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Abstract 

Applications of Raman spectroscopy to respirable dosage forms are explored in this 

thesis. First, a high performance Raman system enabling low-frequency Raman signal 

detection is described and used for pharmaceutical sample analysis. Applications to 

species identification and solid state differentiation are presented, including solid phase 

identification and differentiation of glycopyrronium bromide and formoterol fumarate in 

pharmaceutical powders, and identification of active pharmaceutical ingredients, e.g., 

salmeterol xinafoate, fluticasone propionate, mometasone furoate, and salbutamol 

sulphate, as well as excipients, e.g., amino acids, in different formulations, are presented. 

For the first time, low-frequency shift Raman spectra of mannitol polymorphs were 

measured and used for solid phase identification. Unambiguous identification of two 

similar bronchodilator metered dose inhalers, Ventolin® HFA and Airomir®, was 

accomplished. The low-frequency shift Raman signals can be used for the analysis of 

crystallinity of small samples (< 5 mg) of respiratory dosage forms in a multi-component 

formulation matrix containing less than 3% by weight of the component of interest.  

Second, quantitative macro-Raman spectroscopy was applied to the analysis of bulk 

compositions of pharmaceutical drug powders. A custom designed dispersive macro-

Raman instrument with a large sample volume of 0.16 µL was utilized to quantitatively 

evaluate the composition of multi-component powder samples extracted from 

commercial products. A Monte-Carlo model was developed to predict the minimum 

sample volume required for representative sampling from heterogeneous samples with 

variable particle size distributions and compositions. For typical carrier-free respirable 

powder samples the required minimum sample volume was on the order of 10-4 µL to 
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achieve representative sampling with less than 3% relative error. However, dosage forms 

containing non-respirable carriers, e.g., lactose, required sample volume on the order of 

microliter for representative measurements. Error analysis of the experimental results 

showed good agreement with the error predicted by the simulation. 

Finally, a low volume flow rate single-nozzle impactor was designed and 

manufactured for the collection of aerosols in the respirable range for subsequent macro-

Raman characterization. The impactor utilized standard scanning electron microscopy 

stubs as the impaction plate, allowing easy removal and sample analysis. The impactor 

was designed to operate at a volume flow rate of 0.5 L/min, and included multiple stages 

to allow aerodynamic diameter measurements in the range from 0.6 µm to 10 µm. 

Preliminary tests showed satisfactory performance of the new impactor, which was 

capable of collecting a single dose (300µg) of respirable particulate drugs actuated from a 

commercial pressurized metered dose inhaler.  

  



iv 
 

Preface 

Chapter 2 of this thesis has been published as Wang, H., Boraey, M. A., Williams, L., 

Lechuga-Ballesteros, D., and Vehring, R. (2014). “Low-frequency shift dispersive 

Raman spectroscopy for the analysis of respirable dosage forms”. International Journal 

of Pharmaceutics, 469(1), 197-205. I was responsible for experimental design, data 

collection, analysis, and manuscript composition. M. A. Boraey assisted with part of the 

data collection and contributed to the manuscript edits. L. Williams provided essential 

samples used in the paper and contributed to manuscript edits. D. Lechuga-Ballesteros 

provided advice regarding concept development and contributed to manuscript edits. R. 

Vehring was the supervisory author who built the initial experimental setup, and was 

involved with concept formation, discussion of results, and manuscript composition.  

Chapter 3 of this thesis is a submitted paper manuscript named “Quantitative Macro-

Raman Spectroscopy on Microparticle-based Pharmaceutical Dosage Forms” in the name 

of Wang, H., Williams, L., Hoe, S., Lechuga-Ballesteros, D., and Vehring, R. I was 

responsible for experimental design, modeling, data collection, analysis, and manuscript 

composition. L. Williams assisted with part of the data collection and contributed to the 

manuscript edits. S. Hoe assisted with selection of samples used in the paper and 

contributed to the manuscript edits. D. Lechuga-Ballesteros assisted with part of the data 

collection and contributed to manuscript edits. R. Vehring was the supervisory author, 

and was involved with concept formation, discussion of results, and manuscript 

composition. 

  



v 
 

Acknowledgment 

My deepest gratitude goes first to Dr. Reinhard Vehring, who patiently guided me 

through my past two years of graduate study. You have always been a source of ideas and 

solutions whenever I turn to you for advice. For countless times, you led me through the 

barriers of research with your expertise, generosity, and optimistic attitude towards both 

work and life. Your high standard for writing was initially shocking but turned out to be 

such a useful lesson to me. Thank you for putting your trust on me. I would have never 

thought about finishing my first period of graduate study abroad so smoothly without 

your guidance and persistent help. 

I must also give my thanks to the colleagues in Particle Engineering research group. It 

is my honor to have been given the chance to work with so many great guys in such a 

top-level group. Mohammed, you are the one full of wisdom and the one who led me into 

my current research area step by step, best luck to you and your family in your new page 

of life. James, you are always the mature and thoughtful one with the most practical 

solutions to even the most complicated problems, and as an engineer I have always been 

taking you as a role model. Alberto, you are one of the key elements to make our research 

life so enjoyable, and I feel so lucky to have you as not only a colleague but also a friend. 

David, our expert in managing and organizing, thank you for making everything so 

organized and also taking over the endless measurements from me while I was preparing 

this thesis.  

It is also the assistance from Department of Mechanical Engineering’s office support 

staff, electronics shop, and machine shop that makes the completion of this thesis happen. 



vi 
 

Special thanks go to Richard Groulx, Gail Dowler, and Rick Conrad. You are the 

strongest backup forces to all of us mechanical engineers. 

In addition, my family members and friends have been the constant motivations for 

me to go further with my education. Dad, your encouragement and support are the most 

important stimulations to me whenever and wherever I am. Mom, you are, and will 

always be, the concern through all my life, and none of this will happen without your 

dedication. My elder sister, Seven, you are the only reason that I dared to come such far 

away to Canada without worrying too much about our aged parents, and I give my 

sincerest wishes to your coming new phase of life. Jacie, thank you for constantly 

providing me with ideas from the perspective of a materials and chemical engineer, most 

importantly, you are the source of happiness for the hours when the office and lab lights 

are off. 

Last but not the least, resources and funding generously provided by Pearl 

Therapeutics Inc., National Resource Council Canada, National Institute for Technology 

and University of Alberta are gratefully acknowledged. Your support made this all 

possible. 

  



vii 
 

Table of Contents 

Abstract ............................................................................................................................... ii 
Preface................................................................................................................................ iv 

Acknowledgment ................................................................................................................ v 

Table of Contents .............................................................................................................. vii 
List of Tables ..................................................................................................................... ix 

List of Figures ..................................................................................................................... x 

Chapter 1: Introduction ..................................................................................................... 1 

Chapter 2: Low-frequency Shift Dispersive Raman Spectroscopy for the Analysis of 
Respirable Dosage Forms ................................................................................................... 5 

2.1. Introduction .............................................................................................................. 5 

2.2. Materials and methods ........................................................................................... 10 

2.2.1. Materials ..........................................................................................................10 

2.2.2. Raman instrument ............................................................................................12 

2.2.3. Methods............................................................................................................20 

2.3. Results and discussion ........................................................................................... 22 

2.3.1. Identification and differentiation of pharmaceutical actives and excipients ...22 

2.3.2. Differentiation of solid phases .........................................................................23 

2.3.3. Identification of Finished Dosage Forms .........................................................29 

2.4. Conclusions ............................................................................................................ 32 

2.5. References .............................................................................................................. 32 

Chapter 3: Quantitative Macro-Raman Spectroscopy on Microparticle-based 
Pharmaceutical Dosage Forms .......................................................................................... 41 

3.1. Introduction ............................................................................................................ 41 

3.2. Materials and Methods ........................................................................................... 45 

3.2.1. Materials ..........................................................................................................45 

3.2.2. Particle Size Measurements .............................................................................46 

3.2.3. Macro-Raman Measurements ..........................................................................46 

3.2.4. Stochastic Model ..............................................................................................48 

3.2.5. Raman Quantification ......................................................................................50 

3.3. Results and Discussion .......................................................................................... 55 

3.3.1. Minimum sample volume ................................................................................55 

3.3.2. Quantitative powder measurements .................................................................60 

3.4. Conclusions ............................................................................................................ 65 



viii 
 

3.5. References .............................................................................................................. 66 

Chapter 4: Aerosol sampling for macro-Raman analysis using a low flow rate single-
nozzle cascade impactor ................................................................................................... 71 

4.1. Introduction ............................................................................................................ 71 

4.2. Theory .................................................................................................................... 73 

4.3. Impactor Design ..................................................................................................... 80 

4.4. Results and Discussion .......................................................................................... 91 

4.5. Conclusion ............................................................................................................. 93 

4.6. References .............................................................................................................. 93 

Chapter 5: Conclusions and Future Work ....................................................................... 97 

References ......................................................................................................................... 99 

Appendix A ..................................................................................................................... 114 

  



ix 
 

List of Tables 

Table 1.1 Comparison between different Raman techniques: dispersive Raman, FT-

Raman, and micro-Raman .................................................................................................. 1 

 

Table 3.1 Composition of commercial double- and triple-component inhalers tested .... 45 

Table 3.2 Monte-Carlo simulation input parameters and output results of Seretide® 50 

Evohaler® and Seretide® 100 Accuhaler® ......................................................................... 58 

Table 3.3 Results of using control variable method to study the dependence of minimum 

sample volume on multiple parameters ............................................................................ 58 

Table 3.4 Error estimation of Raman quantification ........................................................ 64 

 

Table 4.1 Correlated values between jet flow velocity, cutoff diameter, nozzle diameter, 

and volume flow rate ........................................................................................................ 87 

Table 4.2 Specifications of designed impactor ................................................................ 90 

  



x 
 

List of Figures 

Figure 2.1. Schematic diagram of the Raman setup: (1) laser; (2, 4) highly reflective 

mirrors; (3) laser emission filter; (5) sample chamber; (6) neutral density filter; (7) 

focusing lens; (8) sample holder; (9,11,14,17) collection lenses; (10,15,16) ultra-narrow 

band notch filters; (12) modified filter stage; (13) entrance slit; (18) spectrograph; (19) 

middle slit; (20,22) collimating mirrors; (21) grating turret; (23) CCD sensor. ............... 13 

Figure 2.2. Measured and simulated (24°C) N2 rotational Stokes and Anti-Stokes Raman 

spectrum (-250cm-1 to 250cm-1)........................................................................................ 18 

Figure 2.3. Transmission curve of the Raman instrument in the low frequency shift 

region, derived by comparing the measured N2 spectrum with a theoretical simulation. 

Variations of transmittance are in agreement with properties of typical holographic notch 

filters. ................................................................................................................................ 20 

Figure 2.4. Raman spectra of different crystalline respirable dosage forms (salmeterol 

xinafoate, SX, formoterol fumarate, FF, glycopyrronium bromide, GP, fluticasone 

propionate, FP, mometasone furoate, MF, and salbutamol sulphate, SS) in the low 

frequency shift (0 to 200 cm-1) and fingerprint regions. ................................................... 22 

Figure 2.5. Raman spectra for crystalline and amorphous glycopyrronium bromide 

(10cm-1 to 800cm-1)........................................................................................................... 24 

Figure 2.6. Raman spectra for crystalline and amorphous formoterol fumarate (10cm-1 to 

800cm-1) ............................................................................................................................ 25 

Figure 2.7. Solid phase identification in multi-component mixtures: Trehalose (60%wt), 

D-Leucine (30%wt), D-Methionine (3.3%wt), D-Tyrosine (3.3%wt), D-Tryptophan .... 27 

Figure 2.8. Raman spectra of the three polymorphs of mannitol (10cm-1 to 1000cm-1, 

2800cm-1 to 3100cm-1): α-mannitol, β-mannitol and δ-mannitol. To the right is an 

enlargement of the low-frequency shift spectral region. .................................................. 28 

Figure 2.9. Spectral comparison of repeated measurements of Ventolin® and spectral 

differences in percentage of the highest peak intensity .................................................... 30 



xi 
 

Figure 2.10. Spectral comparison between Ventolin® and Airomir® and spectral 

differences in percentage of the highest peak intensity .................................................... 31 

 

Figure 3.1. Flow chart of the Monte-Carlo simulation .................................................... 50 

Figure 3.2. Derived lactose reference spectra and spectral differences (ΔI/IMax) of 

independently derived lactose references in percentage of the highest peak intensity ..... 53 

Figure 3.3. Calibration curve of FP relative to lactose .................................................... 55 

Figure 3.4. Minimum sample volume for microparticle-based powders with controlled 

simulation parameters ....................................................................................................... 57 

Figure 3.5. 100 simulated sample compositions of powder from the commercial product 

Seretide® 50 Evohaler® converging to nominal values..................................................... 60 

Figure 3.6. Application of FP calibration factors ............................................................. 61 

Figure 3.7. Propagation of shot noise error and reference deviation error for Seretide® 

100 Accuhaler®: 50µgSX+100µgFP+Lactose .................................................................. 63 

 

Figure 4.1. Schematic cross-sectional view of streamlines and particle trajectories of an 

circular impaction nozzle .................................................................................................. 75 

Figure 4.2. Cumulative mass fraction of three different particle size distributions ......... 82 

Figure 4.3. Collected pharmaceutical powders using modified Anderson cascade 

impactor stage 4 with 0.53mm nozzle diameter: (a) Q=0.5L/min, 0u =18.9m/s, a,50d

=0.97µm; (b) Q=1.5L/min, 0u =56.7m/s, a,50d =0.53µm ................................................... 85 

Figure 4.4. Collection plate (a) and collected powder on SEM stub ready for transferring 

to Raman sample holder (b) .............................................................................................. 88 

Figure 4.5. Cross section view of designed new impactor with 3 intermediate stages .... 89 

Figure 4.6. Sleeve clamp for sealing of stacked stages .................................................... 91 



xii 
 

Figure 4.7. Cumulative mass distribution of salmeterol xinafoate and fluticasone 

propionate ......................................................................................................................... 92 

Figure 4.8. Collected pharmaceutical particles from one single pMDI actuation 

containing 300µg actives .................................................................................................. 93 

 



1 
 

Chapter 1: Introduction  

Raman spectroscopy is a technique that detects inelastically scattered monochromatic 

excitation light photons by materials of interest and correlates the acquired spectra with 

corresponding molecular structures. As a well-developed technique, Raman spectroscopy 

has been extensively applied in various research areas including biomedical, 

pharmaceutical, chemistry, materials, mechanical, physics, etc. (De Wolf, 1996; Malard 

et al., 2009; Malinovsky and Sokolov, 1986; Morris and Matousek, 2010; Parker, 1983; 

Pelletier, 1999; Weber and Merlin, 2000) for diverse applications. Raman spectroscopy is 

actually a family of techniques, and may be further divided into dispersive Raman (Dao, 

2006), Fourier transform (FT) Raman (Hendra et al., 1991), Raman microscopy (Andrew, 

2006), resonance Raman (Carey, 1982), stimulated Raman (Bloembergen, 1967), surface 

enhanced Raman (Campion and Kambhampati, 1998), tip enhanced Raman (Stöckle et 

al., 2000). Among them, the three most widely used branches are dispersive, FT, and 

micro Raman. A comparison of these three techniques is presented in Table 1.1. 

