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15.1	 �Introduction

Over the years, various methods such as diffusion 
experiments (Addicks et al. 1987; du Plessis et al. 
1994), microdialysis (Benfeldt 1999; Fang et al. 
1999; Murakami et al. 1998; Schnetz and Fartasch 
2001), visualization by microscopic techniques 
like conventional fluorescence microscopy 
(Kriwet and Müller-Goymann 1995; Yarosh et al. 
1994), electron microscopy (Bouwstra and 
Honeywell-Nguyen 2002; Hashimoto et al. 1991; 
Hofland et  al. 1995; Kanerva 1990; Schreiner 
et al. 2000; van den Bergh et al. 1999), confocal 
laser scanning microscopy (Betz et  al. 2001; 
Kirjavainen et  al. 1996; Schatzlein and Cevc 
1998; van Kuijk-Meuwissen et  al. 1998a, b; 
Vardaxis et al. 1997; Veiro and Cummins 1994), 
etc., have been exploited by researchers for study-
ing percutaneous penetration and to gain a better 
understanding of the skin barrier. Tape stripping 
and microdialysis experiments, though exten-
sively used to measure the amount and rate of 
penetration of the model compound, are lacking 
in providing information about the effect of the 
model drug on cells and lipid organization or par-
ticular pathways for the penetration of the model 
drug. These techniques also do not give much 
information about spatial distribution of the model 
drug inside the tissue or comment on the mecha-
nism of penetration and more importantly, these 
are destructive methods where tissue has to be 
carefully removed or homogenized to quantify the 
amount of drug.
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Electron microscopy has been extremely use-
ful in understanding the structure of the stratum 
corneum (SC) and intercellular lipid organiza-
tion. Bouwstra and coworkers have made impor-
tant contributions to the understanding of the 
interactions between vesicles and human skin 
(Hofland et  al. 1994, 1995; Schreiner et  al. 
2000). They employed freeze fracture electron 
microscopy and small angle X-ray scattering to 
study the effects of vesicular formulations on the 
SC. Their results indicated increased diffusion of 
the drug due to adsorption and fusion of drug-
loaded vesicles to the surface of the skin. They 
also reported perturbations in the ultrastructure 
of the SC intercellular lipid domains due to mix-
ing of liposomal components with SC lipids, 
which could have also enhanced penetration of 
the model drug. Although freeze fracture elec-
tron microscopy provides rather useful informa-
tion about the effect of liposomal vesicles on the 
ultrastructure of the skin barrier, it lacks in pro-
viding information of penetration pathways and 
depth up to which the model drug has penetrated.

Another widely appreciated technique is the 
conventional fluorescence microscopy. 
Evaluation of skin treated with fluorescently 
labeled liposomes by fluorescence microscopy 
has demonstrated that the fluorescent marker 
remained in the SC (Kriwet and Müller-Goymann 
1995) or penetrated deeper in the epidermis 
mainly along the hair shaft (Yarosh et al. 1994). 
However, during the sample preparation the tis-
sue needs to be (cryo-) fixed which might lead to 
the alteration of the original specimen by the 
change in skin lipid organization, redistribution 
of the marker, etc.

Confocal microscopy has evolved over the last 
five to six decades and today it is an essential tool 
for a life-sciences laboratory; it has emerged as a 
sophisticated tool for tracking and studying 
transport phenomena of different compounds 
with a high degree of precision. Confocal micros-
copy offers significant advantages over other 
microscopic techniques in evaluation of thick 
specimens due to their inherent ability to distin-
guish photons generated from different focal 
planes of the specimen. This ability is mainly 
achieved in two ways, either by introducing a 

pinhole aperture in front of the detector which 
limits the out of focus light or by utilizing a non-
linear technique such as 2-photon fluorescence, 
which excites the specimen only in a very small 
focal plane at a time. Confocal microscopes cre-
ate quite sharp images compared to conventional 
microscopes where light coming from different 
planes of the specimen is not differentiated, 
resulting in blurry and low resolution images. 
Confocal microscopy on a broad basis can be 
classified as an imaging and spectroscopic tech-
nique. Confocal techniques that are discussed in 
this chapter are confocal laser scanning micros-
copy (CLSM), two-photon microscopy, and 
Raman microspectroscopic techniques. Although 
these techniques are based on different princi-
ples, they all have something in common and that 
is confocality, ability to image one small focal 
volume at a time to construct a high-resolution 
image. Thanks to the modern electronics and 
optics, we are able to image deeper into a thick 
biological specimen like skin at high resolution, 
high speed, and in-vitro as well as in-vivo condi-
tions. Sophisticated lasers and detection systems 
have enabled us to exploit nonlinear excitation 
phenomena such as 2-photon fluorescence, 
coherent anti-stokes Raman scattering, stimu-
lated Raman scattering, etc. The following chap-
ter reviews these techniques and discusses some 
of the results obtained pertaining to dermal 
delivery.

15.2	 �Confocal Laser Scanning 
Microscope

In the last two decades, CLSM has been exten-
sively used as a tool to visualize the fluorescent 
model compounds in the skin. CLSM examina-
tion revealed valuable additional morphological 
information of porcine skin in wound healing 
studies which was not obtained by conventional 
microscopy (Vardaxis et  al. 1997). CLSM was 
also used to understand the mechanism by which 
nanoparticulate systems facilitate skin transport. 
The surface images revealed that (a) polystyrene 
nanoparticles accumulated preferentially in the 
follicular openings, (b) this distribution increased 

M.A. Ashtikar et al.



257

in a time-dependent manner, and (c) the follicular 
localization was favored by particles of smaller 
size (Alvarez-Roman et al. 2004). Simonetti et al. 
visualized diffusion pathways across the SC of 
native and in  vitro reconstructed epidermis by 
using CLSM (Simonetti et al. 1995).

Many researchers used CLSM to evaluate the 
penetration of liposomes into human or animal 
skin using a fluorescent compound or a fluores-
cent model drug. It was demonstrated that flexi-
ble liposomes penetrated deeper into the skin in 
non-occlusive conditions than after occlusive 
application (van Kuijk-Meuwissen et al. 1998a) 
as measured by a fluorescent liposome marker. 
Touitou and coworkers examined the penetration 
of fluorescent probes into fibroblasts and nude 
mice skin by CLSM and showed that ethosomes 
facilitated the penetration of all probes into the 
cells, as evident from the high-intensity fluores-
cence as compared to the hydroethanolic solution 
or conventional liposomes (Touitou et al. 2001).

Many research groups examined different 
lipid combinations for their potential to influ-
ence the skin. Zellmer et  al. used CLSM to 
demonstrate that vesicles made of native human 
SC lipids interact rapidly with phosphatidylser-
ine liposomes, weakly with human SC lipid 
liposomes and do not interact with phosphati-
dylcholine (PC) liposomes (Zellmer et  al. 
1998). Kirjavainen et  al. reported that  
lipophilic fluorescent marker, L-α-
phosphatidylethanolamine-N-lissamine rhoda-
mine B sulfonyl (N-Rh-PE) was able to 
penetrate deeper into the SC from liposomal 
vesicles containing dioleylphosphatidyl-
ethanolamine (DOPE) than from liposomes 
without DOPE. A pretreatment of the skin with 
unlabeled liposomes containing DOPE or lyso-
phosphatidylcholine (lyso-PC) enhanced the 
subsequent penetration of the fluorescent mark-
ers, N-Rh-PE, and sulforhodamine B into the 
skin, suggesting a possible penetration enhanc-
ing activity (Kirjavainen et al. 1996).

Procedures like iontophoresis which enhance 
the percutaneous flux of model drugs like calcein 
(Turner and Guy 1998) and mannitol (Kirjavainen 
et al. 2000) were also examined by CLSM in ani-
mal models. Grams et al. used CLSM to visualize 

time resolved diffusion of a lipophilic dye into 
the hair follicle of fresh and unfixed piece of 
human scalp skin. The authors claimed that this 
technique was able to visualize the diffusion of a 
dye into the upper hair follicle at different time 
points (Grams et al. 2004). In another study, they 
also report that follicular accumulation of lipo-
philic dyes increased when applied in combina-
tion of surfactant-propylene glycol (Grams et al. 
2003).

