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Applications of Confocal Raman 
Spectroscopy and Imaging in the  
Medical Device Industry

Manufacturing of medical devices requires the highest level of quality to ensure 

optimal device performance and patient safety. Raman spectroscopy and imaging 

techniques are well suited for the characterization of surfaces, interfaces, and coat-

ings to support research, development, and manufacturing of medical devices. Their 

strengths include chemical information (molecular fingerprint), imaging sub-microm-

eter chemical features, depth profiling of chemistry nondestructively, identification of 

drug polymorphs, and the ability to image in various environments. All of these are 

important for understanding material properties as they are received, processed, and 

after exposure to different environmental conditions. Raman spectroscopy and imag-

ing can also be used for identifying unknown or foreign materials. This article high-

lights several real-world applications, including characterization of medical device 

surface modifications and coatings, differentiation of drug polymorphs, degradation 

of biomaterials, and forensic identification of unknown materials.

William Theilacker and Tony Anderson

Medical devices are designed to tar-

get specific disease states and to 

treat trauma injuries, ultimately im-

proving the quality of life for patients  by re-

storing bodily function, mobility, and longev-

ity. The field is very diverse, with several large 

markets, including cardiovascular (stents, 

grafts), cardiac rhythm devices (implantable 

pacemakers and cardioverter-defibrillators, 

atrial fibrillation ablation catheters), perfu-

sion devices (blood pumps, oxygenators), 

neuromodulation (implantable drug pumps, 

spinal cord stimulation), diabetes manage-

ment (glucose sensors, drug delivery), and 

surgical tools and consumables (staples, su-

tures). Common analytical challenges in med-

ical device manufacturing include analysis of 

organic and inorganic species, coatings and 

thin films (such as diamond-like carbon and 

Parylene), identification of drug polymorphs 

(such as paclitaxel or rapamycin), degrada-

tion of polymers and biomaterials under dif-

ferent environmental conditions (such as bio-

logical fluids and sterilization), and unknown 

material identif ication (such as fibers and 

particles). Raman spectroscopy is well suited 

to the characterization of medical device mate-

rials and interfaces to gain insight into surface 

cleanliness, contamination, adhesion, lubricity, 

and intentional surface modifications. 

Raman spectroscopy measures the inten-

sity of inelastically scattered light (mono-

chromatic light) by a sample as a function   

of wavelength (1). An incident laser causes 
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chemical bonds in the sample to gain or 

lose characteristic amounts of energy cor-

responding to dif ferent vibrational modes. 

Because Raman activity results from a change 

of polarizability, the resulting spectra are 

dominated by peaks that correspond to 

symmetric stretching and bending modes. In 

contrast, Fourier transform-infrared (FT-IR) 

spectroscopy activity results from a change 

in dipole moment by absorption of IR light, 

and IR spectra are dominated by peaks that 

correspond to asymmetric stretching and 

bending modes (1). Therefore, Raman spec-

troscopy is a complementary technique to  

FT-IR spectroscopy, and a great addition to a 

material testing laboratory. A comparison of 

the two techniques is highlighted in Table I. 

One strength of the Raman technique is that 

measurements can be per formed through 

glass, in f luids, and in tissue. Furthermore, 

the confocal Raman microscope allows non-

destructive chemical depth profiling with 

lateral and depth resolution of ~350 nm and 

~500 nm, respectively (2). This is important 

for analyzing buried interfaces through trans-

parent and semi-transparent materials. 

Good sample handling and preparation 

techniques are necessary for the analysis 

of medical devices, because often they are 

large, non-f lat, and have been handled or 

been in contact with other materials (3). For 

example, fingerprints, disposable laboratory 

gloves, and polyethylene bags can easily de-

posit residues (such as fatty acids, siloxanes, 

and slip agents) onto the material sur face 

of interest that will easily be detectable by 

Raman (4,5). It is also advised to capture op-

tical images of the samples of interest prior 

to conducing any analytical testing. For the 

analysis of material inter faces, it is recom-

mended that the material or device com-

ponent of interest be embedded in epoxy 

TABLE I: Comparison of Raman spectroscopy and FT-IR spectroscopy (1,2)

Analytical 
Technique

Typical 
Applications

Source 
(Input)

Signal 
Detected

Spectral 
Range

FT-IR  
spectros-
copy 
(mid-IR)

ID of organics and 
inorganics, plastics,  
polymers, particles, 

contamination

Infrared light

Infrared 
absorption, 

dipole 
interactions

4000 to 
650 cm-1

Raman  
spectros-
copy

ID of organics 
and inorganics, 

polymers, particles, 
contamination, 

polymorphs

Monochromatic 
laser light

Inelastically 
scattered 
photons, 

polarization of 
chemical bonds

4000 to 0 cm-1

TABLE I: Comparison of Raman spectroscopy and FT-IR spectroscopy (1,2)  
(continued)

Elements 
Detected Depth Resolution Imaging– 

Mapping
Lateral 

Resolution
Detection 

Limit

Molecular 
groups

0.1 –2.5 um (ATR) 
100 μm 

(transmission)
Possible 20 μm, varies 0.1–100 ppm

Molecular 
groups 500 nm Good surface and 

interfacial imaging
350 nm 

beam size 0.1–1 wt.%
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and mechanically cross-sectioned, polished, 

or microtomed, to preserve the integrity of 

the inter faces. If these techniques are not 

available, then the use of a clean uncoated 

razor blade is another efficient way to cross-

section a material to gain access to bulk or 

interfacial regions. The examples provided 

below highlight the use of confocal Raman 

for the characterization of medical devices. 

Methods

The Confocal Raman instrument used for the 

applications described here consisted of a 

WITec alpha300 R (Suite 5.1 software) with a 

532 nm laser. The Scope A1 was outfitted with 

two objectives: Zeiss EC EPIPLAN 20x/0.4 

and Nikon Plan 100x/0.9 NCG, WD 0.26. A 

Zygo NewView 6300 White Light Interferom-

eter was used to measure the drug eluting 

stent (DES) coating thickness. A Bruker Ten-

sor 27 System with a Hyperion 2000 micro-

scope and 20x at tenuated total ref lection 

(ATR) objective was used for the PVC particle 

example. A Leica UC7 Ultramicrotome was 

used to prepare the cross-section of poly-

urethane tubing.

Results and Discussion

Example 1: Drug Polymorph Identification

Identification of drug polymorphism is an im-

portant criterion when designing and manu-

facturing drug-containing medical devices. 

Polymorph structure during the crystalliza-

tion process is influenced primarily by solvent 

ef fects, impurities, and temperature. The 

crystalline form will control activity and solu-

bility of the drug. In addition, understanding 

the use condition of the device therapy and 

desired drug release kinetics is very impor-

tant during the design stage. Raman spec-
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FIGURE 1: Raman spectral comparison of three paclitaxel polymorphs (dihydrate, anhydrous, 
and amorphous) commonly present on drug-coated medical devices (closeup shown as  
insert subfigure). Spectral differences are clearly notable in the carbonyl and amide 
stretching region from 1760 to 1500 cm-1 and can be used to distinguish between the three  
different polymorphs. 
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troscopy is a good technique to determine 

drug crystallinity, since it is relatively quick, 

nondestructive, and only a small amount of 

sample is required in comparison to X-ray 

dif fraction (XRD) and dif ferential scanning 

calorimetry (DSC) (6,7).

Paclitaxel, a cytotoxic chemotherapy drug, 

is commonly used on medical devices for its 

anti-proliferative properties to treat resteno-

sis (narrowing of arteries) in cardiovascular 

disease patients. Two products on the mar-

ket include drug-coated balloons (DCB) and 

drug-eluting stents (DES) (8,9). Their use con-

ditions differ in that DCB require a fast bolus 

release within several minutes, whereas DES 

require a slower release over several months 

from the substrate to the tissue. The most 

stable polymorphic states of paclitaxel are 

dihydrate, anhydrous, and amorphous, and 

their solubility in water ranges quite dramati-

cally: dihydrate (0.7 µg/mL), anhydrous (6 µg/

mL), amorphous (30 µg/mL) (6). A thorough 

understanding of the polymorph composi-

tion is important for designing, manufactur-

ing, and registering drug combination prod-

ucts containing paclitaxel.