Table 1.1 Comparison between different Raman techniques: dispersive Raman, FT-

Raman, and micro-Raman 

 Dispersive Raman FT-Raman Micro-Raman 
(dispersive or FT) 

Advantages 

 Simple 
instrumentation 
 Adaptable for wide 

range of excitation 
source 
 Large room for 

customization 

 Fluorescence minimization 
 Applicable to colored samples 
 Larger radiation throughput 

than that of monochromators 
imposed by narrow slits 

 Micro-scale analysis 
with high spatial resolution 
(~0.5µm) 
 Two-dimensional 

mapping of surface 
component distribution 
 Confocal 3-dimensional 

imaging 
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Disadvantages 

 Associated 
fluorescence with 
visible excitation 
source 

 Potential broad band 
absorption by aqueous 
samples 

 Low Raman scattering cross 
section 

 Interference by thermal 
emission of heated samples 

 Low detector response 

 Long acquisition time 
 Relatively poor spectral 

quality 
 Low instrument 

collection efficiency 

Key 
Component  Spectrograph  Michelson interferometer  Microscope 

 

Despite the wide applications of Raman spectroscopy to pharmaceutical research, 

there haven’t been many reports on the applications of its low-frequency spectra. Low-

frequency Raman spectra contain abundant structural information related to the solid 

states of pharmaceutical molecules. Also because solid states stability of drugs is crucial 

during the shelf-life of products, low-frequency Raman has the potential to become a 

routinely utilized tool in pharmaceutical product development and stability assessment. 

Due to instrumental limitations, the low-frequency Raman spectra (10-200cm-1) used to 

be very difficult to record. Double and even triple monochromators were traditionally 

used to extend the lower limit of Raman spectrum closer to the laser line, with a resultant 

sacrifice of spectral quality. With the introduction of ultra-narrow notch filters, low-

frequency Raman spectra can now be easily detected. This has enabled extensive 

utilization of low-frequency Raman for analysis of pharmaceutical samples.  

A custom designed and assembled dispersive Raman system enabling the detection of 

low-frequency Raman spectra close to 10cm-1 in wavenumber shift is introduced in 

Chapter 2. The capabilities of recorded low-frequency signals for differentiating solid 
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states are presented. The results of this chapter include successful identification of 

various active pharmaceutical ingredients, component identification in multi-component 

mixtures, amorphous-crystalline component identification and differentiation in 

pharmaceutical powders, unambiguous polymorph differentiation, and authentication of 

finished commercial products. The indication is that low-frequency Raman is very suited 

to the analysis of solid pharmaceutical dosage forms. 

The above discussion is mainly on qualitative analysis using low-frequency Raman. 

In the area of quantitative Raman analysis of pharmaceutical samples, recent research has 

emphasized micrometer-scale imaging of component distributions in powders, tablets, 

etc., with industrial applications still mostly limited to the quantification of bulk materials. 

However, there are still problems to be solved in the area of quantitative Raman analysis 

of macroscopic bulk samples. Measured compositions may deviate from corresponding 

nominal values due to non-representative sampling, and such deviations in many cases 

may be the primary source of measurement error in quantitative application cases 

(Campbell Roberts et al., 2002; Rantanen et al., 2005; Strachan et al., 2007). Different 

sampling techniques have been proposed to diminish the quantification errors caused by 

sample heterogeneity (Bell et al., 2004; Johansson et al., 2005). A rigorous investigation 

of the sample volume needed for representative analysis will be very helpful in 

determining the reliability of quantification results. 

Such a discussion on the required minimum sample volume for representative Raman 

quantification of micro-particle based powder samples is presented in Chapter 3. A 

Monte-Carlo simulation model is used to predict the required minimum sample volume. 

The model will be helpful for developing new sampling techniques or even building new 
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Raman instruments. The results of this chapter will also be instructive in interpretation of 

Raman quantification errors.  

One of the simulation results in Chapter 3 indicates that thousands and even millions 

of particles are typically required for representative quantification of typical solid 

respirable dosage forms for bulk composition. Thus, instead of measuring individual 

particles, respirable pharmaceutical particles in the form of aerosols need to be 

accumulated as powder samples for quantitative Raman characterization. To this end, a 

new inertial impactor for aerosol collection is introduced in Chapter 4. The low flow rate 

single-nozzle impactor is uniquely suited to direct sampling of aerosols for Raman 

characterization. 

This thesis aims to provide a broad exploration of the characterization capabilities of 

low frequency Raman and macro-Raman spectroscopy in the context of pharmaceutical 

samples, with an emphasis on respirable particulate dosage forms. The thesis is presented 

in a mixed format and includes work that has been published as research articles and 

additional work that has yet to be published.   
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Chapter 2: Low-frequency Shift Dispersive Raman Spectroscopy 

for the Analysis of Respirable Dosage Forms   

A similar version of this chapter has been published as: Hui Wang, Mohammed 

A. Boraey, Lisa Williams, David Lechuga-Ballesteros, and Reinhard Vehring. "Low-

frequency Shift Dispersive Raman Spectroscopy for the Analysis of Respirable Dosage 

Forms." International Journal of Pharmaceutics 469 (1). 2014: 197-205.  

2.1. Introduction 

Chemical and solid phase identification of particulate solid dosage forms is frequently 

required during the pharmaceutical development process and for the testing of finished 

products, including those already on the market. Particulate dosage forms are widely used 

in oral and parenteral drug delivery. Powders in the respirable size range are a necessity 

for drug delivery to the lung. To guarantee the quality of such pharmaceutical products, 

identity testing of raw materials, and monitoring of chemical and solid phase changes 

during manufacture, storage, and usage is required (Costantino et al., 1998; Hubert et al., 

2011; Zhang et al., 2004). 

Identification and verification of finished products is also sometimes needed because 

of concerns regarding counterfeit and substandard pharmaceutical products in circulation 

(Deisingh, 2005; Martino et al., 2010; Newton et al., 2006). Pharmaceutical products 

without active ingredient or having incorrect composition have caused and will continue 

to cause a severe public health threat (Aldhous, 2005; Kelesidis et al., 2007; Reidenberg 

and Conner, 2001). 
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Identification of solid phases is particularly important for inhalable dosage forms. 

Typical inhalable powders are blends of micronized or spray dried active pharmaceutical 

ingredients and are often sensitive to environmental conditions, especially moisture 

(Ahlneck and Zografi, 1990; Hancock and Zografi, 1994). The interactions between 

drugs and excipients can also affect the potency of the medicine (Jackson et al., 2000; 

Masuda et al., 2012). Due to the high specific surface area of respirable aerosol particles 

and the frequently partially or fully amorphous nature of the components, respirable 

powders may undergo solid phase transformations. 

Various phase transitions between different solid forms can occur (Willart and 

Descamps, 2008; Wunderlich, 1999). Of primary concern for respirable dosage forms are 

amorphous to crystalline and polymorphic inter-conversions. It has been demonstrated 

that different solid phases of excipients and active pharmaceutical ingredients in 

respirable formulations can have different pharmaceutical and therapeutic performance 

(Hancock and Zografi, 1997; Huang and Tong, 2004; Vippagunta et al., 2001b). Even a 

small fraction of crystalline-amorphous inter-conversions can have a significant impact 

on the drug performance (York, 1983). Therefore, quality testing should include detection 

of the solid phase of critical formulation components.  

Many analytical techniques sensitive to solid phase transitions of pharmaceutical 

products have been described (Newman and Byrn, 2003), including calorimetry (Clas et 

al., 1999; O’Neill and Gaisford, 2011), spectroscopy (Brittain et al., 1993; Bugay, 2001; 

Heinz et al., 2009), x-ray diffraction (Brittain, 2001), and vapor sorption (Mackin et al., 

2002), etc. Usually, these testing techniques are used together with other methods to 

comprehensively characterize pharmaceutical products both statically and dynamically 
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(Hickey et al., 2007a, b; Newman and Byrn, 2003). Among these techniques, terahertz 

spectroscopy has been gaining popularity for pharmaceutical applications (Zeitler et al., 

2007). Terahertz spectroscopy uses far-infrared radiation to induce intermolecular low 

energy vibrations in the solid of interests. It is a fast, non-destructive technique that has 

been successfully applied to the analysis of solid phases, especially crystallinity and 

polymorphism (Strachan et al., 2004). In comparison to traditional Raman technology, 

terahertz spectroscopy uses lower power and shorter recording time, minimizing sample 

loading effects (Beard et al., 2002; Heinz et al., 2009). Also, using radiation in the far-

infrared region avoids interference from fluorescence, which can be problematic in 

Raman spectroscopy with visible excitation. However, the current terahertz spectroscopy 

instruments can only cover the spectral range of about 2-130 cm-1 (Taday and Newnham, 

2004), i.e., cannot access information from transitions with larger energy difference, e.g., 

most intramolecular vibrations. 

Raman spectroscopy has been proven to be an appropriate method for counterfeit 

tablet testing (de Veij et al., 2007; Witkowski, 2005). It has several advantages in this 

context: (1) simple or no sample preparation is required; (2) non-invasive analysis; (3) 

applicable to aqueous systems or systems with varying water content (Fini, 2004; 

Vankeirsbilck et al., 2002a; Wartewig and Neubert, 2005b). 

Raman spectroscopy has the potential to identify most pharmaceutical excipients and 

active pharmaceutical ingredients, because organic molecules are generally Raman 

active. Also, it is sensitive to the changes in the molecular packing in the solid phase of 

the measured molecules. Raman spectra of organic compounds mainly reflect two classes 

of transitions between different energy states: Firstly, internal vibrational modes that are 
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caused by different types of intramolecular vibrations or rotations, creating a unique 

fingerprint for each type of molecule in the sample. The energy associated with these 

intramolecular vibrations is relatively high, giving rise to Raman lines that are 

significantly shifted from the laser frequency, i.e., the excitation frequency. Expressed in 

wavenumber shift, the internal modes most commonly used for compound identification 

appear between about 150 and 1800 cm-1, the so-called fingerprint region. Some 

information about the solid phase of the sample can be derived from the fingerprint 

region, because intramolecular vibrations are often affected by the local chemical 

environment of the molecules, i.e., the relationship to neighboring molecules. Secondly, 

external vibrational modes, which are also known as lattice vibrational modes or phonon 

modes, are caused by intermolecular vibrations (Hedoux et al., 2011b). Analysis of 

intermolecular vibrations provides a direct measure of crystal structure and level of 

disorder. Hence, it is a powerful technique for analyzing solid phases. As intermolecular 

forces are weaker than intramolecular forces, Raman lines associated with external 

vibrational modes typically appear in the low-frequency shift range of less than 150 cm-1. 

Different solid phases of the same substance are due to differences in the three 

dimensional arrangements of molecules, which in the Raman spectrum are manifested 

with higher contrast in intermolecular vibrational bands than intramolecular motions. 

Assignments of low-wavenumber Raman signals of active pharmaceutical ingredients 

have been studied with the assistance of quantum mechanical calculation based on 

density function theory (Ayala, 2007). A discussion about the feasibility of applying low-

frequency Raman spectroscopy to analyze crystalline-amorphous transition has been 

performed on indomethacin (Hédoux et al., 2009). A precise and low-frequency shift 
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Raman-based method of determining small fractions of a crystallized component within 

an amorphous matrix was also introduced. Low-frequency shift (<100cm-1) Raman 

mapping of polymorph was introduced by Hubert and shown to be capable of precise 

analysis of local solid phase transitions within a pharmaceutical tablet (Hubert et al., 

2011). Low-frequency shift Raman spectroscopy (50cm-1-450cm-1) has also been used to 

study the mechanism of pressure- and heat-induced denaturation of lysozyme (Hedoux et 

al., 2011c). To our knowledge, low frequency shift Raman spectroscopy has not been 

applied to respirable pharmaceutical dosage forms. 

Respirable particles or their substructures typically have dimensions on the order of 

the excitation and scattered wavelengths involved in Raman scattering. This causes 

inhomogeneous internal radiation fields in the particles and may lead to frequency 

dependent distortion of the spectra, including morphology-dependent resonance effects 

(Davis and Schweiger, 2002). This phenomenon has also been discussed extensively in 

the literature (Aardahl et al., 1996; Schweiger, 1990, 1991). Resonance effects depend on 

particle size, refractive index, and wavelengths and are difficult to predict for arbitrarily 

shaped particles, but they tend to average out when measuring a large number of particles 

with different particle size (Chan et al., 1991; Vehring et al., 1998). Hence, in the work 

presented here, instead of analyzing individual particles we have chosen to use a small 

powder sample mass to reduce the effects of particle size and shape. Consequently, the 

information derived from these measurements is representative of the bulk powder, not of 

individual particles or particle substructures, e.g., surface or core. 

Most Raman instruments used for pharmaceutical applications are either Fourier 

transform Raman systems or single-stage dispersive Raman systems. Neither of them is 
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capable of measuring frequency shifts that are very close to the laser line. This limitation 

is particularly severe for respirable particles which scatter the excitation wavelength very 

strongly due to their particulate nature. Hence, additional laser line rejection filters are 

generally necessary in this case. The rejection filters used in traditional dispersive Raman 

systems have a relatively large band width, which leads to rejection of the Raman signals 

in the low-frequency shift range together with the laser line (Chen et al., 2012; Vehring, 

2005). The difficulties of detecting low-frequency signals have limited its application. 

