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Abstract

Nonlinear optical imaging (NLOI) has emerged to be a promising tool for bio-medical imaging 
in recent times. Among the various applications of nonlinear optical imaging, its utility is the 
most significant in the field of preclinical and clinical cancer research. This review begins by 
briefly covering the core principles involved in NLOI, such as two-photon excitation fluorescence 
(TPEF) and second harmonic generation (SHG). Subsequently, there is a short description on 
the various cellular components that contribute to endogenous optical fluorescence. Later 
on the review deals with its main theme – the challenges faced during label-free NLOI in 
translational cancer research. While this review addresses the accomplishment of various 
label-free NLOI based studies in cancer diagnostics, it also touches upon the limitations of the 
mentioned studies. In addition, areas in cancer research that need to be further investigated 
by label-free NLOI are discussed in a latter segment. The review eventually concludes on the 
note that label-free NLOI has and will continue to contribute richly in translational cancer 
research, to eventually provide a very reliable, yet minimally invasive cancer diagnostic tool 
for the patient. 
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2.1 | Introduction

Nonlinear optical imaging (NLOI), based on the nonlinear excitation of fluorophores has taken 
rapid strides in the field of biomedical imaging since the last two decades. Technological 
innovations and research have steadily progressed in trying to develop NLOI as a diagnostic 
tool for the patient in a clinical environment [1-7]. Simultaneously NLOI based research has 
also been able to provide fundamental researchers with new perspectives in cancer research, 
especially with regard to studying pathogenesis of cancer and drug development for cancer 
therapy [8-14]. Numerous NLOI studies have given deep insights about cancer progression 
and the steps involved in angiogenesis and metastasis [8,9,15-26]. These studies however 
have been performed by administering exogenous fluorophores that enhanced contrast. 
Nonetheless NLOI can also be performed relying solely on endogenous fluorescence provided 
by the biological sample itself [27-32] . This review will thus cover cancer research studies that 
rely on label-free NLOI using only endogenous optical fluorescence.
 The key aim of this review is to evaluate the advances made and challenges faced in 
label-free NLOI, as researchers attempt to use this technology for cancer diagnosis in a clinical 
scenario. The authors have tried to highlight the accomplishments and assess the limitations 
of the reviewed studies. This review eventually raises certain pertinent questions that haven’t 
been investigated by researchers till date, which gives scope for further studies. 

2.1.1 | Physics of Nonlinear Optical Imaging
2.1.1.1 | Two-photon Excitation Fluorescence (TPEF)
In TPEF, two near infrared (NIR) photons are absorbed simultaneously, where each photon 
provides half of the energy, which is normally required to excite the fluorophore into a higher 
electronic state as seen in Figure 1. Therefore, emission of fluorophores in wavelengths 
that fall in visible light or UV region can be induced with low-energy NIR photons. The NIR 
excitation spectra is unique as the linear absorption and scattering coefficients contributed 
by cells and tissues is low in this wavelength range, which leads to a high light penetration 
depth. In addition, the two-photon absorption occurs only in the plane of focus, minimising 
background scatter from regions outside focus. Though Maria Göppert-Meyer had formulated 
the theory of TPEF in 1931 [33], it was only observed three decades later by Kaiser et al.[34] and 
Abella et al. [35]. Eventually it was put into application by Denk, Strickler and Webb who built 
the first TPEF microscope and observed intracellular fluorescent probes [36]. TPEF, however, is 
achieved only at very high photon concentration in space and time, requiring extremely high 
NIR laser intensities [34]. However the development of ultra-short pulsed lasers [37] can now 
provide transient intensities of GW cm-2 in a pulsed form, with the pulse duration ranging in 
the femtoseconds and at a high pulse frequency of 80 – 90 MHz. As a result TPEF signals can be 
generated effectively at average laser powers lower than 5 mW [38] incident on the sample . 
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2.1.1.2 | Second Harmonic Generation (SHG)
SHG is a nonlinear optical process where two photons combine together to produce a new 
photon with twice the energy or half the wavelength emission of the incident photons as 
shown in Figure 1. Unlike in TPEF, there is no non-radiative energy loss involved in SHG. SHG 
was first demonstrated in 1961 by  Peter Franken, A. E. Hill, C. W. Peters, and G. Weinreich 
[39] and a year later N. Bloembergen and P. S. Pershan described the formulation of SHG 
[40]. In order to obtain SHG, an intense laser beam from ultra short pulsed NIR laser should 
pass through materials with a specific molecular orientation. These materials are generally 
composed of  non-centrosymmetric (no inversion symmetry)  molecular structures. Certain 
biological materials such as collagen, microtubules (tubulin), and muscle myosin are highly 
polarisable, as these materials are assembled from fairly ordered, large non-centrosymmetric 
structures. Therefore the secondary, tertiary and quaternary structure of proteins that involve 
specific folding of the proteins into its unique 3-dimensional conformation play a major role in 
determining the polarisability of biological materials and its ability to produce SHG. Alteration 
of biological materials at the secondary, tertiary or quaternary structural levels in a diseased 
state will therefore affect the level of SHG obtained from the imaged tissue, making it a useful 
optical property for diagnostic purposes by NLOI. 