15.2.1	 �Principle of CLSM

Confocality is achieved in CLSM by using a point 
illumination and point detection. Marvin Minsky 
constructed the first confocal microscope in 1957 
at Harvard (Semwogerere and Weeks 2008). He 
used a zirconium arc lamp and two pinholes, one 
in front of the lamp and another in front of the 
detector to achieve the confocality, while the sam-
ple was scanned through the light beam to gener-
ate the image. Today’s confocal microscopes 
although different are based on the same principle 
of point illumination and detection, and their abil-
ity to image thick samples with high resolution 
have enabled their use in studying skin penetra-
tion of various molecules and delivery systems.

A CLSM can create a very sharp and high-
resolution image of a specimen compared to a 
conventional microscope. This ability arises from 
the fact that CLSM is able to filter light coming 
from parts of the specimen that are not in focus, 
and in the process as much as 95 % of the light 
coming from the specimen can be blocked to 
generate an image. As a result, very few photons 
actually make it to the detector therefore a very 
high intensity light source in the form of laser is 
used in modern CLSMs. One disadvantage of 
this is that more than one laser might be required 
in order to have multiple excitation wavelengths.

The principle of confocality is explained in 
the schematic diagram in Fig. 15.1a where light 
coming from the specimen is focused on the 
detector with the help of two lenses. Due to the 
pinhole in front of the detector only the light 
coming from a very small focal point reaches the 
detector and light from out of focus regions of the 
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specimen is blocked by the pinhole. The second 
pinhole is employed in front of the light source, 
which limits the amount of specimen that is illu-
minated at any time, and as a result reduces the 
background scatter from out of focus region of 
the specimen. Two pinholes of the confocal 
microscope are able to significantly reduce the 
background blur and produce very high-
resolution images (Hollricher and Ibach 2011; 
Nwaneshiudu et al. 2012).

Schematic representation of a CLSM is pro-
vided in Fig. 15.1b. In a modern CLSM, a beam of 

light is provided by a laser which passes through 
a pinhole onto a dichroic mirror which directs 
the light to a scanning mirror assembly and onto 
the specimen through the microscope objective. 
The scanning mirrors scan the laser across the 
specimen in order to generate the image. Light 
reflected from the specimen is de-scanned at the 
scanning mirrors and passes to the photo-multi-
plier tube (PMT) detectors through the dichroic 
mirror (Semwogerere and Weeks 2008). Light 
coming from out of focus regions of the specimen 
is blocked at the detector by a pinhole. The image 

Fig. 15.1  (a) Pinhole in front of the detector rejects light emerging from out of focus regions. (b) Schematic represen-
tation of CLSM optics (Semwogerere and Weeks 2008)
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of the specimen is reconstructed by a computer 
from the spatial coordinates and corresponding 
light intensity at the detector.

15.2.2	 �Major Advantages of CLSM

Blurring effect observed in the conventional 
microscope is either eliminated or reduced to a 
great extent in CLSM, and as a result, images 
generated are very sharp, have a high contrast 
and a higher resolution. In practice a CLSM can 
have at best a horizontal resolution of 0.2 μm and 
at best a vertical resolution of 0.5 μm. Further, a 
3D sectioning or optical sectioning of the sample 
is possible as a very small focal point is imaged at 
a time which also gives possibility to image 
thicker specimens using a confocal microscope. 
Using multiple lasers, it is possible to excite dif-
ferent fluorophores simultaneously.

15.2.3	 �Major Disadvantages of CLSM

CLSM has an inherent resolution limitation of 
about 0.2 μm and is dependent on the wavelength 
of excitation. Due to the high intensity light 
source, photo bleaching and photo-damage in the 
illuminated region of the specimen is possible 
and repeated scans with high-energy light beam 
greatly reduce the viability of biological tissues 
and thereby the available time for studying a 
given specimen. For a high quality image, CLSM 
usually needs long scan times and as a result, 
CLSM is not suitable for imaging rapid physio-
logical events in a cell or a tissue. In addition, 
because lasers emit light only at certain narrow 
bandwidths, in order to be able to excite a large 
range of fluorophores, multiple lasers need to be 
employed which along with the complex elec-
tronics, scanning mirrors, and sophisticated data 
acquisition system raise the cost.
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Microscope
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b

Fig. 15.1  (continued)
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15.2.4	 �CLSM Used for Tracking 
Liposomal Formulations 
in the Skin

Liposomes have been extensively studied and 
suggested as a vehicle for topical drug delivery 
(Chen et al. 2010, 2011; Dragicevic-Curic et al. 
2008, 2009; Ntimenou et al. 2012). However, the 
mechanism of penetration of liposomes as drug 
carriers into the intact skin is not fully under-
stood. In this section, we will discuss the interac-
tions between liposomes, containing hydrophilic 
and lipophilic fluorescent probes, and human as 
well as rat skin using CLSM.

15.2.4.1	 �Tracking Skin Penetration 
of Liposomally Entrapped or 
Un-entrapped Hydrophilic 
Fluorescent Model Drug

The mechanism of action of liposomes as pene-
trable drug carriers in topical delivery is not com-
pletely understood. In order to evaluate if 
liposomes are able to increase skin penetration of 
only entrapped hydrophilic drugs or also of unen-
trapped hydrophilic drugs, three different liposo-
mal formulations using carboxyfluorescein (CF) 
as a fluorescent hydrophilic model drug were pre-
pared: ‘CFin-out’ (non-entrapped CF was not 
removed), ‘CFin’ (non-entrapped CF was 
removed), and ‘CFout’ (a pre-calculated amount 
of CF was added to empty liposomes). All the 
liposomal formulations had a similar size of lipo-
somes and the concentration of CF was the same 
in all formulations (Verma et  al. 2003b). After 
6 h incubation of the skin with different formula-
tions, the skin was cryofixed and 7 μm thick sec-
tions were cut using a cryo-microtome. These 
cross-sections were investigated using CLSM for 
the skin penetration of CF.

The penetration studies and CLSM images 
showed that liposomes CFin-out exhibited maxi-
mum deposition of CF in the SC, whereas lipo-
somes CFin showed higher penetration of CF into 
the deeper skin layers such as the viable epider-
mis (Fig. 15.2), and through the skin to the accep-
tor compartment of the Franz diffusion cell. 
These results were comparable to the data 
obtained from tape stripping experiments. This 

study confirmed the assumption that liposomes 
CFin-out were not under osmotic stress and will, 
therefore, transfer themselves more easily into 
the SC. The results indicated further that phos-
pholipid vesicles not only carry the entrapped 
hydrophilic substance, but also the non-
encapsulated hydrophilic substance into the SC 
and possibly to the deeper layers of the skin. 
Although CLSM served as a useful tool to esti-
mate skin penetration, CLSM images do not pro-
vide the visualization of single liposomes, so the 
exact mechanism of penetration of liposomes 
still remains an unsolved question.

15.2.4.2	 �Effect of Vesicle Diameter 
on Skin Penetration of 
Liposomally Entrapped 
Drugs

The influence of vesicle size on the penetration of 
fluorescently labeled liposomes into the human 
skin was investigated using lipophilic  
fluorescent label, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI) 
(Verma et  al. 2003a). In all CLSM images 
(Fig. 15.3) very high fluorescence was observed 
in the SC, which was expected due to the lipo-
philic nature of the fluorescent label, DiI.  This 
study indicated that large vesicles with a 
size ≥ 600 nm were not able to deliver their con-
tents into the deeper layers of the skin. These 
liposomes probably stayed in/on the SC and after 
drying they formed a layer of lipid, which would 
have further strengthened the barrier properties 
of the SC.  The liposomes with size ≤ 300  nm 
were able to deliver their contents to some extent 
into the deeper layers of the skin. However, the 
liposomes with size ≤ 70 nm were most promis-
ing for dermal drug delivery into the deeper skin 
layers as they showed maximum fluorescence 
both in viable epidermis, as well as in dermis.

