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Abstract: Physiological substances pose a challenge for researchers since their optical properties 

change constantly according to their physiological state. Examination of those substances 

noninvasively can be achieved by different optical methods with high sensitivity. Our research 

suggests the application of a novel noninvasive nanophotonics technique, ie, iterative multi-plane 

optical property extraction (IMOPE) based on reflectance measurements, for tissue viability 

examination and gold nanorods (GNRs) and blood flow detection. The IMOPE model combines 

an experimental setup designed for recording light intensity images with the multi-plane itera-

tive Gerchberg-Saxton algorithm for reconstructing the reemitted light phase and calculating 

its standard deviation (STD). Changes in tissue composition affect its optical properties which 

results in changes in the light phase that can be measured by its STD. We have demonstrated 

this new concept of correlating the light phase STD and the optical properties of a substance, 

using transmission measurements only. This paper presents, for the first time, reflectance based 

IMOPE tissue viability examination, producing a decrease in the computed STD for older tissues, 

as well as investigating their organic material absorption capability. Finally, differentiation of 

the femoral vein from adjacent tissues using GNRs and the detection of their presence within 

blood circulation and tissues are also presented with high sensitivity (better than computed 

tomography) to low quantities of GNRs (3 mg).

Keywords: Gerchberg-Saxton, optical properties, gold nanorods, blood vessel, tissue viability, 

reflectance, scattering

Introduction
Extracting optical parameters of turbid medium (eg, tissue) by light transmittance and 

reflectance signals is of great interest and has many applications in the medical world, 

life science, material analysis and biomedical optics.1 Recovering tissues’ optical prop-

erties, which regularly change according to their physiological state, has been presented 

and applied for diagnosis purposes such as tumor detection,2,3 optical imaging of brain 

tissue composition and physiology4 and DNA and protein changes in human breast 

tissue.5 The reemitted light from irradiated tissue is affected by the light’s interaction 

with the tissue components and contains the information about the tissue structure 

and physiological state. This information can be extracted from the reemitted light 

profile using analytical models for photon migration within physiological substances 

(eg, diffusion reflection,6 random walk7 and radiative transfer equation).8 The field of 

light–tissue interactions has been studied extensively with new techniques emerging 

constantly,9–13 where each technique has its own advantages as well as limitations and 

disadvantages. However, Lister et al14 have reviewed some of the leading analyses 
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of human skin’s optical properties, by presenting values of 

absorption and reduced scattering coefficients (µ
a
 and µ

s
′ 

respectively) published in the literature,15–23 both in vitro 

and in vivo, and their large dynamic range, concluding that 

further research should be done.

We have previously presented a theoretical and practical 

model (ie, the iterative multi-plane optical property extraction 

(IMOPE)) for reconstructing the optical properties of tissues 

by computing the standard deviation (STD) of the remitted 

light phase based on transmission measurements.24,25 In former 

publications, the transmission based IMOPE has been applied 

for the detection of organic nanoparticles within tissues in 

order to promote the use of topical medications instead of 

injections24–26 and for detecting the quantitative signature of 

milk content (lactose and milk proteins).25 However, transmis-

sion techniques are limited by the optical penetration depth (δ), 

which has to be greater than the sample thickness in order to 

receive the reemitted light signal, making them less suitable 

for thick and highly scattering media, such as tissues, and 

clearly not practical for in vivo measurements. The reflectance 

based IMOPE presented in this research uses a simple experi-

mental setup composed of a laser and CMOS camera in order 

to detect the reflected light phase changes. The theoretical 

model is based on Gerchberg-Saxton (G-S) algorithm27 which 

is known for its phase retrieval and beam shaping applications 

for image reconstruction.28,29 The algorithm uses known light 

intensity images at known distances and the propagation of 

light between them in order to reconstruct the light phase that 

was lost once the image was captured. We, however, have 

demonstrated a novel concept of examining the light phase 

STD, not the phase itself, in order to extract the optical prop-

erties and thereby the desired information of tissues. Hence, 

following the phase reconstruction its STD is calculated and 

examined for extracting the tissues’ scattering properties.24,25 

The STD together with the image location (which is known 

from the experimental setup) can provide the reduced scat-

tering coefficient estimated value by a database.

As mentioned above the reemitted light phase from an irra-

diated substance, which is reconstructed by the iterative G-S 

algorithm, has a strong connection to its optical properties. 