Monochromators are commonly used as filters to reject the excitation frequency, but this 

configuration reduces instrumental efficiency. Usually, low frequency shift Raman 

spectra are recorded using double (Deschamps et al., 2012; Hedoux et al., 2011a) or triple 

(Ayala, 2007; Ivanda et al., 2007) monochromators. In such cases, Raman signals as 

close as 10cm-1 to the elastically scattered light could be recorded. Recently, however, 

ultra-narrow band laser rejection filters have become available that allow measurements 

closer than 10cm-1 to the laser line (Moser and Havermeyer, 2009). In the work presented 

here, we have combined ultra-narrow band notch filters with traditional dispersive Raman 

setup to test the feasibility of this approach for the solid state analysis of respirable 

powders.  

2.2. Materials and methods 

2.2.1. Materials  

Most of the samples measured in this study are active ingredients of respirable dosage 

forms indicated for asthma and chronic obstructive pulmonary disease (COPD). 

Crystalline raw materials included salbutamol sulphate (SS, 944/059, Neuland 

Laboratories Ltd., Andhra Pradesh, India), micronized fluticasone propionate (FP, 05 ST 



11 
 

75M HQ 00047 02, Hovione, Loures, Portugal), micronized mometasone furoate 

anhydrous (MF, 05ST51M.HQ00051, Hovione, Loures, Portugal), salmeterol xinafoate 

(SX, P-1M-2, Inke S.A., Barcelona, Spain), glycopyrronium bromide (GP, 77146U001, 

PCAS Oy, Turku, Finland), and formoterol fumarate dihydrate (FF, P-8, Inke S.A., 

Barcelona, Spain. All raw materials were recrystallized by dissolving them in ethanol 

followed by slow solvent evaporation at room temperature. They were measured when 

the crystals were completely dried. 

Amorphous GP and amorphous FF were also prepared by spray drying. The feed 

solution for amorphous GP was prepared by dissolving raw glycopyrrolate 

(glycopyrronium bromide) in purified water (WFI). The solution was stirred with a stir 

bar during spray drying. Methanol was used for preparation of the spray drying feedstock 

of amorphous FF. Both spray drying processes used an inlet temperature of 50°C, an 

outlet temperature of 42.5°C, and a feedstock flow rate of 5 mL/min. 

Four D-amino acids, i.e., D-Leucine (D-Leu), D-Methionine (D-Met), D-Tyrosine 

(D-Tyr), D-Tryptophan (D-Trp) and trehalose dihydrate were used in this paper to 

prepare multi-component powders via spray drying. Weighted solids were transferred to a 

glass bottle with water added. A resultant clear solution was achieved after 

electromagnetic stirring for two hours at 700 rpm and a temperature of 35°C. The inlet 

and outlet temperature were set to be 90°C and 45°C, respectively, during the spray 

drying process with a feed flow rate of 3mL/min. 

Three polymorphic forms of mannitol were produced and studied. β-mannitol was 

tested directly using the commercially available D-mannitol (SLBH1429V, Sigma-

Aldrich Corp., St. Louis, MO, USA). The other two forms were prepared using the 
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method of slow solvent evaporation. Acetone, ethanol and water were mixed in a volume 

ratio of 5:5:2. During electromagnetic stirring at 50°C, mannitol was added to the mixed 

solvent until saturation. The solution was then cooled to room temperature to crystallize 

out α-mannitol (Xie et al., 2008). The δ-form was achieved by drying an aqueous D-

mannitol solution at room temperature. The resultant crystals were measured after they 

were completely dried. 

The contents of two commercial pressurized metered dose inhalers (MDI), Airomir® 

(DIN 02232570, Medicis Canada Ltd., Toronto, Ontario, Canada) and Ventolin® (DIN 

02241497, GlaxoSmithKline Inc., Mississauga, Ontario, Canada), were analyzed. Both 

products contain salbutamol sulphate suspended in pressurized norflurane (HFA-134a) 

propellant. Airomir® also contains 11% (w/w) ethanol and a trace amount of oleic acid. 

Powders were extracted from frozen MDI aluminum cans and dried in a vacuum chamber. 

Three repeat measurements were conducted for powders from the same canister and three 

canisters for each brand were measured. 

2.2.2. Raman instrument 

The schematic diagram of the dispersive Raman instrument is shown in Figure 2.1. 

This Raman system can be classified into three parts: the excitation system (1-4), the 

sample interaction system (5-11) and the signal collection system (12-23).  
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Figure 2.1. Schematic diagram of the Raman setup: (1) laser; (2, 4) highly reflective 

mirrors; (3) laser emission filter; (5) sample chamber; (6) neutral density filter; (7) 

focusing lens; (8) sample holder; (9,11,14,17) collection lenses; (10,15,16) ultra-narrow 

band notch filters; (12) modified filter stage; (13) entrance slit; (18) spectrograph; (19) 

middle slit; (20,22) collimating mirrors; (21) grating turret; (23) CCD sensor. 

An argon ion laser (Innova 70-4, Coherent, Inc., CA, USA) was used in the setup and 

operated at a wavelength of 514.5 nm in TEM00 mode with a nominal maximum output 

power of 1700mW and a line width of 10 GHz (~0.3 cm-1). An Amplified Spontaneous 

Emission filter (#114-ER297-002, Ondax Inc., USA) was used to suppress the broad 

band spontaneous emission from the laser cavity.  

Before entering the sample chamber the laser powder was optionally attenuated using 

a non-reflective neutral density filter (#63-395, Edmund Optics Inc., USA), e.g., to avoid 
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sample overheating. A convex lens was used to focus the laser into a small cavity of an 

aluminum sample holder. The conical cavity had a base diameter of 1mm which 

corresponded to a volume of less than 0.2µL, i.e., a typical sample mass of about 200 µg. 

The sample holder was mounted on translational stages (M-460P-XYZ, Newport) for 

alignment. The opening angle of the conical cavity was selected to allow multiple 

reflections of the laser off sample and cavity wall, which increased the Raman signal 

from the cavity and made it more homogeneous. Scattered light, both elastic and 

inelastic, was collected by a collection lens (#RMS10×, Thorlab, Newton, New Jersey, 

USA) with focal length of 18 mm and numerical aperture of 0.25 at an angle of 90°. A 

color video camera (#PVM, Sony Corp., Tokyo, Japan) was used to monitor the relative 

position of sample and laser focus. 

The collimated, scattered light was then projected onto a pre-filter (#114-ER297-001, 

Ondax Inc., USA.) and focused onto the entrance slit (#SP-716, Acton Research Corp., 

MA, USA) of a filter stage by a microscope objective (#RMS4×, Thorlab, Newton, New 

Jersey, USA). Two identical ultra-narrow band filters (#114-ER297-001, Ondax Inc., 

USA.) were mounted inside the filter stage (#NFC-446-040, Acton Research Corp., MA, 

USA) to further reject elastic scattering. Each of the filters had a nominal optical density 

>4 centered at 514.5nm and a full width half maximum bandwidth less than 20 cm-1. The 

typical transmission efficiency in the passband was 0.65. 

The entrance slit of the spectrograph (SpectraPro-500i, Acton Research Corp., MA, 

USA) became a middle slit after mounting of the additional filter stage. The spectrograph 

was a single stage Czerny-Turner type with focal length of 500 mm, accuracy of ± 0.2 nm 

and repeatability of ±0.05 nm. A grating turret with three different gratings was 
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assembled in the spectrograph. A ruled grating with groove density of 1200 g/mm was 

used in this study and was able to achieve a linear dispersion of about 1.5 nm/mm at 

514.5nm.  

The sensor was a cryogenically cooled CCD detector (LN/CCD-400EHR-G1, 

Princeton Instruments, Inc., USA) with front illuminated, deep depleted array 

architecture. The sensor had a format of 1340×400 pixel with pixel size of 20µm×20µm 

and was controlled by a CCD camera controller (ST-133, #7355-0017, Princeton 

Instruments, Inc.). The sensor covered a spectral range of about 1400 cm-1 for each 

measurement.  

2.2.2.1. Calibration 

The calibration of Raman systems includes two main parameters: intensity and 

wavelength. Investigators have summarized different procedures for Raman calibration 

(Hutsebaut et al., 2005; Tedesco and Davis, 1999). Intensity calibration corrects for any 

spectrum shape distortion caused by variations of the instruments spectral response. The 

techniques to derive and correct the response function of instrument have been described 

in detail before (McCreery, 2005; Ray and McCreery, 1997). The techniques rely on 

comparing the spectrum of a well characterized broadband light source with the measured 

spectrum to derive an efficiency function. 

Spectrograph wavelength calibration determines the extent of matching between 

sensor pixels and Raman shifts, and it can be classified into absolute and relative 

calibration. A commonly used absolute wavelength calibration method is introducing 

instrument independent wavenumber standards (Hutsebaut et al., 2005). In this work, 

atomic emission lines of a modified He-Ne laser were used as absolute standards to 
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calibrate the setup. This was done by drilling a hole in the laser housing to gain access to 

the plasma emissions which are then scattered by the sample. Emission lines scattered by 

the sample can be recorded by the sensor and appear as signals for calibration (Vehring, 

2005). 

A relative calibration was accomplished in this paper by using the position of 

Rayleigh scattering which appears as a sharp peak exactly at 0 cm-1 in a well calibrated 

system. Due to the attenuation of the filters, the laser power was increased until the laser 

peak was detectable. Then, fine spectrum adjustments were conducted during data 

processing to match the Rayleigh peak with the origin. 

For the calibration of the low frequency shift region, a new method was developed 

which takes advantage of the symmetry of Stokes and anti-Stokes scattering (Ferraro and 

Nakamoto, 1994). Because molecules can bi-directionally transit between two energy 

levels, Raman lines on two sides of the laser line are created that have the same absolute 

Raman shift. Due to the higher population density of molecules in the lower vibrational 

energy levels, the intensities of the Stokes peaks are stronger than those of the anti-Stokes 

peaks. In the nitrogen spectrum shown in Figure 2.2, we selected two pairs of 

corresponding peaks, indicated by arrows, and shifted the whole spectrum until the peaks 

were exactly symmetric with respect to the zero position.  

2.2.2.2. Instrument validation 

Resolution and sensitivity of the new instrument was tested by measuring the 

rotational spectrum of nitrogen. During this test the sample chamber was filled with 

nitrogen and the sample holder was removed, the laser was operated at full power without 

attenuation and the exposure time was 150 s. The measured rotational Raman spectrum of 
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nitrogen at conditions of 24°C and RH < 3% is shown in Figure 2.2. The measurable 

rotational lines closest to the center position are -12.0 cm-1 and 20.0 cm-1 on the anti-

Stokes and Stokes side respectively. With sufficient integration time, a high signal-to-

noise ratio can be achieved such that even the weak rotational lines above 200 cm-1 can 

be clearly detected.  

Based on the underlying theory of diatomic molecular spectroscopy (Hoskins, 1975), 

the rotational spectrum of nitrogen at 24°C was simulated over the range of -250 cm-1 to 

250 cm-1. The theoretical calculation agrees well with reported spectrum (Lofthus and 

Krupenie, 1977) and is plotted together with the measured spectrum in Figure 2.2 with 

theoretical peak intensities indicated by triangles. The nitrogen spectrum contains sharp 

peaks equally spaced by 7.95 ± 0.05 cm-1 and the intensities vary in an alternating pattern. 

Peak positions and intensities of the measured spectrum matched well with the results of 

simulation.  
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Figure 2.2. Measured and simulated (24°C) N2 rotational Stokes and Anti-Stokes Raman 

spectrum (-250cm-1 to 250cm-1) 

The minimum measurable mass for N2 can be approximated by considering the N2 

mass in the cylindrical scattering volume. The diameter of the scattering volume can be 

approximated by the focal diameter, which is 40µm (Dickey and Scott, 2002). The height 

of the cylinder can be calculated by the optical magnification and detector height and is 

0.6 mm in this case. The N2 mass in this scattering volume was approximately 0.88 ng. 

Mismatches between the peak intensities of simulated and experimental results are 

present as shown in Figure 2.2. This was mainly caused by the variation of the 
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transmission efficiency of the ultra-narrow band rejection filters over wavelength. The 

transmission function of the Raman instrument near the laser line can be derived by 

comparing the simulated spectrum of nitrogen with the measured one. As there are no 

rotational peaks in the range of -12 cm-1 to 12 cm-1, the transmission curve for this range 

was similarly derived by analyzing the measured spectrum of a broad band light source. 

The resultant transmission curve, which represents the efficiency of the whole Raman 

instrument including the sensor, is shown in Figure 2.3. The fluctuation of transmission 

efficiency outside the rejection area and the shape of the rejection band were in 

agreement with the transmission characteristics of typical reflective volume holographic 

filters (Moser and Havermeyer, 2009). Figure 2.2 and Figure 2.3 show that the rejection 

band was shifted towards the Stokes side by adjusting the filter angles relative to the 

optical axis. This was done to maximize rejection of the laser line in the Stokes low 

frequency shift region, which was used primarily in the work presented here.  
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Figure 2.3. Transmission curve of the Raman instrument in the low frequency shift 

region, derived by comparing the measured N2 spectrum with a theoretical simulation. 

Variations of transmittance are in agreement with properties of typical holographic notch 

filters. 

2.2.3. Methods 

Samples were first loaded into the sample holder and then kept under a dry air or 

nitrogen atmosphere during the measurement. All measurements were conducted under 

similar conditions of 22°C and RH < 3%. Depending on the sample, exposure times 

ranged from 30 s to 200 s for signal-to-noise ratios larger than 100 on major Raman 
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peaks. Before further processing, the numerical resolution of the recorded spectra was 

increased by a linear interpolation process. This interpolation fixed the measured spectra 

into an equidistant grid with a spacing of 0.1 cm-1 between each two neighboring data 

points, thus allowing for higher precision when shifting spectra, e.g., during calibration or 

deconvolution of multi-component systems. The original spectral resolution of the 

Raman system was about 1 cm-1/pixel at 514.5nm laser using a 1200g/mm-groove 

density grating and middle slit setting of 20 µm.  