15.2.4.3	 �Synergistic Penetration 
Enhancement Effect of 
Ethanol and Phospholipids 
on Topical Drug Delivery

It was observed that the composition of liposo-
mal formulation had an appreciable effect on the 
penetration of compounds into and through the 

M.A. Ashtikar et al.



261

skin (Hofland et  al. 1994; Jimbo et  al. 1983; 
Loftsson et al. 1989; Tenjarla et al. 1999). Hence, 
the effect of lipid vesicular systems embodying 
ethanol in relatively high concentrations on the 
percutaneous penetration of cyclosporin A (CyA) 
was investigated using a standardized skin strip-
ping technique and CLSM (Verma and Fahr 
2004). Ethanol has been widely reported as an 
efficient skin penetration enhancer in the concen-
tration of 5–100 % (Bhatia and Singh 1999; 

Kobayashi et al. 1994; Simonetti et al. 1995). In 
a preliminary study, we have seen that not only 
are the amount and the type of phospholipids 
important for skin penetration enhancement, but 
also the amount of ethanol has a significant role 
in delivering the fluorescent model compounds 
into the skin (Fig.  15.4) (Verma 2002). We 
hypothesized that ethanol and phospholipids 
might have synergistic skin penetration enhanc-
ing effect.

a b

c d

Fig. 15.2  Fluorescence micrographs of cross-sections of 
human abdominal skin incubated on Franz diffusion cells 
with different formulations containing CF. Formulations 
were applied without occlusion for 6  h. (a) Liposomes 

CFin; (b) liposomes CFin-out; (c) liposomes CFout, CF out-
side liposomes; and (d) CF dissolved in Tris buffer. Scale 
bar represents 100  μm (Reprinted from Verma et  al. 
(2003b) with permission from Elsevier)
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In order to evaluate synergistic effect of the 
ethanol and phospholipids on penetration of DiI, 
vesicles with composition of 10 % (w/v) phos-
pholipid mixture NAT 8539 (Lipoid, Germany) 
and ethanol at different concentrations ranging 
from 0 to 20 %  w/v were prepared. The results 
of the CLSM studies are represented in Fig. 15.5. 
Ethanolic solution of the DiI dye was able to 
deliver only weak fluorescence into the SC, and 

no fluorescence was noticeable in the viable epi-
dermis and dermis (Fig.  15.5a). Formulation, 
NAT 8539/ethanol (10/3.3), produced a homo-
geneous bright fluorescence throughout the SC, 
but no fluorescence was observed in the viable 
epidermis and dermis (Fig. 15.5b). Formulation, 
NAT 8539/ethanol (10/10), produced a bright 
fluorescence throughout the SC with very weak 
to weak fluorescence observed in the viable  

a b

c d

Fig. 15.3  Fluorescence micrographs of cross-sections of 
human abdominal skin incubated on Franz diffusion cells 
with different formulations containing DiI. The vesicles 
were applied non-occlusively for 12 h. (a) Ethanolic solu-

tion of DiI; (b) NAT8539/ethanol (10/3.3); (c) NAT8539/
ethanol (10/10); (d) NAT8539/ethanol (10/20). Scale bar 
represents 50 μm (Reprinted from Verma et  al. (2003a) 
with permission from Elsevier)
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epidermis and dermis (Fig. 15.5c). Formulation 
NAT 8539/ethanol (10/20) produced a 
homogeneous bright fluorescence throughout the 
SC and very a weak fluorescence was noticeable 
in the viable epidermis and dermis (Fig. 15.5d). 
CLSM experiments have shown that the ethano-
lic solution of DiI was not even able to deliver 
the fluorescent label into the SC. In contrast, all 
the formulations with NAT 8539 and ethanol 
produced a bright fluorescence homogeneously 
throughout the SC.  Formulations prepared with 
NAT 8539 containing 10 and 20 % ethanol were 
also able to show very weak fluorescence in the 
viable epidermis and dermis. The results above 
were confirmed by in  vitro penetration studies 
followed by tape stripping and extraction of the 
radioactively labeled CyA from various layers of 
the skin. Ethanol, together with NAT 8539 had 
synergistic effects on the delivery of the CyA into 
the skin, and the enhancement effect of ethanol 
was concentration dependent. Although CLSM 
images do not provide pure quantitative data 
regarding the skin penetration, they are, however, 
extremely useful as a comparative tool and give 
useful information about the distribution of the 
drug within the skin.

15.2.4.4	 �Terpenes as Penetration 
Enhancers in Liposomes

In this study, CLSM was used to investigate if 
incorporation of penetration enhancers (ter-
penes) into liposomal formulations had an 
effect on their percutaneous penetration 
enhancing ability in human and rat skin (Verma 
2002). Fluorescent derivative of CyA, D-Ala-
8-CS-beta-aminebenzofurazan (Fl-CyA) and 
DiI, were used as lipophilic markers while 
Alexa Fluor-488® (Life Technologies GmbH, 
Germany) was used as a hydrophilic fluores-
cent marker. Vesicles with and without ter-
penes were compared with ethanolic and 
hydro-alcoholic solutions of the fluorescent 
labels. Double-labeled vesicles, vesicles con-
taining both DiI and Alexa Fluor-488®, were 
applied to skin for 6 and 12 h. Penetration of 
the fluorescent labels was visualized by CLSM 
both in terms of depth and intensities of the 
fluorescence. Fluorescent intensities of the 
CLSM images were semi-quantitatively scored 
ranging from no fluorescence to bright fluores-
cence. Further details regarding imaging and 
formulations can be found elsewhere (Verma 
2002).

a

b d f h

c e g

Fig. 15.4  Fluorescence micrographs of cross-sections of 
human skin incubated with vesicles with different lipid 
content for 12 h. (a, b) Ethanolic solution of N-Rh-PE (a) 
and CF (b). (c, d) Flexible liposomes with N-Rh-PE (c) 

and CF (d). (e, f) PL 90H-liposomes with N-Rh-PE (e) 
and CF (f); (g, h) PL25 liposomes with N-Rh-PE (g) and 
CF (h)
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CLSM images of cross-sections of rat skin 
incubated for 6  h with Fl-CyA liposomes pre-
pared with and without terpenes are compared in 
Fig. 15.6. A bright fluorescence was observed in 
the SC (Fig. 15.6b) for skin treated with Fl-CyA 
liposomes without terpenes, but only a negligible 
or no fluorescence was observed in the viable 
epidermis and dermis. The skin treated with 
Fl-CyA liposomes containing 1 % terpenes 
showed a relatively higher fluorescence in the SC 

and weak fluorescence in the epidermis, suggest-
ing diffusion of the Fl-CyA from SC to the epi-
dermis (Fig. 15.6c). Ethanolic solution of Fl-CyA 
showed a very weak fluorescence in the SC and 
no fluorescence was observed in the viable epi-
dermis and dermis (Fig.  15.6a). Based on the 
fluorescence scores obtained from CLSM images, 
results indicate that penetration enhancers do 
play an important role in the penetration of fluo-
rescent labels into the skin.