When light, as an electromagnetic wave, propagates through 

a substance, it is affected by the substance’s optical properties 

and can be described as written below (Equation 1):
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where k = ωn*/C is the wave vector, ω is the circular frequency, 

C is the speed of light in the vacuum and n* is the complex 

refractive index which is defined by: n* = n + i⋅κ, with n and 

κ being the real part and imaginary part of the refractive index 

respectively. Inserting k to Equation 1, we received an attenu-

ated electromagnetic wave that accumulated phase changes as 

well (represented by the second exponent) which depend on the 

refractive index, n. The relation between n and the reduced scat-

tering coefficient (µ
s
′) can be written as follows (Equation 2):

 

n n s= +
′









0

1
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A
 

(2)

where n
0
 is the refractive index of the medium and A is the 

proportionality factor related to particle size, wavelength 

and particle density and includes the anisotropy factor, g.30 

Meaning that the reduced scattering coefficient is related to 

the light phase changes that occur while propagating through 

substances.

In this paper, the application of the new nanophotonics 

reflection based IMOPE on both ex vivo and in vivo experi-

ments is presented. Ex vivo experiments were conducted on 

mice ears examining optical effect of thin tissue viability. 

In vivo experiments were conducted on mice, with gold 

nanorods (GNRs) intravenously injected, for examining 

the reflectance based IMOPE ability to differentiate the 

femoral vein from tissues in its environment following 

GNRs injection.

Materials and methods
IMOPe
The IMOPE model is composed of two parts that combine 

a tissue simulation (part 1) with an experimental setup for 

recording light intensity images for calculating the STD of 

the reemitted light phase based on G-S algorithm (part 2). 

The tissue simulation generates a database (ie, look up table) 

that connects the three main variables, the STD which is 

calculated in the IMOPE second part, the location within 

the irradiated tissue, Z which is known, and the reduced 

scattering coefficient, µ
s
′.

Tissue simulation
In order to understand the influence of the tissue’s optical 

properties on the STD of the light phase, a MATLAB 

simulation was performed. The model is based on a more 

simplistic model31,32 where in an event of scattering the light 

direction is simply changed by cos-1 (g). Free space assumes 

propagation in the z direction, while direction changes are 
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expressed in the phase of the electromagnetic field. While 

propagating a distance of dz, a change in the direction will 

create an added optical path of dz/g. In the reflection simula-

tion the detector is located at the same side as the light source, 

both adjacent to the tissue. The tissue is divided into small 

slices (dz) and we assume that the light can only scatter in 

known positions which are separated by a distance dz where 

the light free space propagates.31,32 In the planes where the 

light can scatter, the probability (p) of each pixel (within a 

1,025×1,025 matrix) to scatter was calculated according to 

Wang et al and Welch et al,33,34 as follows:

 p = − −1 e sdz( )µ

 (3)

where µ
s
 is the scattering coefficient and can be described as: 

µ
s
′/(1-g). If the light scatters in a specific pixel, the optical 

path is now dz/g, where g is defined as g = cosϕ. Hence the 

additional phase due to the scattering is: 2 1 1π λdz g( / )/ .−
 
Since 

the pixel size of the detector is 6 µm, and we assume that 

following a scattering event, the propagated light does not 

transfer to adjacent pixels, dz had to be smaller than the pixel 

size, hence we arbitrarily chose dz =5 µm.

Using these assumptions, the STD for different tissue 

thicknesses and different reduced scattering coefficients was 

calculated in order to create a look up table.

IMOPe algorithm
The algorithm used for reconstructing µ

s
′ is described in 

Figure 1. In order to reconstruct the reemitted light phase,
ˆ ,ϕ

1
 first a multiple measurement G-S algorithm is used with 

N intensity images, as described in Yariv et al,24 and T itera-

tions. Then, as the phase ϕ̂
1
 is an image of many pixels, with 

normal distribution, the phase’s STD is calculated. Given 

the tissue thickness Z, the estimated value for the reduced 

scattering coefficient can be extracted from the look up table 

(that was built as described previously).

experimental setup
The algorithm detailed in the previous section (IMOPE 

algorithm) uses light’s intensity images for reconstructing 

the reemitted light phase. In order to achieve that, a noninva-

sive reflection based experimental setup was designed. The 

setup is composed of a helium neon (He-Ne) gas laser with 

a wavelength of λ =632.8 nm and power of 3.4 mW, polar-

izers for optical clearing purposes,35,36 lens (focal length of  

f
Ref

 =75 mm) in order to focus the light beam and CMOS 

camera (DCC1545M, Thorlabs, Japan). The lens and  

camera were set on a micrometer plate for recording the 

light’s intensity images at different distances. The samples 

were held by a 3 axis micrometer stage for fine-tuning dur-

ing experiments. The setup was built for light reflectance 

measurements as shown in Figure 2.

