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I
n the field of forensic sciences, hand-
held Raman spectrometers are used 
by the military and first responders for 

the rapid identification of unknown sub-
stances (1–3). These unknown materials 
include toxic industrial chemicals (TICs), 
toxic industrial materials (TIMs), chemi-
cal warfare agents, explosives, narcotics, 
pharmaceutical compounds, and plastics. 
However, Raman spectroscopy has histori-
cally been problematic for the identifica-
tion of biological samples, such as bac-
teria, growth media, and tissues. Sample 

fluorescence typically overwhelms Raman 
scattering by several orders of magnitude, 
resulting in a high background and poor 
spectral matching (4).

Two general methodologies have been 
used to detect weak Raman signals from 
biological organisms and materials: sur-
face-enhanced Raman scattering (SERS) 
and fluorescence background subtrac-
tion (also known as baseline correction). 
SERS is a technique that boosts the sig-
nal of Raman-active molecules when 
measured on customized metal surfaces, 

Discrimination of 
Bacterial Growth 
Media Using Portable 
Raman Spectroscopy 
with Background 
Fluorescence Subtraction
We investigated the feasibility of identifying different types of  
bacterial growth medium using a handheld Raman instrument with a 
proprietary baseline correction algorithm. Our data suggest that this 
instrument is capable of differentiating multiple types of growth  
medium and readily detects the change in the Raman signal when 
bacteria are present in the growth medium. These findings support 
the notion that a handheld Raman spectrometer may be used to 
distinguish highly-fluorescent biological samples without the use of 
surface-enhanced Raman scattering. 

Jessica A. Randall and Mathew G. Lyman
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typically gold, silver, and copper (5,6).  The 
increase in Raman signal on these metals 
is often dramatic, usually on the order of 
104–106, but it can be as high as 1011 (7,8). 
Therefore, increasing the Raman signal 
over background fluorescence allows the 
Raman spectra to be discretely visible. In 
fact, a number of publications have shown 
that different types of bacteria and growth 
media have unique SERS spectra, thereby 
establishing SERS as a potential pathogen 
diagnostic tool despite the intrinsic fluo-
rescence of the sample (9–22). 

Fluorescence background subtraction 
is a second option for “teasing out” a weak 
Raman signal from fluorescent biological 
samples. In contrast to SERS, fluorescence 
background subtraction does not increase 
Raman signal during acquisition; it dif-
ferentiates it computationally by deduct-
ing the background fluorescence from the 

Raman signal post-acquisition. Several 
computational methods have been devel-
oped for background subtraction from 
Raman spectra, including background 
estimation using computational geometry 
(23), principal component analysis (24), 
wavelet transformation (25–30), polyno-
mial fitting (4,31–36), frequency-domain 
filtering (37), and first-order and second-
order differentiation (38,39). 

In this study, we investigated the fea-
sibility of fluorescence background sub-
traction using a handheld spectrometer 
to differentiate several bacterial growth 
media, specifically in the presence and 
absence of bacteria. As SERS is often not 
practical for first responders and military 
personnel (because of time constraints, 
limited dexterity in personal protective 
equipment, and ease of use), we tested a 
portable Raman spectrometer that uti-
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Figure 1: (a) Measuring the accuracy of the portable spectrometer on four types of 
bacterial growth medium: LB, TSB, BHI, and BHIc. Scans were recorded as a “match” if 
the instrument correctly identified the medium as the top match with an HQI value ≥ 
90. Scans that exceeded this average value are shown in black, while scans below this 
threshold value are show in grey. (b) Representative overlays of the baseline-corrected 
sample spectrum (blue line) and the library spectrum (red line) are shown for each of 
the four types of growth medium.
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Figure 2: (a) Culturing Escherichia coli, Shigella dysenteriae, and Vibrio cholerae in 
LB, TSB, or BHI markedly decreased the accuracy rate of the portable spectrometer to 
match to the growth medium spectra in the library. (b) Representative overlays of the 
baseline-corrected sample spectrum (blue line) and the library spectrum (red line) are 
shown for each of the three types of growth medium in the presence of Escherichia 
coli, Shigella dysenteriae, and Vibrio cholerae. The medium alone scan (reference) is 
unadulterated growth medium matched to itself.
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Figure 3: (a) Removing bacteria from culture medium partially restores the ability 
of the handheld spectrometer to match to the growth medium spectra in the 
library. (b) Representative overlays of the baseline-corrected spent culture 
medium (blue line) and the library spectrum (red line) are shown for TSB and BHI 
after Escherichia coli, Shigella dysenteriae, and Vibrio cholerae have been filtered 
from the culture.
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lizes a proprietary algorithm to subtract 
background fluorescence. This baseline 
correction capability may allow for the 
interrogation of biologic materials that 
would otherwise “swamp” traditional 
handheld Raman instruments used in 
forensic analyses. 

Experimental Conditions
Handheld Raman Spectrometers 

A NanoRam handheld spectrometer was 
obtained from B&W Tek, Inc. The op-
eration presets were as follows: excitation 
wavelength = 785 nm, laser power = 90% 
(270 mW), number of hits displayed = 3, 
and spectral range = 176–2900 cm-1. For 
sample analysis, the spectrometer was fit-
ted with the vial adaptor for 4-mL glass 
vials. 

Bacterial Growth Media 

Four types of bacterial growth media 
were analyzed for this study: LB-Miller 
broth, tryptic soy broth (TSB), brain 
heart infusion (BHI) broth, and brain 
heart infusion-cysteine (BHIc) broth.  
All base media were purchased from 
Becton Dickinson and prepared accord-
ing to the manufacturer’s recommenda-
tions. BHIc medium required additional 
supplementation as reported previously 
(40). Briefly, 1 L of BHI medium (37 g/L) 
containing cysteine (1 g/L) was sterilized 
following the manufacturer’s recom-
mendations. The following supplements 
were then prepared and added before 
use: β-nicotinamide adenine dinucleo-
tide (β-NAD) (1 mg/mL  — dissolve 200 
mg β-NAD in 200 mL of deionized water, 
filter sterilize using a 0.2-µm filter, store 
at 4 °C), heme-histidine (1 mg/mL — add 
200 mg of L-histidine, 200 mg of hemin-
HCl and 4 mL of 1 N NaOH to 196 mL 
of deionized water; microwave briefly to 
dissolve; filter sterilize; store at 4 °C away 

from light), and glucose (25 mL, 20% w/v). 
All BHIc supplements were purchased 
from Sigma-Aldrich.   