For this example, Raman spectroscopy 

was used to discriminate between dif fer-

ent paclitaxel polymorphs. Figure 1 shows 

representative Raman spectra of anhydrous, 

dihydrate, and amorphous paclitaxel. Spec-

tral dif ferences are clearly notable among 

the three spectra, specif ically in the car-

bonyl stretching region (C=O) between 1680 

and 1780 cm -1. The dihydrate form shows 

three peaks centered at ~1700, ~1713, and 

~1738 cm-1. The anhydrous form shows two 

peaks centered at ~1705 and ~1713 cm-1. The 

amorphous paclitaxel shows only one broad 

peak centered at ~1722 cm-1. These results 

demonstrate that Raman spectroscopy can 

dif ferentiate between the three common 

polymorphs. In addition, confocal Raman 

imaging can also be used to evaluate the 

composition of paclitaxel coatings on DES 

and DCB. 
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FIGURE 2: (a) Representative optical images of drug eluting stent (DES) with a rapamycin/ 
PLA coating. Red box shows area of analysis. b) Spectral comparison of the top (red) and 
sub-surface layer (blue).  Peaks labeled with (P) correspond to Parylene C and peaks labeled 
with (D) correspond to drug. (c) Confocal Raman depth profile of drug coating on metal stent 
using peaks characteristic of drug (1632 cm-1, red) and Parylene C (1607 cm-1, blue).



http://www.integratedoptics.com


16  Raman Technology for Today’s Spectroscopists June 2020

Example 2: Non-Destructive 

Analysis of a Drug-Eluting Stent Coating

Drug-eluting coronary stents are designed 

to slowly elute an anti-proliferative drug (for 

example, rapamycin or paclitaxel) into sur-

rounding tissue over an extended period 

af ter the initial implantation of the device 

to reopen ar teries (9). The release of drug 

from the device is controlled by the degra-

dation of a biodegradable polymer matrix 

into which the drug is formulated. Also, it 

should be noted that a thin Parylene barrier 

layer is commonly applied to the base metal 

substrate (stainless steel, CoCr) to increase 

coating adhesion (10,11). The thickness, uni-

formity, and surface texture of drug-eluting 

stent coatings are important parameters to 

understand, control, and measure during 

device manufacturing. 

For this example, the thickness and uni-

formity of a rapamycin/polylactic acid (PLA) 

coating applied to a Parylene-primed metal 

stent were characterized by confocal Raman 

imaging and white light interferometry. Rep-

resentative optical images of the DES sam-

ple are shown in Figure 2a to highlight the 

analysis area of interest. The confocal nature 

of the technique allowed spectra to be ac-

quired near the surface of the coating (red 

spectrum) and approximately 20 µm beneath 

the top surface (blue spectrum) as show on 

Figure 2b. The red spectrum showed bands 

consistent with rapamycin and PLA, whereas 

the blue spectrum showed bands consistent 

with Parylene. 

The spatial composition and thickness 

of the stent coatings (rapamycin + PLA + 

Parylene) were analyzed by acquiring an x-z 

cross sec tion image parallel to the major 

axis of the stent. Raman spectra were ob-

tained confocally from the top layer of the 

rapamycin/PLA coating down to approxi-

mately 20-µm sub-surface in increments of 

0.5 µm. The 1632 cm-1 band was selected to 

represent the distribution of drug and the 

band at 1607 cm-1 was selected to represent 

the distribution of Parylene. The confocal 

Raman band map is shown in Figure 2c. The 

intensit y of the band consistent with Pa-

rylene was strongest just above the metal 

sur face, whereas the intensity of the band 

consistent with rapamycin was strongest 

above the Parylene layer up to the top of 

the coating. 

Example 3: Degradation of Materials

A Polyurethane
Oxidized Polyurethane
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FIGURE 3: (a) Spectral comparison of pristine polyurethane 80A (blue) and oxidized poly-
urethane (green). The spectra show a shift of the carbonyl peak from 1614 cm-1 to 1600 cm-1, 
as well as a slight broadening of the peak as the polyurethane oxidizes. A new peak is also 
formed at 1152 cm-1. (b) Optical and Raman spectral images of a cross-sectioned 20-year ex-
planted polyurethane lead. The Raman image shows a thin 1–2-μm oxidized layer of polyure-
thane on the surface of the pristine polyurethane material.
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The average coating thickness was mea-

sured by white light interferometry. The re-

fractive index of the coating is an important 

parameter required to accurately determine 

the coating thickness. Here the refractive index 

of PLA (~1.4) was used to correct the coating 

thickness, because the refractive index of the 

coating (ratio of drug/ polymer 1:1) and drug is 

not known (12). The average coating thickness 

was measured to be 25.9 ±3.5 μm (n = 4).

Example 3: Degradation of Biomaterials 

Understanding the failure mechanism of ma-

terials can aid in the design of new and bet-

ter materials to slow the degradation of cur-

rent materials. Polyurethane has long been 

used in medical devices due to its chemical 

stability in the body over time. Explanted 

leads made of polyurethane often exhibit a 

cloudy or cracked appearance on the sur-

face of the lead in portions with mechanical 

fatigue, where superficial oxidative degra-

dation causes cracking of the surface and as 

a result appears white or opaque (13,14). In 

other areas, the sur face is unchanged, ac-

cording to the naked eye. The cracking and 

cloudiness are thought to be due to deg-

radation of the urethane. By evaluating the 

extent of chemical changes at the sur face, 

it is hoped to gain bet ter insight into the 

mechanism of degradation.

Raman spectra taken at various points 

along the cloudy surface of an explanted lead 

show chemical differences from the pristine 

or clear polyurethane. Figure 3a shows the 

cloudy regions of polyurethane exhibit a shift 

in the carbonyl peak from 1620 cm-1 to 1600 

cm-1 that is likely related to the hard segment 

chain scission and an increase in hydrogen 

bonding (15).  Additionally, there is a new 

peak that is observed at 1156 cm -1, which 

could be attributed to the C-C crosslinking 

of the soft segment that is formed during the 

degradation process.

Using confocal Raman to map these chem-

ical changes in a cross-sectioned lead sample 

provides a visual distribution of where the 

oxidized and non-oxidized polyurethane 

Example 4: Unknown material analysis in packaging
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are located. The Raman images in Figure 3b 

show a thin 1–2 μm oxidized layer of polyure-

thane at the surface of the lead tubing, and 

down into the cracked regions of the tubing. 

However, past this oxidized layer the poly-

urethane does not show further degradation.

This analysis confirms that the chemical 

degradation mechanism of the polyurethane 

is a surface degradation as opposed to a bulk 

material type of degradation such as a hy-

drolysis (13,14).  Understanding the method 

of degradation can then allow further engi-

neering of lead materials to either eliminate 

or minimize the surface degradation. Modi-

fication of polyurethane leads could include 

surface treatments such as barrier coatings, 

or additives that would help scavenge the 

oxygen and prevent surface degradation.

Example 4: Forensic Analysis of 

Unknown Material

Confocal Raman spectroscopy is well suited 

for the analysis of unknown materials that 

can originate from numerous sources during 

device manufacturing and packaging (15,16). 

The technique has excellent spatial resolu-

tion (~350 nm) for probing suspect regions of 

interest on the surface, subsurface, or bulk. In 

addition, the technique provides information 

below 650 cm-1 for inorganic species and pro-

vides complementary information to infrared 

spectroscopy (1).

For this example, an unknown green par-

ticle (approximately 0.7 cm diameter) was 

detected in the packaging of a medical de-

vice product. The particle was isolated onto 

the surface of a KBr pellet, and analyzed by 

vibrational spectroscopy to determine the 

identity of the material so its origin could 

be investigated. Raman and ATR-IR spectra 

were acquired from the particle. The spectra 

obtained for the green particle are shown in 

Figure 4. The ATR-IR spectrum (top) yielded 

signals for methyl and methylene (3000–2800 

cm-1), carbonyl (1735 cm-1, probably due to a 

conjugated ester or ketone), ester (1285 cm-1), 

and aromatic groups (3071, 3034, 1603, and 

1577 cm-1). The signals at 1125 and 1073 cm-1 

could be due to ester groups; however, fin-

gerprint bands can also appear in that range. 

