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Chapter 4 Determination of dye diffusion coefficient

4.1 Introduction

As addressed in Sub-Section 1.4, stratum corneum represents the main barrier to substance

penetration or permeation to skin. In order to characterise the skin permeability, diffusion

coefficient, D offers convenient means for its quantification. Diffusion coefficient provides

useful information on material diffusion in highly heterogeneous skin, and factors influencing

this diffusion. In particular, sampling D locally results in acquisition of a D - spatial map that

is helpful for investigation of the major biological pathways in skin. Therefore, determination

of the diffusion coefficient in skin locally, non-invasively, in real time, and, preferably, in

vivo, will greatly assist the understanding of pharmacodynamic properties of skin, its

resistivity to environmental toxins, and transdermal drug delivery vehicles.

In this Chapter, this important research topic will be addressed by demonstrating a method of

determination of D in skin at a locality in the skin sample by using a fluorescent model of

low-molecular-weight drugs. Demonstration of application of the fluorescence recovery after

photo-bleaching (FRAP) technique to determination of D in skin will be reported.

FRAP technique basics and objectives

In FRAP, fluorescence recovery time-evolution is recorded and analysed at a sample locality,

where the fluorescence was photobleached. The FRAP time-evolution curve is fitted with

exponentials, whereby the exponential time constants provide parameters from which the

local (i.e. in the photobleached area) D is determined. Since skin is a complex, highly

heterogeneous structure, it is necessary, first, to establish the FRAP method using a simplified

homogeneous fluorescence model. A plain glycerol mixture with organic fluorescent dye,

Rhodamine B (Rh:B) was chosen as this homogeneous fluorescence model. This fluorescent

medium possesses high viscosity comparable to that of the skin. This model was also

preferred, as it has been described in the literature (Braga, 2004), where, in particular, Rh:B

molecular size was measured by using TEM, which represented a critical parameter for

calculation of D. The fitting accuracy represents a challenge of this method, and it depends

critically on the shape and size of the photobleached volume (PBV). Photobleached depth

(PBD, the vertical length of PBV) is an important parameter which can be experimentally

determined by measuring the axial point spread function (axial PSF) of FMM. In FMM, it

relates to excitation volume. Generally, elliptical shape of the bleached volume calls for a

mathematical model that accounts for the ellipticity. This model is developed in the course of

this project largely by efforts by Dr Anissimov, Griffith University.
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In this Chapter, the development of the glycerol-Rh:B model, refinement of the method using

the adapted mathematical model will be reported, and, for the first time to the best of the

knowledge, its demonstration to measurement of the local diffusion coefficient in skin, and

specifically, in stratum corneum.

In the study, FMM as an imaging modality was preferred to FCSM that was widely used in

the FRAP prior-art. In the implementation of FMM, more power was afforded from the high-

power femtosecond laser sources, which allowed rapid bleaching of the focal volume at a

reduced off-focus photobleaching. All the FRAP results were obtained using the FMM system

(Zeiss510, AIBN, University of Queensland) with a 63×, NA1.0, water-immersion objective

lens. A suitable fitting model of the FMM FRAP data will be introduced, and its experimental

demonstration will be reported.

4.2 Methods

4.2.1 Rh:B molecular radius

The radius of Rh:B can be calculated by the following formula:

3
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where s is the density of Rh:B, mw is the molecular weight of Rh:B, measured in Da, and

NA is the Avogadro’s constant ( 379.0  cmgs , 102.479  molgmw , 2310023.6 NA ).

Molecular radius of Rh:B is calculated to be ≈1 nm. Since TEM has an adequate resolution at

the sub-nanometre scale, this instrument is resorted to of the Rh:B size.

TEM sample preparation

A small amount of Rh:B-powder (479.02 Da, density 0.79 g/cm3, Sigma) was put into a high-

purity grade ethanol. Rh:B/ethanol solution was centrifuged for best solubilisation. The use of

ordinary grade ethanol was avoided, as it could introduce uncontrollable artefacts. 10-μL

Rh:B ethanol solution was pipetted out and applied on the carbon coated grid with the stain

(Uranyl Acetate, negative stain). Immediately after this, the grid was put on a filter paper for

absorbing solution residue from the sample. Then, the grid was air-dried for several minutes.