Figure 1 | Jablonski energy diagram showing the process involved for two photon excited fluorescence 
(TPEF) and second harmonic generation (SHG). TPEF requires the existence of an actual excited state, 
while SHG does not. 



2

33Advances and challenges in label-free NLOI using TPEF and SHG for cancer research | 

2.1.3 | Comparison of NLOI over other Linear Imaging methods
NLOI provides distinct advantages over other linear imaging methods as: 
(i) Linear imaging techniques can only use UV (200 – 400 nm) or visible wavelengths 

(400 – 700 nm) for imaging and these wavelengths have a very poor tissue depth 
penetration. This is due to increased scattering and absorption of shorter wavelengths in 
biological samples. By contrast, NLOI uses near infra red (NIR) light which allows deeper 
tissue imaging up to a depth of about 1 mm as depicted in Figure 2 [41,42]. 

(ii) UV and visible wavelengths used for linear imaging technique leads to increased 
photodamage and photobleaching in tissue sample, which is minimal for NLOI 
techniques which rely on NIR wavelengths [36,43]. 

(iii) In confocal microscopy, the out-of-focus molecules are also excited in addition to the 
focal plane. The pinhole aperture seen in confocal microscopy filters the out-of-focus 
fluorescence signals. However, the detection level of in-focus fluorescence signals is 
decreased because of the pin-hole. NLOI on the other hand does not require a pin-hole 
aperture, as the fluorescence arises only from the point of focus where TPEF takes place 
as depicted in Figure 2 [44]. 

(iv) In conventional linear fluorescence microscopy, the in-focus structures are washed out 
by the fluorescence signals from outside plane of focus. Thus linear imaging techniques 
often require labelling with exogenous fluorophores or fluorescent proteins for 
improved detection. Since in NLOI there is virtually no fluorescence outside the focus, 
the endogenous fluorescence in focal plane is well detected without being washed 
out, nullifying the need for an exogenous label. Therefore NLOI can provide subcellular 
resolution without relying on an exogenous label, making it advantageous over confocal 
microscopy and other biomedical imaging techniques.

(v) In addition to TPEF, NLOI can also rely on SHG to provide additional cellular details as 
compared to classic fluorescence and confocal microscopy.

(vi) NLOI setups generally comprise of scanners in x-, y- and z- direction as indicated in 
Figure 3, enabling three dimensional localisation of tissue fluorescence and study of 
tissue morphology changes in subcellular range that cannot easily be visualised by other 
imaging modalities [45,46].
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Figure 2 | Comparison of single photon excitation fluorescence in confocal microscopy and two 

photon excitation fluorescence in nonlinear optical imaging.

2.2 | Endogenous Optical Fluorescence

Biological tissues contain many sub-cellular components that are fluorescent and this 
property allows us to induce fluorescence without any addition of exogenous fluorophores. 
These fluorescent components are composed of a) vitamins or vitamin derivatives as retinol, 
cholecalciferol, riboflavin or pyridoxine that emit in the visible light range or b) aromatic 
amino acids tyrosine, phenylalanine and tryptophan that emit in the UV range [47-50]. There 
are predominantly two sources of endogenous fluorescence in tissue: i) Intracellular and ii) 
Extracellular. Intracellular fluorophores can vary depending on the cell or tissue type and 
normally include nicotinamide adenine dinucleotide (NADH) and its phosphate derivative 
(NADPH), flavins as flavin adenine dinucleotide (FAD), retinol, tryptophan, serotonin, melatonin, 
melanin, porphyrins and lipofuchsin. Extracellular fluorophores on the other hand, comprise 
of collagen and elastin. Meanwhile fluorophores like keratin and phospholipids are present 
both intracellularly and extracellularly [47-50]. An overview of endogenous fluorophores, 
along with their excitation and emission maxima is shown in Table 1.
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Table 1 | Representative Endogenous Fluorophores Responsible for Optical Contrast. 

