optical optimization. 

.  

 

Supplementary Movie S5: Representative endogenous TPEF image stacks from distinct 

depths of 16 E7 EETE. On the left, the overlay of the NADH TPEF (pseudo-colored 

green) and the FAD TPEF (pseudo-colored red) channels is presented. On the right, the 



overlay of the calculated redox ratio and the pixels identified as keratin is presented. The 

color scale for the redox ratio is the same as used in Fig. 1, while the keratin is shown in 

magenta. The image stacks have been smoothed in ImageJ with a Gaussian Blur filter 

(sigma=1). 

 

Supplementary Movie S6: Representative 3D renderings of 16E7 EETE created in 

OsiriX by 3D volume rendering. On the left, the 3D projection of the overlay of the 

NADH TPEF (pseudo-colored green) and the FAD TPEF (pseudo-colored red) channels 

is presented. On the right, the 3D projection of the overlay of the calculated redox ratio 

and the pixels identified as keratin is presented. The color scale for the redox ratio is the 

same as used in Fig. 1, while the keratin is shown in magenta. The image stacks used for 

both 3D projections have been processed in ImageJ (gaussian smoothing and 

brightness/contrast enhancement) for optical optimization.  

 

Supplementary Movie S7: Representative endogenous TPEF image stacks from distinct 

depths of 16 E6E7 EETE. On the left, the overlay of the NADH TPEF (pseudo-colored 

green) and the FAD TPEF (pseudo-colored red) channels is presented. On the right, the 

overlay of the calculated redox ratio and the pixels identified as keratin is presented. The 

color scale for the redox ratio is the same as used in Fig. 1, while the keratin is shown in 

magenta. The image stacks have been smoothed in ImageJ with a Gaussian Blur filter 

(sigma=1). 

 



Supplementary Movie S8: Representative 3D renderings of 16E6E7 EETE created in 

OsiriX by 3D volume rendering. On the left, the 3D projection of the overlay of the 

NADH TPEF (pseudo-colored green) and the FAD TPEF (pseudo-colored red) channels 

is presented. On the right, the 3D projection of the overlay of the calculated redox ratio 

and the pixels identified as keratin is presented. The color scale for the redox ratio is the 

same as used in Fig. 1, while the keratin is shown in magenta. The image stacks used for 

both 3D projections have been smoothed in ImageJ with a Gaussian Blur filter (sigma=1) 

for optical optimization. 

 

Supplementary Movie S9: Representative endogenous TPEF image stacks from distinct 

depths of 16 E6 EETE. On the left, the overlay of the NADH TPEF (pseudo-colored 

green) and the FAD TPEF (pseudo-colored red) channels is presented. On the right, the 

overlay of the calculated redox ratio and the pixels identified as keratin is presented. The 

color scale for the redox ratio is the same as used in Fig. 1, while the keratin is shown in 

magenta. The image stacks have been smoothed in ImageJ with a Gaussian Blur filter 

(sigma=1). 

 

Supplementary Movie S10: Representative 3D renderings of 16E6 EETE created in 

OsiriX by 3D volume rendering. On the left, the 3D projection of the overlay of the 

NADH TPEF (pseudo-colored green) and the FAD TPEF (pseudo-colored red) channels 

is presented. On the right, the 3D projection of the overlay of the calculated redox ratio 

and the pixels identified as keratin is presented. The color scale for the redox ratio is the 



same as used in Fig. 1, while the keratin is shown in magenta. The window was adjusted 

in OsiriX for optical optimization.  

  