Finally, the sample on the grid was imaged using a TEM system (JEM-1010A, JEOL).
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Since the molecular radius of Rh:B is on the nanometre scale of, high magnification was used

for its determination: 600,000 and 500,000 times at a magnification 100 kV acceleration

voltage.

4.2.2 Axial point-spread function

As mentioned in Introduction, axial point spread function (axial PSF) of the FMM system

determines PBD. By definition, axial PSF is an optical system image of a point-like source,

including a fluorescent source in context of this chapter. A light wave, which is a point source,

will acquire wave front distortions when passing the optical system, so that when converging,

it will form an extended spot. This spot can be of shape, as shown in Fig 60(a). There are two

main reasons. Firstly, aberrations in the optical system will spread the image over a finite area.

Secondly, diffraction effects will also spread the image, even in a system that has no

aberrations.

It can be determined by using several methods. In this case, a 20-μm-thick sample of Rh:B

solution was prepared that was sandwiched between microscope slide and glass cover slip

plates. This sample was imaged at several depth intervals using FMM. The multiphoton

fluorescence (MPF) signal intensity was plotted versus the depth (z-axis), as shown in Fig 59.

It is straightforward to figure out that the axial PSF can be found by taking a derivative of this

function with respect to the z-variable using Matlab-based program (see Fig 60 b)). Appendix

II contains all of the program details. Full width at half maximum (FWHM) function of the

curve in Fig 60 b) yielded the axial PSF of the optical imaging system. In case of the data

presented in Fig 59, the axial PSF was determined to be 3 m. Axial PSF is dependent mainly

on the microscope setting: objective lens.
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Fig 59. MPF signal intensity versus the depth (z-axis). x-axis (µm); y-axis: normalized Intensity

a)
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b)

Fig 60. a) Consider a very small point of light. If the visual system had perfect optics the image of this

point would be identical to the original point of light. So if the relative intensity of this point of light were

plotted as a function of distance, such a plot would look like the dashed, vertical line. However, the

optical system is not perfect so the relative intensity of the point of light is distributed across image

plane as shown by the curve. This curve is called the "point spread function" (PSF) b) A family of axial

PSFs of the FMM imaging system featuring an 63×, NA1.0, water-immersion objective lens sampled at

six different sites. x-axis (µm); y-axis, normalized Intensity. FWHW was measured to be 2.7±0.3 μm. It

was primarily determined by the objective lens. In the context of the FRAP measurement the axial SPF

is referred to as a PBD

Sample preparation

Firstly, 20 µL of 20 mM Rh:B solution was placed in 4-mL glycerol and mixed evenly to

obtain 10 µM Rh:B solution in glycerol. 10 μL of this solution was applied on a microscope

glass slide and sealed with a cover slip, followed by imaging using the FMM system.

FMM settings

A femtosecond laser operated at a mean wavelength of ex = 810 nm (scanning power Psc,

around 33 mW,1% of the total laser out-put energy which was 3310mW) was employed as the

excitation source. A bandpass filter centred at a wavelength of 560 nm (bandwidth, 60 nm)

was used to transmit the Rh:B fluorescence to a detector. In order to induce photobleaching in
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the sample, the laser pulse power used for photobleaching (Ppb) was raised to a value of about

165, 331, and 496 mW (5%, 10% and 15% of the total laser out-put energy which was

3310mW). The values of the laser power were set by the imaging software. The FMM

imaging and photobleaching parameters were essentially the same for both glycerol/Rh:B

model and skin FRAP experiments (see Fig 61).

Fig 61. Schematic diagram of the FMM imaging system employed for the FRAP experiments:

scanning laser power, Psc = 33 mW; photo bleaching incremental laser power values were Ppb = 165,

331, 496 mW; HFT KP650, a dichroic mirror shortpass, with a wavelength cutoff cutoff = 650 nm;

NT515, an additional dichroic mirror shortpass cutoff = 515 nm; BP535-590, bandpass filter, with the

wavelength transmission band of 535 to 590 nm

4.2.3 Averaging method

As detailed in Chapter 1, Sub-Section 1.6.3, the FRAP method relies on probing a

fluorescence signal within the PBV. As a result, recording and analysis of the fluorescence

signal time-evolution provides means of determining the photobleaching recovery rate at PBV

in the sample. A typical FRAP signal is presented in Fig 62, ‘FRAP curve single run’. As one

can see, this signal is noisy. In order to improve SNR, the FRAP signal was averaged over

several runs. The averaging is especially important in case of a small photobleached area

(PBA), e.g. 1×1 μm2. In the experiments, 10 runs were typically required to attain a

reasonable SNR.
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Fig 62. A typical experimental plot of the FRAP fluorescence data: fluorescence intensity versus time.