For each sample, the intensity images were recorded 

at multiple planes, where the distance between each two 

planes was the same. The recorded intensity images 

(1,025×1,025 pixels) were then processed by the algorithm, 

as explained in IMOPE algorithm section, using MATLAB 

in order to receive the STD of the sample.

gNrs preparation
GNRs were synthesized using the seed mediated growth 

method.37 Their size, shape and uniformity were character-

ized using transmission electron microscopy (TEM) and the 

resultant shape was 25×65 nm, with narrow size distribution 

(10%), TEM images are presented in Figure 3A.2,3,38 In order 

to prevent aggregation, to stabilize the particles in physiologi-

cal solutions and to improve blood circulation time, a layer of 

polyethylene glycol (mPEG-SH, MW 5,000 g/mol) (creative 

PEGWorks, Winston Salem, USA) was conjugated to the 

GNR. A solution of GNRs suspended in cetyltrimethylammo-

nium bromide (CTAB) (Sigma-Aldrich Co., St Louis, MO, 

USA) was centrifuged at 7,000 ×g for 30 minutes, decanted 

′

ϕ∧

′

Figure 1 a schematic description of the algorithm for reconstructing µs′.
Notes: after running T iterations of multi-plane g-s algorithm, the estimated phase ϕ̂1 
is retrieved. The calculated phase’s sTD together with the tissue thickness, Z, produces 
an estimation for µs′ using a look up table (that was built as described above).
Abbreviations: g-s algorithm, gerchberg-saxton algorithm; sTD, standard deviation.
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and resuspended in water to remove excess CTAB. mPEG 

(200 ml of 5 mM) was added to 1 mL of GNR solution. The 

mixture was stirred for a few hours at room temperature and 

was dialyzed for three days. The absorption spectrum of 

PEGylated GNR solution presented a strong peak at 645 nm, 

as can be seen in Figure 3.

ex vivo experiments
Two nude mice (age 5 weeks) were anesthetized using 100 µL 

of a mixture of ketamine 10 mg/mL + xylazine 2 mg/mL  

injected intraperitoneally. A few days following anesthesia, 

the mice were sacrificed and for each one both ears were 

taken for measurements under room temperature. In order to 

examine thin tissues’ viability, the ears were divided into two 

groups: group 1 – two ears were measured at the same day and 

group 2 – two ears were measured after 6 days of being kept 

under 4°C refrigeration. Following these control measure-

ments, for each group, 5 µL of aqueous 2 mM Methylene blue 

(MB) solution (Sigma-Aldrich Co.) was applied to the ears 

and reflection signals were measured again after 24 hours. 

The ears were placed in the experimental setup on a vertical 

polycarbonate mount fixed by Sellotape® (polypropylene-

based tape). Three measurements of reflection signals were 

obtained from adjacent different segments of each ear.

In vivo experiments
A nude mouse (age 5 weeks) was anesthetized using 100 µL 

of a mixture of ketamine 10 mg/mL + xylazine 2 mg/mL 

injected intraperitoneally. The femoral vein was measured 

before (control) and after it was injected with 150 µL (20 mg/

mL gold) of GNRs by tail vein injection in two time periods 

(t =0.25 h, 24 h postinjection). The tissues next to the femoral 

vein were measured postinjection as well, for investigating 

the GNR effect on the femoral vein environment. The mouse 

was laid on a flat surface with its inner thigh facing the laser; it 

was placed on the sample holder in the experimental setup and 

fixed to the polycarbonate mount, as shown in Figure 4. Com-

puted tomography (CT) scanning was performed before GNRs 

injection to determine the CT baseline, as well as postinjection 

in two time periods (4 h and 8 days postinjection).

Figure 2 The experimental setup for recording light intensity images.
Notes: (A) a schematic image of the setup. (B) an image of the setup and its components in the lab. The camera records images at multiple planes with equal intervals 
between them. The experimental setup was designed for reflection measurements. The light source is a helium neon (He-Ne) gas laser with λ =632.8 nm, the focal length of 
the reflection lens is 75 mm; polarizers were added for optical clearing purposes. The sample is set on 3 axis micrometer plates and can be adjusted in the x-y-z directions.