Fluorophore Excitation Emission Source References

In
tr

ac
el

lu
la

r

NAD(P)H free 300 – 380 nm 450 – 500 nm Cytosol, Mitochondria [48,50]

Bound NAD(P)H 300 – 380 nm 450 – 500 nm Cytosol, Mitochondria [48,50]

FAD 420 – 500 nm 520 – 570 nm Mitochondria [48,50]

Bound FAD 420 – 500 nm 520 – 570 nm (weak) Mitochondria [50]

Retinol 325 – 350 nm 490 – 500 nm Cytosol [48,50]

St
ru

ct
ur

al

Phospholipids 540 nm
Cellular and organelle 
membranes

[48,50]

Collagen 280 – 350 nm 370 – 440 nm
Fibrous tissue – dermis of 
skin, tendon, ligament

[48,50]

Elastin 300 – 370 nm 420 – 460 nm
Elastic tissue – Skin, Blood 
vessels, Lungs, Bladder, 
Stomach

[48,50]

Keratin 450 – 500 nm Skin, Nail, Hair [51]

Pi
gm

en
ta

ry

Melanin 300 – 800 nm 520, 575 nm Skin, Hair, Iris [50]

Porphyrin 400 – 450 nm 635, 710 nm Red Blood Cells [48]

Lipofuscin 340 – 395 nm 540, 430 – 460 nm
Brain, Retina, Liver and  
Age spots in skin

[48,50]

D
ie

ta
ry

Pheophorbide-a 400 – 410 nm 674 nm
Mice skin (from chlorophyll 
diet)

[52]

2.3 | Advances and challenges in label-free NLOI for in vivo cancer 
diagnostics

2.3.1 | Bio-safety evaluation
Although label-free NLOI can be performed optimally over the sample at average power 
lower than 5 mW [38], the potential negative effects of ultra-short NIR laser pulses cannot be 
ignored. Due to high peak power albeit for pulse duration of femtoseconds, NLOI can induce 
generation of damaging reactive oxygen species and localized heat effects, leading to loss of 
cell viability and cell death [43,53-57]. These thermo-chemical effects are however confined 
spatially just to the imaged zones, making it no less harmful than an invasive tissue biopsy. 
On the other hand, studies have shown that NLOI based multi-photon processes can form 
various mutations such as UV photoproducts, double strand breaks, single strand breaks and 
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oxidative lesions in the DNA [58-60] . If not repaired, these lesions can later lead to defective 
cell function and even carcinogenesis. It is these types of undesired effects that need to be 
thoroughly investigated prior to a full scale translation of NLOI devices to the clinic. 
 Various studies have been performed to investigate the biosafety aspects of label-free 
NLOI. The notable one among them are the studies by Fischer et al. [61,62], where the risk 
from an NLOI biopsy was compared with natural UV exposure and the increased risk for 
skin cancer was found to be just .045% – 0.06%. In another study, Thomas et al. [63] used an 
epidemiological model to show that the additional risk for squamous cell carcinoma of skin 
in an individual’s lifetime was much lower for 40 optical biopsies at 20 mW, as compared to 
spending one afternoon exposed to solar UV every year. The same study also demonstrated 
that longer NIR imaging wavelengths, reduced peak powers and quicker scan times reduced 
the carcinogenic risk considerably. While these studies were restricted to risk of skin cancer, 
Dela Cruz et al. performed a detailed study on the laser power required to image various 
internal organs and the associated mutation risks [64]. The study showed that colon which 
is highly auto fluorescent required a laser power lower than 20 mW to generate an image. 
On the other hand, it took a power as high as 120 mW to collect an image from the bladder, 
which has lower intrinsic fluorescence. The study later showed that higher laser power for 
imaging caused increase in mutation frequency in imaged V79 cells. However, mutation levels 
are not reliable indicators of the actual cancer risk in the imaged tissue, as factors like cell turn-
over rate and innate cellular mutation repair mechanisms are overlooked. While Thomas et al. 
[63] assessed the risk for skin cancer from an epidemiological model that exists for radiation 
induced skin cancer, a similar epidemiological model does not exist for organs other than 
skin. It is also not known as to how the susceptibility to DNA damage and tissue reparative 
capability would vary from organ to organ. This implies the need for an NLOI imaging regime 
that can minimise carcinogenic risk and have doses customised for individual organs. Thus 
more investigations for bio-safety aspects of label-free NLOI are essential, in parallel with 
translational cancer research