High-power laser radiation was applied for the initial time interval of 13 s, manifested by the

fluorescence intensity drop to the minimum level. The fluorescence recovery then commenced

photobleaching at a time mark of 13 seconds. Blue (solid), red (dashed) curves represent single-run,

10-time average FRAP signals, respectively. The photobleached area diameter, dPBA = 2 µm

4.2.4 FRAP in homogeneous medium

Sample preparation

10 µM glycerol/Rh:B solution was sandwiched and sealed between a microscope glass and

cover slip that were separated by two spacers made of glass cover slips. As a result, a 170 µm

thickness solution was prepared as a fluorescent homogeneous medium model for FRAP

characterisation and refinement.

FMM settings

The equipment settings were as described in Sub-Section 4.2.2 “FMM settings”. The

excitation wavelength was chosen 810 nm (Psc = 33 mW, Ppb = 165, 331, 496 mW). Image

size was 27×3 µm2. Time interval between two FRAP recordings was 30 ms. The

photobleaching pulse duration was PB = 282 ms. All the experiments were done at room

temperature of 25 0C.
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4.2.5 FRAP in stratum corneum

Sample preparation

The excised skin, stratum corneum only (female, aged 33, abdomen) was immersed in 10-µM

Rh:B solution for 2 days to allow the dye spread evenly throughout the sample, followed by

the skin placement on a slide and covered with a cover slip and sealing by nail polish.

FMM settings

The equipment settings were as described in Sub-Section 4.2.2 “FMM settings”. The

ultrashort pulse laser operated at ex = 810 nm (Psc = 16.5 mW, Ppb = 165 mW). Image size

was 256×30 square pixels, with pixel size of 100×100 nm2. The fluorescence imaging after

photobleaching time interval was 30 ms. PB= 282 ms. Experiments were carried out at room

temperature of 25 0C.

4.3 Results

4.3.1 Rh:B molecular radius

The results of high-resolution TEM-imaging are presented in Fig 63.

Fig 63. TEM image of Rh:B. The bright spots are Rh:B particles on a dark background due to the

negative stain. An individual Rh:B molecule size is shown with a ranger (black cut). Scale bar 10 nm

It can be clearly seen that the Rh:B diameter ranges from 2 to 2.5 nm, which is at the TEM

resolution limit of 2 nm. The averaged diameter is evaluated as 2.2 nm, which was in the

excellent agreement with the calculated Rh:B radius of 1 nm.

4.3.2 Photobleached volume (PBV)

In order to apply the fitting parameters to the theoretical FRAP model, it was needed to know

not both PBD and PBA but also the shape of PBV. An experimental method was devised to

determine PBV. A micrometre-sized area in the skin sample was photobleached by its



137

exposure to 300 mW femtosecond laser radiation. A z-stack image set containing PBV was

acquired at an interval of 1 µm (see Fig 64). The image processing and analysis yielded the

PBV shape.

a) b)

c) d)

e)
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Fig 64. Z-stack FMM image set of the skin sample with a PBV observable as a dark circle (pointed by

a white arrow in image c). Images (a) to (e): an image set acquired from the skin top surface to the in-

depth layer at an interval of 1 µm. Scale bar 30 µm

From these images, it can be seen that PBA was observed as a dark circle in the morphology

layout image of skin and perpetuated throughout the images from (b) to (d), which amounted

to 3 µm of the axial translation. This confirmed PBD = 3 µm. Also, by reconstruction of the

3D z-stack, the shape of PBV was determined as a prolate spheroid with a circular cross-

section.