a b

c d

Fig. 15.5  Fluorescence micrographs of cross-sections of 
human abdominal skin incubated on Franz diffusion cells 
with different formulations containing DiI. The vesicles 
were applied without occlusion for 12  h. (a) Ethanolic 

solution of DiI; (b) NAT8539/ethanol (10/3.3); (c) 
NAT8539/ethanol (10/10); (d) NAT8539/ethanol (10/20). 
Scale bar represents 50 μm (Reprinted from Verma and 
Fahr (2004) with permission from Elsevier)
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Cross-sections of human skin treated with 
double-labeled (DiI and Alexa Fluor 488®) lipo-
somes with and without terpenes are represented 
in Fig.  15.7. Incubation period of formulation 
with the skin was 6  h (Fig.  15.7a–c) and 12  h 
(Fig.  15.7d–f). Control was provided by skin 
samples treated with hydro-alcoholic solution 
containing both dyes mentioned above. In all the 
samples, the fluorescence was restricted mainly 
to the SC and to a smaller or larger extent, to the 

viable epidermis. Samples treated with hydro-
alcoholic solutions of the dyes exhibited fluores-
cence for both DiI and Alexa Fluor-488® only in 
the SC. Increasing the incubation period from 6 h 
to 12 h only increased the fluorescence intensities 
for both the labels (Fig.  15.7a, d). In samples 
treated with dual labeled liposomes without ter-
penes, fluorescent markers after 6 h diffusion are 
restricted to the SC only. DiI penetrated up to 
deeper layers of the SC however no fluorescence 

a b

c

Fig. 15.6  Cross-sections of rat skin incubated with dif-
ferent formulations containing Fl-CyA. The vesicles were 
applied non-occlusively for 6 h on rat skin. (a) Ethanolic 
solution of Fl-CyA, (b) Fl-CyA liposomes without ter-

penes, and (c) liposomes containing 1 % terpenes. The 
length bar represents 10 μm. Arrows represent hair folli-
cles in the dermis
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was observed in the viable epidermis and dermis 
(Fig. 15.7b). Increasing the incubation period to 
12 h did not have marked improvement in pene-
tration depths. CLSM images (Fig. 15.7e) show 
higher intensities and slightly higher penetration 
up to viable epidermis achieved for both the dyes. 
Although distribution of Alexa Fluor-488® 
appears uniform for both 6 and 12  h diffusion 
samples, distribution of lipophilic dye DiI was 
not uniform for 12  h samples. For skin treated 
with liposomal formulations containing 1 % ter-
penes, much higher intensities were observed for 
both the fluorescent dyes in the SC (Fig. 15.7c, f). 
For sample with 6 h incubation, very weak fluo-
rescence for Alexa Fluor-488® while weak fluo-
rescence for DiI was observed in the viable 
epidermis. For 12 h incubation samples, fluores-
cence intensity scores were bright-fluorescence 
at SC for both the dyes and moderate fluores-
cence intensities were observed in the viable epi-
dermis. Surprisingly, the reddish fluorescence 
continued from the epidermis toward the dermis, 
indicating a diffusion of the lipophilic marker. It 
was observed that liposomal formulations con-
taining terpenes as penetration enhancers were 

able to deliver relatively higher amounts of fluo-
rescent labels into the SC, epidermis, and to a 
small extent the dermis. In this study, we clearly 
demonstrated the ability of CLSM to simultane-
ously image two fluorescent dyes.

15.2.5	 �Tracking the Penetration 
of Fluorescence Labels 
into Hair Follicles

15.2.5.1	 �Tracking of Fluorescently 
Labeled Cyclosporin A into 
Rat Hair Follicles

CLSM has been successfully used to track the 
follicular penetration of drugs. Topical applica-
tion of the CF-loaded liposomes has been 
reported to significantly increase the accumula-
tion of CF in the pilosebaceous units compared to 
other non-liposomal formulations (Lieb et  al. 
1992). Using CLSM, Patzelt et al. demonstrated 
that follicular penetration for nanoparticles was 
size dependent (Patzelt et al. 2011).

The effect of terpenes as penetration enhanc-
ers in liposomes for targeting hair follicles was 

a c db

e f

Fig. 15.7  Cross-sections of human abdominal skin 
treated with formulations containing two fluorescent 
markers, DiI and Alexa Fluor 488®. The formulations 
were applied without occlusion for 6  h (a–c) and 12  h 

(d–f). (a, c) Hydro-alcoholic solution of DiI and Alexa 
Fluor 488, (b, e): double-labeled liposomes without ter-
penes (c, f): double-labeled vesicles containing 1 % ter-
penes. The bar represents 10 μm
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investigated using Fl-CyA vesicles (as men-
tioned above), with and without terpenes, in rat 
skin. Figure 15.6 also depicts the role of the pilo-
sebaceous unit in the penetration of drugs into 
the skin. A bright fluorescence was observed in 
the pilosebaceous units (bright green fluorescent 
regions in dermis in Fig.  15.6b, c identified as 
the hair shaft, a part of the pilosebaceous unit) 
for both formulations, with and without PE. The 
fluorescence was also visualized in the outer root 
sheath of the hair shaft (Figs. 15.6b–c and 15.8) 
(Verma 2002). The images presented here dem-
onstrate that the liposomal vesicles can enter the 
pilosebaceous unit and deliver their content to 
the hair follicle and possibly to the hair bulb. The 
importance of this was stressed upon by the fact 
that ethanolic solution of Fl-CyA failed to 
deliver any fluorescence into the skin. These 
CLSM results were supported by in vivo studies 
with Dundee Experimental Bald Rats model 
(Verma et al. 2004) and other published reports 
(Agarwal et  al. 2000; Bohm and Luger 1998; 
Lieb et  al. 1992; Niemiec et  al. 1995). The 
CLSM investigations enabled us to visualize the 
accumulation of fluorescent label in the pilose-
baceous units, which is not possible with tape 
stripping.

15.2.5.2	 �Accumulation of CF and 
N-Rho-PE Loaded Liposomes 
in the Human Hair Follicles

In this study, liposomal formulations contain-
ing CF and N-Rh-PE were prepared (Verma 
2002). Liposomal formulations were able to 
deliver both the hydrophilic and lipophilic fluo-
rescent labels to the human hair follicles as seen 
in Fig. 15.9a, b. Studies represented in Figs. 15.6, 
15.8, and 15.9 demonstrated that the presence of 
hair follicles plays a significant role in the skin 
penetration of drugs, as well as that the presence 
of penetration enhancers helps the formulation in 
enhancing the follicle delivery of drugs.

15.2.6	 �The Efficacy of Dermaroller® 
to Enhance Penetration 
into the Skin

CLSM was also used to investigate the efficacy 
of the micro-perforation devices, Dermaroller® 
(Horst Liebl ETS, France), in increasing the skin 
penetration of a fluorescent lipophilic model 
compound DiI encapsulated in liposomes (Verma 
2002). Three types of Dermarollers® were tested 
in this study, namely, Dermaroller® C8 0.13–15°, 

a b

Fig. 15.8  Fl-CyA liposomes treated rat skin cross-sec-
tion demonstrating the role of pilosebaceous units in the 
penetration of substance into the skin. The bar represents 

10  μm. (a) Fluorescence micrograph and (b) transmis-
sion-mode image of the cross-section
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M8 1.5–15°, and M8 1.5–30°. Control was pro-
vided by the skin not treated with Dermarollers®.

Bright intensity of fluorescence was observed 
in SC for all samples treated with Dermaroller 
and for control (Fig. 15.10). For control samples, 
however, fluorescence intensities in the viable 
epidermis and dermis were very low. For 
Dermaroller® C8 0.13–15°, highest fluorescence 
was observed in the SC and fluorescence intensi-
ties rapidly decreased in the viable epidermis and 
dermis (Fig. 15.10b). Dermaroller® C8 0.13–15° 
was intended for delivering drugs to the SC 
whereas Dermaroller® M8 1.5–15° and M8 1.5–
30° were optimized for delivering drugs to the 
deeper regions of skin. Both M8 Dermarollers® 
did show very high fluorescence intensities in the 
dermis region (Fig. 15.10c, d). We observed that 
samples treated with both M8 Dermarollers® 
showed only a weak fluorescence in the viable 
epidermis region and showed weak lateral diffu-
sion of the fluorescent label from the pores. This 
might be because Dermaroller® was able to 
deliver the liposomes into the deeper layers 
quickly during application of the Dermaroller but 
after the application, liposomes probably were 
not able to diffuse to a great extent from the sur-
face of the skin to the deeper layers in the skin. In 
this study, we emphasized on the spatial distribu-
tion of the fluorescent label which helped us to 

get a better understanding of the mode of action 
of the micro-perforation device, Dermaroller®.

