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Summary 

The spatial distribution and degree of agglomeration of drug particles throughout adhesive mixtures for inhalation 
are thought to be relevant to the dispersion behaviour of such formulations. The physical state of these properties 
is difficult to assess with conventional high resolution imaging techniques, because the small drug particles often 
cannot be sufficiently distinguished from other fine mixture components. Chemical-selective imaging techniques 
may be very helpful in this regard. Although several such techniques have been described, chemical-selective 
imaging is not yet routinely used in the study of adhesive mixtures. Reasons may be found in insufficient contrast 
formation for the specific chemicals used in adhesive mixtures for inhalation, or insufficient accessibility of the 
techniques. Additional techniques are therefore desirable. Here we present a first study on the suitability of 
coherent anti-Stokes Raman scattering (CARS) microscopy for the chemical-selective imaging of adhesive 
mixtures. Its combination with high resolution scanning electron microscopy (SEM) is presented. The results show 
that CARS microscopy is a promising technique for the characterisation of adhesive mixtures. It provides a way 
for their rapid chemical-selective imaging, even when the drug (e.g. budesonide) does not differ from lactose with 
respect to the chemical elements of which it is composed. However, the attainable field of view with the CARS 
setup from this study is limited and not all drug particles appear to be detected with the settings used. Therefore, 
a further optimisation and validation of the techniques is required. 

Introduction 

Imaging of adhesive mixtures for inhalation is an important tool in unravelling the relationships between 
formulation variables, mixture properties and mixture dispersion behaviour. Scanning electron microscopy (SEM) 
is routinely used for visual observation and the characterisation of adhesive mixtures, because of its high 
resolution. However, with the secondary electron signal that is normally used with SEM, chemical-selective 
imaging of adhesive mixtures is not possible. Identification of the different mixture components may allow to 
determine the composition of agglomerates on the carrier surface, the spatial distribution of the drug and fine 
lactose over the carrier surface, or the identification of ‘highly active’ carrier surface sites after dispersion. Such 
properties are expected to be relevant to powder dispersion behaviour, and therefore, chemical-selective imaging 
techniques may potentially be a valuable tool in inhalation formulation studies. 

Several techniques exist which may be applied for the chemical-selective imaging of adhesive mixtures. 
Examples include backscatter electron imaging, energy-dispersive X-ray spectroscopy (EDX or EDS) and 
cathodoluminescence. However, contrast formation in backscatter electron and EDX imaging relies on differences 
in weighted average atomic number (z) or elemental composition of the sample material, respectively. Because 
the drugs used in the treatment of asthma and COPD and lactose are all organic compounds, only few drugs may 
be distinguishable from lactose based on these characteristics 

[1, 2]
. 

Raman techniques use a different principle based on the inelastic scattering of monochromatic light 
[3, 4]

. Coherent 
anti-Stokes Raman scattering (CARS) probes the same molecular vibrational frequencies as spontaneous Raman 
techniques 

[4]
, but it differs from spontaneous Raman mapping techniques by an approximate 100 times faster 

imaging speed 
[5]

. This is because spontaneous Raman techniques collect information over a wide spectral range 
while with CARS information is collected from only a single Raman shift. Furthermore, because CARS produces 
an anti-Stokes (blue) shifted signal it is free from single photon fluorescence, which hampers spontaneous Raman 
measurements 

[5]
. The resolution of CARS microscopy is restricted to the diffraction limit of light, which is 

considerably lower than that of electron imaging techniques such as SEM 
[5]

. However, because CARS 
microscopy is a non-destructive imaging technique, SEM may be performed of a sample after CARS microscopy 
and the obtained images can be subsequently compared. Such an approach is referred to as correlative or 
comparative light and electron microscopy (CLEM) 

[6]
. 