Fitting model

A fitting model based on the simplified assumption of the bleached volume parallelepiped-

shaped was developed by Dr Anissimov using the Green’s function approach. This model was

initially used in fitting FRAP data of the glycerol/Rh:B, and proved to be most accurate

among the other spheroid and ellipsoid models. After the experimental validation of this

model, it was applied to the FRAP data on skin.

4.3.3 FRAP in homogeneous medium: glycerol

There are three factors that can vary in the FRAP experiments: photobleaching position in the

sample, PBA, and Ppb. In the following part of this paragraph, results of testing of the FRAP

method susceptibility to the incomplete photobleaching that might influenced by these three

factors are presented. Incomplete photobleaching is referred to as a photobleaching process

whereby a residual fluorescence signal remains at the completion of the photobleaching.

FRAP signals at three axial positions in a Rh:B-glycerol sample of 170-µm thickness were

recorded. The PBVs were located at the front surface, 1 - 2 μm from the top (near to the front

interface of the sample), in the middle, 60 μm from the top, and at the bottom surface, 120 μm

from the top (i.e. near to the bottom interface of the sample). Three different sizes of the

circular bleached area were examined of radius 1μm (1 in table 6 and 7), 1.1μm (2 in table 6

and 7), and 1.25μm (3 in table 6 and 7). Three Ppb were applied: 165, 331 and 496 mW. The

results of these FRAP image acquisition are presented in Fig 65.
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Fig 65. FRAP images from top to bottom: before photobleaching; 30 ms after photobleaching; 150 ms

after photobleaching. The PBA is visible as a dark area of the circular shape (middle image). Scale bar

5 μm

(a)
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(b)

Fig 66. FRAP recordings versus time tested against the following parameters at Ppb = 496 mW: (a)

PBA 1×1 µm
2

at depths in the sample: front surface, middle, and bottom surface, colour-coded green,

red, and blue, respectively; (b) FRAP curves at the sample front surface for different PBAs of 1×1 µm
2
,;

1.1×1.1 µm
2
, and 1.26×1.26 µm

2
, colour-coded blue, red, and green, respectively

Comparison of the normalised FRAP curves (see Fig 66) acquired at the varied parameters of

PBAs and PBV locations showed the conclusion that FRAP signal was immune to PBA and

PBV location in a sample. Also, the test of incomplete photobleaching of the sampling

volume yielded essentially the same results for D. Photobleaching at Ppb = 165 mW and 331

mW yielded similar results as at 496 mW. That meant the incomplete photobleaching had

little effect on the FRAP performance.

Data fitting results

In order to determine the diffusion coefficient, D, the following formula was employed:

R

Tk
D B

6
 (Braga, Desterro et al. 2004) 5)

Where kB =1.38066 *10-23 J/K is the Boltzmann’s constant

 =934*10-3 Pa·s (Glycerol) at 250C (Lide 1992-1993)

R=1 nm (Rh:B radius)

D, diffusion coefficient, measured in cm2/s
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The calculation yields = 2.4×10-9 cm2/s.

Several PBV shapes were tried to achieve the best fitting results: sphere, prolate/oblate

spheroids and cube. The FRAP fitting formula for a prolate spheroid model is characterized

by two parameters: a = h/2 (Equation 1, Appendix III), and a ≠  h/2 (Equation 2, Appendix

III), where a is the radius of the prolate spheroid top surface and h is the prolate spheroid

height.

The fitting procedure was carried out by using software named “Prism 4”. In this program, a

parameter called fitting ratio ‘R²’served to measure quality of the fitting. Closeness of R2 to a

unity represents a measure of the fitting quality, where, ultimately, R2 = 1 means perfect fit.

The formula and fitting procedure are presented in Appendix III. The fitting results are shown

in Table 7.