2.3.2 | Reliability of label-free NLOI diagnostic parameters
2.3.2.1 | Label-free NLOI versus conventional histopathology
Various studies have utilised label-free NLOI on unstained tissue sections to observe the 
morphological changes that arise in diseased or cancerous tissues. Often these studies have 
utilised TPEF and SHG to generate images, comparable to standard haematoxylin-eosin 
(HE) stained slides typically used by pathologists. Rogart et al. [65] demonstrated excellent 
comparability between label-free NLOI and HE staining in differentiating between various 
normal and neoplastic tissues of the gastro-intestinal tract. Later on, Yan et al. was able to 
provide cytostructural details that could identify normal and gastric cancer samples [66]. 
Similarly good correlation was demonstrated between ex vivo label-free NLOI and HE stained 
slides in various other organs such as oral cavity [14], lungs [67-69], breast [70], ovaries [29,71, 
72], prostate [10], colon [73,74], rectum (as shown in Figure 3) [75] and bladder [76-78].
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Figure 3 | Comparison of label-free NLOI and HE stained images of a normal rectal mucosa (A and B) 
and a cancerous one (C and D) A – NLOI of fresh, unfixed, and unstained normal rectal mucosal section 
showing regular tissue architecture with central, round crypt openings, and glands lined by epithelial 
and goblet cells. The green signal seen in A and C arise from TPEF in rectal epithelial and goblet cells. 
SHG signals (red circles) could be seen around the glands. B – The corresponding HE image illustrates 
a similar arrangement of rectal mucosa. C – NLOI of fresh, unfixed, and unstained section of cancerous 
rectal mucosa showing irregular tubular structures, gland epithelium proliferation and reduced 
stroma. SHG signals were significantly decreased in the cancerous area. D – The corresponding HE 
image shows similar features that correspond to the NLOI image C [75].

While the mentioned studies were based on qualitative diagnosis, certain studies have been 
able to distinguish normal tissue from various grades of cancer by simply quantifying tissue 
specific morphologic variables in the optical image itself. Skala et al. [79] measured key 
features in the hamster cheek such as nuclear density ratio, keratin and epidermal thickness 
and found it to be increased in dysplastic, carcinoma in situ and squamous cell carcinoma 
lesions as compared to normal tissue. Zhuo et al. [80] quantified the goblet cell population 
in the obtained images and found a significant drop of goblet cells in colonic adenoma as 
compared to normal tissue. They also observed the diameter of colonic crypts in basement 
membrane to vary among normal, precancerous and cancerous stages in a later study [81]. 
Meanwhile Chen et al. [82] observed increased size, variability and orientation angle of gastric 
glands in gastric cancer samples from in ex vivo biopsies.
 Although various studies have shown the potential of label-free NLOI as a substitute 
to conventional histopathological diagnosis, there are still associated limitations. Among 
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all microscopic information that can be provided by label-free NLOI, nuclear details are the 
most limited [70,83]. Nuclear detail such as nuclear hyperchromaticity is essential for the 
pathologist to identify the grade of dysplasia. This eventually determines the prognosis and 
course of treatment for the patient. Secondly, majority of label-free NLOI studies that showed 
images with structural details comparable to HE stained slides, were ex vivo studies performed 
on tissue biopsies. The main challenge would be to achieve similar images in real time in vivo 
without being invasive to the patient. While in vivo label-free NLOI studies have been performed 
mainly in animals and limitedly in humans, these images appear to have lower resolution 
and lesser cellular details than its ex vivo counterparts. This could be due to accompanying 
motion artefacts and increased tissue scattering from thicker biological sample present 
during in vivo imaging. These limitations may however be addressed by future technological 
advancements like (a) spatial overlap modulation NLOI [84] to reduce background noise, (b) 
use of advanced motion compensations and adaptive optics during optical imaging [85] to 
reduce motion artefacts from the specimen or the imaging setup itself, (c) use of lasers with 
longer wavelengths > 1000 nm [86] to enable deeper imaging and (d) incorporation of photon 
counting detection to improve signal-to-noise ratio [87].These advancements may enable 
label-free NLOI to be a real time non invasive diagnostic tool in the clinic.