15.3	 �Two-Photon Fluorescence 
Microscopy

15.3.1	 �Principle of Two-Photon 
Fluorescence Microscopy

As seen from aforementioned studies, CLSM is 
a very good technique for the imaging of bio-
logical samples; however, it suffers from some 
disadvantages. One of the most important limita-
tions of the CLSM is that because only a small 
fraction of the incident light reaches the detec-
tor, relatively high intensities of light are 
required to achieve high signal to noise ratios. 
This results in high total energy transfer to the 
specimen during imaging. Also, the laser beam 
excites the fluorophores in the specimen above 
and below the focal plane that is under investiga-
tion and this can cause severe photo bleaching, 
photo damage, and even dehydration of the bio-
logical specimen. Many fluorophores generate 
free radicles or singlet oxygen when excited 
which can be toxic if imaging living cells or tis-
sue. CLSM also suffers from low axial resolu-
tion especially when imaging deep within a thick 

a b

Fig. 15.9  Fluorescence micrographs showing (a) CF delivery to hair follicles and (b) high-resolution micrograph 
showing rhodamine delivery to hair follicle following topical application of fluorescent liposomes
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tissue. The poor axial resolution results from the 
scattering of light by the specimen itself, which 
can lead to detection of light that is not gener-
ated from the observed focal plane. Also CLSM 
employs short wavelength excitation sources 
and shorter wavelengths are scattered stronger 
(scattering intensity is inversely proportional to 
fourth power of the wavelength) hence these 
excitation sources are not very efficient at deep 
tissue imaging.

Due to limitations in deep tissue imaging, 
when adopting a CLSM for imaging skin, the 
sample must be cryo-sectioned and this is not 
always possible and desirable.

Multiphoton excitation phenomenon was pro-
posed in 1931; however, Kaiser and Garret were 
able to validate it only in 1961 after the develop-
ment of lasers which were sufficiently powerful 
to generate the high photon flux required for two-
photon excitation. Figure  15.11a explains the 

a

c d

b

Fig. 15.10  Fluorescent micrographs of cross-sections of 
human abdominal skin pretreated with Dermaroller® and 
incubated on a Franz diffusion cell with liposomes con-
taining lipophilic fluorescent label DiI.  The liposomes 

were applied without occlusion for 3 h. (a) Control; (b) 
Model C 8 0.13–15°; (c) Model M 8 1.5–15°; (d) Model 
M 8 1.5–30°
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energy transfer during one-photon and two-
photon excitation. In single-photon fluorescence, 
the fluorescence photon is generated when a high 
energy photon is incident on the fluorophore, 
which results in raising the energy level of one of 
the electrons to an excited state. In two-photon 
excitation, if two low energy photons arrive 
together within 10−18 s of one another, the com-
bined energy transfer of the two low energy pho-
tons is sufficient to raise the same electron to a 
higher energy level (Dunn and Young 2006). A 
low energy photon is too weak to illicit the two-
photon fluorescence phenomenon in the fluoro-
phore. Hence, in order to increase the probability 
of simultaneous incidence of photons a laser with 
very high photon flux is required. Setup of a two-
photon microscope is quite similar to that of a 

confocal scanning microscope with two major 
differences. One is the light source, two-photon 
microscopes use a tunable Ti-sapphire high fre-
quency pulsed laser which has a pulse length of 
approximately a few hundred femtoseconds. The 
second important difference is the lack of any 
pinholes in front of the detector to avoid detect-
ing scattered light from out of focus plane.

One of the important advantages of 2-PFM is 
that total energy delivered to the specimen is 
much lower as compared to a CLSM. Also the 
two-photon excitation phenomenon occurs only 
at a very small focal volume (Fig. 15.11b) and as 
a result fluorophores in a very small volume of 
the specimen are excited, which reduces the 
probability of photo-bleaching, photo-damage. 
In addition, no confocal pinhole aperture is 
required to block the scattered light from out of 
focus planes. The near-infrared (NIR) light 
source used in a 2-PFM is very efficient at imag-
ing deeper regions of the biological samples, as it 
is least scattered and absorbed by the biological 
samples. These advantages mean that the skin 
samples can be studied without cryofixing and 
cutting.

Disadvantages of a two-photon microscope 
include a relatively high price of the ultra-short 
pulsed Ti-sapphire lasers and the fact that they 
require an elaborate cooling system. Also, 2-PFM 
has lower lateral resolution compared to CLSM, 
but in practice the difference in their resolution is 
not significant.

15.3.2	 �Application of Two-Photon 
Microscopy in Skin 
Penetration Experiments

Carrer et  al. used 2-PFM to study the archi-
tecture and physical properties of the pig skin 
epidermis and permeability of different liposo-
mal formulations in the pig skin (Carrer et  al. 
2008). In this study, authors were able to easily 
distinguish different layers of the pig epidermis 
based on their morphological differences with-
out any significant sample preparation. To study 
the hydration/polarity of different layers of the 
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Fig. 15.11  (a) Jablonski diagram elucidating the differ-
ences between single photon fluorescence and two photon 
fluorescence phenomenon. (b) Excitation volume in one-
photon and two-photon fluorescence phenomena
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epidermis they used Laurdan generalized polar-
ization (Laurdan-GP) values as an indicator of 
polarity. As expected, the Laurdan-GP values 
were highest for SC and decreased for deeper 
layers of the skin indicating an increase in fluid-
ity or hydration. The authors report an interesting 
observation in the intercluster region (canyons 
or wrinkles as in human skin), the Laurdan-GP 
values in the canyons were quiet high, compa-
rable to that of SC, and they did not change with 
depth (from surface of SC to dermis), indicating 
that canyons might show environment similar to 
SC.  To study the penetration of liposomal for-
mulations, Lissamine rhodamine B 1,2-dihexad
ecanoyl-sn-glycero-3-phosphoethanolamine was 
incorporated in the liposomal membrane. After 
16-h diffusion, image stacks were collected and 
penetration was measured in the form of ratio of 
fluorescence intensity of rhodamine and auto-
fluorescence of the skin. Authors report that the 
liposomes with lower lipid content (10 mg/ml) 
were able to deliver more fluorescent label to the 
lower parts of viable epidermis compared to the 
formulations with higher lipid content (25 and 
50 mg/ml).

van den Bergh et al. elucidated the mechanism 
of interactions of elastic and rigid liposomal ves-
icles with human skin (van den Bergh et  al. 
1999). Using 2-PFM and different electron 
microscopic techniques they studied interactions 
between skin and various elastic liposomal for-
mulations to understand the modulation of the 
skin barrier. They observed that fluorescently 
labeled elastic vesicles primarily affected the 
intercellular lipid lamellae of the SC, while the 
underlying layers of the viable epidermis 
remained relatively unchanged. This effect was 
visualized using 2-PFM, in the form of small 
penetration pathways that were confined to the 
SC only. Authors also reported that the penetra-
tion enhancing ability of elastic vesicles was 
dependent on whether vesicles were applied with 
or without occlusion.

Oleic acid is a good penetration enhancer and 
has been found to increase transdermal penetra-
tion of both hydrophilic and hydrophobic drugs 
by modulating the intercellular lipid domains in 

the SC. Yu et al. used a high-speed two-photon 
microscope with dual channels capable of simul-
taneous monitoring of autofluorescence of skin 
and fluorescence from rhodamine as a model 
drug (Yu et al. 2003). Treatment of human skin 
with oleic acid as a penetration enhancer was 
found to induce increased intra-corneocyte diffu-
sion of the hydrophilic model drug (sulforhoda-
mine-B), while causing localization of the 
hydrophobic model drug (Rhodamine-B hexyl 
ester) to the intercellular region. Hence, Yu et al. 
provided evidence that for chemical penetration 
enhancers, intra-corneocyte diffusion is an 
important enhancement mechanism along with 
fluidization of intercellular lipid domains, and 
physicochemical properties of the drug would 
determine which pathway predominates in the 
penetration enhancement.