When analyzing multi-component systems, a deconvolution process was used to 

determine the contributions of each component. The measured raw and normalized 

reference spectra of individual components were denoted S and Si,norm, respectively. The 

contributions of each component were subtracted from the raw spectrum by 

deconvolution according to (Vehring, 2005): 

,= + ( )i i norm iS B I S b  (2.1) 

B indicates the background of the mixture which is usually approximated as a linear 

function of Raman shift. Ii is the intensity factor for component i, which is semi-

quantitatively related to the mass fraction of component i. Reference spectra were 

adjusted as needed by a small frequency shift, bi, to minimize the residual spectrum. The 

deconvolution was performed by iteratively minimizing the residuals for each 

component.  
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2.3. Results and discussion 

2.3.1. Identification and differentiation of pharmaceutical actives and excipients 
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Figure 2.4. Raman spectra of different crystalline respirable dosage forms (salmeterol 

xinafoate, SX, formoterol fumarate, FF, glycopyrronium bromide, GP, fluticasone 

propionate, FP, mometasone furoate, MF, and salbutamol sulphate, SS) in the low 

frequency shift (0 to 200 cm-1) and fingerprint regions. 
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Raman spectra of several respirable pharmaceutical compounds used for the treatment 

of asthma or COPD are shown in Figure 2.4. All samples were measured successfully and 

the lattice modes of the crystalline materials are visible. The fingerprint regions of the 

spectra are in agreement with those previously reported (Rogueda et al., 2011). These 

spectra show distinct differences along the whole spectra, in both the low-frequency shift 

phonon region and the higher frequency shift fingerprint region, with signals in the low-

frequency shift region having higher intensities and contrasts. Due to the different 

characteristic spectra for different ingredients, unambiguous identification of active 

ingredients is feasible. 

2.3.2. Differentiation of solid phases 

2.3.2.1. Crystalline and amorphous 

Raman spectra of glycopyrronium bromide and formoterol fumarate in crystalline and 

amorphous phases are presented in Figure 2.5 and Figure 2.6 respectively. In the 

fingerprint region, several peaks show significant line broadening in the spectra of the 

amorphous samples relative to the sharp peaks in the spectra of amorphous material. In 

the low-frequency region, differences between the samples are more distinct. Sharp and 

strong phonon peaks corresponding to lattice vibrations are dominant for the crystalline 

samples. However for the amorphous sample, the low-frequency shift spectrum consists 

of a single broad band peak in the same region as the phonon peaks. 

The broadening effect in the fingerprint range is caused by the greater disorder of 

molecules in the amorphous state (Hedoux et al., 2011b). The spectral differences in the 

fingerprint region between amorphous and crystalline samples are relatively small in 

comparison to the spectral differences observed in the low-frequency shift region. Raman 

active peaks in the low frequency shift region reflect the symmetry properties of the 
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crystal lattice, and thus provide structural information about the crystal (Ferraro and 

Nakamoto, 1994). However, for the amorphous sample, the low-frequency shift Raman 

spectrum consists of a single broad band peak in the same region as the phonon peaks, 

which corresponds to the envelope of the phonon peaks of the crystalline counterpart. 

The clear differences between amorphous and crystalline spectra in the low-frequency 

shift region facilitate unambiguous identification and differentiation of amorphous and 

crystalline forms of the same material. 
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Figure 2.5. Raman spectra for crystalline and amorphous glycopyrronium bromide 

(10cm-1 to 800cm-1) 
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Figure 2.6. Raman spectra for crystalline and amorphous formoterol fumarate (10cm-1 to 

800cm-1) 

2.3.2.2. Multi-component systems 

The test system for this application was a D-amino acid – trehalose multi-excipient 

formulation currently investigated for respiratory delivery in cystic fibrosis indications 

(Hoe et al., 2014). Each component in a multi-component system has its characteristic 

Raman peaks, thus the components can often be identified in multi-component systems 

by deconvolution. The D-tryptophan sample used in this study was found to exhibit 

interfering residual fluorescence when excited at a wavelength of 514.5 nm. Hence, a 

suitable reference spectrum could not be recorded for this component. For this reason the 
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spectral contribution of D-tryptophan was not identified but rather treated as background. 

The spectrum of the spray dried mixture of Trehalose, D-Leu, D-Met, D-Tyr, and D-Trp 

with a mass fraction of 60%, 30%, 3.3%, 3.3% and 3.3%, respectively, and the results of 

the deconvolution are shown in Figure 2.7. Both low-frequency and fingerprint range 

spectra were used for accurate deconvolution. Trehalose and D-methionine were 

identified to be amorphous because the lattice modes associated with their crystalline 

phases were absent in the low frequency shift region. The sum of the deconvoluted 

components superimposes well with the measured spectrum. Due to the high sensitivity 

of the instrument, the air spectrum was also taken into account in the deconvolution. The 

results show that the components exist in different solid phases in the respirable powder 

formulation. This example shows that identification of the solid phase of components in 

pharmaceutical multi-component systems by low-frequency shift Raman spectroscopy is 

possible, even if these components are present in low concentrations and in different solid 

phases. 
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Figure 2.7. Solid phase identification in multi-component mixtures: Trehalose (60%wt), 

D-Leucine (30%wt), D-Methionine (3.3%wt), D-Tyrosine (3.3%wt), D-Tryptophan 
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2.3.2.3. Identification of polymorphs 
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Figure 2.8. Raman spectra of the three polymorphs of mannitol (10cm-1 to 1000cm-1, 

2800cm-1 to 3100cm-1): α-mannitol, β-mannitol and δ-mannitol. To the right is an 

enlargement of the low-frequency shift spectral region. 

Respiratory mannitol (Li et al., 2014) was proved to be suitable for the treatment of 

diseases like mucociliary dysfunction (Daviskas et al., 2005), cystic fibrosis (Robinson et 

al., 1999), etc. Spectra of three mannitol polymorphs are shown in Figure 2.8 with 

magnified spectra of their low-frequency lattice modes. The spectral region around 2950 

cm-1 which corresponds to C-H bond stretching vibration has been used before to identify 

different mannitol polymorphs (Burger et al., 2000; Campbell Roberts et al., 2002; Xie et 

al., 2008). The fingerprint region also has spectral differences suitable for identification 
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of the mannitol polymorphs (Chan et al., 2004; Vehring, 2005). The magnified low-

frequency shift spectra in Figure 2.8 show clear lattice modes that can verify the 

crystalline phase of the samples. The distinct spectral differences reflect the different 

crystal structures for the mannitol polymorphs. 

2.3.3. Identification of Finished Dosage Forms 

To test the ability of the method to identify finished commercial inhalation products, 

two salbutamol sulphate MDI, Ventolin® and Airomir®, were measured and analyzed. 

First, the reproducibility of the method was verified by comparing the results of repeated 

independent measurements. In Figure 2.9, three spectra of Ventolin® taken from the 

powder extracted from the same inhaler and their average spectrum are displayed. It is 

apparent that they superimpose well with each other. The spectral difference, which is 

expressed as percentage of the highest peak intensity, between measured spectra and the 

average spectrum are shown below. Signal differences for repeated measurements from 

the same inhalers are below 3% along the whole spectral range. This test was repeated for 

three different Ventolin® inhalers with similar level of reproducibility. 
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Figure 2.9. Spectral comparison of repeated measurements of Ventolin® and spectral 

differences in percentage of the highest peak intensity 

Dry powders from two different commercial brands of inhalers were measured to test 

if they could be identified. Spectra of powders extracted from Ventolin® and Airomir® 

inhalers and their difference spectrum are shown in Figure 2.10. Spectral differences 

between the two brands were much larger than between repeated measurements of the 

same inhaler. The low frequency shift region indicated that both inhalers contained 

crystalline salbutamol sulphate as expected. The largest differences between the products 

was found in the spectral region displayed in Figure 2.10, indicated by black arrows, and 
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can be assigned to oleic acid peaks (De Gelder et al., 2007; Mendes et al., 2003; Tandon 

et al., 2000) at Raman shifts of around 1300 cm-1, 1450 cm-1, 1650 cm-1 and 2900 cm-1. 

The difference is indicative of a trace amount of oleic acid in Airomir®, which agrees 

with the information in the package insert. Because even very similar legitimate products 

can be differentiated with this technique, rapid identification of products with incorrect 

ingredients is feasible.  
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Figure 2.10. Spectral comparison between Ventolin® and Airomir® and spectral 

differences in percentage of the highest peak intensity 
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2.4. Conclusions 

In this paper, we describe a high-performance Raman spectrometer together with its 

applications for the analysis of respirable dosage forms. The capabilities of identifying 

different materials and solid phases in single and multi-component systems make it a 

suitable and powerful instrument for applications in the pharmaceutical development 

process and for detecting counterfeit and substandard drugs. Also, using the low-

frequency shift Raman signals for the analysis of solid state is shown to be advantageous 

compared to traditional Raman analysis using spectral regions with Raman shifts larger 

than 200 cm-1 because of the clearer and stronger signals in the low frequency shift 

region. Further advantages include small sample mass and good reproducibility. 

However, some samples may require excitation with a different laser, e.g., in the near 

infrared region, to avoid interference from sample fluorescence or possible sample 

overheating during fluorescence bleaching.  
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Chapter 3: Quantitative Macro-Raman Spectroscopy on 

Microparticle-based Pharmaceutical Dosage Forms  

A similar version of this chapter is a submitted paper manuscript as “Quantitative 

Macro-Raman Spectroscopy on Microparticle-based Pharmaceutical Dosage Forms” in 

the name of Hui Wang, Lisa Williams, Susan Hoe, David Lechuga Ballesteros, and 

Reinhard Vehring. 

3.1. Introduction  

Microparticle-based dosage forms are commonly used for drug delivery purposes, 

often in the form of respirable particulate powders contained in delivery devices like 

pressurized meter dose inhalers (Newman, 2005) or dry powder inhalers (Chougule et al., 

2007; Prime et al., 1997). The properties of these respirable pharmaceutical powders, 

such as particle sizes, chemical and physical stability, or dispersibility, must be 

accurately investigated and controlled to achieve the desired performance (Chow et al., 

2007; Smyth, 2003). In these dosage forms the concentrations and the solid phases of all 

active pharmaceutical ingredients and excipients must be precisely controlled. Due to the 

potential for chemical or physical changes, including solid state transitions between 

amorphous and crystalline phases (Willart and Descamps, 2008; Yu, 2001), polymorphic 

inter-conversions (Hilfiker, 2006; Vippagunta et al., 2001a), or minor conformational 

adjustment (Cruz-Cabeza and Bernstein, 2013; Nangia, 2008), which can occur on 

storage or during patient use, a sensitive technique is required for qualitative and 

quantitative detection of these changes. Amongst all applicable techniques, Raman 

spectroscopy has gained particular popularity. 
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The applications of Raman spectroscopy in pharmaceutical areas have been greatly 

extended over the past decades (Vankeirsbilck et al., 2002b; Wartewig and Neubert, 

2005a). Thanks to its rapidity, non-invasiveness, straightforward sampling, compatibility 

with aqueous systems, and most importantly, its sensitivity to subtle structural changes, 

Raman spectroscopy has already been widely employed as a standard method for routine 

pharmaceutical and chemical analysis. Basic applications of Raman spectroscopy include 

the study of molecular structure(Lin-Vien et al., 1991) and conformation (Blanpain-Avet 

et al., 2012), identification of unknown formulations(Wang et al., 2014), and analysis of 

solid phases(Newman and Byrn, 2003; Taylor and Langkilde, 2000). Also because of the 

rich molecular information contained in Raman spectra and the sensitivity of Raman 

signals to minor structure changes, Raman spectroscopy has been found suitable for 

quantitative analysis of pharmaceutical samples (Vehring, 2005). 

The basic theory of quantitative Raman analysis states that Raman signal intensities 

are linearly proportional to the number of Raman scatterers (McCreery, 2005). The most 

commonly used quantitative approaches can be categorized into two types: uni- or bi-

variate and multivariate analysis. Uni- or bi-variate methods use one or two variables, 

e.g., peak intensities or ratios of two characteristic peaks (Taylor and Zografi, 1998; 

Voutsas et al., 1995), or peak areas (Al-Zoubi et al., 2002; Hédoux et al., 2011), to 

quantify the analytes of interests. Usually, several cases with known formulations need to 

be measured to generate a calibration curve to correlate spectral information with 

composition information. This method is straightforward but mainly applicable to simple 

formulations with undisturbed well-defined characteristic peaks. Multivariate methods 

use comprehensive spectral information for quantification and are applicable to multi-
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component samples, which also make these methods more complex (Strachan et al., 

2007). The quantitative method used in this paper is also a multivariate method. Since the 

details of these different data processing methods have already been described elsewhere 

(Strachan et al., 2007), they are no longer introduced here. 

Like with any other quantitative technique, the error sources affecting Raman 

quantification are an important concern for practical applications. This topic has already 

been extensively discussed and many error sources were identified and even quantified 

(Campbell Roberts et al., 2002). The various sources of errors can be classified into three 

types: instrument variations, errors introduced by the quantification methodology, and 

sample heterogeneity. Instrument variations include effects from laser power fluctuation, 

detector response variation, alignment errors, etc. Many of these effects can be reduced 

by repeated measurements. The overall quantification methodology errors of uni-variate 

and multivariate methods have been compared and no significant differences were 

observed between them (Rantanen et al., 2005). For cases with relatively small sampling 

volume, the error originated from using either of the methods is usually less significant 

than the variation caused by sample inhomogeneity (Campbell Roberts et al., 2002; 

Rantanen et al., 2005). For powder samples consisting of two or more components the 

major source of error has been reported to arise from the inhomogeneous mixing of 

powder blends(Taylor and Zografi, 1998) , which, upon sampling into a finite sample 

volume, can lead to a sample composition which is not representative of the bulk powder. 

This is a common problem encountered in measuring the composition of bulk 

samples: the measured Raman signal may not be representative of the average signal 

from the whole sample. To overcome the quantification error caused by sample 
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inhomogeneity, different methods have been proposed, such as enlarging the illuminated 

area(Johansson et al., 2005), i.e., sample volume, increasing the length of the beam path 

through the sample(Schwab and McCreery, 1987), increasing sample homogeneity 

(Bugay et al., 1996), averaging multiple spectra recorded from multiple sampling 

locations(Bell et al., 2004), rotating or moving the sample holder (Langkilde et al., 1997; 

Szostak and Mazurek, 2002), or dynamically mixing the sample (Rantanen et al., 2005). 