Example 5: Non-destructive Analysis of Parylene Barrier Coatings
Location 1 – silicone grommet

Location 2 – polyurethane housing

Location 1 – silicone grommet

Location 2 – polyurethane housing
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thane, and Raman images showing the conformal Parylene barrier coatings on various  
substrate materials. 
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The Raman spectrum (bottom) yielded sig-

nals for aromatic (3069, 1596, and 1574 cm1), 

methyl and methylene (3000–2800, 1440, and 

1384 cm-1), and carbonyl (1719 cm-1) groups. 

Signals at 684 and 645 cm-1 are consistent 

with C-Cl bands; however, C-Cl bands typi-

cally appear over a very broad range (600–

800 cm -1), and their identif ication can be  

challenging (1).

A library search was conducted of the 

ATR-IR spectrum, and several phthalate spe-

cies were identif ied as possible matches. 

Phthalates are compounds having the gen-

eral structure of an ortho-substituted aro-

matic ring with ester side chains. Phthalates 

are commonly used to plasticize polyvinyl-

chloride (PVC). As signals that are consistent 

with C-Cl groups were observed in the Raman 

spectrum, it is likely that the green particle is 

composed of PVC heavily plasticized with a 

phthalate compound. This is consistent with 

the pliable nature of the particle.

Example 5: Non-Destructive Analysis

of Parylene Barrier Coatings

Barrier coatings are commonly used to pre-

vent interaction between a material and the 

environment in which it will be used. In the 

medical device field, there are a small sub-

set of patients who are sensitive to titanium, 

which is a tissue contacting material found 

in existing, market released devices (17).  A 

barrier coating, such as Parylene, can prevent 

further complications for a patient after hav-

ing a device implanted.

Being able to characterize coatings in a 

non-destructive manner is very useful for in-

line inspections, and quality control testing 

where the cost of the product is too great to 

sacrifice devices on a regular basis. Confo-

cal Raman is well suited for non-destructive 

analysis due to its limited interaction volume 

and the capability to image through transpar-

ent layers and films.

For this example, the thickness and uni-

formity of Parylene barrier layers covering 

silicone and polyurethane substrates were 

characterized non-destructively by generat-

ing spectral images in the x-z dimensions. 

A spectrum is collected at each pixel in the 

image, and then a par tial least square fit-

ting routine is per formed to generate the 

component distribution images. The Raman 

images in Figure 5 show the Parylene coat-

ings measure approximately 5 μm thick ,  

and show no gaps or uncoated regions along 

the substrate materials.

Conclusion

In summary, the examples provided here 

demonstrate that confocal Raman spec-

troscopy and imaging are well suited for 

the charac ter izat ion of medical devices. 

This technique provided chemical iden-

tif ication of drug polymorphs, charac ter-

ization of drug and polymer coatings, and 

identification of unknown materials, all in a 

non-destructive manner. The confocal na-

ture of the technique provides high spatially 

resolved chemical information, both laterally 

and with depth, to fur ther understand the 

composition and integrity of coatings and 

material interfaces in both transparent and 

semi-transparent samples. Confocal Raman 

spectroscopy is a great technique to com-

pliment other analytical tools in a material 

testing laboratory. 
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In Situ Enhancement of Microplastic 
Raman Signals in Water Using 
Ultrasonic Capture

Microplastic particles in aqueous ecosystems constitute a worldwide environmental problem. 

Raman spectroscopy is uniquely positioned to detect and classify even the smallest, and 

most abundant, particle sizes, down to micrometers in size. However, the current “filter and 

scan” method used to concentrate and detect dilute microplastics in water is slow, and prone 

to contamination from handling and interference from the filter substrate. Here, we present 

a simpler approach to concentrate the particles in situ, without any sample preparation, in 

the focus of a Raman probe. The technique uses an ultrasonic resonator with a 2 MHz stand-

ing acoustic wave to capture 3.4 µm poly(methyl methacrylate) (PMMA) microspheres in the 

sample solution for direct detection. When tested with a 90 ppm solution, ultrasonic capture 

for 5 min enabled a clear PMMA Raman signal to be distinguished from the background. The 

signal enhancement provided by ultrasonic capture was estimated to be greater than 1500x. 

Samantha Derksen, Christoph Gasser, Stefan Radel, 

Dieter Bingemann, Cicely Rathmell, and David Creasey

T he majority of plastics, like the 78 million 

tons of plastic packaging manufactured 

every year, is produced for single-use 

items, approximately a third of which ends up in 

the ocean (at the rate of one garbage truck every 

minute). Engulfed by these vast waters, it gradually 

breaks apart into progressively smaller particles, 

and eventually enters the food chain as microplas-

tics, which are defined as plastic particles smaller 

than 5 mm in size. Slowly, and unbeknownst to the 

world until recently, microplastic particles have 

spread to every continent, ocean (1–3), the air (4), 

and most food and beverages (5–8). 

Studies into the nature and distribution of 

microplastics across the world have found both 

bottled and ocean water to contain concentra-

tions on the order of 100 particles per liter of 

microplastics 5 µm or larger in size, and several 

1000s of microplastic particles greater than or 

equal to 1 µm in size. The most common micro-

plastic particles found are polypropylene (PP), 

polyethylene (PE), polyethylene terephthalate 

(PET) in drinking water, and PE, PP, and polysty-

rene (PS) in the ocean.

Currently, the most common approach to 

detecting microplastics requires filtering large 

sample volumes of water to concentrate par-

ticles for detection, then scanning the filter 

substrate for any particles (9), and chemically 

identifying the particles with Fourier-transform 

infrared spectroscopy (FT-IR) or Raman spec-

troscopy (10–11). However, this approach is 

very time-consuming (12), and can be prone to 

contamination of the filter and to interference 
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from the filter material itself (13). This approach 

has shown variable sensitivity to the most abun-

dant, but smallest, particles (14). Furthermore, 

the lack of a unified protocol for filtering and 

detection leads to inconsistent results, and thus 

compromises the collection and comparison of 

quantitative data for global monitoring (15–19).

Raman microscopy on filter substrates is cur-

rently the only tool capable of detecting and 

identifying the smallest, and most numerous, 

particles of 20 µm in size or less, as its short 

wavelength, tight laser focus, and ability to ras-

ter systematically across the sample is sensitive 

to even small particles at low density. However, 

Raman microscopy in the present form uses 

large bench top-sized instruments, scanning 

slowly across the membrane used for the fil-

tration of a water sample. As one review put it: 

“There is an urgent need for a fast and easily 

implementable monitoring tool capable of de-

tecting small microplastics (20).” 

Instead of filtration, a different approach to 

capture and bring these microparticles to the 

point of measurement is proposed here as a 

proof of concept investigation (21). It employs 

a strong ultrasonic standing wave of about 2 

MHz frequency in a resonator composed of 

a piezo transducer on one end and a Raman 

probe on the other. Small particles are trapped 

in the nodes of the standing wave field, where 

they are held by acoustic radiation forces (22). 

If one of the nodal planes of the ultrasonic trap 

is colocated with the laser focus of a Raman im-

mersion probe, the particles can immediately 

be studied in situ. A trap of this design can be 

employed directly in the sample stream as col-

lected, bypassing all preparation steps. This re-

duces the analysis time from hours to minutes, 

prevents any contamination of the sample from 

handling, and eliminates the Raman background 

commonly seen when concentrating samples 

onto a filter in the currently accepted method.

