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Abstract

The value of optical redox imaging (ORI) of cells/tissues based on the intrinsic fluorescences of 

NADH (nicotinamide adenine dinucleotide) and oxidized flavoproteins (containing flavin adenine 

dinucleotide, i.e., FAD) has been demonstrated for potential biomedical applications including 

diagnosis, prognosis, and determining treatment response. However, the Chance redox scanner (a 

3D cryogenic tissue imager) is limited by spatial resolution (~50 μm), and tissue ORI using 

fluorescence microscopy (single or multi-photon) is limited by the light penetration depth. 

Furthermore, viable or snap-frozen tissues are usually required. In this project, we aimed to study 

whether ORI may be achieved for unstained fixed tissue using a state-of-the-art modern Serial 
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Two-Photon (STP) Tomography scanner that can rapidly acquire multi-plane images at micron 

resolution. Tissue specimens of mouse muscle, liver, and tumor xenografts were harvested and 

fixed in 4% parafor-maldehyde (PFA) for 24 h. Tissue blocks were scanned by STP Tomography 

under room temperature to acquire the autofluorescence signals (NADH channel: excitation 750 

nm, blue emission filter; FAD channel: excitation 860 nm, green emission filter). We observed 

remarkable signals with significant intra-tissue heterogeneity in images of NADH, FAD and redox 

ratio (FAD/(NADH+FAD)), which are worthy of further investigation for extracting biological 

information.
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1 Introduction

Optical redox imaging (ORI) or optical metabolic imaging (OMI) based on endogenous 

fluorescence signal sources including NADH and oxidized flavoproteins containing FAD 

have been increasingly employed for probing the metabolic/redox status of tissues and cells 

in order to understand disease pathology and develop tools for diagnosis and monitoring and 

predicting treatment response [1–6]. Optical redox ratio FAD/(NADH+FAD) is commonly 

used as an index sensitive to metabolic and redox status, and has been shown to correlate 

linearly with NAD+/(NAD++NADH) measured biochemically [7]. However, ORI is limited 

by the light penetration depth for tissue imaging with conventional fluorescence, confocal, 

or two-photon microscopes.

The 3D metabolic/redox indices (FAD, NADH, and redox ratio FAD/(NADH+FAD)) of 

deep tissues can be imaged by a cryogenic fluorescence imager (e.g. the Chance redox 

scanner [8, 9]) that is coupled to a cryostat or microtome with alternating tissue sectioning 

and imaging. Since NADH and FAD signals are labile with time in resected fresh tissue, 

tissue snap-freezing and imaging under cryogenic condition are used as necessary means to 

preserve or minimize the change of metabolism in tissue during sample harvesting, post-

processing and imaging. Nevertheless, these procedures pose technical or operational 

challenges to applying ORI to clinical specimens.

In the clinic, paraffin embedded fixed tissue blocks and slides are widely available to 

provide pathophysiological evaluation. The long-term goal of this study is to evaluate 

whether ORI can be applicable to unstained fixed tissues so as to obtain metabolic/redox 

information that may potentially be clinically useful. We have reported some preliminary 

ORI results of formalin-fixed-paraffin-embedded unstained tissue slides using a 

conventional fluorescence microscope [10]. Here we present some ORI results for tissue 

blocks using two-photon microscopy.

2 Methods

Various fresh or frozen tissue blocks (size ~4 mm or less) including mouse organs and 

xenograft tumors were fixed in PFA (4%) for 24 h and then imaged on a STP Tomography 
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scanner (TissueCyte® 1000, TissueVision Inc., Somerville, MA, USA) [11–13]. 

Specifically, the formalin-fixed tissues were embedded in a 4.5% oxidized agarose block and 

was subsequently placed in a solution of 0.5% sodium borohydride in a 0.5 M sodium borate 

buffer to covalently link the tissue to the agarose. Tissue blocks were sectioned by a 

microtome to expose a surface plane for imaging. 2D or 3D imaging was achieved with the 

TissueCyte® 1000 coupled to a titanium sapphire laser (Spectra Physics InSight DeepSee™, 

Santa Clara, CA, USA) operating at 750 nm and 860 nm. A Nikon 16× 0.8 NA objective 

(Nikon, Melville, NY, USA) was used and the sampling resolution was 1.2 μm in the XY 

plane. The emitted fluorescent light was separated into three spectral channels: red (≥560 

nm), green (500–560 nm), and blue (≤500 nm). Images generated from 750 nm excitation 

and blue emission corresponded to the NADH channel, whereas images with 860 nm 

excitation and green emission corresponded to the FAD channel. These images were post-

processed with a customized Matlab® program to generate pseudocolor images of NADH, 

FAD and redox ratio FAD/(FAD+NADH).