In this study we explore the suitability of CARS for the chemical-selective imaging of adhesive mixtures for 
inhalation. We present an imaging system that combines CARS microscopy with SEM, allowing direct comparison 
of images recorded by both modalities. 
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Experimental methods 

Mixtures of 0.4% budesonide and a coarse alpha-lactose monohydrate carrier (250-315 µm) mixed for 10 minutes 
or 1.48% salmeterol xinafoate and a fine lactose carrier (63-90 µm) mixed for 0.5 or 600 minutes were used for 
imaging.  

The CARS microscopy system is described in detail elsewhere 
[7]

. The CARS microscope system (using a 60X 
objective) had an axial spatial (‘depth’) resolution of about 1 µm and a lateral spatial (‘in focal plane’) resolution of 
about 0.4 µm. 

The method for conducting hyperspectral imaging was published previously 
[7]

. Hyperspectral scans were 
recorded over the wavenumber range of 2800-3100 cm

-1
 using a step size of about 4 cm

-1
 and took about 4 

minutes to collect. 

CARS microscopy is inherently confocal with a signal generated only within the focus of the objective. This 
feature provides the ability to record z-depth or axially stacked images to gain a greater understanding of the drug 
distribution on the rough surface of the lactose carrier particles. Z-stacked imaging was conducted by stepping the 
microscope objective in the z-direction in increments of 1 µm. Each z-stacked image (512x512 pixels) consists of 
about 20 slices and took about 1 minute to record. 

For comparative light and electron microscopy (CLEM) samples were mounted on a glass microscope slide using 
double-sided adhesive tape and suspended in the air above a 40X/0.9NA objective. Carrier particles of interest 
were identified using the transmission signal. Z-stacked CARS images (512x512 pixels) were recorded for both 
the lactose carrier particle (2888 cm

-1
) and the drug (budesonide, 3046 cm

-1
, salmeterol, 3050 cm

-1
) loaded onto 

the surface. After CARS imaging, the glass microscope slide was removed from the CARS microscope and 
mounted on double-sided carbon tape and placed on the SEM sample holder. The samples were sputter coated 
with 20 nm of a gold/palladium alloy. SEM images were then obtained at an acceleration voltage of 3 kV (JSM-
6301F, Jeol, Japan). 

Results 

Hyperspectral CARS images of the pure chemical 
compounds were recorded to identify the key 
vibrational bands that would allow selective 
imaging of the adhesive mixtures. Hyperspectral 
scans covered the wavenumber range from 
2800-3100 cm

-1
, corresponding to the C-H stretch 

region. Figure 1 shows the CARS spectra 
extracted from the hyperspectral data for alpha-
lactose monohydrate, budesonide and 
salmeterol. The frequencies chosen for single 
wavelength imaging were 2888 cm

-1
 (lactose), 

3046 cm
-1 

(budesonide), and 3050 cm
-1 

(salmeterol). 

Changing the wavelength of one of the lasers 
allowed different components in the same sample 
to be subsequently imaged. Figure 2A shows a z-
stacked CARS image (512x512 pixels) collected 
at 3046 cm

-1
, which is selective for budesonide. 

Figure 2B shows a z-stacked image (512x512 
pixels) of the same area as Figure 2A recorded at 2888 cm

-1
, which is selective for lactose. Figure 2C shows the 

overlaid z-stacked images from Figures 2A and B, while Figure 2D shows the corresponding transmission light 
image. 

Figure 1 - CARS spectra extracted from hyperspectral data 
covering the C-H stretching range from 2800-3100 cm

-1
 for lactose, 

budesonide and salmeterol.  Wavelengths chosen for imaging of 
these substances are represented by the vertical dotted lines from 
left to right, respectively. 

 

Figure 2 - Projected z-stack CARS images. A: budesonide (3046 cm
-1
), B: lactose (2888 cm

-1
), C: overlay image showing 

distribution of budesonide on the surface of a lactose carrier particle, and D: transmission light image. 



Drug Delivery to the Lungs 26, 2015 - Floris Grasmeijer et al. 