Raman Spectroscopy 

of Bacterial Growth Media 

For Raman spectroscopy of bacterial 
media, 1 mL of LB-Miller broth, TSB, 
BHI, and BHIc media were transferred 
to separate 4-mL screw-cap glass vials 
(Fisher). Each medium sample was then 
added to a “User Defined Library.” For the 
handheld spectrometer, a unique Raman 
spectrum for each medium was captured 
and added to the library. After the user li-
brary was established, each medium vial 
was subsequently analyzed an additional 
10 times (n = 10) to determine if the spec-
trometer could distinguish between the 
different growth media. The accuracy rate 
and hit quality index (HQI) value (that is, 
confidence score) for the 10 iterations were 
then recorded. 

Raman Spectroscopy 

of Bacterial Cultures 

Overnight cultures were set up in each 
medium with three different organisms: 
Escherichia coli C3000 (obtained from 
Oklahoma State University), Shigella
dysenteriae (BEI number NR-520), and 
Vibrio cholerae (BEI number NR-144).  A 
loopful of frozen glycerol stock was used 
to inoculate 5 mL of each medium in a 
50-mL vented flask (Cellstar) and cul-
tured for 18 h at 37 °C with shaking. Then, 
1 mL of each sample was analyzed (n = 
10) and matched against the User Defined 
Library. Scans were recorded as a “match” 
if the instrument correctly identified the 
medium as the top match and an HQI ≥ 
90. If there were no hits, or the instrument 
did not correctly identify the compound, 
it was recorded as a “no-match.” The ac-
curacy rate and HQI value (that is, confi-
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dence score) for the 10 iterations were then 
recorded.  The bacterial titer for each cul-
ture was calculated by performing serial 
10-fold dilution and spotted onto tryptic 
soy agar (TSA) culture plates (20 μL/spot) 
in triplicate for each sample and dilution.  
Plates were incubated under aerobic con-
ditions at 37 °C and the colony forming 
units (cfu) were calculated. The titers for 
Escherichia coli in LB, TSB, and BHI were 
5 × 108, 9.5 × 108, and 4.5 × 108 cfu/mL, 
respectively. The titers for Shigella dysen-
teriae in LB, TSB, and BHI were 3 × 106, 
1 × 108, and 8 × 107 cfu/mL, respectively. 
The titers for Vibrio cholerae in LB, TSB, 
and BHI were 9.0 × 107, 1.3 × 108, and 2.5 
× 108 cfu/mL, respectively.   

Raman Spectroscopy of 
Filtered Bacterial Cultures 
(Spent Culture Medium) 
Overnight cultures were started in LB, 
BHI, and TSB media with Escherichia coli
C3000, Shigella dysenteriae, and Vibrio 
cholerae as described previously. The fol-
lowing day, bacteria were removed from 
the cultures using a 50-mL Millipore ster-
ile disposable vacuum filtration unit with 
a 0.22-µm PES membrane. The resulting 
filtered media samples were then analyzed 
(n = 10) by the handheld Raman instru-
ment in replicate experiments (three sepa-
rate cultures).

Data Analysis 
All data scans were downloaded from 
the handheld Raman instrument into 
NanoRam ID Client v3.10 software. In 
ID Client, each overlay (sample scan and 
library match) was reviewed and a repre-
sentative scan was chosen for each data 
set. Screen shots of the data scans were 
then captured and imported into Photo-
shop CS5 software (Adobe) where they 
were cropped and organized into figures. 

All graphing was performed in Microsoft 
Excel software. A notable limitation of 
the handheld instrument is displaying a 
library spectrum with a sample spectrum 
that has a low HQI value (does not match). 
By default, the instrument displays the 
sample spectrum overlaid with the li-
brary spectrum that has the highest HQI 
value (the best match). Therefore, to have 
the instrument overlay a library spectrum 
with a dissimilar sample spectrum (for the 
purpose of demonstration in the figure), 
we created some user libraries with only 
a single medium entry (for example, un-
adulterated BHI was entered into a user 
library and used to match bacterial cul-
tures propagated in BHI; even though the 
Raman spectra were dramatically differ-
ent, the instrument would overlay the 
library spectrum of BHI alone with the 
sample spectrum of BHI and the bacteria).  

Results 

To investigate the utility of using a hand-
held Raman spectrometer for identifying 
bacterial medium (Figure 1), we tested 
four different types of growth medium 
with increasing complexity: LB-Miller 
Broth (LB), Tryptic Soy Broth (TSB), 
Brain-Heart Infusion Broth (BHI), and a 
complex derivative of BHI used for cul-
turing Francisella tularensis (BHIc). The 
ingredients for each medium are listed in 
Table I.

The accuracy rate (%) was determined 
by interrogating 10 sample replicates for 
each type of medium. Scans were re-
corded as a “match” if the instrument 
correctly identified the medium as the 
top match in the library, and the HQI 
value was ≥ 90. The HQI value indicates 
how well the unknown scan matches to 
the library scan; an HQI of 100 indicates 
an identical match while lower values 
indicate the dissimilarity between scans 
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(41). As shown in Figure 1a, the NanoRam 
spectrometer was able to match LB, TSB, 
and BHI media with 100% accuracy with 
HQI values ≥ 94.  BHIc, the most complex 
medium in the study, matched with 80% 
accuracy with an average HQI value of 
78. Figure 1b shows a representative spec-
trum from each medium analyzed. Scans 
for LB, TSB, and BHI were nearly identi-
cal to the library scans (blue tightly fit to 
red).  However, the spectrum for the BHIc 
medium was more variable compared to 
the library spectrum (red visible with no 
blue), indicating that the match was of 
lower quality. These findings suggest that 
the NanoRam is likely able to match to a 
variety of bacterial growth media using 
its proprietary background subtraction 
algorithm. However, analyzing highly-
complex medium such as BHIc results in 
lower HQI values. 

After determining that the instrument 
was able to distinguish between different 
types of growth medium, we investigated 
whether culturing three types of enteric 
bacteria (Escherichia coli, Shigella dysen-
teriae, and Vibrio cholerae) dramatically 
affected the Raman spectra compared to 
culture medium alone. We also assessed 
whether these three types of bacteria 
could be visually distinguished from one 
another by their subtracted Raman spec-
tra (as a proof-of-principle). Escherichia 
coli, Shigella dysenteriae, and Vibrio chol-
erae were cultured in LB, TSB, and BHI; 
these cultures were then analyzed by 
the NanoRam spectrometer to compare 
spectra of broth alone and broth con-
taining bacteria. Interestingly, both the 
Escherichia coli and Shigella dysenteriae
cultures in LB matched, with 100% accu-
racy, to the library scans of LB medium 
alone (Figure 2a). A similar finding was 
observed by Premasiri and colleagues 
(18), who noted that “media containing 