3 Results and Discussion

Figure 1 shows the white light photo and 2D ORI images of a typical mouse muscle sample 

obtained by STP imaging. The muscle fiber structures are clearly seen. The ORI images of 

NADH and FAD demonstrate significant signal heterogeneities within the whole muscle. 

This is even clearer in the blown-up images such as a field of interest shown in Fig. 1d–f, 

indicating fibers with either high or low redox indices (FAD, NADH and redox ratio). 

Similar phenomena are observed in the ORI images of three additional muscle samples.

It is known that muscle fibers exhibit two major metabolic subtypes, i.e., glycolytic and 

oxidative with different mitochondrial functional phenotypes [14]. Since redox indices 

correlate with the metabolic state and oxygen consumption rate [1, 7, 15], it would be 

interesting to investigate whether and how the redox subtypes of the fixed muscle relate to 

the known metabolic subtypes.

Figure 2 shows the white light photo and ORI images of a liver sample from a mouse of 19 

weeks old. In addition to the general intra-tissue heterogeneity across the whole sample, a 

new but very interesting phenomenon was observed as shown in the blown-up images of 

FOVs (Fig. 2 d–f). Both the FAD and NADH images exhibit scattered patterns indicating 

localized areas of high signals surrounded by areas of low signals. The size of these 

localized high-signal areas range from ~5–20 microns in NADH images and relatively less 

in FAD images. The distribution of these high-signal areas in FAD and NADH channels 

appears to be highly correlated but not fully matched in locations. This can be shown more 

clearly by the redox ratio image in Fig. 2e, in which a number of blue areas correlate 

spatially with the high intensity areas in FAD and NADH images. For such blue areas in the 

redox ratio image, we observed the dark blue regions indicating low FAD and high NADH 

and the light blue regions indicating high FAD and high NADH. Thus, there is a spatial 

mismatch between the high signal areas of FAD and NADH images.
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The ORI images from a mouse xenograft of human breast cancer MDA-MB-231 cell line are 

shown in Fig. 3. Again we can see significant intratumor heterogeneity for all three indices, 

i.e., FAD, NADH and redox ratio.

In summary, we have obtained high resolution autofluorescence images of fixed unstained 

tissue blocks and observed significant intra-tissue signal variations. It is known that 

mitochondria in cytosol account for the most of autofluorescence signals in the NADH and 

FAD channels [16], whereas nuclei should be relatively dark. The intratissue spatial 

heterogeneity of NADH and FAD signals have been reported in normal and cancer tissues 

imaged by cryogenic redox scanner [16, 17]. However, the interpretation of these spatial 

heterogeneity remains open. Other biological sources may contribute to these 

autofluorescence signals including NADPH, keratin, elastin, collagen, and lipofuscin [7, 18, 

19]. More sophisticated imaging and data analysis approaches can be used to resolve 

specifically the NADH and FAD signals and exclude contributions from other sources [7, 18, 

20]. Co-registration of autofluorescence imaging of tissue slides with H&E staining may 

also help to understand the histological basis of autofluorescence [21].

Moreover, tissue NADH and FAD signals are expected to change due to the deprivation of 

oxygen during the period after death and before fixation. Fixation may further change the 

tissue micro- and ultra-structure, and autofluorescence intensity may depend on the tissue 

penetration speed and depth of fixatives. More studies are needed to understand the effects 

of tissue processing and PFA fixation on tissue autofluorescence [10], and to investigate 

whether these signals from fixed tissues may contain any biological or pathological 

information that could be useful for the clinic.
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Fig. 1. 
ORI of a typical fixed mouse muscle block. (a) White light photo of the sample; (b) FAD 

and (c) NADH images for the sample; (d–f) FAD, NADH and redox ratios images, 

respectively, for a FOV blown-up from (b). The numbers below and on the left sides of 

individual images represent x and y coordinates of the image matrices. The color bars on the 

right sides of images indicate the ranges of displayed parameters
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Fig. 2. 
Optical redox images of a fixed mouse liver sample from the two-photon scanner. (a) White 

light photo of the liver sample (19 weeks); (b, c) FAD and NADH images, respectively; (d–

f) Blown-up FAD, NADH and redox ratios images, respectively, for an area of interest (100 

× 100 pixel) marked as a red square in (b)
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Fig. 3. 
FAD, NADH, and redox ratio images of a region of interest in a fixed mouse xenograft of 

human breast cancer MDA-MB-231 cells
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