With the exception of the method of increasing the degree of homogeneity, which has the 

potential to introduce modifications to the analyte, all other methods intend to increase 

the number of particles that can be illuminated and monitored by the detector during a 

Raman measurement. However, while many authors have suggested increasing the 

sample volume to reduce errors introduced by non-representative sampling of 

heterogeneous powders, no quantitative information about the required sample volume as 

a function of powder characteristics is available. 

In this paper this issue has been addressed by using a Monte-Carlo simulation to 

predict the minimum sample volume required for representative sampling. A 

corresponding macro-Raman system is presented that allows efficient signal collection 

from sample volumes that are large enough for representative analysis of typical 

respirable dosage forms. The error sources for quantitative Raman measurements with 

controlled sample inhomogeneity are also discussed.  
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3.2. Materials and Methods  

3.2.1. Materials  

Commercial pharmaceutical respirable dosage forms for the treatment of asthma and 

chronic obstructive pulmonary disease were measured with Raman spectroscopy in this 

study (Table 3.1). Three inhaler products were chosen to assess the quantification 

capabilities of macro-Raman spectroscopy for formulations with single, dual, and triple 

components. 

Two dry powder inhaler products, Flixotide® Accuhaler® (fluticasone propionate; FP) 

50, 100, 250, 500, and Seretide® Accuhaler® (FP and salmeterol xinafoate; SX) 100, 250, 

500, were measured by disassembling the inhaler devices and extracting powders from 

the foil blister strips. Both Flixotide® and Seretide® contained the excipient lactose 

monohydrate as a carrier and bulking agent. The formulation and component information 

of pressurized metered dose inhaler Seretide® 50 Evohaler® was used as a simulation 

input. All samples were measured multiple times to reduce random error of measurement 

and instrument variation. 

Table 3.1 Composition of commercial double- and triple-component inhalers tested 
 

Product Device Formulation (µg) 
Measured lactose 

particle size 
distribution 

Raman 
Measurement 

Replicates FP SX Lactose VMD (µm) GSD 
Flixotide® 50 

Accuhaler® 

50 NA 

Up to total mass of 
12.5mg per blister 

81.2 2.3 10 
Flixotide® 100 100 NA 80.6 2.4 10 
Flixotide® 250 250 NA 80.2 2.3 10 
Flixotide® 500 500 NA 75.1 2.6 10 

Seretide® 100 
Accuhaler® 

100 50 77.7 2.2 5 
Seretide® 250 250 50 81.6 2.1 5 
Seretide® 500 500 50 74.9 2.6 5 

Seretide® 50 Evohaler® 50 25 NA        NA 5 
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3.2.2. Particle Size Measurements  

The equivalent optical diameter of the lactose carrier particles in the tested dry 

powder inhaler formulations was determined using a Laser diffraction system (HELOS 

BF, Sympatec GmbH, Clausthal-Zellerfeld, Germany) with an attached disperser 

(OASIS/M, Sympatec GmbH, Clausthal-Zellerfeld, Germany). The particle sizer was set 

up with an optical module for the diameter range 4.5 to 875 m. For each measurement 

the powder from nine foil blisters was loaded into a sample tube and fed into the particle 

sizer using a micro-dosing device (ASPIROS, Sympatec GmbH, Clausthal-Zellerfeld, 

Germany) using 300 kPa of dispersion pressure and 50 mm/s feeder speed.  

Measurements were triggered on a single channel, #23, starting at higher than 0.5 % 

signal level and ending 1 s after falling to less than 0.5 %. Volume median diameter 

(VMD) and geometric standard deviation (GSD) of the mean particle size distribution of 

triplicate measurements were reported and listed in Table 3.1.  

3.2.3. Macro-Raman Measurements  

The custom designed and assembled Raman instrument used in this study is a linear 

dispersive Raman system, using a 514.5 nm argon ion laser as excitation source, with 

laser power up to 1700 mW. A detailed description of the Raman system has been 

provided in the previous chapter (Wang et al., 2014). Here, the aspects of the system that 

pertain to the macro mode will be discussed:  

For linear Raman spectroscopy the total radiant flux, t, of the signal from a 

component with molar concentration, c, in the sample volume, V, can be described by 

(Vehring, 1998). 

   (3.1) VcNΦ A0t
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where NA is the Avogadro constant and  is the Raman scattering cross section for this 

component. 0 denotes the average radiant flux density of the excitation radiation 

interacting with the Raman scatterers. 

Applied to a powder sample with bulk density, s , we can rewrite this equation for a 

component with molar mass, M, and mass fraction, Y, in the sample as 

Φt 3 A
0 s

Na Y
M

   (3.2) 

assuming for the sake of simplicity a cubic sample volume with edge length, a. If we 

further assume that one face of the sample volume is illuminated by a laser with power, 

, such that the sample is irradiated with the highest possible radiant flux 

density that does not cause undue sample heating or degradation, the signal intensity at 

the detector can be written as  

   (3.3) 

Equation 3.3 shows that the signal intensity increases linearly with the characteristic 

length of the sample volume and with the maximum tolerated laser power, which 

increases with the square of the characteristic length. tE is the exposure time and k is a 

constant summarizing the fraction in Equation (3.2). E is the overall efficiency of signal 

collection and detection. In micro-Raman applications with typically high magnification 

the sample volume is one particle, or even a fraction of a particle, which is equivalent to a 

characteristic dimension on the order of 1 m. In the current setup the characteristic 

dimension of the sample volume is on the order of 100 m or more, which explains why 

a much higher laser power can be applied in macro-Raman mode. The sample volume 

can be increased by using collection optics with low magnification factor which results in 

2
max,0max aP

kYEtaPI SEmax



48 
 

a large field of view and large depth of field. The collection optics of the instrument had 

an overall magnification of only 2.5× and a numerical aperture of 0.25. The unexpanded 

laser beam was focused using a separate lens producing a large focal spot with a diameter 

of approximately 25 m, corresponding to radiant flux densities on the order of 1 

GW/m2, which were tolerated well by the samples. The beam was directed into a conical 

aluminum cavity, which acted as a multi-pass cell to homogeneously illuminate powder 

samples with a volume of 0.16µL. The sample volume defined by the collection optics 

was approximately 0.0035 µL. It constituted a fraction of the sample holder volume, 

determined primarily by the selected entrance slit width, i.e., spectral resolution, of the 

spectrograph. However, the effective scattering volume was between 0.0035µL and 0.16 

µL because the multi-pass sample cavity allowed multiple reflections of both excitation 

light source and Raman signals. Therefore, signals were further averaged before being 

scattered out of the cavity. Initial spectral resolution was about 1 cm-1/pixel, and was 

artificially increased for data processing purposes to 0.1cm-1/pixel by a linear 

interpolation process. Samples were measured at room temperature and under dry air 

conditions, i.e., RH < 3%. Sample pre-conditioning was conducted after loading the 

powder sample by gradually increasing the laser power to bleach out any fluorescence 

background, if present. Exposure times ranged from several seconds to 5 minutes.  

3.2.4. Stochastic Model  

A Monte-Carlo model was developed to predict the minimum sample volume 

required for a representative composition measurement of microparticle-based powder 

samples. Illustrated in the Figure 3.1 is a brief flowchart of the simulation. Basic 

assumptions of the simulation included: lognormal particle size distributions for each 
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component; single component per particle; and a random polydisperse particles packing 

efficiency of 60% for simulated sample volumes (Al-Raoush and Alsaleh, 2007). 

The sample properties required as input values for the simulation were the number of 

components in the sample, the descriptors of the particle size distribution, i.e., median 

diameter and geometric standard deviation for each component; the true density of each 

component; and the nominal mass fractions of the components in the sample. Other 

simulation parameters that needed to be specified were the relative error tolerance, the 

initial sample volume to start with the simulation, the value used to decide whether a 

simulated composition of a specific simulated volume can be treated as representative of 

the bulk material, and the number of simulation runs for each sample volume used to 

calculate the average simulated composition and relative error. The number of simulation 

for each sample volume represents the number of repeated measurements for 

quantification in practical cases. 

According to the chosen sample properties, the average number of particles of each 

component can be contained in the simulated sample volume was calculated by using the 

diameter of average volume and also taking the packing efficiency into account. This 

amount of virtual particles were randomly generated and placed into the sample volume. 

After executing the chosen number of simulation runs, the average simulated mass 

fraction and its relative error with respect to the nominal mass fraction of each 

component were calculated. The error was compared with the target error tolerance to 

decide if the chosen sample volume was sufficiently large. If so, the simulation was 

repeated with a smaller sample volume. The minimum sample volume was determined by 

successive iterations of the simulated sample volume. Each sample was simulated at least 
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subtracting the reference spectrum of each pure component, i,N S , until the residual 

spectrum was minimized. The reference spectra were also adjusted, if necessary, by a 

small frequency shift, bi, to correct for instrumental errors affecting the wavenumber 

calibration, e.g., grating repositioning errors. . The intensity factors can be correlated to 

the mass fractions of the components, Yi, by calibration factors, c, according to the 

following equation.  

i i
i/j

j j

Y Ic
Y I

   (3.5) 

Taking component j as internal standard, calibration factor of component i relative to j is 

denoted as i/j c . 

3.2.5.1. Principal component analysis for reference spectra  

A typical way of deriving the reference spectra mentioned above is by directly 

measuring spectra of representative pure components (Vehring, 2005; Wang et al., 2014). 

However, it may be difficult to find reference materials with exactly the same spectra as 

the components in the sample mixture. Since Raman spectroscopy is sensitive not only to 

molecular structures, but to a lesser extent also to solid phases, amount of residual 

solvents, and impurities, etc., factors like the source and production process of the 

reference material, and its storage conditions or chemical history may have noticeable 

impact on the final spectrum. In particular when it comes to analyzing components with 

very low concentration in the sample a reference spectrum which is not entirely 

representative of the component spectrum in the sample will give rise to artifacts during 

deconvolution and potentially increase the limit of quantification.  
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An alternative to the use of reference materials, derivation of reference spectra by a 

simplified version of principal component analysis method, was used in this study. For 

the SX-FP-lactose triple component mixtures used, general spectral information, e.g. 

characteristic peak positions, of individual components were obtained from 

measurements of pure components. The information could also be directly obtained by 

simple literature search. Peaks exclusively contributed by one of the components were 

used as markers for that component during mixture spectra cross-subtraction. As 

described, reference of FP ( FP,NS ) was firstly obtained by subtracting the spectrum of 

25µg SX+50µg FP mixture from that of 25µg SX+250µg FP mixture until the marker 

peak of SX was completely subtracted. Reference spectra of SX ( SX,NS ), and lactose (

Lac,NS ) were derived subsequently in a similar way as described in Equation (3.7) and 

(3.8). 

FP,N 25µg SX  250µg FP a 25µg SX  50µg FP•S S I S    (3.6) 

SX,N 25µg SX  50µg FP b FP,N•S S I S    (3.7) 

Lac,N 50µg FP  Lactose c FP,N•S S I S  (3.8) 

where integers Ia, Ib, and Ic are intensity factors of the corresponding elements similar to 

the intensity factors mentioned in the deconvolution process. Five independent 

derivations on independently measured spectra were performed for each reference 

spectrum and the average of the five achieved reference spectra was used as the final 

reference.  

To verify the reproducibility of this reference derivation method, the five derived 

lactose references were plotted together with their average spectrum in Figure 3.2, and 

good consistency was found. The spectral differences relative to the average spectrum 
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were also plotted, expressed as percentage of the highest peak. Signal differences for all 

independently derived lactose reference spectra were below 1.0 % for the whole spectral 

range, except for the low frequency shift range (0-75 cm-1). The relatively higher signal 

difference is likely due to the sensitivity of low frequency shift Raman spectroscopy to 

temperature (Achibat et al., 1993), which is difficult to control exactly  because of 

possible laser heating of the sample. Reference spectra derivations for SX and FP follow 

the same processes and also showed high repeatability. 

 

Figure 3.2. Derived lactose reference spectra and spectral differences (ΔI/IMax) of 

independently derived lactose references in percentage of the highest peak intensity 
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3.2.5.2. Calibration factors  

In the absence of an internal standard, concentrations of sample components can 

only be determined relative to another component. For example calibration factors of FP 

relative to lactose can be used to determine the FP – lactose ratio. Measuring and 

analyzing samples with known composition was used to derive the relative calibration 

factors. Figure 3.3 shows the linear calibration curve of FP relative to lactose with each 

data point originated from ten independent measurements and deconvolutions. The 

calibration factor, FP/Lac c = 0.781, can then be used to quantify FP relative to lactose in 

formulations with unknown composition. 

FP FP
FP/Lac

Lac Lac

•Y Ic
Y I

   (3.9) 
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Figure 3.3. Calibration curve of FP relative to lactose 

 

3.3. Results and Discussion  

3.3.1. Minimum sample volume  

The minimum sample volume is a function of multiple parameters i.e., the number of 

components in the sample, the MMD and GSD of their particle size distributions, the 

component mass fractions, their true densities, the relative error tolerance, and also the 

replicates of simulation for each sample volume prior to the calculation of relative error. 

Several cases were simulated to study the dependence of the minimum sample volume on 

these parameters. Besides, the Monte-Carlo simulation results for two commercial 

products: Seretide® 50 Evohaler® and Seretide® 100 Accuhaler® were also presented in 
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Figure 3.4 to show the typical minimum sample volume required for carrier-free dosage 

forms samples with respirable particles and dosage forms containing non-respirable 

particles like lactose carriers. As demonstrated in Figure 3.4 and Table 3.2 and 3.3, the 

probability that the average composition of serveral simulations for samples contained in 

a simulated sample volume is within the chosen relative error tolerance can be described 

by a lognormal distribution. Components with larger median diameters, broader 

distributions, lower mass fractions, lower densities, a lower relative error tolerances, and 

less replicates of simulations required larger sample volumes to achieve representative 

sample composition. Especially in cases when some components had a very low mass 

fraction while other components had large particle sizes, the minimum sample volume 

was significantly larger. This explains the comparatively large minimum sample volume 

required for Seretide® 100 Accuhaler® products which not only contain low concentration 

actives SX and FP but also have non-respirable large lactose carriers.  