extracts from other micro-organisms 
such as yeast extract” showed a similar ap-
pearance to SERS spectra of bacterial cells, 
an observation consistent with culturing 
these bacteria in LB (a yeast extract base). 
By contrast, spectra from cultures of Esch-
erichia coli, Shigella dysenteriae, and Vib-
rio cholerae in TSB and BHI were notably 
different than those of medium alone, and 
did not match the library spectra (Figure 
2a). Figure 2b shows the Raman spectra of 
LB, TSB, and BHI alone (reference scans, 
first row) compared to the three enteric 
bacteria cultured in these media (rows 
2–4). Note that the red library scan, for 
each of the representative Raman plots, 
was from pure medium alone (LB, TSB, 
or BHI); the blue sample scan represents 
the change in the Raman spectrum from 
the bacterial culture relative to medium 
alone. Although Escherichia coli and 
Shigella dysenteriae cultured in LB had 
similar scans relative to LB alone, all three 
bacteria showed unique background-sub-
tracted Raman spectra in TSB and BHI, 
suggesting that it may be feasible to dis-
tinguish between multiple types of bacte-
ria cultured in a variety of growth media 
using a handheld Raman spectrometer 
without using SERS.

Next, we investigated whether the 
robust Raman peaks observed in the 
bacterial cultures from Figure 2 were 
caused exclusively by the presence of the 
bacteria, or whether the Raman-active 
components in the growth medium had 
also changed during bacterial growth. 
We hypothesized that if the dramatic 
changes in Raman spectra were due to 
bacteria alone, filtering out these bac-
teria from the spent culture medium 
would restore the ability of the hand-
held Raman spectrometer to match 
to the “medium alone” library scans, 
specifically for TSB and BHI (bacterial 
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cultures that had a 0% match rate for all 
three bacteria). To test this hypothesis, 
overnight bacterial cultures were grown 
to saturation. Cultures were then filtered 
through a 0.22-µm membrane to remove 
bacteria; spent culture media were then 
analyzed using the handheld Raman 
spectrometer (Figure 3a). Filtering out 
the bacteria largely restored the ability 
of the instrument to match TSB spent 
culture medium to the original TSB 
library scan (with an HQI value ≥ 90), 
whereas the BHI spent culture medium 
did not match to the library scan at the 
original HQI threshold. However, most 
of the BHI scans had HQI values ranging 
from 75 to 89, suggesting that the BHI 
spent culture medium was similar to 

unadulterated BHI. Representative scans 
also supported the notion that the spent 
culture medium had minor differences 
in their Raman spectra compared to the 
original growth medium, although these 
differences were enough to drop the HQI 
value below our threshold for a match 
(Figure 3b). These data suggest that 
the bacteria in the culture medium are 
primarily responsible for the dramatic 
change in the background-subtracted 
Raman spectra compared to medium 
alone. 

Discussion and Conclusion

We investigated whether a handheld 
Raman instrument that subtracts back-
ground fluorescence was able to identify 

Table I: Individual components of bacterial growth media analyzed in this study

LB-Miller Broth  
(per L)

Tryptic  
Soy Broth  

(per L)

Brain Heart  
Infusion Broth 

(per L)

BHIc  
Broth (per L)

Trytone (10 g)
Pancreatic  
digest of  

Casein (17 g)

Calf brains,  
infusion from  
200 g (7.7g)

Calf brains,  
infusion from  

200 g (7.7g

Yeast extract 
(5 g)

Papaic digest of 
soybean (3g)

Beef heart,  
infusion from  
250 g (9.8 g)

Beef heart,  
infusion from  
250 g (9.8 g)

Sodium  
chloride (10 g)

Dextrose  
(2.5 g)

Proteose  
peptone (10 g)

Proteose  
peptone (10 g)

Sodium  
chloride (5 g)

Dextrose (2 g) Dextrose (2 g)

Dipotassium  
phosphate (2.5 g)

Sodium  
chloride (5 g)

Sodium  
chloride (5 g)

Disodium  
phosphate (2.5 g)

Disodium  
phosphate (2.5 g)

Cysteine (1 g)

β-Nicotinamide 
adenine  

dinucleotide  
(10 mL, 1 mg/mL)

Heme-histidine (10 
mL, 1 mg/mL)

Glucose (25 mL, 
20% w/v)
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increasingly complex bacterial growth 
medium, with and without bacteria. We 
found that the instrument was effective 
in identifying several types of traditional 
growth medium at an HQI value of  
≥ 90, but was less accurate with com-
plex specialty mediums, such as BHIc. 
In addition, culturing bacteria in these 
media resulted in markedly different 
Raman spectra compared to media 
alone, suggesting that it may be feasible 
to distinguish between multiple types of 
bacteria cultured in a variety of growth 
media if an on-board reference library is 
generated first. We also noted variability 
in the intensity and position of peaks in 
replicate spectra for each condition, sug-
gesting that if a reference library were 
to be generated, each library spectrum 
would need to be an average of multiple 
scans (ideally).

Two recent studies have discussed 
the use of SERS to differentiate bacterial 
growth medium and different species of 
bacteria (that is, by boosting the Raman 
signal during acquisition) (16,18). We 
show in this study that growth medium 
and bacteria could also be differenti-
ated using a fluorescence background 
subtraction algorithm post-acquisition. 
This is particularly relevant for first re-
sponders and military personnel who 
use handheld Raman spectrometers to 
identify chemicals (TICs), toxic indus-
trial materials (TIMs), chemical warfare 
agents, explosives, and narcotics, but 
historically struggle with “bio” materials 
because of their high background fluo-
rescence. Therefore, future studies will 
build upon these initial findings and in-
vestigate the ability of handheld Raman 
spectrometers to correctly identify a 
multitude of crude bacterial cultures, 
purified bacterial cells (washed), as well 
as dried spores.
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C
ounterfeit medications are a 
problem globally, both in devel-
oping countries and developed 

nations. It is estimated that more than 
10% of the global market is made up 
of counterfeits, with that number vary-
ing widely based on geographic region. 
Recently, there have been more reports 
of counterfeit lifesaving (for example, 
anticancer) types of drugs, not just 
the lifestyle drugs that made up much 
of the counterfeit market in the past 
(1,2). Fast, easy, and reliable methods 
to identify counterfeit drugs are cru-

cial to reducing this problem. Raman 
spectroscopy is sensitive to molecular 
vibrations and as such is highly specific 
to the material that is measured. This 
makes Raman spectroscopy ideal for 
pharmaceutical identifications, and it 
has been proven to detect counterfeit 
drugs (3–6). The development of min-
iaturized portable Raman instruments 
in recent years has led to out-of-labo-
ratory analysis for product authentica-
tion, which makes counterfeit identi-
fication practical at many different 
points in the supply chain and allows 

Advantages of 1064-nm  
Portable Raman for  
Counterfeit 
Pharmaceuticals 
Authentication
The counterfeiting of pharmaceuticals is a global issue that is expanding 
each year. The severity of drugs counterfeited has increased from lifestyle 
drugs to include lifesaving (such as anticancer) types in recent times. The 
miniaturization of instrumentation has led to out-of-laboratory analysis for 
product authentication. Raman spectroscopy is ideal for pharmaceutical 
identifications and has been proven to detect counterfeit drugs. Portable 
instruments are available with dispersive technology and laser excitation 
at 785 nm for remote analysis. This study compares a modern portable 
Raman instrument equipped with a 1064-nm laser with one using a 785-
nm laser. It is shown that authentic tablets are distinguished from the coun-
terfeit tablets nondestructively, without the need to remove tablet coating. 