Table 7. Fitting results of glycerol/Rh:B FRAP experiments using Equation 1 (Appendix

III)

Front surface*

Ppb

mW

1×1 µm2

D*109cm2/s

1-R² 1.1×1.1 µm2

D*10-9cm2/s

1-R² 1.26×1.26

µm2

D*10-9cm2/s

1-R²

1 9.415 0.0874 3.891 0.0434 4.483 0.0489

2 4.170 0.0379 3.120 0.0169 3.639 0.0216

3 1.865 0.9779 3.002 0.0141 3.484 0.0188

Middle

1 2.485 0.0721 3.132 0.1837 4.819 0.0367

2 2.334 0.0327 1.970 0.0255 1.804 0.0112

3 1.306 0.0158 1.745 0.0145 2.615 0.0124

Bottom surface

1 2.057 0.0520 2.932 0.1158 2.720 0.0236

2 1.664 0.0190 2.852 0.0242 1.875 0.0116

3 1.391 0.0145 1.878 0.0143 1.565 0.0118

“1.Ppb=165 mW; 2. Ppb=331 mW; 3.Ppb=496 mW”

“Location of PBV in the sample, as described in Sub-Section 4.3.4”



142

Fig 67. Diffusion coefficient D fitted with Equation 1 (FRAP in glycerol/Rh:B): the mean value was

2.6461×10
-9

cm
2
/s and the standard deviation was 0.9823×10

-9
cm

2
/s

From the results (see Table 7), it can be seen that all the fittings can be regarded as good

fittings since the value of 1-R²was sufficient small. Then, the FRAP data was fitted using the

model, a ≠  h/2 (see Table 8), and compared with these results.
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Table 8. Fitting results of glycerol/Rh:B FRAP experiments using Equation 2 (Appendix

III)

Front surface*

Ppb

mW

1*1 µm2

D*109cm2/s

1-R² 1.1*1.1µm2

D*10-9cm2/s

1-R² 1.26*1.26µm2

D*10-9cm2/s

1-R²

1 11.122 0.0864 4.283 0.0399 4.516 0.0473

2 4.916 0.0372 3.448 0.0149 3.678 0.0202

3 2.245 0.0212 3.336 0.0121 3.545 0.0178

Middle

1 2.964 0.0611 3.477 0.1834 4.852 0.0353

2 2.789 0.0313 2.220 0.0258 1.890 0.0110

3 1.590 0.0152 1.982 0.0140 2.690 0.0116

Bottom surface

1 2.461 0.0516 3.256 0.1153 2.796 0.0227

2 2.005 0.0185 3.184 0.0236 1.968 0.0109

3 1.688 0.0137 2.131 0.0139 1.670 0.0111

“1.Ppb=165 mW; 2.Ppb=331 mW; 3.Ppb=496 mW”

“Location of PBV in the sample, as described in Sub-Section 4.3.4”

Fig 68. Diffusion coefficient D fitted with Equation 2 (FRAP in glycerol/Rh:B): the mean value was

2.9069 ×10
-9

cm
2
/s and the standard deviation was 0.9885×10

-9
cm

2
/s
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Comparing of 1-R2 values showed in Table 8 with those in Table 7, shows that the Equation 2

yields a little bit more accurate fitting results for getting smaller value of 1-R2. Nevertheless,

the mean value of Equation 1 (2.6461×10-9 cm2/s), was more near the calculated value

(2.4×10-9 cm2/s). Also, its standard deviation was smaller (0.9823×10-9 cm2/s). In spite of

these, there was not big difference for the values of D obtained from these two equations.

4.3.4 FRAP in stratum corneum

Since Ppb was found to have little influence on the FRAP process dynamics (from the

previous measurement using the glycerol/Rh:B sample), Ppb = 165 mW was selected for

FRAP experiments using skin. The higher Ppb could damage the skin. Also, a longer

measurement time was required to attain the full recovery of the fluorescence signal, usually,

from several minutes up to one hour. Similarly, it was resorted to use the smallest PBA

(radius, 1 µm). Localisation is tighter, and the skin lipid bilayers were targeted more

accurately. An example of the typical skin imaging layouts for FRAP measurement using Ppb

= 165 mW are shown in Fig 69 and 70.

Fig 69. An FMM image of the excised skin showing clear layout of the bilipid layers in stratum corneum.

A black circle marks where the PBA location. Linear dimension of PBA is 19 pixels (radius 1 µm).

Scale bar 30 µm

Fig 70. FRAP time-lapse images (the image fragment sampled within two white lines in Fig 67). From

top to bottom: before, 282 ms after, and 8 s after photobleaching, respectively. Scale bar 5 μm
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From these experiments, it was found that Psc in skin (stratum corneum) distorted the

recovery FRAP signal. As shown in Fig 71, the fluorescence recovery process competed with

the photobleaching process induced by the probing femtosecond laser.