Materials and Methods

The Raman system consisted of a compact 

Wasatch Photonics WP 785 Raman spectrometer 

with an integrated 785-nm laser set to 350-mW, 

equipped with a temperature-regulated CCD 

detector, and a 50 µm slit leading to a resolu-

tion of 10 cm-1. The spectrometer was chosen 

for its f/1.3 input aperture and transmissive op-

tical design, as the application requires a high 

Reflector
(Probe)

Transducer

FIGURE 1: An ultrasonic standing wave formed between a piezo transducer and a Ra-
man probe used as the reflector captures small particles in its nodes.
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degree of sensitivity in a portable design to 

enable eventual deployment in the field. The 

laser and spectrometer were fiber-coupled to a 

Raman probe with a 1/2” immersion probe tip 

terminated by a sapphire ball lens with a very 

short working distance. 

The ultrasonic resonator used for particle 

capture, soniccatch by usePAT, has been de-

scribed in detail elsewhere (23). Briefly, a piezo-

electric transducer generates the outgoing ul-

trasonic wave with an approximate frequency of 

2 MHz, while the Raman probe ball lens forms 

the reflector for the resonator at a distance of 

about 3 mm from the surface of the transducer. 

Superposition of the incoming and reflected 

waves generates a standing wave with a small 

number of nodes, as shown in Figure 1. 

The radiation forces imposed by the ultra-

sonic wave are predominantly dependent on the 

particle size, but also depend on their mass den-

sity and compressibility relative to the medium. 

The forces exerted are due to the scattering of 

the wave at the particles’ surfaces, and lead to 

agglomerations in the nodal or anti-nodal re-

gions of the standing wave (23).

The resonator assembly consisting of the 

ultrasonic transducer and the Raman probe 

was lowered directly into a stirred 90-ppm sus-

pension of 3.4 µm poly(methyl methacrylate) 

(PMMA) microspheres in water, in which the 

microspheres had been dispersed with a drop 

of detergent. PMMA is a lightweight, transpar-

ent plastic most commonly known as acrylic or 

plexiglass, and is also used as microbeads in 

personal care products.

The integration time of the spectrometer was 

set to 2.5 s, and 500 individual non-averaged 

spectra were continuously recorded for each 

experiment. Five repeat runs were performed, 

four in which ultrasonic capture was activated at 

the beginning of each run, and one static refer-

ence run (no capture).

Results and Discussion

Comparing the Raman spectra with and without 

ultrasonic capture of the PMMA microspheres, 

as shown in the bottom panel of Figure 2, we 

identified three main contributions to the sig-

nal arising from the sample and setup. The first 

contribution comes from a series of bands at 
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FIGURE 2: Trapped PMMA microspheres. (a) Raman spectrum of neat PMMA for com-
parison. (b) Raman spectra of 90 ppm dispersion of PMMA microspheres with and 
without the ultrasonic trap.
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~414 cm-1, ~574 cm-1, and 748 cm-1, present in all 

spectra, which do not change with ultrasonic 

capture. These were attributed to the sapphire 

of the ball probe lens, an effect also reported 

in Raman imaging using sapphire fiber (24). The 

second contribution, present in all spectra with 

ultrasonic capture in the steady state, agrees 

well with a bulk PMMA signal shown for com-

parison in the top panel of Figure 2, with key 

peaks at ~596 cm-1, ~812 cm-1, 970 cm-1, 990 cm-1, 

~1450 cm-1, and ~1725 cm-1. The third contribu-

tion, a broader peak at roughly ~1640 cm-1, was 

present without ultrasonic capture, but disap-

peared over time once capture was activated. 

This more elusive signal can be attributed to the 

front window of the transducer. As particles are 

trapped, the Raman laser no longer reaches the 

surface of the transducer, but instead gets scat-

tered by the trapped particles, leading to the 

marked reduction in signal and to the enhance-

ment of the signal of the particles of interest. A 

direct comparison of the Raman spectra with 

and without ultrasonic capture to bulk PMMA in 

Figure 2 indicates that trapping leads to a large 

enhancement of the PMMA signal. The differ-

ence is distinct, from no discernible signal with-

out ultrasonic capture to a very large and clean 

signal after ultrasonic trapping is activated. 

To study the ultrasonic capture process in 

greater detail, we recorded the Raman signal 

as a time series after activating the ultrasonic 

transducer and were able to observe the contin-

uous evolution of the PMMA trapping in time as 

illustrated in Figure 3. Here, we have bound the 

region associated with the main PMMA Raman 

lines using vertical lines just beyond 750 cm-1 

and 1500 cm-1. In this region, we subtracted the 

baseline to obtain a clearer illustration of the 

growth of the PMMA signal in time (Figure 4). 

The asymmetric least squares (ALS) method (25) 

(26) was used for baseline correction. 

With background subtraction applied, the 

PMMA signal was clearly seen to rise after an 

initial induction period with no discernible sig-

nal change, during which we saw no indication 

of any PMMA signal in the baseline to indicate 

ultrasonic capture. Once initiated, the signal 

grew and reached a maximum quickly.

For a quantitative analysis, we separated the 

signal contributions to the spectra set using 

multivariate curve resolution (MCR). MCR is an 

iterative method that can be used to identify a 
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baseline correction.
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potential separation of the spectra set into fixed 

component spectra and time-varying contribu-

tions for each component. This separation is 

“ill-defined,” and does not lead to a unique so-

lution, that is, the results depend on the initial 

guess for the spectra. As we already expected 

three independent contributions (dip probe, 

PMMA, and transducer), we limited the decom-

position to three components and seeded the 

analysis with the first three loadings from the 

principal component analysis (PCA) of the same 

spectra, setting those three component spectra 

as our initial guesses for the MCR spectra. 

In addition, we enforced additional non-

negative constraints on both the component 

spectra and the component contributions of 

the separation, an approach known as the ALS 

(alternative least squares) variant of MCR (27). 

This matches the expectations of actual spec-

tra and “concentrations”, each of which would 

be expected to contribute additively to the ob-

served spectra.

Figure 5 shows the component spectra re-

sulting from the MCR-ALS analysis. We assigned 

components 1 and 3 to the Raman signal aris-

ing from the dip probe and the transducer, and 

component 2 to the Raman signal from the 

PMMA microspheres in solution. Comparison 

to the Raman spectrum of neat PMMA (Figure 

2, top panel) shows very good agreement; the 

PMMA component spectrum shows little inter-

ference from the signal caused by the setup 

(sapphire ball lens or transducer material).

The MCR-ALS result for the time-varying con-

tribution of component 2, which we assigned to 

PMMA, can be interpreted as the time evolution 

of the PMMA signal, as shown in Figure 6 for 

four independent repeat runs of the same ex-

periment. The figure presents a similar growth 

curve of the signal for each run, with an induction 

period of approximately 250 s, and a full, steady 

state PMMA signal after about 1000 s. The rapid 

signal evolution after the initial induction period 

may be due to a feedback effect in which cap-

tured PMMA particles slow down other particles 

near the trapping nodes of the standing wave.

To determine the Raman signal enhance-

ment for PMMA attributable to ultrasonic cap-

ture in the 90 ppm dispersion, we averaged 

the MCR-ALS result for the contribution of the 

component assigned to PMMA with and without 

ultrasonic trapping activated. The average for 

the signal with trapping is formed across all four 

runs for all measurements past the 1000 second 

Raman shift (cm-1)

Co
rr

. s
ig

na
l (

kc
ts

/s
)

2

1

0

Time (s)
1250
1000
750
500
250

800 1000 1200 1400
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Raman Spectroscopy as a PAT Tool for Continuous 
Manufacturing of Solid-Dose Pharmaceutical Products
Maryann Cuellar, Life Sciences Product Manager, Kaiser Optical Systems, Inc. 

In-line monitoring of blend uniformity in 
powder streams by Raman spectroscopy

T raditional pharmaceutical manufacturing 
uses a batch approach in which product is 

collected after each unit operation. Material is 
sent to an off-line laboratory for analysis, and 
the product is held up until the test results 
are received. This stop/start system is very 
time-consuming and inefficient, as the entire 
process may take days, or even weeks. In con-
trast, continuous manufacturing connects all 
the individual unit operations so that they con-
tinuously feed into one another. Material can 
be monitored during the process, which can 
then be adjusted based upon the in-process 
measurements. There are many economic, en-
gineering, and environmental benefits to con-
tinuous manufacturing, both for small molecule 
and biopharmaceutical products(1,2).