N.W. Broad, C. Dentinger, and J. Pasmore
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Figure 1: Genuine orlistat (Alli) Raman spectra collected with a 785-nm excitation 
instrument and a 1064-nm excitation instrument.
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Figure 2: Authentic and counterfeit orlistat (Alli) capsule blend scanned using 1064-
nm excitation, viewed with offset intensity.
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for faster detection and shut down of 
counterfeiting operations. 

This study compares Raman spectra 
measured from two different portable 
Raman spectrometers: one with the 
more traditionally used 785-nm exci-
tation and the other with the more re-
cently developed 1064-nm excitation. 
It looks at the specificity of the Raman 
spectra from the different excitation 
wavelengths as well as the ability to 
measure nondestructively through tab-
let coatings and original medication 
packaging with no sample preparation.

Experimental
Samples were analyzed with two dif-
ferent instruments. Measurements ob-
tained with 1064-nm laser excitation 
were done using a Rigaku Xantus-2 
portable Raman instrument equipped 
with a cooled InGaAs detector. Mea-
surements with the 785-nm laser ex-

citation were performed using a por-
table Raman instrument equipped 
with a charge-coupled device (CCD) 
detector. For both instruments, a laser 
power of 300 mW was used.  

Samples were measured in a variety 
of physical shapes: capsules, powders, 
tablets, and original vials containing 
powders. Samples that were capsules or 
powders were transferred to borosilicate 
vials and measured through glass vials 
using each instrument’s specific vial 
holder. Tablets and powders in original 
vials were measured as is with each in-
strument’s on-board point-and-shoot 
tip. Samples of authentic and counterfeit 
products used were: Alli (orlistat), Vi-
agra (sildenafil citrate), and Duphaston 
(dydrogesterone). Authentic products 
were purchased from bona-fide phar-
macies; counterfeits originated in Asia.

Raman data were reviewed post cali-
bration from 300 to 1800 cm-1 using 

Authentic

Counterfeit

400 600 800 1000 1200 1400 1600 1800

Raman shift (cm-1)

In
te

n
si

ty
 (

a
rb

it
ra

ry
 u

n
it

s)

Figure 3: Offset spectra of an authentic 50-mg sildenafil citrate (Viagra) tablet and a 
counterfeit tablet measured with 1064-nm excitation.
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Thermo Omnic software (version 8.2), 
or with Igor Pro software (version 6.22A).

Results and Discussion

Comparison of 785-nm 

and 1064-nm Excitation

To obtain the best possible Raman 
spectra for the genuine samples, each 
of the authentic orlistat, sildenafil ci-
trate, and dydrogesterone samples were 
measured with both the 785-nm and 
1064-nm excitation instruments. Fig-
ure 1 shows the spectra for a genuine 
capsule of the weight loss medication 
orlistat collected with both 785-nm 
and 1064-nm excitation. The spectra 
are shown in the optimal comparative 
working range of 300–1800 cm-1. The 
spectrum collected with 785-nm exci-
tation shows significant fluorescence as 
observed in the broad y-axis curvature. 
This fluorescence makes it difficult to 
see the sharper Raman peaks that are 

present on top of this curvature, and 
very significantly reduces the dynamic 
range available for the Raman signal. 
For many samples, fluorescence may be 
reduced by moving to a longer excitation 
wavelength. This is seen with the orlistat 
sample measured with 1064-nm excita-
tion. The fluorescence is greatly reduced 
by moving to the 1064-nm excitation, 
thereby improving the Raman spectral 
quality and specificity, which makes 
the genuine sample easier to identify. 
Similar results were seen when authen-
tic sildenafil citrate and dydrogesterone 
samples were measured with both the 
785-nm and 1064-nm excitation instru-
ments (data not shown).

1064-nm Excitation for 

Distinguishing Authentic and 

Counterfeit Pharmaceuticals

The significance of the improved 
Raman spectral quality obtained with 
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Figure 4: Sildenafil citrate coated and uncoated tablets (100 mg) and Opadry Blue 
coating material, offset spectra at 1064 nm.
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the 1064 nm excitation is evident by 
the comparison of the authentic prod-
uct with the counterfeit. Authentic 
orlistat (60 mg) spectral data were 
overlaid directly with the counter-
feit spectral data. The differences are 
clearly visible between the authentic 
and counterfeit samples measured 
with 1064-nm excitation, as shown in 
Figure 2. These differences can be seen 
without the need for further data treat-
ment or chemometrics (such as princi-
pal components analysis). 

Authentic and counterfeit versions 
of sildenafil citrate, which is used for 
the treatment of erectile dysfunction 
and pulmonary arterial hypertension, 
were also measured with 1064-nm ex-
citation. These spectra are shown in 
Figure 3. The counterfeit and authentic 
versions of the sildenafil citrate are also 
easily distinguishable by sight. The dif-
ferences between the genuine and the 

counterfeit can be seen at many differ-
ent frequencies. In fact, the primary 
peaks that are similar between the two 
spectra are the triplet at low frequency 
which is characteristic of TiO2, a com-
mon ingredient in tablet coatings.

To better understand the peaks that 
are present in the genuine sildenafil ci-
trate spectrum measured with 1064-nm 
excitation, three different spectra were 
compared. The spectra of the coating 
for sildenafil citrate (Opadry Blue), an 
authentic 100-mg sildenafil citrate tab-
let measured through the coating, and 
an authentic 100-mg sildenafil citrate 
tablet with the coating mechanically 
removed are shown in Figure 4. Peaks 
specific to the Opadry Blue coating were 
seen around 399, 516, 635 (TiO2), 1460, 
and 1573 cm-1. Sharp, specific peaks for 
the active pharmaceutical ingredient 
(API), sildenafil citrate, were therefore 
confirmed at 1234 and 1525 cm-1 (7,8). 
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Figure 5: Authentic and counterfeit dydrogesterone, offset spectra measured with 
1064-nm excitation.
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These peaks are labeled with an asterisk 
in Figures 3 and 4. Of obvious interest 
with any counterfeit pharmaceutical is 
whether or not the API is present and 
in the proper amount. After identifying 
which peaks are caused by the sildena-
fil citrate, one can look back at Figure 3 
where the peaks that are from the API 
are marked with an asterisk. Even by 
just looking at the results, it appears 
that the API is not present or at least is 
not present in as high a concentration in 
the counterfeit as in the genuine tablet. 