2.3.2.2 | TPEF spectral analysis 
During neoplastic transformation, production of proteins, amino acids, lipids and other 
cytoskeletal structures is often up- or down regulated, resulting in a modified biochemical 
composition of the involved cells or tissue. This is often reflected in the expression levels of the 
intracellular and extracellular endogenous fluorophores as well, resulting in altered spectral 
properties of the affected tissue. 
 One of the approaches utilised for this type of analysis is tissue spectral characterisation. 
The method involves obtaining the autofluorescence emission spectra of the neoplastic tissue 
in organ by label-free NLOI. The spectral characteristics like spectral shape, spectral symmetry 
and emission peak is then compared with the autofluorescence emission spectra obtained 
from a normal region in the same organ. TPEF based spectral characterisation has been useful 
in distinguishing between various skin malignancies. In the work of Giorgi et al. [88] multi-
spectral imaging could discriminate BCC from normal skin. Later Leupold et al. [89] was able to 
spectrally characterise and distinguish clearly between malignant melanoma, common nevi, 
oculocutaneous albinism and vitiligo. 
 Besides skin, TPEF based spectral characterisation has also been studied in oral cavity 
cancer models in hamster. In an in vivo study conducted by Edward et al. [90] they observed 
the normal oral cavity in the hamster to have symmetrically shaped autofluorescence spectra 
with an emission peak at 515 nm. On the other hand, they observed asymmetric shaped 
autofluorescence spectra in the dysplastic regions induced by chemical carcinogenesis in 
hamster oral cavity. They also noted that the emission peak was now shifted to approximately 
480 nm as clearly shown in Figure 4. This spectral shift towards ‘blue’ side was observed in the 
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stratum corneum, epithelial layers and to a lesser extent in the stroma of dysplastic regions 
in hamster oral cavities. In another study, Palero et al. [91] too observed spectral changes in 
hairless mouse skin in vivo following UV irradiation. Their results depict a similar blue shift 
in the emission peak of UV irradiated mice skin (~ 450 nm) in the stratum spinosum layer, as 
compared to the emission peak of the corresponding layer in non irradiated skin (~ 475 nm). 
However it should be duly noted that since the biochemical composition vary from organ 
to organ, the nature of emission spectral change during carcinogenesis would be unique for 
that specific organ. Therefore further research should be invested in using label-free NLOI to 
identify the characteristic spectral changes during carcinogenesis in other organs as well that 
have high incidence of malignancies such as colon, breast and ovaries. 
  Another method of spectral analysis utilised in label-free NLOI studies involves unmixing 
the tissue emission spectra to obtain the relative contribution or quantity of individual 
fluorophores in the tissue section. This gives a clearer picture on the biochemical changes 
happening in tissue during carcinogenesis. Traditionally, spectral unmixing involves measuring 
fluorescence emission using various channels, each covering a region of the emission 
spectrum. Before imaging, a calibration is performed with a solution containing multiple 
fluorophores of interest in known concentrations. The contribution of each fluorophore species 
in solution to each emission channel is then measured. Thereby a sample containing a mixture 
of fluorophore species of interest can then be quantitatively unmixed using this calibration 
information. This method is known as linear unmixing [92]. In contrast to linear unmixing which 
can be used only for samples containing known fluorophores, other unmixing techniques 
are available to quantitatively unmix a sample composed of unknown fluorophores. These 
methods include parallel factor analysis (PARAFAC) [93], principle component analysis (PCA) 
[94], non negative matrix factorisation (NMF) [95] and spectral phasor analysis (SPA) [96].These 
methods use various unique algorithms to unmix multiple fluorophores in spectrally resolved 
microscopy image. Most label-free NLOI in cancer research have utilised linear unmixing to 
quantify known intracellular fluorophores such as NADH and FAD to obtain information on 
cellular metabolism during carcinogenesis. This aspect of spectral unmixing is covered in 
more detail in the next section. Further studies should be done in cancer models by using the 
other unmixing techniques such as SPA, PARAFAC, NMF and PCA to obtain additional spectral 
details from unknown tissue fluorophores. The new information may throw more light on the 
biochemical changes during carcinogenesis. 
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Figure 4 | In vivo auto fluorescent emission spectra of stratum corneum in normal oral cavity 
as compared to moderate and severe dysplasia of the oral cancer model in hamster (Excitation 
wavelength = 780 nm). The emission peak of normal region in oral cavity lies at 515 nm, while the 
emission peak of the dysplastic region is ‘blue-shifted’ to 480 nm [90]. 