Figure 3 The synthesized PEGylated GNRs.
Notes: (A) TeM image of the gNrs. (B) The absorption spectrum of the gNrs, presenting a strong peak at 645 nm.
Abbreviations: Peg, polyethylene glycol; gNrs, gold nanorods; TeM, transmission electron microscopy; au, arbitrary units.
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The CT scans were performed using a micro-CT scanner 

(Skyscan High Resolution Model 1176) with nominal 

resolution of 35 µm, 0.2 mm aluminum filter and tube 

voltage of 45 kV. Reconstruction was done with a modified 

Feldkamp47 algorithm using the SkyScanNRecon software 

accelerated by GPU.48 Ring artifact reduction, Gaussian 

smoothing (3%) and beam hardening correction (20%) were 

applied. Volume rendered three-dimensional images were 

generated using an RGBA transfer function in SkyScan 

CT-Volume (“CTVol”) software and in SkyScan CT-Voxel 

(“CTVox”) software. The contrast enhancement was quanti-

tatively determined according to the differential contrast in 

CT numbers (in Hounsfield units), compared to that of the 

same mouse before injection. All CT scans were performed 

under appropriate anesthesia. Up to 8 days post-intravenous 

injection, mouse behavior was normal and without any evi-

dence of toxicity.

This study received institutional approval from the Bar 

Ilan Institute for Nanotechnology and Advanced Materials 

Institutional Animal Care and Use Committee. All ex vivo 

and in vivo measurements were performed under appropriate 

anesthesia: the mice barrier-controlled facility followed the Bar 

Ilan’s Institute for Nanotechnology and Advanced Materials 

Animal Care and Use Committee guidlelines. The mice were 

inspected daily by the veterinarian, who handles the appro-

priate tests and treatment protocols, as required. All research 

protocols were followed closely by the veterinarian. All major 

procedures were performed in the surgical facilities using gen-

eral anesthesia and standard, aseptic surgical techniques.

Results and discussion
Tissue viability examination
Ex vivo experiments were conducted according to the pro-

cedure detailed above for examining the effect of tissues at 

different states on the light phase STD. The computed STDs 

for group 1 (experiments were conducted on the same day as 

sacrifice, ie, day 0) and group 2 (experiments were conducted 

6 days following sacrifice, ie, day 6) before and after applying 

MB (control and MB respectively) are presented in Figure 5  

in the orange (control) and blue (MB) bars. The results in 

Figure 5 show a change in the STD when comparing the con-

trol tissue (orange bars) at day 0 and day 6, an 8% decrease 

in the STD (***P0.001) indicating a change in the tissue 

composition that decreases the scattering properties of the 

tissue. An additional test was conducted on the tissues at their 

different states by applying MB and examining their effect 

on the light phase STD. The results presented in Figure 5  

show that the STD decreases as the MB has a strong absorp-

tion ability. Hence less photons can be scattered resulting 

in a decreased reemitted light phase STD for both tissues. 

However, the decrease in the STD for the older tissue (day 6)  

is much smaller (0.05% with *P0.05) than the one obtained 

for the tissue immediately following injection, ie, day 0 

(0.15% with ***P0.001).

Differentiation between femoral vein and 
its environment
GNRs have been used extensively as contrast agents and are 

very popular due to their physicochemical and anisotropic 

shape properties.39 They have previously been suggested as 

a great candidate for CT contrast agents with 5 mg injected 

GNRs being the detection threshold in mice.2,3,40,41 Wishing to 

differentiate the femoral vein from its environment and detect 

the blood flow effect on the light phase STD, GNRs were used 

as contrast agent and in vivo experiments were conducted. 

Figure 4 The experimental setup during in vivo measurements.

Figure 5 The sTD obtained for ex vivo experiments.
Notes: The experiments were conducted on two groups: 1) two ears were 
measured on the same day as sacrifice, ie, day 0; 2) two ears were measured 6 days 
following sacrifice, ie, day 6. Following control (orange bars) measurements, 5 µl of 
2 mM MB was applied to the ears and reflection signals were measured again 24 h 
later (blue bars). The algorithm parameters were: 8 recorded images (64 iterations) 
with 1.27 mm distance between them. (*P0.05, ***P0.001).
Abbreviations: sTD, standard deviation; MB, Methylene blue; au, arbitrary units.
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Figure 6A shows the irradiated mouse femoral vein during 

the in vivo experiments. The results for the femoral vein 

and adjacent tissue experiments post-GNRs injection (red 

and green bars, respectively) are presented in Figure 6B and 

were normalized to the STD value of the control measure-

ments. The normalized computed STD of the femoral vein 

0.25 h post-GNRs injections is 1.05±0.025 demonstrating the 

presence of GNRs within the femoral vein, as they increase 

the scattering properties of the femoral vein. However, 24 h 

later, the GNRs were mostly cleared from the blood circu-

lation, resulting in the normalized STD (decrease back to 

approximately the control STD value (1.001±0.008)). This 

indicates the clearance of the GNRs from the femoral vein. 