A final comparison analysis for 
authentic and counterfeit samples 
was tested with the 10-mg dydro-
gesterone tablet. Dydrogesterone 
is used for the treatment of a wide 
variety of gynecological conditions 
related to progesterone deficiency. 
The genuine and counterfeit versions 
of dydrogesterone are shown in Fig-
ure 5. The differences between these 

two spectra are quite marked. The 
authentic type has a white Opadry 
coating, of which the counterfeit is 
devoid; the counterfeit shows no tell-
tale sign of TiO2. Further analysis of 
the counterfeit dydrogesterone was 
done by comparing the measured 
spectrum to the high-resolution Al-
drich Raman spectral library. This 
gave a strong match of the counter-
feit tablet bulk contents to cellulose 
powder. The analysis of the Raman 
spectra for both the sildenafil citrate 
and dydrogesterone suggest the well-
known fact that counterfeits are a 
significant health risk because many 
do not contain the API at all or not in 
the appropriate dosage amount. 

1064-nm Raman Measurements 

Through Original Packaging

It is essential to understand the com-
petency of Raman to identify samples 
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Figure 6: Overlay of dydrogesterone bare tablet and tablet scanned through blister 
pack with the packaging spectrum subtracted, measured with 1064-nm excitation.
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through packaging, such as glass and 
plastic, so as to not expose the opera-
tor to a potent drug or contaminate 
the medication and to rapidly de-
termine authenticity. Genuine dy-
drogesterone tablets were scanned 
either as a bare tablet or through the 
original blister packaging. Figure 6 
shows the spectra of the two tablets 
measured with 1064-nm excitation. 
One was measured after remov-
ing it from the packaging and the 
second was measured through the 
blister pack. The spectrum mea-
sured through the blister pack used 
the Xantus-2 software to subtract a 
“user background” consisting of the 
Raman signature of an area of blister 
pack containing no product. It can 
be seen in the figure that these two 
spectra are nearly identical and that 

the genuine dydrogesterone could be 
identified through the blister pack.

An additional example of a non-
destructive measurement through 
original packing was performed using 
amoxicillin powder packaged in a glass 
vial for injection. This is particularly 
relevant because of an alarming in-
crease in incidents of counterfeited 
vial-containing-drug pharmaceuti-
cal preparations, for example, beva-
cizumab (Avastin) counterfeits were 
uncovered in the United Kingdom and 
the United States (1). Figure 7 shows 
spectra obtained for 1 g of amoxicillin 
in a vial for injection measured with 
both 785-nm and 1064-nm excitation 
instruments. From the spectra, it is 
clear that highly specific Raman peaks 
of the amoxicillin can be seen with the 
1064-nm excitation instrument, but 
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Figure 7: Amoxicillin analyzed through a glass vial with both 785-nm excitation and 
1064-nm excitation instruments. Three replicate measurements were done with 
1064-nm excitation.
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the 785-nm instrument only shows a 
broad fluorescent or optical phonon 
peak from the glass. Figure 7 also 
shows three replicate measurements 
of the amoxicillin sample collected on 
two days to assess the spectral repro-
ducibility of the amoxicillin measured 
in the original packaging. As can be 
seen by the close overlap of the 1064-
nm spectra, the reproducibility of mea-
surements even through packaging is 
quite good.

Conclusions

Portable Raman spectroscopy, en-
abled by miniaturized instruments, 
continues to be at the forefront of 
the anticounterfeiting strategy. This 
study compares Raman spectra col-
lected on a portable instrument with 
1064-nm excitation to those collected 
on a 785-nm excitation instrument.  
In the cases shown, the 1064-nm 
excitation has a clear advantage in 
terms of reduced f luorescence and 
enhanced specificity, allowing for 
clear differences to be seen between 
Raman spectra from authentic and 
counterfeit medications. In addition 
to identifying the authentic medica-
tion, Raman spectroscopy can probe 
what is present (or not present, as is 
often the case with the API) in the 
counterfeit pharmaceuticals. Fi-
nally, it has been demonstrated that 
the 1064-nm excitation will allow 
for nondestructive Raman measure-
ments of pharmaceuticals through 
their original packaging, which is es-
sential for wide-scale authentication.
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S
ome time ago I read on the pack-
aging of facial cream that the 
product was tested using Raman 

spectroscopy. My first thought was 
“Great, finally Raman has found its 
place in industry.” The second thought 
was that the cosmetic laboratory found 
it worth mentioning on the box. As a 
Raman spectroscopist, I’m obviously 
happy to see the technique rise to fame 

as it is truly useful and information-
rich, and, thus, well-worthy of wider 
interest. However, between the high-
end research, the analytical market, 
and the marketing, the knowledge 
about Raman spectroscopy and tech-
nique — popularized too quickly 
sometimes — can be confusing or 
lost. I see this clearly in my job as a 
Raman applications scientist, which 

Classical or Transmission 
Raman, SERS or 
TERS: Which Raman 
Spectroscopy Technique 
Is Right for You?
Raman spectroscopy has found its place as an important analyti-
cal tool after years of exclusion as an “academic” technique. The 
intense instrumental and software developments made easier — or 
simply possible — the use of different types of Raman spectroscopy. 
However, as is usual in a relatively new field, Raman spectroscopy 
— or more exactly, Raman spectroscopies — suffer from some misun-
derstandings, common (and sometimes false) beliefs, and “fashion” 
attitudes that make the choice of an appropriate technique and the 
required parameters of the system difficult. This article re-explains 
and demystifies some definitions and opinions concerning Raman 
spectroscopy from two distinct sides: academic and industrial. 
Different Raman techniques are compared with respect to their main 
field of applications, possibilities, advantages, difficulties, and limits. 

Renata Lewandowska

ES255435_SPECPrimerSupp0613_032.pgs  05.24.2013  17:17    ADV  blackyellowmagentacyan



The new IDRaman mini is a small, powerful Raman instrument that fts in the

palm of your hand. Designed for rapid and accurate measurements that

identify, authenticate and verify samples, the IDRaman mini:

All of this adds up to easy sampling and better library

matching, helping you turn Raman into answers.