An important consideration in successful 
continuous manufacturing is integrating 
analytical tools into the reaction flow. In batch 
reaction monitoring, on-line and at-line analyses 
enable Quality by Design (QbD) and ensure 
stable operations. There is a clear need for 
rugged and validated analytical tools which 
will meet the specific needs for continuous 
reaction monitoring. Intense reaction conditions, 
non-traditional chemistries and miniaturized 
reactors of continuous reactions are challenging 
environments for analytical tools originally 
developed for batch reaction monitoring. 
ronments for analytical tools originally 
developed for batch reaction monitoring.

Process analytical technology (PAT) plays a 
vital role in batch or continuous manufacturing, 
where monitoring and control functions ensure 
quality in real time and help to keep the process 
running uninterrupted. Near-infrared (NIR) and 
Raman spectroscopy are commonly used for 
process monitoring and control because they 
are both fast and easy to implement. However, 
NIR can be affected by physical characteristics 
of a sample, such as particle size, which 
makes quantification of low concentrations 
challenging. Raman spectroscopy offers an 
advantage over NIR because it has higher 
chemical specificity, higher accuracy when 
quantifying low concentration materials, and 

is less affected by the physical attributes of 
a sample. Active pharmaceutical ingredients 
(APIs) are excellent Raman scatterers, making 
the technology more amenable to monitoring in 
pharmaceutical manufacturing. Development 
of continuous processes and incorporation of 
PAT into these processes is a topic of intense 
research, involving academic, industrial, and 
regulatory scientists.

C-SOPS continuous manufacturing facility
The Center for Structured Organic Particulate 
Systems (C-SOPS) at Rutgers University is 
a research hub where academia, industry, 
and regulators meet (vir tually) to develop 
and refine the next generation of advanced 
pharmaceutical manufacturing. The C-SOPS 
continuous manufacturing line is currently 
being used for the development and 
implementation of a continuous process for 
pharmaceutical tablet production. The C-SOPS 
continuous direct compression manufacturing 
line is shown in Figure 1. Ingredients flow from 
the feeders, through the mill and blender, to 
the tablet press. Critical quality attributes 
(CQAs) of a continuous manufacturing line 
call for monitoring the final product and 
intermediates, and blend uniformity (BU) must 
be measured as part of ensuring the final 
product quality. A Kaiser PhAT Raman probe 
was mounted between the blender and tablet 
press to measure the composition of the blend 
before tableting. A NIR probe may also be 
installed instead of a Raman probe.

Raman spectroscopy as a PAT
Raman spectroscopy is an optical spectroscopy 
technique based on inelastically scattered 
light. The resulting Raman spectrum provides 
a “molecular fingerprint” of the sample, 
enabling analysis of chemical composition and 
molecular structure without sample preparation. 
Instrumentation used to collect a Raman 
spectrum includes a light source, sampling 
optics, signal collection optics (interchangeably 
called a spectrograph or spectrometer), and a 
low-noise detector. The light source, typically 
a laser, is delivered to the sample either by 
free-standing optics or a fiber-optic. Sampling 

http://www.kosi.com
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flexibility is a significant benefit of Raman, 
with sampling available in a microscope, 
sample chambers, or fiber-optic probes for 
immersion sampling or through sight glass. A 
spectrograph based on holographic volume 
technology enables simultaneous collection of 
all wavelengths without moving parts, resulting 
in a fast, robust and reliable instrument.

Since the 1980’s, Raman has been used to ex-
amine API. Applications of Raman spectroscopy 
in small molecule pharmaceuticals have surged 
in the past three decades as laser, sampling 
and detector technology have improved. Be-
cause of these technological advances, Raman 
spectroscopy is a practical analysis technique 
inside and outside the laboratory. Industrial 
use of Raman spectroscopy in bioprocessing 
has been reported since 2011, with demon-
strated value from scientific understanding to 
process control (3,4).

Figure 1: The C-SOPS continuous manufacturing facility. Images courtesy of Prof. Doug Hausner.

Model development and transfer
Model development, validation, and verification 
are important aspects in regulatory guidance on 
PAT as noted in ICH Q8/Q9/Q10. The regulatory 
framework ensures that the PAT and the analyti-
cal model is fit for purpose and well integrated 
into a risk-based manufacturing approach, 
whether it is a batch or continuous approach. 
Calibration of the in-line sensors is essential to 
ensure that critical quality attributes (CQA) are 
manufactured within the design space, ensur-
ing safety and efficacy. In five-second measure-
ments of a 30 kg/hr production line, the amount 
of sample being interrogated using Raman 
spectroscopy is 165 mg, while NIR analyzes 90 
mg. Thus, for a 350-mg tablet, Raman measures 
almost half a tablet, and NIR only about one-
quarter. Thus, Raman leads to a higher level of 
process monitoring and understanding, which 
can be a benefit for regulatory compliance.

http://www.kosi.com
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Calibration of the mass flow and spectros-
copy sensors using the manufacturing would 
be dif ficult with the typical f low of 45 kg/hr. 
Thus, the C-SOPS continuous manufacturing 
line was calibrated using an off-line procedure 
that mimics the flow within the actual line. A 
laboratory model was developed, as shown in 
Figure 2. A stainless-steel chute of the off-line 
calibration mechanism contained windows for 
mounting Raman and NIR sensors, and a win-
dow allowed visual inspection of the powder fill 
level. The Raman window was opaque to reduce 
stray light from reaching the detector. A feed 
frame on the apparatus controlled the rate of 
powder flow.

The off-line model was built using a standard 
blend of acetaminophen (APAP) with magnesium 
stearate lubricant and lactose filler, then trans-
ferred to the C-SOPS continuous manufacturing 
line. A calibration and validation model dataset 
was performed using the laboratory system, then 
the analytical model transferred to the continu-
ous line and tested with a prediction set. The % 
API ranged from 1-11% w/w for the calibration and 
validation sets, and the prediction set was run at 2 
and 10% w/w API. For the calibration set, the flow 
rate was 25-30 kg/hr; for the validation set, the flow 
rate was 9-15 kg/hr; for the prediction set, the flow 
rate was 15 and 30 kg/hr. Raman and NIR spectra 
were collected throughout the flow and optimized 

Figure 2: A laboratory model of the continuous manufacturing line was set up to model the product flow and 
integration of PAT tools. Briefly, the chute is composed of a stainless-steel pipe and windows for visual inspection 
of the powder level and for mounting the spectroscopy probes. Sensors were mounted on the chute and multiple 
tests for light interference were conducted. The feed frame and rotary valve were placed at the exit of the chute, 
which enables powder to flow at the desired speed, and the mass of the exiting powder was weighed with an 
analytical balance. Images courtesy of Prof. Doug Hausner.

http://www.kosi.com
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to balance collection frequency and signal to noise. 
Reference UV-vis and HPLC measurements were 
collected offline for the calibration, validation and 
prediction samples.

Univariate or multivariate data analysis is simpli-
fied when peaks from the active pharmaceutical 
ingredient (API) are well resolved from excipients. 
The standard formulation of APAP, magnesium 
stearate and lactose was chosen not only for its 
flow and blending properties, but also for their 
well-resolved spectral features. The spectral reso-
lution of APAP from excipients is shown in Figure 
3. This figure also shows how the high specificity of 
Raman spectroscopy can improve material identi-
fication and quantification. The Raman spectrum 
of APAP (bottom spectra, blue) have unique bands 
in the 600-850 cm-1 and 1500-1700 cm-1 spectral 
regions, distinguishing APAP from the excipients. 
The NIR spectrum of APAP has many overlapping 
spectral regions, but there was a weak envelope at 
1040–1210 cm-1 unique to APAP.