In 2002, Jenlab GmbH introduced a dual-
channeled noninvasive multi-photon tomograph 
capable of in vivo optical biopsies with subcel-
lular spatial resolution based on near-IR femto-
second pulsed laser. König et  al. reported the 
potential of this microscope to acquire high-
resolution images from deep within the skin 
in  vitro and in  vivo (Konig et  al. 2006; 
Schenke-Layland et  al. 2006). The microscope 
utilized the second harmonic generation (SHG) 
signal to monitor the position of the microscope 
in the skin, while the fluorescence channel was 
used to detect either autofluorescence from the 
NAD(P)H, flavins, melanin, etc., or to detect 
exogenous fluorophores. In vivo imaging capa-
bilities of 2-PFM promises great advances in can-
cer diagnostics and skin diseases, as well as in 
understanding the mechanisms involved in der-
mal drug delivery.

2-PFM is, as already mentioned, a relatively 
young technology. Bio-Rad Laboratories 
(USA) introduced the first commercial two-
photon microscope in 1996 and since then this 
technology has seen exponential growth in its 
use and applications. Its ability to take high-
resolution optical biopsies of the intact skin or 
even do live imaging in  vivo holds a great 
potential to unlock the secrets that were kept in 
the dark by nature.
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15.4	 �Confocal Raman Microscopy

15.4.1	 �Principles of Raman 
Microscopy

Fluorescence microscopy has seen a lot of evolu-
tion in the last couple of decades and modern 
microscopic techniques, like CLSM, multi-
photon microscopy, and various imaging modes 
such as fluorescence life-time imaging, Förster 
resonance energy transfer, etc., have increased 
the applications and flexibility of the fluores-
cence imaging. However, fluorescence micros-
copy still has certain disadvantages; mainly, 
fluorescence microscopy still utilizes exogenous 
dyes to label the drug or formulation. These 
labels are often toxic or could cause perturba-
tions in the cells or other physiological processes. 
The biggest limitation for studying skin penetra-
tion is that often the fluorescent label and the for-
mulation or the drug do not travel together and 
consequently fluorescence imaging could give 
incorrect interpretation of the observations.

Due to the disadvantages of fluorescent label-
ing to monitor the penetration depth in the skin, 
label-free vibrational spectroscopic techniques 
have gained importance. Vibrational spectros-
copy is an identification technique based on the 
principle that it is possible to interfere with the 
vibrational state of a molecule by irradiating it 
with light of certain frequencies. Such interac-
tions can be recorded in the form of spectra which 
are representative of the bonds present in the 
molecule. Because each molecule has its unique 
atomic structure and as a result a characteristic 
vibrational state, the vibrational spectra can pro-
vide a host of information about the structure of 
the molecule. Vibrational spectroscopy involves 
different techniques such as mid infrared (IR) 
spectroscopy, NIR spectroscopy, Raman spec-
troscopy, etc., but for this chapter we shall only 
review the Raman spectroscopic techniques. In 
addition, because water content in the biological 
specimen interferes strongly with IR spectros-
copy, Raman techniques are more suitable for 
studying the drug penetration into the skin.

When a monochromatic beam of light is 
incident on the sample, most of the light is scat-

tered by the sample such that the scattered light 
has the same wavelength as the incident light; 
this phenomenon is known as elastic scattering 
or Rayleigh scattering. However, a small frac-
tion of photons do interact with the molecules 
of the sample and as a result, scattered photons 
have a different energy compared to the inci-
dent photons which manifests in the form of a 
shift in the wavelength of the scattered pho-
tons. This phenomenon is known as inelastic 
scattering or Raman scattering. Raman effect 
was first observed by C.V.  Raman in 1928 
(Raman and Krishnan 1928). It is a very weak 
phenomenon, about one photon undergoes 
Raman scattering in a million Rayleigh scat-
tered photons. Due to low signal to noise ratio, 
Raman spectroscopic techniques were not very 
practical as they needed an intense source of 
light and a sophisticated detection system. 
After the discovery of lasers and charged cou-
pled detectors (CCD), however, Raman spec-
troscopy has seen tremendous increase in its 
application (Hollricher 2011).

To understand the Raman effect, we shall first 
have a look at the Rayleigh scatter. According to 
the classical theory, when photons are incident 
on the sample, they are absorbed by the mole-
cules of the sample and are excited to a virtual 
state. When molecules relax back, if they relax 
to the same energy level as they started in, the 
emitted photons have the same energy as the 
incident photons and this type of scattering is 
called Rayleigh scattering. This effect is 
explained schematically in Fig. 15.12. In Raman 
scattering, a molecule relaxes back to a higher 
energy level after absorbing a photon, and as a 
result the emitted photon has lower energy by an 
amount required to vibrationally excite the mol-
ecule. Reemitted photon exhibits red shift and 
hence this effect is also called ‘Stokes Raman 
scattering’. If after absorbing the photon the 
molecule loses a fraction of vibrational energy, 
i.e., if the molecule relaxes back to a lower 
energy state compared to its energy state before 
absorbing the photon, then the emitted photon 
has higher energy compared to the incident pho-
ton. This phenomenon is called the ‘anti-stokes 
Raman scattering’. Raman spectrum is a plot of 
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wavenumber shifts observed between Raman 
radiation and excitation radiation. Raman effect 
and fluorescence are distinct phenomena, in the 
latter, incident photons are absorbed and mole-
cules transition from ground state to an elec-
tronic excited state due to the resonance between 
the vibrational frequency of the molecule and 
incident photons. As a result for a given mole-
cule, fluorescence can be observed only at a cer-
tain fixed frequency range. However, Raman 
effect is not a resonant effect and can take place 
for a wider range of excitation wavelengths. In 
addition, fluorescence phenomenon lasts much 
longer in terms of few nanoseconds, while 
Raman scattering is much short lived, i.e., less 
than a picosecond.

In modern Raman microscopes, the light 
source is provided by a laser and is focused onto 
the sample with the help of an objective with high 
numerical aperture. Scattered light is collected by 
the same objective and passed through a dichroic 
mirror then to a spectrometer to resolve the 
Raman shifts, which are detected by a sensitive 
CCD camera. The Raman map of the sample is 
usually generated by scanning the sample with 
the help of a piezo driven stage through the laser 
beam. In order to improve the signal to noise 
ratio, most microscopes employ a confocal detec-
tion to reduce the scattered light from out of 
focus planes. Raman scattering intensity is pro-

portional to the fourth power of the frequency of 
incident photons. Hence, excitation at 400  nm 
would give a 16 times more intense Raman signal 
compared to excitation at 800  nm (Hollricher 
2011). However, skin has a very strong autofluo-
rescence in the range of 400–700 nm and hence 
lower wavelengths are not ideal for Raman map-
ping of the skin. Although Longer wavelengths 
are useful for imaging thick specimen, in a dif-
fraction-limited system they are also associated 
with lower spatial resolution. As a result, select-
ing the right wavelength of excitation is very 
important in order to maintain a good balance 
between resolution and signal quality. For col-
lecting Raman spectra from skin, usually lasers 
with wavelength of 633, 660, or 785  nm are 
preferred.