•  Gives high quality data from weak or non-uniform samples with Raster Scanning

•  ReKects øuorescence for the highest identiöcation accuracy

•  Operates for 11 hours on two AA batteries

ES257096_SPECPRIMERSUPP0613_033_FP.pgs  05.29.2013  00:05    ADV  blackyellowmagentacyan



34  Raman Technology for Today’s Spectroscopists   June 2013

offers an interesting view on changing 
Raman applications, technology, and 
user profiles. Today’s Raman spec-
troscopy market offers systems rang-
ing from easy-to-use handheld systems 
dedicated to one application, through 
automated analytical systems to mul-
tipurpose high-end research systems. 
The intense instrumental and soft-
ware developments have made easier, 
or simply possible, the use of differ-
ent types of Raman spectroscopy, like 
the plasmon enhancement techniques 
used in surface-enhanced Raman 
spectroscopy (SERS) or tip-enhanced 
Raman spectroscopy (TERS), spatially 
offset Raman spectroscopy (SORS), 
transmission Raman, and Raman op-
tical activity (ROA), to name just a few, 
which made their way independently 
from classical Raman spectroscopy to 
become new techniques on their own.

In this contribution, addressed to 
nonexpert Raman users, I will review 
some Raman-related techniques. I’ve 
focused on those I have personal ex-
perience with to show their advantages 
and limitations.

Classical Raman 
Microspectroscopy 
Raman spectroscopy is a universal and 
versatile method for analysis of the 
atomic structure and chemical proper-
ties of matter by analysis of the interac-
tion between the light and molecular 
and crystalline vibrations, similarly to 
near-infrared (NIR) absorption spec-
troscopy (1). 

Raman spectroscopy has numerous 
advantages. The spectra allow a dif-
ferentiation between even chemically 
similar species or different polytypes 
and their analysis can be quite direct 
(Figure 1). The confocal setup of mod-
ern Raman spectrometers gives lateral 
and axial spatial resolution on a submi-
crometer level. It does not require any 
sample preparation and is nondestruc-
tive — an important advantage over 
other techniques, particularly when the 
integrity of the sample is an issue. Obvi-
ously, laser power should be taken into 
consideration because burning may hap-
pen at high power, but this is a problem 
related more to the sample itself than to 
Raman spectroscopy.
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Figure 1: Comparison of Raman spectra of two isomers (which have the same chemical 
formula but different molecular structure): glucose and fructose.
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Raman spectroscopy is not con-
sidered very efficient, meaning low 
sensitivity and long acquisition times. 
Indeed, compared to a f luorescence 
signal, for example, Raman does not 
look very impressive, even if some 
good Raman scatterers can give a sig-
nal in a few milliseconds or less. How-
ever, the advantage of Raman spectros-
copy over other techniques is that the 
information is intrinsic to the material 
and, thus, label-free. Fluorescence it-
self can be a problem because it may 
appear in a Raman spectrum. Usually 
much more intense, it can mask the 
Raman signal. It can be intrinsic to 
the sample coming from light diffused 
in porous or powder samples or from 
color centers; it can also be related to 
the preparation of the sample, such as 
fluorescent markers, resins used to fix 
the sample, or organic solvents. Meth-
ods exist to avoid or reduce it, however 

some precaution should be taken dur-
ing the preparation of the sample. 

Who Is It For? 

Extensive scientific or technical experi-
ence is not required to use and under-
stand Raman spectroscopy, at least at the 
basic level. Of course, more advanced 
analyses require more-detailed knowl-
edge about the investigated sample. 
Most often used in academic research, 
or industrial development, classical 
Raman can be adapted to dedicated 
quality control applications. Because 
Raman spectroscopy can investigate 
almost all materials except metals and 
all states of matter, the applications are 
numerous. The most common applica-
tions involve the analysis of molecular 
or crystalline structure and chemical 
composition of materials (polymers, 
carbon, and semiconductors, to name 
a few), pharmaceuticals, inorganics and 
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Figure 2: Example of Raman and SERS measurements of a solution of 5 mM DTT, 
compared to the Raman spectrum of the powder. No Raman signal is observed for 
the solution because of its low concentration and low Raman efficiency, however the 
same concentration can be detected using the SERS technique.
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minerals, and biological samples, thus, 
there are few limitations from this point 
of view. Corrosion or catalysis studies 
can be more challenging mainly because 
of the small volumes, but Raman spec-
troscopy remains an interesting method, 
considering the complexity of the inves-
tigated structures.

Surface-Enhanced  
Raman Spectroscopy 
Surface-enhanced Raman spectros-
copy (SERS) is one of the answers to low 
Raman signals. Discovered (and redis-
covered) in the 1970s, today SERS is a 
star of spectroscopic conferences and 
scientific reviews. No wonder, signal 
enhancement of several orders of mag-
nitude and single molecule detection 
sound promising. However, looking at 

the publications and conferences re-
lated to SERS, it becomes clear that only 
a small part of them concerns the ap-
plication of SERS; a relatively large part 
relates to the development of the SERS 
supports (substrates or colloids). So, 
what is the real SERS situation?

The obvious advantage of SERS is the 
enhancement of the signal, which some-
times cannot even be measured by clas-
sical Raman spectroscopy because of the 
low concentration of the analyte. SERS 
inherits, of course, the high chemical se-
lectivity of Raman spectroscopy. SERS 
spectra and Raman spectra are basically 
similar, but they are not always exactly 
the same. There are some reasons for 
that. The SERS effect is highly local-
ized, therefore, only a signal from part 
of the molecule, close to the substrate, 
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Figure 3: Comparison of Raman and TERS spectra of azobenzene. The integration time 
was 30 s for the Raman spectrum and 1 s for the TERS spectrum. Courtesy of Marc 
Chaigneau, Ecole Polytechnique, Paris. 
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will be enhanced. When the molecule 
is adsorbed on the surface, its symme-
try might slightly change, and so do the 
selection rules. Also, because plasmon 
resonance is wavelength dependent, 
the different spectral regions of the 
spectrum may be enhanced differently 
(Figure 2).

However, the reproducibility of the 
SERS supports is still the major issue, 
which probably explains the number of 
publications related to substrate devel-
opment. Other issues are the capacity of 
molecules to attach to the substrate and 
signal enhancement itself (which, inci-
dentally, has something like 20 various 
definitions, and, thus, is not a reliable 
parameter for the comparison of dif-
ferent substrates). The holy grail — sub-
strates that give high enhancement, are 
reproducible, uniform, and easy and 
cheap to mass produce — has not been 
found yet. This is very well summarized 
in the “SERS uncertainty principle”: We 

either have high enhancement and low 
reproducibility, essential for very low 
concentration measurements like single- 
molecule SERS; or we have relatively 
good reproducibility with less impres-
sive enhancement, which is still a very 
interesting option in the case of routine 
analysis when the classical Raman signal 
is not strong enough (2).