(a)

(b)

Fig 71. FRAP signal recording at two varied parameters: (a) Psc = 33 mW; b) Psc = 16.5 mW
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From the curves of Fig 71, one can see that Psc = 33 mW allows FRAP signal recovery of only

80% of that of the original value, whereas at Psc = 16.5 mW, it recovered to 90% to its original

value. Also, the FRAP signal exhibited further photobleaching t after recovery to 80% of the

original intensity, as shown in Fig 71 (a). Psc = 16.5 mW appeared to be the optimum value

under the typical experimental conditions. The lower values of Psc resulted in noisy FRAP

signals.

For the preliminary FRAP experiments on the excised skin, Ppb = 165 mW, and Psc = 16.5

mW were chosen. FRAP experiments in three layers of stratum corneum were carried out: top

surface (1-2 µm from top), middle (10 µm to top) and bottom (20 µm to top). The results are

shown in Fig 72 to Fig 74. Two types of PBAs were tried: circle and square, both were 19

pixels of equal linear dimensions of 2 µm. These experiments were only carried on stratum

corneum but not limited to it. Epidermis is also a good research target to investigate. This will

be the future aimed study.

Fig 72. FMM image of the excised skin, stratum corneum (top surface). The bleached area is marked

by a black circle. Scale bar 30 μm
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Fig 73. FMM image of the excised skin, stratum corneum (mid-depth). The bleached area is marked

by a black circle. Scale bar 30 μm

Fig 74. FMM image of the excised skin, stratum granulosum. Cells with dark nuclei are observable.

The bleached area is marked by a black circle. Scale bar 30 μm
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(a)

(b)

Fig 75. FRAP results of skin in the different stratum corneum layers: top surface, mid-depth, stratum

granulosum, colour-coded blue, red, and green, respectively. The skin layer choice and depth values

are given in Sub-Section 4.3.5. (a) PBA 1×1 µm
2

circular shape, (b) PBA 1×1 µm
2

square shape
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From the normalised FRAP curves in Fig 75, especially from the insets (bottom right on the

image), one can see that the recovery rate was similar at the different skin (stratum corneum

/stratum granulosum) layers for the circular PBA. At the same time, the FRAP recovery rate

exhibited difference at different localities in case of PBV of square cross-section. It showed

that the fitting model based on the squire-cross-sectional PBV provided more accurate

measurement of the diffusion coefficient at different sample sites in the skin.

Data fitting results

The prolate spheroid model was the same as that used in the glycerol/Rh:B fluorescent model

experiments. The results of the fitting model based on cubic PBV were presented by

Equations 3 and 4 (a = h/2 and a ≠ h/2, Appendix III). The details of the fitting procedure are

presented in Appendix III.

Table 9. Fitting results of skin (stratum corneum) FRAP experiments

Prolate spheroid model a = h/2 a ≠ h/2 (h=3 µm)

D *10-9 cm2/s 1-R2 D*10-9 cm2/s 1-R2

Top surface 5.598 0.0317 6.881 0.0306

Mid-depth 3.861 0.0617 4.792 0.0611

stratum granulosum 5.408 0.0874 6.548 0.0877

Cubic model a = h/2 a ≠ h/2 (h=3 µm)

D*10-9 cm2/s 1-R2 D*10-9 cm2/s 1-R2

Top surface 1.393 0.0049 1.734 0.0049

Mid-depth 3.625 0.0055 4.576 0.0054

stratum granulosum 2.031 0.0052 2.545 0.0051

“Location of PBV in the sample, as described in Sub-Section 4.3.5”

The fitting results in Table 9 for the diffusion coefficient determination in skin showed similar

trend with that of the glycerol/Rh:B model: the fitting model a ≠ h/2 provided more accurate

fitting results than a = h/2, as measured by the 1-R2 values. The fitting model did not consider

the boundary effects and therefore the fitting results in the mid-depth of stratum corneum

were more reasonable. Thus, the D–values in skin were represented by the values in the mid-

depth layer. The D-values of the two models were approximately 4.3×10-9  0.6583 cm2/s