15.4.2	 �Confocal Raman Microscopy 
for Skin Penetration 
Experiments

There are several studies which report applica-
tion of confocal Raman microscopy (CRM) in 
determining the penetration of various ingredients 
into the skin, such as retinol (Failloux et al. 2004; 
Forster et al. 2011; Mélot et al. 2009), dimethyl 
sulfoxide (Caspers et  al. 2002), water (Caspers 
et al. 2000), urea (Wascotte et al. 2007), 5-fluoro-
uracil (Zhang et al. 2007), etc. Xiao et al. demon-
strated the ability of CRM to study and understand 
the penetration mechanism of phospholipids 
from liposomal formulations, in pig skin (Xiao 
et al. 2005). Penetration of two liposomal formu-
lations was tested, liposomes in gel crystalline 
state were prepared from 1,2-dipalmitoyl (d62)-
sn-glycero-3-phosphocholine (DPPC-d62), while 
liposomes in liquid crystalline state were pre-
pared from 1-palmitoyl(d31)-2-oleoyl-sn-
glycero-3-phosphocholine (P-d31OPC). After the 
application of liposomes to pig skin, Raman 
spectra were obtained using a CRM employing 
laser at 785 nm and spectra were recorded in the 
region of 100 – 3450 cm−1. Exogenous phospho-
lipids were monitored by observing the CD2 and 
CD3 stretching vibration bands at 2080 and 
2220 cm−1, respectively, while the skin was moni-
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Fig. 15.12  Jablonski diagram representation of Rayleigh 
and Raman scattering
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tored using the Phenylalanine-ring breathing 
mode at 1004  cm−1 and the amide-I band at 
1652 cm−1. The results indicated that the liquid 
state phospholipid P-d31OPC penetrated 
40–48 μm deep into the skin as compared to the 
gel state phospholipid DPPC-d62, which was 
found to penetrate only 10–15 μm deep.

We reported a method for recording depth 
profiles using CRM in excised human skin biop-
sies to study diffusion patterns of drugs and com-
ponents of the formulation system (Ashtikar 
et al. 2012). Figure 15.13 shows a XZ-penetration 
profile, where every pixel represents intensity of 
Raman signal obtained from intact human skin 
treated with deuterated invasomes (P-d31OPC). 
The depth profile scans (XZ-scans) were col-
lected using WITec Alpha 300R CRM. Excitation 
was provided by 785 nm laser and step size for 
collecting the depth profiles was 1 μm with illu-
mination time of 0.5s/spectra. In Fig. 15.13b, the 
penetration profile of deuterated phospholipid is 
plotted as a gradient from red to yellow, where 
the red color corresponds to the highest concen-
tration of P-d31OPC. The protein distribution of 
the skin is plotted in blue. Spectra corresponding 
to the invasomes and stratum corneum are repre-
sented in Fig. 15.13c. The penetration profile was 
constructed using spectral un-mixing algorithm, 

vertex component analysis, which decomposes a 
given dataset into fractions of most dissimilar 
spectral information and reconstructs the image 
by plotting their individual abundances (Du et al. 
2008; Winter 1999). P-d31OPC penetrated to a 
depth of ~10–15 μm after application of flexible 
invasomes; also it was interesting to note that the 
penetration profile of the phospholipid was not 
uniform throughout the stratum corneum.

Retinol is a common ingredient of the anti-
aging creams, which is highly lipophilic and does 
not penetrate the skin very well. Raman micros-
copy is widely employed for studying penetra-
tion profiles of retinol as it has a characteristic 
Raman peak at 1594 cm−1, which can easily be 
traced through the various layers of the skin. In 
vitro penetration profile of retinol in human skin 
biopsies was studied by Failloux et  al. using 
CRM. They have reported that retinol penetrated 
the SC faster when it was applied in the form of 
microspheres as compared to an oil in water 
emulsion (Failloux et  al. 2004). Förster et  al. 
studied the penetration of retinol from various 
emulsions and also monitored penetration of oil 
and aqueous components of the emulsion by 
using D(26)-n-dodecane and deuterated water, 
respectively. Their results show that retinol pen-
etration from an emulsion depends on the nature 

a

b

c

Fig. 15.13  XZ-profiles recorded on a full thickness 
human skin treated with deuterated invasomes. (a) Raman 
map generated by integrating C-H stretching intensities 
from 2800 to 3100 cm−1. (b) False color image showing 
dissimilar spectral mixing. Red color represents highest 

C-D signal and while-blue represents signal from endog-
enous skin tissue. (c) The red spectra on the right are rep-
resentative of the applied P-d31OPC invasomes while blue 
spectra are representative of the skin. Peaks at 2100 and 
2170 cm−1 represent C-D stretching vibrations
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of the surfactant used and that an emulsified reti-
nol can penetrate deeper in the skin, while micel-
lar retinol is localized in the SC (Forster et  al. 
2011). Mélot et al. studied the effect of penetra-
tion enhancers to deliver retinol into human skin 
in vivo. The in vivo measurements were carried 
out using an inverted Raman microscope custom-
ized for fast in  vivo spectral acquisition from 
volar forearm. Formulations containing penetra-
tion enhancers like oleic acid, polyethylene gly-
col showed to have improved penetration of 
retinol into SC after 6 h of application time 
(Mélot et al. 2009).

Caspers et al. used CRM to study the interac-
tions between human skin and dimethyl sulfox-
ide (DMSO) in vivo (Caspers et al. 2002). DMSO 
shows strong C-S-C symmetric and asymmetric 
vibration modes at 671 and 702 cm−1, while the 
position of the microscope in the skin was deter-
mined using the natural moisturizing factor to 
protein ratio (NMF, 885 & 1415 cm−1). Authors 
reported that DMSO penetrated the SC within 20 
min, however traces of DMSO could be found in 
the SC even after 72 h. Caspers et al. also reported 
the use of CRM for monitoring in vivo water pro-
files in the SC. Water content at various depths 
was determined by calculating the ratio of the 
water intensities (3350–3550  cm−1) and protein 
intensities (CH3 stretching mode 2910–
2965 cm−1). Chrit et al. also reported application 
of CRM for in vitro and in vivo measurement of 
water in human skin, and they were able to dem-
onstrate the hydration efficiency of a cosmetic 
product containing hydrating polymers in micro-
capsules (Chrit et al. 2007).

CRM was used to follow the penetration of 
metronidazole dissolved in diethylene glycol 
monoethyl (Transcutol®, Gattefossé, France) in 
human skin (Tfayli et  al. 2007). Metronidazole 
was tracked in the skin by monitoring (ʋ C-N) 
stretching vibrations at 1191 and 1369  cm−1, 
while the skin proteins were tracked from the 
amide-I, amide-III, Phenylalanine-ring breathing 
mode and other weaker spectral features. Spectra 
were collected from full thickness skin 1 and 2 h 
after the application of metronidazole solution at 
different z-planes with 4  μm steps. Maximum 
penetration depth achieved for metronidazole 

was ~25  μm in the SC.  Several changes were 
noted in the Raman shifts for C-H vibration 
bands associated with skin endogenous proteins 
and lipids. Zhang et al. took advantage of differ-
ences in the Raman spectra of 5-fluorouracil 
(5-FU) and the prodrug of 5-FU (1-ethoxycarbon
yl-5-fluorouracil) to determine the spatial distri-
bution and the transformation of prodrug to 5-FU 
in skin (Zhang et al. 2007).

15.5	 �Coherent Raman Microscopy

In spontaneous Raman microscopy, images are 
recorded using the mapping mode where Raman 
spectra from each point on the sample are col-
lected. Due to the inherent weak nature of the 
Raman scattering, acquisition of such images can 
take several hours. This is a problem for biologi-
cal samples as they can undergo dehydration or 
photo damage due to high exposure to the intense 
laser radiation. Today several variants of Raman 
microscopy are available, such as coherent anti-
Stokes Raman scattering microscopy (CARS), 
stimulated Raman scattering microscopy (SRS), 
surface-enhanced Raman scattering (SERS), etc., 
which have an advantage of higher S/N ratio. In 
this part, we would like to introduce CARS and 
SRS in brief with some examples of their appli-
cation in transdermal delivery research, but it is 
out of scope of this book to go in depth into the 
principles and instrumentation of these tech-
niques; further references can be found elsewhere 
(Chabay et al. 1976; Cheng 2007; Eesley 1981; 
Nandakumar et al. 2009; Scholten and Scholten 
1989; Scholten et al. 1989).