Process conditions such as feed rate, mill 
screen, blending speed, and chute height were 
varied to test the model under realistic condi-
tions. Process conditions were varied to ensure 
that the model variables were independent. 
Taking these parameters under consideration 
enabled a robust design space for principal 
component analysis (PCA) calculations and 
improved confidence in the calibration meth-
od. Slight spreading of the data points was 
observed in the NIR data compared to Raman 
data in the PCA. This was likely caused by sub-
tle changes in the material properties, which 
do not affect Raman results. Therefore, the 
calibration model for the formulation based on 
Raman spectroscopy was more robust.

NIR- and Raman-predicted API concentration 
measurements post-blending were compared 
against with reference off-line NIR and 
dissolution/UV measurements.5 A comparison 
of on-line and off-line quantification results can 

Figure 3: NIR (top left) and Raman (bottom right) spectra of a model API and excipients. Data courtesy of 
Prof. Doug Hausner.

http://www.kosi.com
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be seen in Figure 4. The plot on the left shows 
that on-line predictions are in good agreement 
with the reference off-line measurement 
and show that the Raman and NIR in-line 
measurements provide the same data but 
without needing to collect a sample from the 
line. The plot on the right side of Figure 4 shows 
Raman-predicted API concentration tracks with 
changes in the feed rate.

Automated process monitoring  
and control

Feedback and feedforward loops are two 
benefits of continuous manufacturing over 
batch processes. Automated feedback loops 
incorporate process sensors and process 
control functions to enable in-process 
corrections and improve process efficiency. 
Control loops in the C-SOPS process were 
designed to send a signal to the feeder 
control if a sensor detected an error in blend 
composition. For example, if the blend appears 
to be sub-potent, a signal was sent to the 
feeder to increase the API feed rate and insert 
more API into the process. A schematic of the 
automation and real-time release (RTR) process 
is shown in Figure 5. Continuous manufacturing 

with automated sensing and feedback-based 
process control saved considerable time and 
materials compared to a batch process.

Predicted dissolution
The standard technique for measuring a tab-
let’s efficacy and API concentration is dissolu-
tion. Conventional dissolution measurements 
require materials to be removed from the pro-
cess line, is a destructive technique, and the 
relatively small number of tablets sampled may 
not be representative of the batch. Moreover, 
dissolution can take up to an hour and that tim-
escale is not compatible with continuous manu-
facturing rates. To support a real-time release 
strategy of continuously produced tablets, a 
dissolution prediction model was developed 
to support the C-SOPS process line. Figure 6 
shows an overview of the dissolution predic-
tion model. First, the dissolution mechanism 
was identified, such as immediate release or 
controlled release. It was important to under-
stand enough about the dissolution mechanism 
to set-up a program to explore the variability 
around it. Using experimental design, several 
tablets were produced with varying amounts of 
super-disintegrant, API, and compression force. 

Figure 4: Left: Comparison of API % from four measurements during a continuous line run: in-line Raman 
and NIR sensors post blending, off-line tablet measurements using UV-Vis and NIR  Right: Comparison of API % 
initiated by feeders and predicted using in-line Raman and NIR sensors post the blending stage. Data courtesy 
of Prof. Doug Hausner.

http://www.kosi.com
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These model tablets were used to build data 
sets for studying the variability.

The tablets were analyzed using Raman (or NIR) 
as well as traditional dissolution measurements. 
Two data sets were then correlated using 
multilinear regression, which revealed how 
the dissolution profiles and variances related 
to changes in the Raman spectra. From that 
information, an equation was defined that yielded 
a simulated dissolution profile  The advantage of 
continuous manufacturing is that the dissolution 
model data set can be obtained concurrently 
with process development. Producing tablets 
with different process conditions every five 
minutes allows the generation of many different 

levels of process conditions, which facilitates 
rapid exploration of the process.

Conclusions
Continuous manufacturing has been 
successfully extended to solid materials used 
to produce pharmaceutical tablets at the 
C-SOPS facility. The line utilized a unique 
system for building calibration models for 
moving powders. Raman spectroscopy and 
NIR was used to monitor blend uniformity 
post-blend. Both in-line spectroscopic models 
were validated with traditional wet chemistry 
techniques. Feedback and feedforward control 

!

Figure 5: Schematic showing workflow for automation and real-time release. Image courtesy of Prof. Doug 
Hausner.

http://www.kosi.com
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loops detected defects in the powder stream 
to make immediate corrections and minimize 
loss of materials and time. The demonstrated 
traceability of materials through the process 
reveals the effect of process variables, which 
leads to greater understanding of the process. 
The addition of Raman spectroscopy as a PAT 
tool improved process knowledge, efficiency, 
and robustness for a continuous manufacturing 
approach to pharmaceutical tablets.
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mark (steady state capture), leading to an aver-

age signal of about 23,100 (arbitrary units).

For the reference signal, we used a separate 

experiment with the same sample in the same 

setup, but without trapping activated, and de-

termined the MCR-ALS signal contributions 

using the same decomposition as used in the 

four runs with trapping activated. Averaging 

over the entire run of 100 spectra, we found a 

reference signal of 15±20 (arbitrary units) with 

the uncertainty given by the standard deviation 

across the 100 spectra. Even at “one sigma,” this 

signal is not significantly different from zero, lim-

iting the possibilities of standard approaches for 

calculation of a lower limit for the enhancement 

factor. Though the true magnitude of the en-

hancement factor for ultrasonic capture cannot 

be fully quantified, a minimum enhancement of 

1500x can safely be reported using this refer-

ence signal value.

Conclusion

Growing concern over the increasing presence 

of microplastics in our environment and their 

potential environmental impact has heightened 

the need for a simple, robust, and portable 

measurement method. Capture of PMMA mi-

crospheres with an ultrasonic standing wave for 

direct detection using a compact Raman system 

is one possible alternative to current filtration-

based methods. Here, we demonstrated a more 

than 1500-fold enhancement of the Raman sig-

nal using ultrasonic capture and a dip probe 

from a 90 ppm suspension in water. The cap-

tured microplastic sample amount increased in 

time up to the capacity of the resonator trap, 

reaching the full enhancement in about 500 s. 

While still experimental, the method shows a 

possible route to microplastic measurements in 

water requiring little to no sample preparation, 

and which can be performed using compact, 

portable instrumentation in the field.
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Characterization of TiO2 
Nanopowders by Raman 
Spectroscopy 

Raman spectroscopy has been successfully used to study the microscopic nature of the 

structural and morphological properties of nanopowders. Nanoparticles of titanium 

dioxide (TiO2) are essential parts of dye-sensitized solar cells and materials for catalysis. 

Dye-sensitized solar cells are advantageous alternatives to conventional solid-state photo-

voltaic devices because of performance, environmental compatibility, and cost. Grain size 

and thickness of TiO2 film show a dominant effect on the efficiency of the photovoltaic 

devices. We have investigated commercial TiO2 nanopowders with different sizes using 

Raman spectroscopy. The conservation of momentum for light scattering from the phonons 

means that the only modes at the center of Brillouin Zone (q = 0) are Raman active. The 

localization of phonons in nanoscale materials leads to the relaxation of this selection rule. 

It gives rise to an increase in the number of Raman active modes away from the center of 

the Brillouin zone, and, therefore, results in peak shifts and broadening. This study pres-

ents and compares the details of the evolution of the Eg band at 142.9 cm-1 from different 

nanopowders. This research likewise discusses experimental results in the frame of the 

model of confined phonons. It was found that the Raman spectra of nanopowders are very 

sensitive to methods and preparation conditions. 

S. Mamedov

T he  past few decades been rapidly 

emerging as the era of nanotechnol-

ogy. The technological applications 

grow when an understanding of the funda-

mental properties of nanomaterials as a func-

tion of grain or particle size allows us to pre-

dict it. Grain size and thickness of titanium 

dioxide (TiO2) film have shown a dominant 

effect on the efficiency of the photovoltaic 

devices and the application in catalysis (1–4). 

Nanomaterials synthesized by various meth-

ods and the properties of nanomaterials with 

the same size of grains may be different. This 

effect is due to defects in structures. Isolated 

or weakly connected nanoparticles form a 

nanopowder. Raman scat tering, a nonde-

structive technique that is comparable with 

other methods used for characterization of 

nanopowders, requires only a small quantity 

of a sample and has a shor t measurement 

time. Peak position and width of the Raman 

band are susceptible to the local structure 

of the materials. The purpose of this study 

is to develop the understanding relationship 

between grain size and the structure and 

properties of commercial TiO2 nanopowders.