(prolate spheroid PBV) and 4.1×10-9  0.6725 cm2/s (cubic PBV).
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4.4 Discussion

The prolate spheroid PBV FRAP model was based on the theory which was presented by

Braeckmans et al. (Braeckmans, 2003). The cubic PBV FRAP model is a generalisation of the

prolate spheroid PBV FRAP model, with the square PBA. All the fittings were good fit

measured by 1-R². The values of Ds were on the same scale of the estimated value but still

had some difference. There are several reasons for this discrepancy. Firstly, the boundary

effects in the diffusion model should be considered, when modelling the FRAP signal near the

sample interface. In the simplified model, these effects were neglected. Secondly, the

temperature at PBV might increase, as a result of the laser energy dissipation in the absorptive

parts of the sample. The resultant D, that depends on temperature, might yield the

overestimated values of D, as was pointed out in case of the varied viscosity of glycerol that

changed with the temperature (Cook, 1994). Since it was difficult to sample local temperature

at the interrogated PBV, this potential disturbing effect might introduce a systematic error in

the measurements. Thirdly, the FRAP data fitting quality depended on the choice of fitting

prolate spheroid model. In case of a = h/2, this model yielded more accurate fitting results.

That implies that the choice of PBD was critical to the quality of the FRAP data fitting. At the

same time, the choice of PBD was not reliable, as it highly varied with the location of PBV in

the sample (see Fig 63). Therefore, it needed to figure out an efficient and reliable method

setting PBD.

FRAP-based determination of D in heterogeneous tissue, including skin, has been extensively

addressed in literature. Brown have reported D of Red Blood (RBL)-2H3cells in inaqueous

solutions of wild-type green fluorescent protein, which was measured as 8.7×10-7 cm2/s using

FMM FRAP (Brown, 1999). Leddy and Guilak have demonstrated determination of D of

macromolecules in the cartilage the using FRAP-FCSM technique, which was found to range

from 31 to 75 ×10-8 cm2/s versus molecule weights (Leddy and Guilak, 2003). Also, Sniekers

has reported D = 5.22 - 25 ×10-8 cm2/s in cartilaginous tissue. They have demonstrated a new

method called finite element analysis using FCSM (Sniekers and van Donkelaar, 2005).

Recently, Johnson and his colleagues have published D = 3.06 - 23.4 ×10-9 cm2/s depending

on the molecule weight of the extracted lipid bilayers. The used FCSM imaging modality

performed FRAP, with PBA restricted to 5 μm (Johnson, 1996). With this backdrop, the

FRAP results on determination of D in human skin lipid bilayers are reported first time to the

best of the knowledge. Compare to Johnson’s results, D of Rh:B in the stratum corneum was

≌4×10-9 cm2/s that was within the range of D of 3.06 - 23.4 ×10-9 cm2/s. The molecule
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weight was ranged from 223 to 854 Da in the Johnson’s paper. The molecule weight of Rh:B

is 479 Da, which is in the same range. Therefore, diffusion coefficient within stratum

corneum was confirmed with the results obtained from the extracted lipid bilayers. The results

using FMM imaging modality integrated with FRAP methodology were obtained, whereas

Johnson has used FCSM that conferred several disadvantages, such as the out-of-focus

photobleaching. Also, in the method, it was succeeded in decreasing of PBA to 1 μm in the

linear dimension that was advantageous in providing finer localisation of FRAP signal (and D)

sampling of lipid bilayers that are on the scale of 1 - 2 m. In addition, Scheuplein has

reported the intracellular D of 1 - 10×10-11 cm2/s in dry skin and 5 - 10×10-10 cm2/s in wet skin

by measuring steady-state flux of solute, the change of solute concentration within skin

(Scheuplein, 1971). Compare to these values, D obtained in stratum corneum appeared to be

much greater which was (4×10-9 cm2/s) implying the diffusion dynamics much faster that that

reported by Scheuplein. This brings about a reasonable hypothesis that the diffusion within

stratum corneum predominantly occurs via intercellular pathways whereby molecular

diffusion rate is known to be much faster to that of the intracellular biological pathway, i.e.

via corneocytes.