CARS and SRS are nonlinear enhancement 
techniques, which enhance the weak Raman sig-
nal and as a result reduce the imaging duration to 
a few minutes or even seconds (Hanson and 
Bardeen 2009). In both techniques the molecular 
vibrations are excited by using a Stokes and 
pump laser beams. CARS is a complex process in 
which three laser beams stokes (ωs), pump (ωp), 
and probe (ωpr) interact with the sample to gener-
ate anti-stokes emission. When difference in the 
ωs and ωp frequencies approach the vibrational 
frequency of a molecular bond (ωv), such that 
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ωv = ωp – ωs, the electrons in the electron cloud 
around the molecular bond are in the virtual 
excited vibrational state. Such vibrational excita-
tions only take place in small focal volume where 
both stokes and pump beams are coherently in 
phase. To probe the virtual excitations, a third 
beam (ωpr) is applied, which gets scattered off 
and generates anti-stokes radiation (ωas) modu-
lated at difference frequency such that ωas = 
ωpr + (ωp − ωs) (Min et  al. 2011). The emitted 
photon is blue shifted and as a result can be easily 
separated from the incident laser beams. Due to 
the nature of the excitation source of CARS 
microscope, it also generates 2-photon fluores-
cence and second harmonic generation (SHG) 
signal, and a multimodal detection system could 
be employed to detect these signals (Le et  al. 
2007; Potma et al. 2001; Wang et al. 2008).

The capability to identify endogenous and 
exogenous components by a multimodal-imaging 
mode is demonstrated in Fig. 15.14, which shows 
CARS, SHG, and 2-photon fluorescence signals 
collected from a human skin cross-section 
(Heuke et  al. 2012). Figure  15.14a shows the 
anti-stokes Raman shifts recorded for C-H 

stretching mode at 2850 cm−1, which are mainly 
generated by the intercellular lipids and adipo-
cytes. Figure  15.14b shows the SHG signal, 
which is generated mainly from the collagen 
fibers of the dermis. Figure  15.14c shows 
2-photon fluorescence detected at 435–485 nm, 
and Fig. 15.14d shows a false color image gener-
ated by overlapping all the signals, where CARS 
signal is represented as green, SHG as white, and 
two-photon fluorescence as red.

In vivo real-time video-rate epi-CARS (back-
scattered CARS) imaging was demonstrated by 
Evans et al. on anesthetized female mice (Evans 
et al. 2005). The excitation source was tuned in 
order to excite the CH2 stretching vibrations and 
anti-Stokes photons were detected with the help 
of a sensitive PMT detector. The microscope had 
lateral resolution of 0.3 μm and axial resolution 
of 1.5 μm. Authors were able to image the mouse 
skin at various depth up to 100 μm and identified 
lipid rich structures such as sebaceous glands and 
adipocytes. Real time diffusion of the topically 
applied mineral oil was also observed in the 
mouse skin. The mineral oil penetrated the SC 
within 20 min, however it remained confined to 

a c

b d

Fig. 15.14  Multimodal CARS image of an untreated 
skin cross-section to demonstrate the scope of multimodal 
microscopy. (a) CARS map for CH2 symmetrical stretch-
ing vibrations, (b) SHG image, and (c) two-photon fluo-

rescence image. (d) False color image showing overlap of 
CARS (green), SHG (white), and two-photon fluores-
cence (red) signals
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the viable epidermis and was not able to pene-
trate the dermis. Zimmerley et  al. used CARS 
microscopy to generate quantitative concentra-
tion maps of deuterated water and d-glycine in 
human hair (Zimmerley et  al. 2009), while 
Breunig et al. demonstrated application of in vivo 
multimodal CARS microscopy in healthy and 
diseased human skin (Breunig et  al. 2012). In 
healthy human skin, they were able to follow a 
topically applied emulsion cream, while in skin 
affected with psoriasis they were able to identify 
differences in the SC intercellular lipid domains 
compared to the healthy skin.

CARS microscopy is more sensitive than spon-
taneous Raman microscopy; however, it has some 
drawbacks such as the presence of non-resonant 
background and more importantly anti-Stokes 
shifts are slightly different from stokes Raman 
shifts, which makes spectral interpretation more 
complicated. In SRS, pump beam and stokes 
beam coincide the sample such that difference in 
the frequencies between Stokes and pump-beams 
matches a molecular vibration. This results in an 
increase in the rate of molecular vibrations. The 
energy required for this excitation is taken up 
from the pump laser field and as a result pump 
beam experiences loss in intensity (stimulated 
Raman loss). Stokes beam experiences a gain 
in intensity due to the emission of stokes pho-
tons as the molecular vibrations return to ground 
state (stimulated Raman gain). In SRS micros-
copy, either stimulated Raman loss or gain can be 
used as a contrast mechanism (Min et al. 2011; 
Nandakumar et  al. 2009). Using SRS micros-
copy, Saar et al. were able to determine penetra-
tion profiles of ibuprofen and ketoprofen from 
solutions in propylene glycol applied topically 
onto mouse skin (Saar et  al. 2011). Ketoprofen 
was tracked in the skin by following the aromatic 
C-H stretching vibrations at 1599 cm−1, ibuprofen 
and propylene glycol were deuterated and were 
monitored at 2120 cm−1, while skin lipid architec-
ture was imaged from CH2 stretching vibrations 
at 2845  cm−1. Ketoprofen and propylene glycol 
penetrated the SC mainly via intercellular lipid 
pathways and through hair follicles. From time 
resolved images at various depths, the authors 
showed that propylene glycol penetrated deeper 

and faster than ketoprofen into the skin. In addi-
tion, penetration of propylene glycol via hair fol-
licle was much faster and reached a steady state 
in less than 30 min compared to ~2 h via intercel-
lular lipid penetration in the SC to reach simi-
lar levels. Penetration profiles of ibuprofen were 
similar to that of ketoprofen. Ibuprofen crystals 
on the surface of the SC during penetration also 
indicated faster penetration of the solvent pro-
pylene glycol compared to ibuprofen. Freudiger 
et al. reported application of SRS microscopy to 
construct three-dimensional diffusion profiles of 
DMSO and retinoic acid in mouse skin. From the 
diffusional profiles they were able to show that 
DMSO mainly penetrated the SC via the protein 
phase while retinoic acid penetrated mainly via 
the lipid rich intercellular spaces (Freudiger et al. 
2008).

Coherent Raman microscopy is a label-free 
and more sensitive approach of tapping into the 
advantages of Raman effect compared to the 
spontaneous Raman microscopy. Due to the 
enhancement of the Raman effect, the image 
acquisition is much faster and hence more suit-
able for biological samples compared to sponta-
neous Raman microscopy. Also the nonlinear 
excitation approach in the generation of CARS 
and SRS signal is limited to a very small focal 
volume, which increases the resolution of these 
techniques without using the confocal detection 
setup. CARS and SRS microscopic techniques 
are relatively young compared to other tech-
niques discussed here. Today these microscopes 
are mainly confined to the photonics labs; how-
ever, both the techniques hold a great promise for 
mainstream applications.

�Conclusion

Microscopic techniques are very important in 
understanding the mechanisms involved in 
skin penetration as they enable spatial visual-
ization of the drug in the skin. In this chapter, 
we report almost 50 years of development in 
the microscopic techniques and at least today, 
no technique holds superiority in all the aspects 
of imaging such as resolution, signal quality, 
specificity, speed, sample preparation, sample 
stability, etc. These are rather complementary 
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techniques, which are able to provide a host of 
information according to the requirements and 
objectives of the experiments. For skin pene-
tration experiments, 2-PFM was first to set 
high standards owing to its ability to acquire 
high-resolution optical biopsies, in  vitro as 
well as in vivo. Raman microscopic techniques 
provide a unique opportunity for label-free 
imaging. With development of modern Raman 
variants like CARS and SRS microscopy, the 
signal to noise ratio has been greatly improved 
and high speed, label free, 3D imaging is now 
possible however the complex nature of these 
microscopes and expensive optics have limited 
their widespread application.
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