The trend of decreasing sample volume with increasing number of simulation 

replicates is instructive that the requirement for large sample volume can be greatly 

reduced by averaging multiple independent measurements. This is the underlying reason 

that the method of combining multiple micro-Raman measurements on various areas to 

give averaged spectrum can be used for the quantification of bulk composition. 

The black square data points are the simulation results for the Seretide® 50 Evohaler® 

product containing 2 components: 25µg SX and 50µg FP. Literure values(Hoe et al., 

2009; Taki et al., 2011) for the particle size distribution were averaged and used as 

simulation input parameters for the two components. The relative error tolerance was set 

to 3%. A confidence coefficient of 95% gave a sample volume of about 1.50×10-3µL for 
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this specific sample. Based on their particle size distribution, average particle volumes of 

SX and FP were calculated to be 1.37µm3 and 0.48 µm3 respectively. Thus, considering 

an assumed packing ratio of 60%, the minimum sample volume corresponds to an 

average number of 245,000 SX and 1,183,000 FP particles. In contrast, the sample 

volume required for representative quantification of Seretide® 100 Accuhaler® is 

approxiamately 3000 times larger mainly due to the large lactose carrier particles and low 

concentration of actives. 

 

Figure 3.4. Minimum sample volume for microparticle-based powders with controlled 

simulation parameters 
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Table 3.2 Monte-Carlo simulation input parameters and output results of Seretide® 50 

Evohaler® and Seretide® 100 Accuhaler® 

 

Formulation 
Parameters 

25µgSX+50µgFP 50µgSX+100µgFP+Lactose 
SX FP SX FP Lactose 

Legend of Plot SX25FP50 SX50FP100Lac 

IN
PU

T
 

MMD: µi (µm) 4.03 3.53 4.03 3.53 77.7 
GSD: σi 2.33 2.53 2.33 2.53 2.2 

Mass Fraction: Yi (%) 33.33 66.67 0.40 0.80 98.80 
Density: ρi (g/cm3) 1.11 1.32 1.11 1.32 1.54 

Error Tolerance: R (%) 3.0 3.0 
Simulation Replicates (n) 5 5 

O
U

T
PU

T
 

 Mean of minV : µ (µL) 2.33×10-4 1.08 
Standard Deviation  

of minV : σ 3.10 2.32 

minV  with 95%  
Confidence (µL) 

1.50×10-3 4.33 

Table 3.3 Results of using control variable method to study the dependence of minimum 

sample volume on multiple parameters 

 

Formulation 
Parameters 

Double Component Formulation 
A B A B A B A B A B A B 

Legend of Plot Control µi=5.0,10.0 σi=2.5,3.0 Yi=10%,90% R =2.0% n=1 

IN
PU

T
 

MMD: µi (µm) 5.0 5.0 5.0 10.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
GSD: σi 2.5 2.5 2.5 3.0 2.5 2.5 2.5 

Mass Fraction: Yi (%) 50 50 50 50 50 50 10 90 50 50 50 50 
Density: ρi (g/cm3) 1.0 1.0 1.0 1.0 1.0 1.0 

Error Tolerance: R  (%) 3.0 3.0 3.0 3.0 2.0 3.0 
Simulation Replicates (n) 5 5 5 5 5 1 

O
U

T
PU

T
 

Mean of minV : µ (×10-4µL) 4.35 14.08 5.32 27.38 11.32 17.55 
Standard Deviation 

of minV : σ 3.24 3.62 3.56 5.38 2.64 4.16 

minV  with 95% 
Confidence (×10-3µL) 

3.01 11.68 4.30 43.60 5.55 18.33 
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For the Seretide® 50 Evohaler® sample, the real time relative error of FP mass 

fraction with respect to its nominal fraction after placing each randomly generated 

particle into the virtual sample volume is shown in Figure 3.5. The simulation was 

repeated 100 times to reveal the convergence-in-error consistency. The errors for all 

simulations have clear converging trends towards zero during the process of generating 

and placing more particles. Typical micro-Raman systems usually have lateral spatial 

resolution in the micrometer or even sub-micrometer range, and the maximum area that 

can be simultaneously measured is usually smaller than 100 µm2. A typical depth of 

focus for micro-Raman systems is less than 10µm. Thus, the number of particles that can 

be measured simultaneously by micro-Raman spectrosocpy is about 100 to 1000 

microparticles (see dashed seperation lines in Figure 3.5). The results in Figure 3.5 show 

that such small sample volumes will likely lead to large errors in measured sample 

composition. For this paticular sample, more than 1,400,000 particles were required to 

achieve a relative error lower than 3% with 95% probability. As a result, micro-Raman 

with high resolution is better suited for local component distribution analysis, instead of 

bulk composition analysis. However, with an increasing number of particles that can be 

sampled in macro-Raman systems, the measured composition converges to its true value.  

Another limitation of micro-Raman is the slow rate of data acquisition due to the low 

tolerable laser power and small number of Raman scatterers. Equations (3.2) and (3.3) 

show that the Raman signal is proportional to the sample volume, if sufficient laser 

power is available to operate close to the maximum tolerated radiant flux density for the 

sample material. By comparing the maximum sample volume of typical micro-Raman 

systems with the lower limit of 0.0035 µL-sample volume used in this study, it follows 
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that the macro-Raman system collects signal at a rate that is already more than 1000 

times faster than that of micro-Raman systems. Thus, regardless of the composition 

variation, to achieve the same spectral quality from a sample of sufficient size to produce 

representative results, the acquisition time of micro-Raman spectroscopy would have to 

be impractically long. 

 

Figure 3.5. 100 simulated sample compositions of powder from the commercial product 

Seretide® 50 Evohaler® converging to nominal values. 

3.3.2. Quantitative powder measurements  

The derived calibration factor of FP relative to lactose was applied to analyze the 

mass fraction of FP in different Seretide® Accuhaler® dry powder inhaler formulations 

listed in Table 3.4: 25µgSX+50µgFP+Lactose, 25µgSX+125µgFP+Lactose, and 

25µgSX+250µgFP+Lactose. Each formulation was measured five times. Results of the 

application in comparison with the nominal mass fraction are plotted below in Figure 3.6. 
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The measured FP mass fractions show good agreement with the nominal values even for 

the case with an FP fraction lower than 1%. 

 

Figure 3.6. Application of FP calibration factors 

As described in the introduction section, three error types can be identified in 

quantitative Raman analysis: the noise of the measurement that is caused by instrument 

variations, the overall quantification method error, and sample composition deviations 

due to sampling heterogeneity. A number of noise sources can contribute to the signal-to-

noise level in the final Raman spectrum including signal shot noise, background shot 

noise, detector dark noise, and readout noise. Signal shot noise and background shot 

noise are the two dominant contributors of the Raman instrument used in this study. 
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Signal shot noise is fundamental to spectroscopy and originates from the Poisson 

statistical distribution of photons (McCreery, 2005). Background shot noise arises mainly 

because of the fluorescence induced by the green excitation source in the instrument 

used. Noise of the background was greatly reduced by subtracting the fluorescence of all 

measurements as linear function of Raman shift. Since both types of the noise source are 

governed by shot noise and follow square root relation, SNR is proportional to the square 

root of the peak intensity of a specific Raman band. For all measurements conducted in 

this study, accumulation time was set to have characteristic peak intensity to be at least 

250,000 counts after background subtraction.  

Taking one of the quantified formulations: 50µgSX+100µgFP+Lactose for 

demonstration, the propagation of noise-originated error was calculated and shown 

schematically in Figure 3.7. SFP and SLac represent the spectral contributions of 

corresponding components in the mixture spectrum. The strongest peak intensity of SFP 

for this specific formulation is about 2,500 counts for all repeated measurement which 

gives the relative shot noise of about 2%. Since both the reference spectra of FP (SFP,N) 

and lactose (SLac,N) are derived from principal component analysis and the relative 

spectral differences of the derived spectra were shown to be within 1.0% along the whole 

fingerprint range in Figure 3.2, so here a reasonable 1.0% relative error is assigned to be 

the difference between the characteristic peak intensities of derived references (SFP,N, 

SLac,N) and that of the ideal references. The rules of random error propagation were used 

to calculate the resultant relative errors. It can be seen that the maximum relative error 

caused by shot noise and imperfect references is about 2.4%. 
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Table 3.4 Error estimation of Raman quantification 

Formulation 
Actual FP 

mass 
fraction % 

Measured FP 
mass 

fraction 
(±S.D.) % 

Relative Error % 

Spectral noise 
and imperfect 
reference(±) 

Sample 
heterogeneity 

0.16µL 
(±S.D.) 

Quantification 
method(±) 

50µg SX + 100µg 

FP + Lactose 
0.8 0.94(±0.07) 2.4 4.7(±4.6) 7.4 

50µg SX + 250µg 

FP + Lactose 2.0 2.14(±0.18) 2.0 4.3(±3.8) 8.4 

50µg SX + 500µg 

FP + Lactose 4.0 4.07(±0.25) 1.8 6.0(±5.6) 6.1 

Lastly, as discussed above, the amount of sampled powder for quantitative analysis 

must be large enough to be representative of the bulk composition. For the quantitatively 

analyzed triple-component sample, the minimum sample volume to achieve less than 3% 

composition deviation after five independent sampling with 95% probability was 

determined by simulation to be 4.33 µL. However, the actual measurements were 

conducted with a true scattering volume between 0.0035 and 0.16µL, which is at least 27 

times smaller than the volume required. By setting the simulated volume to the upper 

limit of 0.16µL, the relative composition error of every five independent measurements 

can be predicted, as listed in Table 3.4. It means that based on the maximum possible 

scattering volume, FP composition of every five repeated measurements will have 

approximately 5% relative error from its nominal value caused by non-representative 

sampling. Larger errors were observed because of the smaller true scattering volume than 

0.16µL. For the three cases quantified above, the maximum relative errors are 26.3%, 

16.0% and 8.0% respectively, and they are significantly smaller than the simulated 
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relative errors for a 0.0035µL-sample volume (40±30%). This indicates that the multi-

pass sample holder is useful for increasing the effective scattering volume. 

3.4. Conclusions  

It was demonstrated that macro-Raman spectroscopy is a suitable method for 

quantitatively measuring bulk composition of microparticle-based multi-component 

pharmaceutical dosage forms. Micro-Raman spectroscopy was found to be unsuitable for 

this application, because the sample composition within its small detection area or 

volume is likely to be unrepresentative of the bulk composition.  

There exists a minimum sample volume for representative quantitative macro-Raman 

analysis, which can be determined by the Monte-Carlo simulation introduced in this 

paper for a particular application. In general, the minimum sample volume is a function 

of the properties of each component in the sample, number of repeated measurements and 

the tolerable composition error. For double-component microparticle-based samples with 

relatively small particle size (MMD=3~5 m, GSD=2~3) and similar mass fraction of 

each component, the minimum sample volume for 3% error tolerance with high 

confidence is on the order of 10-3 µL, a volume that typically contains more than 106 

particles. For dosage forms containing non-respirable components with larger particle 

size, e.g. lactose carriers, sample volumes need to be increased to the order of 1 µL to 

allow a representative measurement.  

Due to the greater number of Raman scatterers that can be illuminated 

simultaneously, macro-Raman spectroscopy can greatly shorten typical measurement 

time to minutes, and even seconds, without compromising spectral quality, which makes 

it a suitable technique for routine analysis in the pharmaceutical industry. Applications of 
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quantitative analysis for multi-component respirable dosage forms have shown that a 

multi-pass sample holder was helpful in increasing the effective scattering volume to 

reduce the composition error. Even for the macro-Raman system used in this study, 

sample heterogeneity could still contribute to quantification errors, especially when 

measuring samples containing large carrier particles. The results of simulation also 

implied that averaging multiple independent measurements could be used to compensate 

for insufficient scattering volume. For macro-Raman measurements, though higher laser 

power for macro-Raman will result in shorter acquisition time and faster measurement, 

the applied power density still has to be kept below the overheating limit to prevent 

molecular structural damage. Also the Monte-Carlo simulation introduced is based on the 

assumption that there are no agglomerates present in the simulated sample powder which 

is often not the case (Huck-Jones et al., 2014). 
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Chapter 4: Aerosol sampling for macro-Raman analysis using a 

low flow rate single-nozzle cascade impactor 

4.1. Introduction  

Respirable dosage forms are the preferred medication form for treatment of asthma 

and chronic obstructive pulmonary diseases. The drugs are typically delivered from 

devices like pressurized metered dose inhalers or dry powder inhalers. Since pulmonary 

drug delivery efficiency is determined to a large extent by the physical properties of the 

aerosolized particles, the stability of drugs in these devices needs to be maintained during 

shelf life and usage. Especially during usage, it is the property of the actuated particles 

that are directly related to patients. Since inhalation devices produce millions of micro-

particles in the aerosol state when actuated, bulk characterization of a single dose may be 

difficult. Moreover, the relatively large amount of sample for representative quantitative 

analysis imposed by composition heterogeneity, as introduced in Chapter 3, requires 

good sampling techniques. Also, Raman spectroscopy as a routine characterization 

technique in pharmaceutical areas (Buckley and Matousek, 2011; Vankeirsbilck et al., 

2002c) is typically for the testing of drugs in forms of tablets (de Veij et al., 2007) and 

bulk powders (Wang et al., 2014). Therefore, a good sampling technique is required to 

enable representative sampling of the millions of respirable particles for subsequent 

Raman analysis. 

As previously introduced, one method of extracting powders from pressurized 

metered dose inhalers involves immersing the canisters into liquid nitrogen, which has 

temperature of -195.8 °C, to freeze the propellant. The boiling point of the most 
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commonly used propellant, HFA 134a (1,1,1,2-Tetrafluoroethane), is -26.3°C. When the 

propellant is frozen, canisters can be safely opened with minimal propellant evaporation. 

Cut canisters were put into dry box with low humidity at room temperature to avoid 

moisture condensation, which may potentially modify the substances contained because 

moisture have already been proved to be able to significantly affect the physical and 

chemical stability of drugs (Ahlneck and Zografi, 1990). Propellant evaporation proceeds 

slowly at room temperature. Powders can be transferred to glass vials once the propellant 

is completely evaporated.  