2.3.2.3 | Metabolic assessment of normal versus cancer cells
During carcinogenesis, cells divide and grow uncontrollably often resulting in increased 
substrate consumption and energy expenditure. Due to this increased cellular metabolism, it 
is hypothesised that the cancerous cells shift from oxidative phosphorylation to the glycolytic 
pathway either in absence of oxygen (called diminished Pasteur effect) or in presence of 
oxygen (called aerobic glycolysis or Warburg effect) [97-99]. As this transition occurs, oxidative 
phosphorylation is relatively down-regulated or diminished resulting in altered equilibrium 
between NADH and FAD. This altered metabolic profile in cancer cells may be assessed by 
monitoring the fluorescent forms of reduced NADH and oxidised FAD using label-free NLOI. 
 An indicator of cellular metabolic activity often studied by researchers is the redox ratio 
(reduction oxidation ratio) which is obtained by quantifying fluorescent intensities from NADH 
and FAD and expressing it as a ratio. Since its formulation [100,101], the redox ratio has been 
researched on widely in many preclinical animal and human cancer models. The redox ratio 
equation is often expressed as [FAD+] / [NADH] or another derivative format of the same. The 
most notable of the studies investigating redox ratio was performed by Skala et al. [102-104] 
in an oral cancer model of hamster cheek in vivo. They formulated the ratio as FAD/FAD+NADH 
and observed it to decrease in precancerous stages. 
 Majority of the ex vivo studies that investigated the redox ratio observed a decrease in the 
redox ratio [76,105,106] which was is in agreement with the findings of Skala et al . Other ex 
vivo studies done by Zhuo et al. (as depicted in Figure 5) [107] and Shah et al. [108] found redox 
ratio calculated inversely as NADH/FAD to be increased in cancerous colonic biopsies and 
malignant cell lines respectively. In vivo studies conducted by Walsh et al. in mouse xenograft 
models for breast cancer [109] and Edward et al. in oral cancer models in hamsters [90] also 
showed similar findings. However a rare exception would be the work of Kirkpatrick et al. [29] 
where the redox ratio (equated as FAD/FAD+NAD(P)H) was found to be increased in high-risk 
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normal tissue and even higher in cancerous ovarian biopsies, as compared to low-risk normal 
tissues. The authors reasoned that the decreased redox ratio in normal-low risk tissue indicated 
a normal functioning surface epithelium that still relied on mitochondrial aerobic metabolism. 
On the other hand, increased redox ratio measured in high-risk normal and cancerous ovarian 
tissues may have been due to substrate (glucose) limitation to the tissue leading to reduced 
intracellular NAD(P)H levels.

Figure 5 | NADH and FAD fluorescence intensity expressed in a ratio calculated as NADH/FAD for normal, 
precancerous, and cancerous colonic tissues ex vivo. The ratio is seen to increase with progression of 
the stage of carcinogenesis in this study. Error bars indicate calculated standard deviations [107]. 

Among recent studies, the redox ratio has also been used for monitoring metabolic response 
to targeted cancer therapies. Walsh et al. [109] monitored the effect of Trastuzumab, an HER2 
inhibitor, on the metabolic profile of Trastuzumab responsive and resistant breast cancer 
xenografts in mice in vivo. A drop in the redox ratio was clearly observed in the Trastuzumab 
responsive xenograft suggesting a restoration of normal oxidative phosphorylation from 
glycolysis and hence a positive therapeutic response
 When investigating the role of redox ratios, it must be borne in mind that the molecular 
mechanisms involved in carcinogenesis are dynamic and would fluctuate according to tumour 
microenvironment changes. Gatenby et al. [110], clearly explains that the cells involved in 
malignant transformation are all in different physiological states such as hypoxic, glycolytic, 
acidotic and motile. The redox ratio would vary for these different stages, thus making redox 
ratio extremely spatially dependant. It is highly probable that the necrotic region of the 
tumour would possess a different redox ratio compared to its proliferative zone. So it would 
be erroneous to generalise the ratio for the entire tumour volume, while only interpreting data 
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from the surface of the lesion. Certain in vivo and ex vivo label-free NLOI studies have observed 
the redox ratio to decrease with depth [103,105] as the more metabolically active proliferative 
cells are located deeper. However no concrete studies have been performed on the regional 
or spatial variation of redox ratios within a tumour and normal tissue as such. 