Who Is It For? 

SERS is for those who analyze very 
small amounts of materials or sub-
stances of low Raman efficiency, 
which could be the case in applica-
tions related to pharmaceuticals, life 
sciences, forensics, or art (2–5). In 
the case of standard measurements, 
once optimized, SERS does not re-
quire more experience than classi-
cal Raman spectroscopy; however, 
sample preparation is necessary, 
which can sometimes be time con-
suming to ensure good adsorption 
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Figure 4: Typical TRS spectra obtained from a pharmaceutical sample.
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of the sample on the SERS substrate. 
Optimization consists of the choice 
of an appropriate substrate (with a 
uniform enhancement on the whole 
surface some commercially available 
substrates are reasonably good), a 
laser wavelength to match the reso-
nance, a suitable concentration range 
(very low concentrations can suffer 
from blinking effects), and an opera-
tion protocol. There are no particular 
requirements for the Raman system, 
which should be obviously adapted to 
the application. In the case of more 
extreme measurements (lower con-
centrations, higher enhancements), 
specially designed SERS supports can 
be necessary and tunable lasers can 
be an interesting option (6).

Tip-Enhanced  
Raman Spectroscopy 
Tip-enhanced Raman spectroscopy 
(TERS) is based on the same physi-
cal phenomenon as SERS. The differ-
ence lies in the technical solution. The 
Raman spectrometer uses a scanning 
probe microscopy (SPM) system as the 
sampling device. The SPM system (usu-

ally an atomic force microscope) uses a 
special metallic or metal-coated tip that 
acts as a plasmonic antenna. Signal is 
enhanced, as in SERS, but the enhance-
ment is confined to the nanometer-scale 
area under the tip (Figure 3). The ad-
vantage of this technique is not only the 
enhancement of the Raman signal but 
also the spatial resolution on the nano-
meter scale. Therefore, its applications 
are mainly in the domain of nanomate-
rials based on semiconductors, carbon 
or polymers, life sciences (such as cell 
analysis), and molecule interrogation 
(in particular, DNA or RNA) (7–11). 
It is worth remembering that TERS is 
not the same as colocalized Raman–
atomic force microscopy (AFM) mea-
surements, although a TERS system 
can perform both of them. The latter 
combines the information on physical 
properties of the sample with the spa-
tial resolution of SPM (nanometer scale) 
and the chemical information with the 
spatial resolution of Raman spectros-
copy (hundreds of nanometers scale). 
Colocalization ensures that these two 
results come from the same area on the 
sample. Taking into account that both 
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SPM and Raman spectroscopy are rela-
tively mature techniques, such analysis 
is relatively simple.

TERS provides chemical informa-
tion on the nanometer scale; the spe-
cial TERS probe tip is key to create the 
signal enhancement that is necessary to 
obtain information from the near-field. 
Although the SPM tips are easily avail-
able, few TERS tips are commercially 
available and all have limitations. Most 
TERS researchers coat the SPM tips with 
a noble metal on their own, or produce 
the full-metal tips by electrochemical 
etching. Just as the case with SERS, defi-
nition of the enhancement factor is still 
an open question.

Who Is It For? 

Today, TERS is not a push-button tech-
nique and it requires some experience in 
Raman spectroscopy, SPM microscopy, 
and resonance enhancement. A very sta-
ble laboratory environment is necessary, 
including mechanical isolation. Gener-
ally speaking, TERS requires significant 
investment not only in equipment, but 
also in time. However, when mastered, it 
brings quite impressive results, as proved 
by research groups around the world 
specializing in TERS spectroscopy.

Transmission  
Raman Spectroscopy 
Transmission Raman spectroscopy 
(TRS) shows an opposite trend to 
TERS in materials analysis. The latter 
aims at the nanometer scale, whereas 
TRS targets the collection of informa-
tion about the bulk volume of a sample, 
because it analyses the light that trav-
eled through the entire thickness of the 
sample. First tests in a forward config-
uration were done in the late 1960s, but 
it is only the recent advances in signal 

detection and availability of small, but 
powerful lasers and efficient rejection 
of Rayleigh scattering that made TRS 
practically possible.  

The technique was initially devel-
oped for the pharmaceutical industry, 
for which it is very well adapted (12,13). 
TRS requires diffusing materials, such 
as pharmaceutical tablets, and provides 
information about the whole volume of 
the sample without a strong influence on 
the tablet coating, which can be a prob-
lem in classical backscattering configu-
ration. It can be used for the analysis of 
component concentration, and, in par-
ticular, content uniformity. It also works 
for capsules and other materials outside 
of the pharmaceutical field, which are 
diffusing, translucent, and require 
whole sample analysis. The examples 
of applications can be in the domain of 
biomaterials (tissues, food), polymers, or 
even geology. It can be used successfully 
through the packaging.

Who Is It For? 

TRS is a technique for analysts look-
ing for bulk analysis; however, TRS 
is limited to translucent samples. It 
is an interesting solution for the rou-
tine analysis of samples content (Fig-
ure 4). No preparation of the sample 
is necessary and it does not require 
any particular experience from the 
operator. It is often combined with 
multivariate analysis techniques for 
data processing because it may bring 
large datasets of similar spectra (Fig-
ure 5). Although it exists as a separate 
technique, it can be an excellent add-
on to the classical Raman system to 
combine the bulk overall information 
provided by TRS and more detailed, 
spatial information given by Raman 
microspectroscopy.

ES255430_SPECPrimerSupp0613_039.pgs  05.24.2013  17:17    ADV  blackyellowmagentacyan



40  Raman Technology for Today’s Spectroscopists   June 2013

Review of Some Typical  
Raman Spectrometer Options 
Today, imaging is one of the most adver-
tised options for spectroscopy software. 
Is it really worth it? I’m convinced that 
yes, it is worth it. Beyond the esthetics, 
hyperspectral imaging is an excellent 
and quick method to get and analyze 
overall information about the sample: 
for example, component identification 
and distribution (particularly when 
some of them could be not detected if 
just a few measurements were made in 
discrete locations) (Figure 6) or local 

changes of structure or polarization. 
Going further, what about fast imaging? 
With the exception of signal-enhancing 
electron multiplying charge coupled de-
vice (EMCCD) detectors, the techniques 
of “fast imaging” actually do not im-
prove the Raman signal (which is strictly 
related to the Raman efficiency of the 
sample), but they efficiently optimize 
the hardware and software and the gain 
of time is real without compromising the 
quality of the data (too much).