There are several disadvantages to this method. Firstly, the extremely low 

temperature of liquid nitrogen has the potential to introduce modifications to the 

contained drugs (Qiu and Park, 2001). Also, powders extracted from the slow 

evaporation process are different from residual dry powders from actuation, which is of 

more interests to us because it is in the same state as the drug powders inhaled by 

patients. This is because in suspension formulations, suspended drugs are in equilibrium 

with the low-concentration but saturated drug solution in propellant. Freezing and 

evaporation will cause the solutes to recrystallize and precipitate, resulting in higher 

fraction of crystalline phase in the extracted powder. For solution formulations, this drug 

extraction method is not even applicable because of the recrystallization process during 

slow evaporation. Lastly, the method is a destructive test, with at least one canister 

required per measurement. Thus even a very common stability study with 30 time points 

requires at least 30 identical canisters. Regardless of the high cost caused by the large 

number of canisters, measurements are then conducted on different canisters, which will 

introduce errors because of inter-canister sample variation. 
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In light of these drawbacks, an efficient and appropriate way of sampling drugs 

contained in metered dose inhalers or any other respirable aerosols for subsequent 

characterization, especially Raman measurement, is desired. Inspired by the traditional 

Anderson cascade impactor, a new low flow rate single-nozzle impactor is designed and 

described in this chapter. 

4.2. Theory  

Nomenclature: 

ad  : Aerodynamic diameter 

a,50d  :  Cutoff aerodynamic diameter 

jd  :  Jet diameter, treated equal to nozzle diameter 

0u  :  Undisturbed flow velocity in the nozzle 

T  :  Nozzle throat length 

S  :  Jet-to-plate distance 

E  :  Collection efficiency by mass 

 :  Particle relaxation time 

s  :  Stopping distance 

Re  :  Reynolds number, particle or flow 

g  :  Density of gas 

p  :  Particle density  

0  : Unit density, 1000 kg/m3 

 :  Dynamic viscosity 
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50Stk  :  Stokes number for 50% mass collection efficiency 

Cc  :  Cunningham correction factor 

 
C

d
 :  Discharge coefficient 

n  :  Number of jets 

Q  :  Volume flow rate 

   Mean free path of gas molecules 

P  :  Pressure drop 

Two key features of all inertial impactors are the nozzle, which accelerates the gas 

flow, and the collection plate, which separates aerosol particles from the gas flow. A 

schematic of an inertial impactor nozzle with diameter dj and throat length T and 

collection plate is shown in Figure 4.1. Most inertial impactors have multiple nozzles on 

each stage to accommodate high volume flow rate or higher aerosol load. Airflow coming 

from previous stage or outside is treated as laminar at the nozzle inlet with flow velocity 

u0. The impaction plate is placed beneath the nozzle with separation distance S. As the 

gas approaches the impaction plate, the flow tends to turn and bend 90o as depicted in the 

streamlines in Figure 4.1. If particles are present in the airflow, they will either follow the 

curved streamlines or diverge from the streamlines depending on the relative importance 

of particle inertia and drag forces.  
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Figure 4.1. Schematic cross-sectional view of streamlines and particle trajectories of an 

circular impaction nozzle 

Briefly speaking, the general principle of all inertial impactors is using the inertia of 

aerosols in curvilinear motion for collection or separation. Ideal impactors can collect 

particles larger than a specific aerodynamic diameter and let the others pass through. This 

critical aerodynamic diameter is usually referred to as cutoff size or cutoff diameter and 

is traditionally denoted as a,50d . However for real cases, the collection efficiency (E) is 

not exactly a step-function of particle diameter, which means particles larger than the 

cutoff size are not collected with 100 percent efficiency, and also some undersized 
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particles will be trapped on the collection plate. As it is the most important characteristic 

of an impactor stage, determination of the impactor collection efficiency curve is critical. 

The following theoretical discussion is limited to impactors operating with gas as the 

continuous phase. When airflow interacts with an obstacle, streamlines curve around the 

obstacle. Very small aerosol particles will follow the curved streamlines while very large 

particles tend to go in straight lines. The dimensionless Stokes number (Stk) is 

traditionally used to characterize curvilinear motion in this situation (Israel and Rosner, 

1982). 
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Particles will follow the streamlines perfectly when Stk≪1 while they tend to move 

in straight lines when Stk≫1. In Equation (4.3), the particle relaxation time  is a 

characteristic time for a particle to adjust its velocity into equilibrium with the air flow. It 

can also be expressed as a function of unit density 0  and its corresponding aerodynamic 

diameter ad . The stopping distance of particle s is the maximum distance a particle with 

initial velocity u0 in still air can travel in the absence of external forces. The characteristic 

dimension of the flow field may be the diameter of a cylindrical or spherical obstacle, the 

centerline radius of a curved flow, etc.  In the case of an inertial impactor with a circular 

nozzle it is the radius of the nozzle (dj /2). Particle Reynolds number Re is restricted to be 

smaller than 1 to guarantee Stokes flow around the particle so that Stokes law for drag 
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forces calculation remains valid. To calculate the stopping distance of particles with very 

large Reynolds number, which is very rare for respirable particles, some other equations 

need to be used (Mercer, 1973). It should be noted that Equation (4.2) also applies to 

flow in tube with the particle diameter Pd  replaced by tube diameter, or nozzle diameter 

jd  for impactors. 

Substituting the expression for  in Equation (4.3) into Equation (4.1) yields the 

relationships between Stk and dp, given in Equations (4.4) and (4.5). For particle 

collection applications, it is the relationship between collection efficiency and particle 

diameter that is of most interest. This relationship can be determined both theoretically 

and experimentally. Due to the linear relation between square root of Stokes number

Stk  and particle diameter pd  in Equation (4.5), collection efficiency curves may also 

be plotted against Stk . 
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Unfortunately, there is no analytical way of deriving the function of impactor 

collection efficiency. The theoretical determination of the relation between the collection 

efficiency and Stokes number requires complex simulations of airflow and a large 

number of particle trajectories to generate sufficient particle impaction data (Arffman et 

al., 2011). The general approach is to vary the particle aerodynamic diameter and 

injection location, and evaluate the simulated impaction probability for each aerodynamic 

diameter. According to the statistical impaction results of series of different 
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monodisperse aerosols, the collection efficiency can thus be calculated. The results of 

such simulations are dependent on the impactor geometry (Marple and Willeke, 1976a). 

For experimental determination, usually a series of monodisperse aerosols is measured to 

generate the efficiency curve for each impactor design. Fortunately, provided that the 

impactor is designed within certain guidelines, the collection efficiency curve versus 

Stokes number is the same when operated at the same Stokes number (Hinds, 2012). 

The certain impactor design criteria to achieve invariant collection efficiency have 

already been well studied (Marple and Willeke, 1976a; Marple and Willeke, 1976b; 

Newton et al., 1977). The collection efficiency is affected by multiple parameters, 

including nozzle Reynolds number Re, jet-to-plate distance S, and nozzle throat length T. 

For round impactors, when nozzle Reynolds number, jet-plate distance to nozzle diameter 

ratio, and nozzle length to nozzle diameter ratio meet the requirement listed in Equations 

(4.6) – (4.8), the maximal sharpness of collection efficiency function can be achieved 

(Marple and Willeke, 1976a; Newton et al., 1977). Also, when these design criteria are 

met, 50Stk  becomes a weak function of Re, S and T. Typical values of 50Stk  ranges 

from 0.47 to 0.51 for various proven impactor designs (Hinds, 2012; Huang and Tsai, 

2002; Marple and Willeke, 1976a; Rader and Marple, 1985). Impactor designs that 

follow the design guidelines of Equations (4.6) – (4.8) will thus have very predictable and 

stable efficiency curves, with the resulting collection efficiency or particle size 

measurements less sensitive to external experimental conditions, fabrication tolerances, 

or variations in operator procedure. 

500 3000Re    (4.6) 

/ 1jS d    (4.7) 
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/ 1jT d    (4.8) 

Assuming a constant 50Stk  as in Equation (4.9), the cutoff size can be easily 

calculated according to Equation (4.10). The equations are valid for both single nozzle 

impactors (n=1) and multiple nozzle impactors (n>1).  

50 0.49Stk  for circular nozzle   (4.9)  

j
a,50

0 0 c

509 Sd t
d

C
k

u
   (4.10) 

Relating mean nozzle inlet gas velocity 0u  to volume flow rate Q as in Equation 

(4.11) and substituting into Equation (4.10) results in Equation (4.12). The slip correction 

factor Cc depends on , the mean free path of the gas molecules in the continuous phase, 

as in Equation (4.13) (Hinds, 2012; DeCarlo et al., 2004). Cc is thus a function of gas 

density and increases with higher temperature and lower pressure. The large correction 

factor in low-pressure conditions has been used to design low-pressure impactors to 

extend cutoff sizes to tens of nanometers. 
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It’s worth noting that even in impactors designed for atmospheric operation, low-

pressure situations can happen because of the pressure drop across small nozzles. The 

pressure drop can be calculated according to (4.14) (Pozrikidis, 2009). 
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Since Cunningham correction factor is a function of particle diameter dp, Equation 

(4.10) or Equation (4.12) must be solved iteratively for the cutoff diameter. An empirical 

equation for cutoff diameter calculation incorporating the effects of pressure drop is 

available in Equation (4.15). The accuracy is within 2% for cutoff diameters larger than 

0.2µm and operating pressure in the range of 91 to 101kPa (Hinds, 2012). For situations 

outside of these limits, the empirical relation no long applies and iterative solution of 

Equation (4.10) or Equation (4.12) is required.  
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4.3. Impactor Design  

The major purpose of this impactor is for the collection of respirable aerosol particles 

for subsequent macro-Raman characterization. From the study discussed in Chapter 3, 

thousands and even millions of particles are typically required for quantitative 

composition analysis using Raman spectroscopy, especially for samples with very large 

non-respirable active carriers, e.g. lactose. To collect sufficient quantity of powder for 

representative Raman measurements, single-nozzle impactor is preferred. Multi-nozzle 

impactors disperse aerosols onto tens and even hundreds of spots on the collection plate, 

making it hard to efficiently gather the spread powders into the Raman sample holder 

cavity. While an alternative is to collect more powders to make each deposited powder 

spot large enough for Raman measurement, a much larger mass of powder would be 
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required. Thus, a single-nozzle design is the most efficient both in terms of sample 

preparation time and powder consumption.  

For this application, the ideal case for collection is to have an impactor stage with 

extremely small cutoff diameter that can guarantee the collection of all passing particles. 

However, approaching zero cutoff size requires very high flow rate and small jet 

diameter, which will consequentially result in high local flow velocity. The high local 

flow velocity can significantly reduce the collection efficiency due to the increased 

probability of particle bounce and reentrainment.  

Shown in Figure 4.2 for illustrative purposes are the cumulative mass distribution 

curves of four differently distributed particulate samples with different mass median 

diameters and geometric standard deviations. Assuming an impactor with a cutoff 

diameter of 3.0 µm and a perfect step collection efficiency function is used to sample the 

aerosol with MMD=10µm and GSD=2.5, 90% of the total aerosol by mass is expected to 

be collected on the impaction plate. This collection efficiency is satisfactory for 

collections of aerosol for most basic characterization purposes with the exception for 

cases with fractions of ultrafine particles, which will require special concerns. However, 

the same impactor with 3 µm cutoff diameter can only collect 50% of the aerosol with 

MMD=3 µm and GSD=2.5. Therefore, for powder samples with large particle sizes, it is 

unnecessary to use impactors with extremely small cutoff sizes, but also impactors with 

large cutoff diameter is not suitable for collecting particles with small sizes. Thus, it is 

desirable to have impactor stages with variable cutoff diameters so that large sized 

aerosols can be collected without approaching the high flow velocity that will blow off 

collected particles and also small sized particles can be collected with high efficiency. 
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But still, it is the collection of small particles that is most challenging so that the local 

flow velocity must be carefully designed to minimize particle bouncing. 

 

Figure 4.2. Cumulative mass fraction of three different particle size distributions 

These considerations provide a justification for designing collection stages with 

different cutoff diameters. Moreover, by assembling the stages, particle sizing becomes 

one potential application requiring very small amount of particles. Before using the 

impactors for collection, roughly estimated cumulative mass distribution curves of the to-

be-collected aerosol in the same style as Figure 4.2 can be used to decide the cutoff 

diameter, thus the collection stage, to be used.  
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To develop appropriate design criteria, mechanisms resulting in less than ideal 

collection efficiency require consideration. Particle loss from stages caused by particle 

bounce or reentrainment are usually referred to as particle bounce in general, and may 

become more likely as particles pile up in the impaction spot (Dunbar et al., 2005). It is a 

very common problem encountered in inertial impactors. As a result, these mechanisms 

may cause low collection efficiency compared to the theoretical expectation, shifting 

collection efficiency curves toward large particle sizes. The extent of particle bounce has 

been found to be dependent on the nature of collected particles e.g. solid or liquid, rigid 

or soft, properties of the impaction plate e.g. geometry, material, nature of the coating 

material, load of particles, etc. (Chang et al., 1999; Dzubay et al., 1976; Newton et al., 

1990; Pak et al., 1992; Tsai and Cheng, 1995; Turner and Hering, 1987) The most widely 

used method of improving collection performance is by using a viscous coating material 

to modify the impaction surface (Pak et al., 1992). The effect of collection plate material 

also been studied (Chang et al., 1999; Newton et al., 1990).  Impaction plates with 

different geometries such as conical, concave, partially enclosed cavity substrates have 

also proved to be useful (Kim and Yook, 2011). However for solid particles, another 

decisive factor is the local air flow velocity (Markowski, 1984). Higher flow velocity 

results in greater probability of reentrainment or bounce. Since coating materials may 

introduce contamination to the Raman spectra of samples of interest, a careful 

consideration of design factors enabling efficient collection without coating is required.  

To provide design guidance, simple experiments were conducted to qualitatively 

explore the effect of flow velocity on plate deposition. Shown in Figure 4.3 was the 

collection result of a trial test conducted on a traditional Anderson cascade impactor. The 
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4th stage of an Anderson cascade impactor with 400 0.53mm-diameter nozzles was 

modified by leaving two of the nozzles open and blocking all the remaining 398 ones. Air 

flow rate was controlled with an adjustable valve and measured with a flow meter. 