2.3.2.4 | SHG based quantitative and morphometric analysis of collagen
It has been well established that changes in extracellular collagen play a key role in facilitation 
of tumour progression, invasion, angiogenesis and metastasis [111-115]. Bearing this in mind, 
many preclinical clinical studies have utilised SHG from collagen as a diagnostic marker in 
label-free NLOI. Provenzano et al. [116] observed that high collagen density promoted 
tumourigenesis, invasion and metastasis in a transgenic mice breast cancer model. In stark 
contrast to the mentioned study, Xiong et al. [117] found that collagen appeared broadened, 
integrated and well distributed in normal skin, while it was fragmented, reduced and 
disordered in cutaneous squamous cell carcinoma (cSCC) and basal cell carcinoma (cBCC). Loss 
of collagen associated SHG was also observed in neoplasia of oropharynx, [118], lungs [119], 
rectum [75], oesophagus [120], while SHG was observed to be absent in breast carcinoma 
[70]. This disparity could arise due to variation in species, related organ or the tumour 
microenvironment involved for that specific cancer subtype.
 In another group of studies, researchers have expressed the SHG relative to endogenous 
autofluorescence as a quantitative ratio. Zhuo et al. [121] quantified the ratio as SHG to TPEF in 
oesophagus and found it to be considerably decreased in neoplastic stroma. According to the 
study, the results seemed to imply that the SHG from intact collagen accounted for most of the 
signal in the normal stroma, while collagen structures in the neoplastic tissue are disrupted 
leading to diminished SHG signal. In the neoplastic condition, increased elastin enhanced 
the TPEF signals, causing the SHG-TPEF ratio to decrease further. Later Wang et al. [13] used a 
parameter called as multi-photon autofluorescence (MAF) to SHG index (MAFSI) and defined 
it as MAF-SHG/MAF+SHG. MAFSI was applied in human lung biopsies and found to be higher 
for lung adenocarcinoma and squamous cell carcinoma as compared to normal.
 Researchers have recently discovered that collagen alignment and organisation also play 
a prominent role in cancer progression. It was seen in the work of Nadiarnykh et al. [122] and 
Kirkpatrick et al. [29] that malignant tissue was found to have more ordered and regularly 
packed collagen as compared to normal tissue. Newer studies have focussed on definitive 
parameters like collagen alignment angle and inter collagen fibre separation to assess the 
level of order in stromal collagen organisation. In a very interesting study, Conklin et al. [123] 
observed that increase in the number of collagen fibres aligned perpendicularly to the tumour 
boundary was associated with decreased survival in the patient. Similar findings were also 
observed in human ovarian biopsies by Adurs et al. [124], where the majority of collagen 
stromal fibres in malignant tissue were aligned perpendicular to the epithelium and had a 
collagen alignment angle of 90°. However in normal ovarian biopsies, the fibres lie in parallel 
to epithelium with a collagen alignment angle of 0°. Meanwhile Zheng et al. [125] found the 
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inter-collagen fibrillar distance to be decreased in breast adenocarcinoma, implying more 
densely packed collagen in breast cancer tissue as compared to normal. This is in agreement 
with the findings of Provenzano et al. [116] mentioned earlier. 
 While all these studies firmly establish collagen based SHG as a prime cancer signature, its 
potential as a biomarker for premalignant changes is yet to be fully realised. Certain studies 
have already indicated that alteration in collagen matrix starts at a much earlier stage of 
carcinogenesis [126-129]. Future SHG related research should thus investigate as to when do 
the earliest alterations in SHG signal take place. Collagen based SHG could then serve as an 
informative descriptor that identifies early carcinogenesis even before cellular changes are 
visible in standard histopathology.

2.3.3 | Translating label-free NLOI research to the clinic
The majority of the studies that used label-free NLOI in translational cancer research have 
employed in vitro or ex vivo cancer models. Samples used commonly for in vitro or ex vivo 
studies are obtained either from cell lines, tissue biopsies from experimental rodents or human 
patients. The organs often used as source for these samples include the skin, breast, the gastro-
intestinal tract, ovaries lungs, pancreas, liver, bladder and prostate. The in vitro cell lines are 
often imaged in the cell culture media. On the other hand, ex vivo tissue samples after biopsy 
are often kept cold on ice to prevent tissue deterioration till the time of NLOI and imaged 
freshly, being kept moist with phosphate buffered saline throughout the imaging procedure. 
However, in other studies that compared metabolic activity between normal and neoplastic 
samples, the tissues were maintained in a buffer media at 37°C to preserve and maintain the 
metabolic activity of the ex vivo tissue sample. In fact, Kirkpatrick et al. [29] constructed an 
oxygenated tissue perfusion chamber to keep ovarian tissue viable throughout the imaging 
procedure. 
 Although label-free NLOI is relatively simpler to perform on in vitro and ex vivo models, it 
still remains unclear to what extent these results relate to what happens in the intact organism. 
It is likely that the cellular microenvironment would differ in an ex vivo and in vivo models, 
owing to the role of the external environment around it. It remains to be seen if all label-free 
NLOI findings obtained from in vitro and ex vivo cancer models can be confirmed in cancer 
models in vivo with comparable sensitivity and specificity. 
 In vivo studies have been used to investigate cancer related changes in oral cavity of 
hamster [103,104], skin [12], breast [109] and ovaries in rodents [130]. As mentioned before, the 
hamster model has been demonstrably useful to study the difference in cellular metabolism 
between normal, precancerous and cancerous oral cavity lesions. Besides this, Wang et al. [12] 
had utilised the window chamber mice model to study development of skin cancer using 
label-free NLOI in hairless mice. However, in vivo label-free NLOI cancer studies that have been 
performed till date have been much fewer than ex vivo studies. 
 In vivo imaging trials in human subjects using label-free NLOI is in an even more nascent 
stage, as very few multiphoton setups have been able to translate successfully to the clinical 
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domain. Among the few in vivo human studies, Dimitrow et al. [131] demonstrated detection 
of melanoma with a sensitivity of 85.45%, while Koehler et al. [132] in another study was able 
to distinguish between actinic keratosis, pemphigus vulgaris, stukkokeratosis and skin scars 
in human subjects. However at present, by far in vivo human label free NLOI cancer research 
studies is limited to only skin. On a clinical scale, commercial devices such as DermaInspect 
and MPTFlex from JenLabs, Germany [3,133] or similarly built devices are currently available 
for dermato-pathological diagnostics. 
 However, label-free NLOI holds tremendous value for cancer diagnostics in various other 
organs as well as demonstrated in the ex vivo studies. In order to extend its applications, 
miniaturisation of the working setup and development of a fibre based optic probe is being 
tried [6,134,135], which would allow the clinician to access deep seated organs through 
the endoscopic or laparoscopic routes. Due to technological advancements in the forms 
of photonic crystal fibres, miniaturised imaging lenses (gradient index (GRIN) lenses) and 
scanning systems, fibre based NLOI devices have been currently developed [5,136-138]. While 
fibre based label-free NLOI has been demonstrated in live tissue [65,138], no such study has 
been performed yet with regard to cancer research. Nonetheless with further advancements in 
the flexible fibre prototype for NLOI micro endoscopy, in vivo human trials for cancer research 
in organs like oesophagus, stomach, colon, breast and ovaries may happen in the times ahead.