A mong t he t h ree na t u r a l  pha se s o f 

T iO 2,  (w h ic h inc lude r u t i le and brook-
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i te),  the anatase phase i s the most im-

por tant in applicat ions of catalys is and 

dye -sens i t i zed so lar ce l l s .  The c r ys ta l -

line structure of anatase is tetragonal; the 

unit cell composes of two primitive cells, 

each with two TiO2 units (space group is  
D19

4h ). Group theory predicts six Raman active 

modes, which are Eg at 144 cm-1, Eg at 197 

cm-1, B1g at 399 cm-1, B1g at 513 cm-1, A1g at 519 

cm-1, and Eg at 638.2 cm-1 (5–7). Our primary 

interest is the Eg mode at 142.9 cm-1, due to 

its being very sharp and intense. 

Theory

The properties of nanopowder do not differ 

from those of the bulk, unless the dimension 

of grains is less than 10 to 20 nm. Raman scat-

tering probes only the optical phonons in the 

center of the Brillouin zone (q = 0). This selec-

tion rule is mainly a consequence of the infi-

nite periodicity of the crystal lattice (L →∞). 

The wavefunction of phonons with wavevec-

tor q = 0 defines by equation 1:

                   
 [1]

where u (q 0 ,r ) has a periodicity of lat tice. 

Therefore, ∆q=2π/L → ∞, ∆q/q = 0; one would 

expect that the line shape of the Raman band 

will be Lorentzian. The f irst-order Raman 

spectrum can be calculated by integrating 

the contribution of all phonons over the Bril-

louin zone and expressed by equation 2:

 

          
[2]

where ωi(q) is a phonon dispersion curve, and 

Γ0 is the natural line width of the center zone 

optical phonon in an infinite crystal.

In the case of nanocrystalline materials, 

the periodicity of the crystal is interrupted, 

and this rule is relaxed. In an isolated grain, 

the phonon can remain confined within the 

grain. For a spherical particle of size L, the 

phonon wavefunction decays to a minimal 
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value close to the boundary. The function 

Φ(q0,r) in equation 1 may be replaced by a 

new function Ψ(q0,r) according to equation 3:

[3]

where W (r, L) is a phonon weight function. 

There are several weight func t ions pro-

posed for an isolated grain. These are: 1) 

Gaussian function, W (r, L) = exp (-αr2/L2) (8); 

2) function by analogy with the ground elec-

tron state of an electron in a hard-sphere,  

W (r, L) = sin (αr )/ αr  (9); and 3) function by 

analogy with a wave in a lossy medium,  

W (r, L) = exp (-αr) (9). Parameter α will define 

how fast the amplitude of the phonon decays 

toward the boundary. For some nanomateri-

als, rigid confinement of the phonons (ampli-

tude vanished at the boundary) in nanocrys-

tals is required to explain experimental data. 

When phonons are confined in nanocrys-

tals, wavefunction Ψ(q0,r) is no longer an ei-

genfunction of the phonon at q0 = 0. Instead, 

it is a superposition of eigenfunctions with 

the q vector in an interval of │q – q0│, cen-

tered at q0. Ψ’ (q0,r ) with a possible expan-

sion in a Fourier series (equation 4):

 
[4]

and Fourier coefficients C (q0,q) (equation 5): 

 
[5]

Let us as sume that u (q ,r )= u (q 0, r ) ,  and 

that phonon transit ions matr ix elements  

|<q 0 |  Ô |q>| 2 for q ≠q 0 have a non-zero 

value. The eigenfunc t ions are weighted  

through coef ficients C (q0,q ) according to 

equation 6:

[6]

where Ô is a photo-phonon operator. In this 

case, the first-order Raman spectrum is ex-

pressed by equation 7:
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FIGURE 2: Raman spectra of TiO2 nanopowders: (a) 30 nm and 15 nm samples are 
from USRNM, and 5 nm sample is from NAM; (b) spectra of 5 nm nanopowder from 
USRM taken in different spots (see text for details).
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[7]

The additional contribution to the Raman 

spectrum from these phonons results in an 

asymmetric broadening of the line shape. 

The increased intensity in the high or low 

wavenumber side of the Raman band arises 

f rom the contr ibut ion of ei ther posi t ive  

(ω i > ω0) or negative dispersion (ω i < ω0) of 

the phonon branch away from the center of 

Brillouin zone. A dispersion curve assumes to 

be isotropic. Depending on the material, it 

may be approximated by several functions as  

ω(q ) = ω0 + A [1 - cos(qa)] (11), or parabolic 

ω(q) = ω0 + βq2] (10). The ω0 is the frequency 

of the phonon in the center of the Brillouin 

zone, while α is the lat tice parameter. The 

zone boundary corresponds to qα = π and 

A, β are parameters specific to the material.

Experiment

TiO2 nanopowders from two vendors were 

used for this s tudy. One is US Research 

NanoMaterrials Inc. (USRNM), which pro-

vides nanopowders with the following pro-

file: purity 99.98% Super Grade, APS ( 30 nm, 

15 nm, and 5 nm) and SSA: 50 m2/g, 60 m2/g, 

and 50 m 2/g, respec t ively. Color : white; 

bulk density: 0.42 g/cm3, 0.22 g/cm3, and  

0.42 g/cm3, respectively. True Density: 3.9 

g/cm3; pH: 5.5-6.5, Loss of weight in drying: 

1%; loss of weight on ignition: 3%. The other 

supplier was Nanostructured & Amorphous 

Materials (NAM), which provides nanopow-

der with purity: 99.8%; SSA: 150–300 m2/g; 

color: white; APS: 5 nm; bulk density: 0.25-

0.3 g/cm3. The single crystal of anatase was 

from Roy Harltburt Minerals, with a size of 

2 x 3 x 4 mm.

Raman spectra of the samples were col-

lected at room temperature in a backscat-

tering configuration using a LabRam Evolu-

tion Raman microscope (Horiba Scientific) 

equipped with an Olympus BX-41 micro-

scope (objective x100, NA 0.9), TE cooled 

CCD d etec tor  (Sy napse OE 1024x 25 6) , 
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FIGURE 3: Raman spectrum and fitting parameters of the Eg band for 30 nm nanopow-
der of TiO2.
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Horiba Scientific), 632.8 nm HeNe laser, and 

1800 gr/mm grating. The spectral resolution 

of the instrument was 0.35 cm-1. The laser 

power was 7 mW, and the acquisition time 

was between 2 and 20 s depending on the 

sample. Two to ten spectra were registered 

for each sample at a dif ferent position to 

verify sample homogeneity and the absence 

of photoinduced phenomena. The reference 

spectrum of Si (peak position of 520.6 cm-1) 

was measured after each spectrum to avoid 

temperature drif t.

Results and Discussion

The unpolarized Raman spectrum of crystal-

line anatase is shown in Figure 1. The Raman 

peaks observed at 142.9, 196.5, 396.5, 514.4, 

521.0, and 638.2 cm−1 are assigned as the Eg, 

Eg, B1g, B1g, A1g and Eg modes of the anatase 

phase, respectively. The position of peaks 

is in agreement with previously repor ted  

data (5–7). 

Raman spec tra of c r ys tal l ine anatase 

and TiO2 nanopowders from USRNM with 

a grain size of 30 nm and 15 nm are shown 

in Figure 2a. The Raman band at ~142.9 

cm−1 for nanopowders becomes broader 

with decreasing the grain size and shif ts 

for that of the TiO2 crystal. The spectra of 

the 5 nm nanopowder taken in 10 dif fer-

ent spots are not reproducible from point 

to point and show in Figure 2b. From the 

Raman spec troscopy point of view, 5 nm 

nanopowder is not considered a homo-

geneous material on the scale of the spot 

size of the focused laser, which is 430 nm 

((0.61 × λ) ⁄ (N.A.); λ = 0.6328 μ, N.A. = 0.9).  