Figure 3 shows frames from a z-stacked image (512x512 pixels) of a budesonide (red) loaded lactose carrier 
particle (green) starting from 0 µm depth and stepping every 2 µm until a depth of 10 µm. Budesonide particles at 
different z-depths, for example due to large carrier surface irregularities, can be imaged this way. The confocal 
nature of CARS microscopy may also offer the possibility to image changes in the depth of the drug in a multi-
layer of drug and added lactose fines when, for example, studying the effect of the order in which the different fine 
components are added to the blend. Of course, for such applications one has to take into account any effects of 
differences in the z-depth of the carrier surface itself when interpreting the images.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows the result of comparative CARS and SEM imaging of the salmeterol blends prepared by 0.5 and 
600 minutes of mixing. After only 0.5 minutes of mixing, the characteristic plate-like shape of the salmeterol 
particles as observed previously by Grasmeijer et al.

[8]
 is still intact, allowing the identification of the drug particles 

on the carrier surface by only high resolution SEM imaging. After 600 minutes of mixing only spherical particles or 
aggglomerates are present on the carrier surface. The distribution of drug particles appears to be similar between 
both techniques. 

Discussion 

From Figure 2C we can see that the budesonide (red) is distributed in clusters covering the surface of the lactose 
particles. Comparing the CARS image in Figure 2C with the transmission image in Figure 2D highlights the 
strength of the CARS microscopy, as the transmission image suggests little more than a rough carrier surface and 
does not reveal the spatial distribution of the drug. Furthermore, it should be noted that budesonide does not 
contain any other elements than are present in lactose (i.e. carbon, hydrogen and oxygen), which excludes a 
technique such as EDX for the chemical-selective imaging of a mixture of both compounds. 

The field of view in Figures 2 and 3 is restricted to only part of a carrier particle in the size range of 250-315 µm. 
As a result, multiple images are needed in order to sufficiently corroborate certain findings regarding drug 
distribution. With a 40X objective a larger field of view was attainable, but this was still not sufficient to completely 
capture a coarse carrier particle. With a 20X objective, the signal strength of the drug component was too low to 
be detected. It should be noted that by using a different objective the resolution of the microscope system will also 
change. 

Interestingly, upon close examination of Figure 4 not all particles that may be identified as drug particles based on 
their plate-like shape by SEM imaging are identified as such by CARS. These particles could consist of lactose, 
but it is possible that due to a high carrier surface roughness combined with a large z-stack step size (1 µm) 
CARS imaging missed some of the drug particles observed using SEM. In case of the latter, CARS imaging can 
possibly be further optimised by reducing the image scanning speed and by using a smaller step size for z-
stacked imaging, thereby improving the correlation with SEM imaging. CARS confirms that the plastically 
deformed and agglomerated particles on the carrier surface after 600 minutes of mixing consist of salmeterol. 

Figure 3 - Frames from a z-stacked image of a lactose carrier particle (green) loaded with budesonide (red). 
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Conclusions 

CARS microscopy provides a way for the rapid chemical-selective imaging of adhesive mixtures. Its suitability 
does not depend on the presence of chemical elements that distinguish the drug from the lactose carrier material, 
and for that reason it provides a valuable addition to other chemical-selective imaging techniques. CLEM by 
combining CARS and SEM is a promising tool for the qualitative study of adhesive mixtures for inhalation. 
However, a further optimisation and validation of these techniques is required. For example, the attainable field of 
view with the CARS setup in this study is too small for completely capturing adhesive units that contain a coarse 
(250-315 µm) lactose carrier particle. Furthermore, not all drug particles appear to be detected with a 1 µm z-
stack step size. 
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Figure 4 - SEM (A+D), CARS (B+E) and CLEM images (C+F) of salmeterol mixtures after 0.5 (top) and 600 minutes of 
mixing (bottom). Scale bars represent 20 µm. 