Examining the tissues in the femoral vein environment, we 

have observed an increase in the normalized STD following 

GNRs injection (*P0.05). The normalized STD, 15 minutes 

(0.25 h) postinjection, of adjacent tissues (green bar) is lower 

than the one measured in the femoral vein since tissues have 

lower scattering properties than blood vessels.14 In addition, 

the GNRs have yet to reach the tissues adjacent to the femoral 

vein (as some of the GNRs, while being cleared from the 

blood circulation, will diffuse into adjacent tissues) resulting 

in normalized STD of 0.865±0.005 (***P0.001). Approxi-

mately, 24 h postinjection, the GNRs were cleared from the 

blood circulation and some were diffused into adjacent tissues 

resulting in a higher scattering ability which increases the 

STD, as shown in Figure 6B, to 0.89±0.006 (***P0.001). 

The mouse was scanned before and after GNRs injection 

using CT (as described in Material and methods section).

The CT images pre- and 4 h and 8 days postinjection are 

presented in Figure 7A–C, respectively. When using CT scan-

ning, in order to observe the GNRs in the image, the common 

injection amount is more than 5 mg,40,41 the injected GNRs 

in the presented experiments were only 3 mg. Therefore, 

Figure 6 Femoral vein and adjacent tissues effect on the light phase using GNRs.
Notes: (A) The experimental setup during in vivo experiments. The mouse was laid on a flat surface with its inner thigh facing the laser. It was set on the sample holder on 
a 3 axis micrometer stage which enables fine-tuning during experiments. The center of the light beam was directed exactly to the femoral vein. (B) The obtained sTD in the 
in vivo measurements. The mouse’s femoral vein (red bars) and tissues in its environment (green) were irradiated following GNRs injection (0.25 h and 24 h postinjection). 
The algorithm parameters were: 9 recorded images (81 iterations) with 1.27 mm distance between them. (*P0.05, ***P0.001).
Abbreviations: gNrs, gold nanorods; sTD, standard deviation.

Figure 7 CT images of the femoral vein and its environment pre- and post-GNRs injection.
Notes: (A) Pre-GNRs injection; (B) 4 h post-GNRs injection; (C) 8 days post-GNRs injection. No differences can be observed between the three images.
Abbreviations: cT, computed tomography; gNrs, gold nanorods.
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looking at the CT images (Figure 7A–C), no differences 

can be observed between pre and post injection although, 

while using the reflectance based IMOPE the presence of 

the GNRs was observable.

Conclusion
Extracting optical properties of physiological substances (eg, 

tissues) has many applications and various techniques have 

been developed, as was described previously. Examination 

of tissues noninvasively can be achieved by different optical 

methods, practically all of which are based on light reflectance 

measurements. In the present paper, we have applied, for 

the first time, the reflectance based IMOPE for tissue opti-

cal properties extraction. The basics of the reflectance based 

IMOPE were described combining a simple experimental 

setup for recording light intensity images with an iterative 

G-S algorithm for reconstructing the reflected light phase and 

computing its STD. The results presented in this work show 

that the reflectance based IMOPE was able to differentiate 

between the viability of different tissues and their MB absorp-

tion capability by the computed reflected light phase STD. 

In addition, by combining a very small amount of injected 

GNRs with the IMOPE we were able to distinguish between 

the femoral vein and other tissues adjacent to it, obtaining a 

higher STD for the femoral vein, as was expected. The GNRs 

presence within the femoral vein and its environment during 

24 h postinjection was detected as well. With the total quantity 

of injected GNRs being 3 mg, much less has been diffused to 

the femoral vein environment. The reflectance based IMOPE 

was applied successfully in the ex vivo and in vivo measure-

ments detailed above, indicating significant potential in clinical 

medicine. Nonetheless, further quantification of the technique’s 

sensitivity and efficiency should be performed along with the 

application of parallel computation in order to enhance accu-

racy and decrease computational time of the technique. Yet, 

the reflectance based IMOPE has presented a high sensitivity 

for the GNRs presence, being able to detect a very low amount 

of GNRs within tissues adjacent to the femoral vein while the 

CT imaging system did not manage to do so.
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