4.5 Conclusion

Application of the FRAP technique implemented in FMM imaging modality was

demonstrated to determine diffusion coefficient in stratum corneum. It has been found D

=4×10-9 cm2/s in stratum corneum was confirmed by the results obtained in the extracted lipid

bilayers by Johnson. Compared to D obtained in intracellular pathways (through corneocytes)

of 10-11 - 10-9 cm2/s, the value of D was much greater. It had a reasonable explanation of the

diffusion process predominantly occurring through lipid bilayers at a considerably faster rate.

There are also many other research points in this project for future study. Firstly, the skin

FRAP experiments were mainly carried out in stratum corneum. However, epidermis

represents a skin layer of great interest, as the first topmost viable layer of the human body.

The diffusion mechanism within this layer provides important information on the drug

pharmakodynamics and pharmakinetics. Secondly, the stratum corneum heterogeneity calls

for much more extensive study of D in stratum corneum at different skin sites, including

abdomen, back, arm. Also, D-maps of skin of different types of skin (age, ethics, and gender)

will provide valuable information on the skin transdermal permeability properties versus

genotype. These problems represent potentially important prospective research topics. Thirdly,
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other fluorescent agents, especially of broadly variable molecular weight, should be

thoroughly investigated. The list of exogenous fluorophores includes fluorescein, Rhodamine-

ester, and nanometre-scale luminescent nanoparticles. Also, Rh:B has an undesirable protein

affinity property that may introduce uncontrollable artefacts in the recover process. Rh:B-

Ester is a good replacement candidate for carrying out further research to investigate the

bounding effects of skin.
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Chapter 5 Conclusion

Nowadays, investigation of the skin biological pathways is an important research topic. This

research project has been focused on investigation of nanoparticle transdermal penetrability

by applying the advanced optical microscopes, including FMM. The second focus of this

thesis was on study of transdermal transport, where organic dye served as a model of

transported solute by theoretical and experimental modelling of diffusion in skin (stratum

corneum).

Nanoparticles penetration within skin is important from the environmental toxicology and

drug delivery aspects. Not all mechanisms of nanoparticle transdermal penetrability are well

understood, and some are hotly debated. It is generally agreed that the nanoparticle size

represents the key parameter that determines the nanoparticle penetrability through skin. At

the same time, the nanoparticle size threshold is hypothesised but not corroborated

experimentally yet. In the study, nanoparticles of three types, ZnO-nano, TiO2-nano, and

Qdots that ranged in size from 14 to 35 nm were focused on, and investigated their

penetrability in skin under various conditions and skin treatments. The main findings are the

following:

1. The nanoparticles of the reported size range do not pass the stratum corneum layer of

intact human skin, and remain in skin folds, derma glyphs, and hair follicle shafts.

2. It is for the first time, nanoparticle penetrability has been tested in skin in vivo using

serendipitous optical properties of ZnO-nano, and confirmed the major verdict of the

in vitro studies –the nanoparticle negative uptake.

3. The nanoparticle surface modification, the skin physical treatment, including flexing

and stretching, make little effect on the found negative uptake of the nanoparticle by

skin.

4. Stratum corneum provides the main barrier against the environmental insult in form of

nanoparticle absorption in the viable layers of skin. The removal of this barrier results

in the dramatic enhancement of the transdermal penetrability.

5. Porcine skin provides a poor model of human skin in the context of nanoparticle

transdermal penetrability. Qdots of the investigated size range are generally taken by

the porcine skin, where the uptake rate and nanoparticle fate depends on various

parameters.
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6. The chemical enhancers have dramatic effects on skin, and render it considerably

more penetrable. These effects were conclusively confirmed by using FMM and

SEM/EDS.

The demonstration of application of FRAP technique to determination of dye diffusion

coefficient locally, has resulted in the following outcomes:

1. A new FRAP modality integrated into the FMM system has been introduced.

2. The existing diffusion model in the framework of FRAP was refined, and found that

modelling the PBV as an prolate spheroid or square-cross-section ellipsoid give the

most accurate fitting results from which D can be accurately determined.

3. D of Rh:B within stratum corneum was determined that was valued as 4 ×10-9 cm2/s.

This result was in agreement with D of the extracted lipid bilayers.
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