Commercial metered dose inhalers were actuated five times to generate aerosols for each 

case. Variable volume flow rates ranging from 0.2 L/min to 10.0 L/min was tested in 

order to find the upper limit of local flow velocity. Significant particle bounce was 

observed when the flow velocity was increased above 40 m/s. The two panels in Figure 

4.3 correspond to collections with volume flow rate of 0.5 L/min (a) and 1.5 L/min (b) 

respectively. Local flow velocities and theoretical cutoff diameter were calculated to be 

18.9 m/s and 0.97 µm for the lower flow rate case and 56.7 m/s, 0.53 µm for the higher 

flow case. In panel (b), at the higher flow rate, a dispersed ring of particles can be seen 

spread around the periphery of the mostly bare central jet zone. In panel (a), even though 

lower volume flow led to higher cutoff diameter, two distinct piles of particles could still 

be collected. Thus, assuming flow velocity is the main factor resulting in particle bounce 

and reentrainment, a rough design guideline for efficient particle collection can be 

developed.  
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(a) (b) 

Figure 4.3. Collected pharmaceutical powders using modified Anderson cascade 

impactor stage 4 with 0.53mm nozzle diameter: (a) Q=0.5L/min, 0u =18.9m/s, a,50d

=0.97µm; (b) Q=1.5L/min, 0u =56.7m/s, a,50d =0.53µm 

Rearranging the above Equation (4.11) and (4.15) and assuming constant correction 

factor, unit particle density, standard atmospheric pressure, and environmental 

temperature, we get the following relations: 
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with k1 and k2 are constants calculated as: 
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The dilemma here according to Equation (4.16) and (4.17) is that to have small enough 

cutoff diameters, 3
j /d Q  should be small. Relatively high volume flow rate is preferred 
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also to prevent impactor internal wall deposition. However, small value of 2
j/Q d  is 

desired to avoid high local flow velocity. These two concerns impose restrictions on the 

selection of appropriate volume flow rate and nozzle diameters. Combining equations 

(4.16) and (4.17), we can also get the following relation between a,50d , jd  and 0u . 

j j
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0 0
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d d
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The interrelationships of Equations (4.16) - (4.21) are explored in Table 4.1. 

Considering the extreme cases for aerosol collection as a starting point, the concerns and 

restrictions include: Firstly, the minimum cutoff diameter should be at least smaller than 

1µm with smaller values preferred because most respirable particles are in the range of 1-

5 µm, which is the optimal size range for most oral inhalation products (Chow et al., 

2007; Shekunov et al., 2007). Also, due to the increasing difficulties of machining 

nozzles with decreasing diameter (Zhao et al., 2002; Lorincz, 2013), minimum jet 

diameter is to be better kept larger than 0.2mm. Concerns regarding volume flow rate are 

mainly about having high volume flow to avoid internal wall deposition and in the 

meantime limiting the related local flow velocity within 40 m/s for all stages.  
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Table 4.1 Correlated values between jet flow velocity, cutoff diameter, nozzle diameter, 

and volume flow rate 

0u  (m/s) jd  (mm) a,50d  (µm) Q (L/min) 

40 

0.2 0.36 0.08 
0.5 0.62 0.47 
1.0 0.91 1.89 
2.0 1.32 7.56 
3.0 1.64 17.01 

30 

0.2 0.43 0.06 
0.5 0.73 0.35 
1.0 1.07 1.42 
2.0 1.54 5.67 
3.0 1.90 12.76 

20 

0.2 0.55 0.04 
0.5 0.91 0.24 
1.0 1.32 0.94 
2.0 1.90 3.78 
3.0 2.35 8.50 

 

Comparing the listed values above, 0.5 L/min was selected as the designed volume 

flow rate, with a minimum cutoff diameter of about 0.62µm at local flow velocity of 

40m/s with a 0.5mm nozzle diameter. Based on the 0.5 L/min volume flow rate, jet 

diameters for the other stages can be determined according to the desired cutoff diameter. 

The collection plate is designed as shown in Figure 4.4(a). Multiple circular through 

holes allow gas flow to pass through. The mounting hole in the middle of the plate was 

designed to be compatible with standard scanning electron microscope (SEM) stub 

geometry. It makes the center of the stub surface the place where particle impactions 

happen. This removable impaction stub not only makes the transportation of collected 

particles much easier, but also further extends the application of this impactor such that 

the collected sample can be directly analyzed by SEM without further sample handling. 
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For Raman sampling, the collected powder pile can be directly pressed into the cavity of 

the sample holder, as shown in Figure 4.4(b). 

  
(a) (b) 

Figure 4.4. Collection plate (a) and collected powder on SEM stub ready for transferring 

to Raman sample holder (b) 

Shown in Figure 4.5 is a cross section view of the impactor assembled with four-

stages. The impactor stages and collection plates were made of the pharmaceutical 

industry’s preferred material 316-stainless steel because of its superior corrosion 

resistance imposed by possibilities of collecting chemically corrosive materials and 

subsequent cleaning with organic solvents, and excellent durability that will help 

maintain accuracy and extend impactor service life. 1060 aluminum alloy was used to 

make the SEM stubs, which can also be directly purchased from the market. All stages 

have the same outer diameter of 47 mm. The height of the individual stages varies from 

23.5 mm to 27.7 mm with the first stage being the shortest and the final stage being the 

highest. The first stage is designed to interface with a standardized United States 

Pharmacopeia (USP) induction port, allowing sampling of the fraction of aerosol which 

passes through a model throat. Specifications of different stages are shown in the Table 

4.2. The total height of the four assembled stages is slightly shorter than 10 centimeters. 
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In cases where efficient collection of most of an aerosol is desired, the combination of 

one middle stage that has desired cutoff diameter with the first and bottom stages is 

typically used, making the fist-sized setup very compact and mobile. Details and 

SolidWorks Drawings of the impactor design are available in Appendix A. 

 

Figure 4.5. Cross section view of designed new impactor with 3 intermediate stages 

Stage 0 is the first stage with a theoretical cutoff diameter of 21.12µm, which works 

as a pre-separator to exclude very large particles that may cause bouncing and 

reentrainment errors and even potentially block the nozzles in the following stages. Other 
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than the first stage, ten intermediate stages with various cutoff diameters covering the 

cutoff diameter range from 0.60µm to 9.92µm were manufactured to provide versatile 

sampling of a variety of aerosols. Different stage combinations can be used for different 

samples and different purposes. It should be noted that even with all stages assembled, 

the total pressure drop is only about 2kPa and 6kPa incorporating the discharge 

coefficient, which is well below the validity limit of empirical Equation (4.15) for the 

calculation of cutoff diameters. 

Table 4.2 Specifications of designed impactor 

Stage Q (L/min) jd  (mm) a,50d  (µm) 0u  (m/s) T (mm) S (mm) Re S/ jd  T/ jd  P (Pa) 

0 

0.5 

4.95 21.12 0.43 3.00 

2.5 

141.73 0.51 0.61 0.11 
1 3.00 9.922 1.18 3.00 233.86 0.83 1.00 0.84 
2 2.40 7.076 1.84 2.50 292.33 1.04 1.04 2.04 
3 1.90 4.96 2.94 2.00 369.26 1.32 1.05 5.20 
4 1.65 4.00 3.90 2.00 425.20 1.52 1.21 9.14 
5 1.40 3.12 5.41 1.50 501.13 1.79 1.07 17.64 
6 1.20 2.45 7.37 1.50 584.66 2.08 1.25 32.69 
7 1.00 1.84 10.61 1.00 701.59 2.50 1.00 67.78 
8 0.85 1.43 14.69 1.00 825.40 2.94 1.18 129.84 
9 0.70 1.05 21.65 1.00 1002.27 3.57 1.43 282.29 

10 0.60 0.82 29.47 1.00 1169.31 4.17 1.67 522.98 
11 0.50 0.60 42.44 1.00 1403.17 5.00 2.00 1084.45 

Sealing of assembled stages is very important during aerosol collection to ensure a 

constant flow rate though the impactor. Buna-N O-rings were used to achieve seals at 

each stage. The compression springs used in traditional Anderson cascade impactors to 

seal the stages are not suitable for the newly designed impactor because these springs 

work only for fixed number of stages. A clamping device which is compatible with 

variable stack height was designed, and is shown in Figure 4.6. The clamp consists of 

three parts: bottom base, fully threaded sleeve, and an external-threaded compression 

plate. The assembled impactor can be sealed by inserting the compression plate into the 
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sleeve, adjusting its position in the sleeve according to the height of assembled stages to 

be sealed, loading the impactor stages, screwing the sleeve onto the base, and then 

compressing by tightening the sleeve. 

 

Figure 4.6. Sleeve clamp for sealing of stacked stages 

4.4. Results and Discussion  

The performance of the single nozzle cascade impactor was preliminarily evaluated 

by collecting aerosol doses from a commercial pressurized meter dose inhaler product.  

Seretide® 250 Evohaler® contains two active pharmaceutical ingredients: 25µg salmeterol 

xinafoate (SX) and 250µg fluticasone propionate (FP). Approximate literure values for 

the particle size distribution of the two components are MMDSX=4.03, GSDSX=2.33 and 

MMDFP=3.53, GSDSX=2.53 (Hoe et al., 2009; Taki et al., 2011). Hypothetical log-normal 
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cumulative mass distributions of both components were plotted in Figure 4.7 to assist the 

selection of collection plate. With 1µm cutoff diameter, more than 90% of the mixture of 

particles will be collected. Standard flow rate 0.5L/min and single middle stage with jet 

diameter of 0.70 mm was then selected based on Table 4.2. The chosen operating 

parameters correspond to a theoretical cutoff diameter of 1.05µm. One single dose was 

actuated into the USP induction port. The sampled particles piled up on the SEM stub as 

shown in Figure 4.8. The collected amount of sample was sufficient to fill the cavity of a 

Raman sample holder for subsequent analysis. 

 

Figure 4.7. Cumulative mass distribution of salmeterol xinafoate and fluticasone 

propionate 
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Figure 4.8. Collected pharmaceutical particles from one single pMDI actuation 

containing 300µg actives 

4.5. Conclusion  

A novel low flow rate single-nozzle impactor was designed to enable aerosol 

sampling from inhalation devices and subsequent Raman, SEM, or other characterization. 

The new impactor concentrates the powder of a single dose from a typical commercial 

meter dose inhaler onto a sample holder, enabling subsequent characterization, e.g. 

Raman, SEM. Using a removable stub as the collection plate makes the transfer of 

powders much easier for Raman measurement, SEM imaging, etc. Additionally, particle 

sizing over diameter range of 0.6 µm to 10 µm is possible by using the multi-stage 

configuration. Further, the unique design of the impactors should allow particle sizing 

based on very small sample mass.  
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Chapter 5: Conclusions and Future Work  

The applications of Raman spectroscopy to the analysis of respirable pharmaceutical 

dosage forms are explored in this thesis, including qualitative analysis using low-

frequency signals, quantitative analysis of bulk compositions. As the first stage of testing 

particulate aerosols, a novel aerosol collection and sampling technique was developed by 

using a low flow rate single nozzle impactor.  

Qualitative assessment of respirable pharmaceutical dosage forms using low-

frequency Raman spectroscopy is investigated, and is proven to be very suitable and 

powerful for this application. Compared to traditional Raman analysis, low-frequency 

Raman is even more sensitive to the subtle changes of solid states because of its direct 

relation to the modes of inter-molecular vibrations. The applications include amorphous-

crystalline phase differentiation, solid phase identification of multi-component systems, 

and also polymorph differentiation. Since inhalation drug products may involve 

amorphous or crystalline drugs and also combination products are becoming more 

prevalent, the technique is especially suited to stability analysis of respirable dosage 

forms. Low-frequency Raman thus has the potential to become a routinely employed 

analysis in stability studies.  

The suitability of macro-Raman for quantitative analysis of bulk compositions of 

multi-component samples is discussed in Chapter 3. It is shown that Raman scattering 

volume is the key variable which influences the reliability of quantification results. A 

Monte-Carlo simulation was developed to determine the minimum sample volume 

required for representative sampling based on the particle size distributions and mass 

fractions of each component. Results indicate that sample volumes for representative 
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sampling of typical respirable dosage forms are on the order of 10-3 µL. However, this 

volume increases rapidly up to the order of 1 µL once non-respirable large carrier 

particles and low concentration actives are present. The scattering volume of the Raman 

setup used in the study varies between 0.0035 µL and 0.16 µL. Thus, for more 

challenging compositions, measurement replication and averaging or alternate sample 

presentation may be required to achieve suitable results with the current setup. The 

results of this chapter will be useful when building new Raman systems for 

quantifications of bulk compositions. 

A novel single-nozzle cascade impactor for direct Raman sampling is introduced in 

Chapter 4. Proof-of-concept was demonstrated by sampling a single actuated dose from a 

pressurized metered dose inhaler containing 300 µg powders. However, more work needs 

to be done with the new impactor. To enable reliable collection or particle sizing with the 

appropriate stage(s), the collection efficiency curve of each impactor stage needs to be 

determined. This could be done by using a series of monodisperse aerosols or by 

measuring the size distribution of the collected or emitted fraction from a polydisperse 

feed aerosol with known size distribution (Hoffmann and Stein, 2002). Furthermore, the 

maximum powder load on each stage and its dependence on different factors, e.g. nozzle 

diameter and impaction surface should also be studied. The impactor shows promise in 

enabling evaluation of size dependent composition of multi-component respirable dosage 

forms by fractionating the respirable aerosols onto multiple stages and quantifying the 

size-dependent composition with the macro-Raman setup described in Chapter 2 and 

methodology described in Chapter 3. This would enable an unprecedented degree of 

scrutiny of the solid-state of aerosolized drugs.  
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Drawing NO. 
HW 001 First Stage 

HW 002 Final Stage 

HW 003 Collection Plate 

HW 004 Middle Stages 

HW 101 Bottom Base of Sleeve Clamp 

HW 102-01 Sleeve of Sleeve Clamp (1~4 stages) 

HW 102-02 Sleeve of Sleeve Clamp (5~7 stages) 

HW 103 Compression plate of Sleeve Clamp 
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