2.4 | Future of label-free NLOI based cancer research

Due to technological advancements and scientific innovations, label-free NLOI has taken 
giant strides towards becoming a valuable imaging modality in cancer diagnosis. However 
the efficiency of such a label-free NLOI setup in a clinical scenario is yet to be established. A 
setup like DermaInspect at present offers an in vivo sensitivity of 75% and specificity of 80% 
in detecting melanoma, as compared to an ex vivo sensitivity of 93% and specificity of 74% 
[131]. It is yet to be seen if the diagnostic sensitivity can be improved and how the clinical 
NLOI setup fares for in vivo detection of malignancies in other organs. In case there is a further 
need of improving the detection threshold of the setup, it would be feasible to combine 
label-free NLOI with other imaging modalities like optical coherence tomography [139-141] 
and coherent anti-Stokes Raman’s spectroscopy [3,133,142-144]. Multimodal imaging that 
is achieved by combination with one of these modalities has the advantage of providing 
additional information that could not be provided by label-free NLOI. Often anatomical, 
physiological as well as biochemical details can be extracted when these imaging modalities 
are combined, increasing the sensitivity of the device in detecting cancer.
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This review had mainly focused on studies that were based on TPEF and SHG. But the avenue 
of three photon based MPEF (or 3PEF) [145,146] and third Harmonic Generation [147-150] 
(THG) is yet to be fully explored. The biggest advantage here is that 3PEF based label-free NLOI 
use longer NIR wavelengths than those employed by TPEF based NLOI. These NIR wavelengths 
penetrates the tissues even deeper and thus enable label-free NLOI at greater tissue depths 
than TPEF based NLOI. In the work of Horton et al. [145] in vivo three-photon microscopy was 
performed on an intact mice brain and subcortical structures could be visualised at depths 
greater than 1mm. Meanwhile THG, like SHG, occurs when three photons are fused to create 
a single photon at three times the frequency or one third the wavelength. THG had been 
employed by Tsai et al. [147] and they were able to differentiate between pigmented basal 
cell carcinoma, seborrhoeic keratosis and melanocytic nevi. It is highly probable that 3PEF 
and THG will have a significant role to play in the future of NLOI based cancer research, as the 
required technology is currently available. 
 Finally, the importance of using label-free NLOI to monitor cancer related changes right 
from the earliest time-point cannot be stressed enough. In most studies that utilised label-
free NLOI to differentiate cancer from healthy samples, the event of neoplastic transformation 
had already occurred. Only few studies [73,130] have tried to temporally monitor early tissue 
changes right from the start of cancer induction. The ability of NLOI to detect changes in 
this stage would make it a very useful screening tool, as a timely intervention in the early 
stages can reverse the carcinogen induced changes. Most researchers often focus on label-
free NLOI as a clinical diagnostic tool, that its potential as a cancer risk screening tool is often 
overlooked. Once advances are made in these potential areas of research, label-free NLOI 
can be successfully established as an invaluable tool for the fundamental researchers to 
understand cancer mechanisms as well as for the clinicians to non-invasively diagnose cancer 
and provide timely cancer therapy to the patient.
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