Because of that, 5 nm nanopowder f rom 

USRNM was excluded f rom future work . 

Nanopowders with a grain size of 30 nm and 

15 nm show excellent reproducibility of the 

position and spectral line shape in different 

spots. Raman spectra of nanopowder with 

a grain size of 5 nm from NAM is shown in  
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FIGURE 4: Raman spectrum and fitting parameters of the Eg band for 15 nm nanopow-
der of TiO2.
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Figure 2a. Spectra taken at dif ferent points 

are reproducible. The grain size for two 

of these 5 nm nanopowder samples (from 

NSRNM and NAM) are reported to be the 

same; however, Raman spectra reveal sig-

nificant differences in the materials. 

The broadening and shift of the Raman peak 

at 142.9 cm-1 observed in the spectra can be 

originated to the surface pressure or confine-

ment effects. It is unlikely that there is a shift in 

the position and line shape of the Raman band 

due to the surface pressure or stress and strain. 

These materials are in the form of nanopowder, 

which is isolated or weakly connected nanoparti-

cles. In nanopowder, nanoparticles are free and 

not embedded in any medium. Therefore, pho-

non confinement is the main cause of this phe-

nomenon. The occurrence of the strong line at 

142.9 cm−1 indicates that the TiO2 nanopowders 

possess a certain degree of long-range order.  

The broadening of the peak compared with 

the single crystal, and a shoulder from the 

high wavenumber side suggests the contri-

bution of the phonons away from the cen-

ter of the Brillouin zone. Among many pro-

posed confinement functions, the Gaussian  

confinement function

  
[8]

is a simple model considering that particles 

are homogeneous spheres, and the param-

eter α defines how fast the wavefunc tion 

decays when approaching the  boundary. In 

this case, weight coefficient |C (0,q)|2 will be 

expressed by equation 9:

 [9]

The L is the diameter of nanoparticle, while α 

is a parameter, which is specific to the mate-

rial. A phonon amplitude decays toward the 

boundary of the nanoparticle at 2r/L = 1 at the 

actual boundary determined by α. Rigid con-

finement, at which the amplitude of the pho-

nons vanished at the boundary, corresponds 

to a larger α value. 
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FIGURE 5: Raman spectrum and fitting parameters of the Eg band for 5 nm nanopow-
der of TiO2.
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FIGURE 6: Raman spectrum and fitting parameters of the Eg band for 5 nm nanopow-
der of TiO2.

As a model of the phonon dispersion 

curve, we use the analytical expression 10:

 [10]

with parameter of A = 20, with a being a lat-

tice parameter and zone boundary corre-

sponding to the qa = π (11,12). Based on this 

model, parameters of the Eg band of TiO2 

were calculated, assuming that the central 

frequency is 142.9 cm-1; this frequency does 

not change with the size of the grains. 

The insert in Figure 1 shows the Raman 

spectrum of crystalline TiO2 fitted using Lo-

rentzian line shape because in single-crystal 

( ideal conditions) |C (0,q )| 2 = 0. The line at  

142.9 cm-1 is very narrow with full width on 

half maximum (FWHM) of 7.6 cm-1. 

Figures 3 and 4 show spectra and fitting 

parameters for nanopowders with 30 nm and 

15 nm grain size respectively. Parameters L, 

α, and Γ are calculated using the weight co-

ef ficient |C (0,q )|2 in equation 9. The size of 

the nanopowder L extracted from the Raman 

spectra is in good agreement with the size 

of the grains obtained from XRD (vendor’s 

specification). Parameter Γ0 increases with 

a decrease of grain size, and it shows simi-

lar behavior as reported in (13). Parameter 

α decreases in value as grain size becomes 

smaller. It corresponds to the condition that 

the amplitude of phonons requires more rigid 

confinement for large-size grains, and there-

fore, the amplitude should vanish toward the 

boundary much faster when compared with 

small-size grains.

Figure 5 shows the Raman spectrum and 

fit parameters of the TiO2 nanopowder with 

a grain size of 5 nm. If a Gaussian weight 

function is in use, the spectrum only fits with  

ω0 = 146.3 cm-1 and grain size of 5 nm. How-

ever, there is no evidence that phonon fre-

quency in the center of the Brillouin zone 

changed with the s ize of nanopar t ic les. 

Therefore, Gaussian weight function W(r, L) is 

not a good model for this sample. Few other 
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functions were proposed for confined pho-

nons model (11,12), and one of them is by the 

analogy of the ground state of an electron in 

hard-sphere, defined by equation 11:

 

[11]

The weight coefficient |C (0,q)|2 in this case, 

is expressed by equation 12.

[12]

Figure 6 shows the spectrum and fitting 

parameters for the nanopowder with the 

grain size of 5 nm. The spectrum fitted with  

ω0 = 142.9 cm-1 and L of 6.8 nm, which is close 

to reported grain size 5 nm from the XRD data. 

The fact that the line shape of nanopow-

ders with 30 nm and 15 nm grain size is 

dif ferent from the line shape of the 5 nm 

nanopowder indicates that the properties of 

the nanomaterials are very dif ferent in the 

sense of phonon scattering. Using different 

weight functions to fit the experimental data 

confirms that phonons scatter in the material 

differently; the decay of phonons close to the 

boundary is also different.

Conclusion

In this work, I demonstrate the use of micro-Ra-

man spectroscopy for non-destructive charac-

terization of nanocrystalline TiO2 nanopowders. 

Grain size can be extracted from the spectrum 

of TiO2 nanopowders by applying a model of 

confined phonons. Results showed a good 

correlation between grain sizes obtained from 

Raman spectra and XRD. Raman spectra are 

more sensitive to the structure of nanopowders 

compared with XRD because Raman spectra of 

nanopowders may be different even though the 

XRD data shows the same grain size. 
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Surface-Enhanced Raman Spectroscopy 
(SERS) Analysis of Several Cannabinoids
Anne-Marie Dowgiallo, Ph.D., Ocean Insight

Several cannabinoids were detected at 
parts-per-million (ppm) levels with surface 
enhanced Raman spectroscopy (SERS).

The cannabinoid profile of cannabis-based 
products must be determined to support 

label claims and assure product quality. 
Traditionally, HPLC-MS measurements reveal 
THC, THCA, CBD, and CBDA quantities, as well 
as trace cannabinoids such as CBG and CBGA 
(1). However, HPLC-MS has certain drawbacks 
that can be avoided with other techniques 
such as Raman spectroscopy, which offers 
sensitivity, selectivity, reduced instrument 
size, non-destructive sampling, and simple 
implementation. In this study, we utilize SERS, a 
variant of Raman spectroscopy, to enable trace 
level detection of these cannabinoids. 

Experimental Conditions 
The following analytical grade standards 
were diluted to 10 ppm in their respective 
solvents: cannabidiol (CBD), cannabidiolic 
acid (CBDA), tetrahydrocannabinol (THC), 
tetrahydrocannabinolic acid (THCA), 
cannabigerol (CBG), and cannabigerolic acid 
(CBGA). Microliter volumes were pipetted into 
colloidal solutions of gold nanoparticles, and 
measured with the Ocean Insight QE Pro-

Raman+ spectrometer, at 3 s integration time, 
after interrogation with a 785 nm laser at 350 mW 
laser power.

Results
The SERS spectra of each cannabinoid are 
presented in Figure 1. Even though there are 
only slight structural differences between these 
cannabinoid molecules (i.e. THC and THCA 
differ by a carboxylic acid group, and THC 
and CBD differ by a hydroxyl group), the SERS 
spectra show stark differences due to certain 
functional groups giving different Raman shifts.

Conclusions
We present a method to detect trace levels of 
cannabinoids that utilizes the unique optical 
properties of gold nanoparticles coupled with 
surface enhanced Raman spectroscopy.
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SERS Spectra of Cannabinoids
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Figure 1: SERS spectra of 10 ppm (a) CBDA, (b) CBD, (c) CBGA, (d) CBG, (e) THCA, and (f) THC.
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