But where there’s “imaging,” there are 
“large datasets,” and thus the necessity 
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of efficient data treatment. The classical 
method of data analysis consists of pro-
cessing spectrum by spectrum. Today, 
software packages usually offer a wide 
range of functionalities for automatic 
treatment of groups of spectra and hy-
perspectral images, including baseline 
correction, smoothing, normalization, 
or peak fitting. Multivariate analysis, 
which offers a more holistic attitude to 
data analysis, has become a standard 
functionality for spectroscopy data 
treatment software. Multivariate analy-
sis can easily show the patterns in large 
data sets, find the pure component spec-
tra (loadings), or simply improve the 
contrast of images (Figure 7).

A Raman spectrum is strictly inde-
pendent of laser wavelength, but this 
parameter must be taken into consider-
ation, as it will influence the Raman ef-

ficiency, penetration depth (and thereby, 
analyzed volume), resonance condi-
tions, and (potential) fluorescence. UV 
excitations are of interest as a solution 
to avoid fluorescence, provide possible 
resonance effects, produce low penetra-
tion depths (which indeed, improves the 
detection and analysis of very thin lay-
ers), and high Raman efficiency (which 
is inversely proportional to the fourth 
power of the wavelength). This last ar-
gument is obviously true, at least from 
the theoretical point of view. However, 
the volume analyzed by UV lasers is 
very small (because of its low penetra-
tion depth) and the optics and detec-
tors are typically less efficient in the UV 
region than in the visible region. The 
NIR lasers are also used as an ultimate 
solution to fluorescence issues, which is 
essentially true because the substances 
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that give fluorescence in this spectral re-
gion are rare. However, in this case, we 
will struggle with low Raman efficiency 
and the necessity to use specialized, less-
efficient detectors (beyond 1000 nm). 
Putting all this together, green or blue 
lasers show the best compromise be-
tween Raman efficiency and analyzed 
volume, and thus the strongest effective 
Raman signal. In addition, blue lasers, 
which are relatively new on the market, 
can be an option to avoid fluorescence 
because they are on the frontier between 
UV and visible excitation. The 785 nm 
laser remains an optimized solution for 
NIR excitation.

Conclusions 

The aim of this contribution was to 
show the practical aspects of some 
techniques related to Raman spectros-
copy (or spectroscopies). Without a 
doubt, the latest generation of Raman 
spectrometers in all their guises (clas-
sical, SERS, TERS, TRS, and so on) 
open up a vast wealth of analytical 
opportunities, and Raman continues 
to experience impressive growth as 
a technique of choice by analysts in 
many varied fields. The choice of sub-
jects covered here was not exhaustive, 
but was based on my own experiences 
and the techniques’ relative impor-
tance for understanding the advan-
tages (and the difficulties) related to 
Raman spectroscopy. 
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I
n many industries the rapid and 
reliable detection and identifica-
tion of polymorphs — solid ma-

terials that exist in more than one 
form or crystal structure — is essen-
tial to formulation, analysis, quality 
assurance, and process control. For 
example, in pharmaceutical devel-
opment and manufacturing, active 
pharmaceutical ingredients (APIs) 

can have significantly different effi-
cacies and bioavailabilities depend-
ing on their form. And for poly-
mers, both the physical properties 
and chemical interactions will be 
strongly affected by the molecular 
and intermolecular structure of 
the polymeric chain. The conse-
quences of inadequate detection of 
polymorphs in the manufacturing 

Polymorph Identification 
and Analysis Using 
Ultralow-Frequency 
Raman Spectroscopy
Ultralow-frequency Raman spectroscopy has commonly been cited as 
an effective technique for polymorph identification because it access-
es the lattice vibrations related to the physical structure of the mole-
cule. However, these frequencies have been difficult and expensive to 
access with traditional Raman spectrometer systems. Recent advances 
in volume holographic grating (VHG) filter technology enable rapid 
acquisition of high-quality ultralow-frequency Raman spectra in the 
5–200 cm-1 region using a compact filter system and single-stage 
spectrograph, greatly simplifying and reducing the cost of utilizing this 
technique. We report results using this system with both visible and 
near infrared (NIR) excitation wavelengths to analyze multiple forms 
of the polymorphic active pharmaceutical ingredient carbamazepine. 
Both the intense low-frequency Raman bands and fingerprint region 
transitions are simultaneously captured and compared, demonstrating 
the range, ease of use, and efficacy of this technique.

James Carriere, Randy Heyler, and Brian Smith 
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process can be both costly and time 
consuming or even hazardous.

Conventional approaches to poly-
morph discrimination in the finger-
print region often rely on the anal-
ysis of relative peak magnitudes, 
which can be tricky and unreliable. 
Ultralow-frequency Raman spec-
troscopy is an effective alternative 
technique for polymorph identifica-
tion because it accesses the lattice 

vibrations related to the physical 
structure of the molecule or inter-
molecular interactions (1). However, 
these frequencies, which reside ex-
tremely close to the Rayleigh exci-
tation wavelength, have been both 
diff icult and expensive to access 
with traditional Raman spectrom-
eter systems. Rayleigh attenuation 
is critical to al l Raman systems, 
because the process of Raman scat-
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Figure 1: Spectral range of Raman spectroscopy components indicating both fingerprint 
and low frequency regions.
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tering is extremely inefficient (only 
about 1 × 10-9 of the incident pho-
tons will produce a Raman signal). 
So, to resolve these extremely weak 
signals, the excitation wavelength 
needs to be attenuated with o.d. 8 
or better.

Most commercia l Raman sys-
tems use thin-film edge filters to 
completely remove the Rayleigh 
excitation that typically cuts off all 
signals below about 200 cm-1 from 
the Rayleigh line, which also blocks 
the entire anti-Stokes region. The 
use of most commercial ly avail-
able notch filters will allow capture 
of anti-Stokes signals, but will also 
block low-frequency signals be-
cause of limitations on their tran-
sition bandwidth. When detection 
of ultralow-frequency signals is re-
quired, a multistage (or cascaded) 
monochromator system has been 

the historical solution for achieving 
extremely high Rayleigh reduction 
while preserving the signals that 
are close to the laser line, but at the 
cost of greatly reducing the overall 
Raman signal as well. These systems 
are quite large, expensive, and re-
quire a great deal of expertise to op-
erate, thus limiting their usefulness 
in a manufacturing environment.

Recent advances in volume ho-
lographic grat ing (VHG) f i lter 
technology (2,3) have enabled the 
manufacture of exceptionally nar-
row bandwidth notch filters with 
very high throughput. This has 
led to systems that are capable of 
rapid acquisition of high-quality, 
ultralow frequency Raman spec-
tra in the 5–200 cm-1 region (Fig-
ure 1). These systems are based on 
a stable wavelength laser source, 
a compact series of VHG f i lters, 
and a single-stage spectrograph. 
Each VHG filter has a notch pro-
file that is designed to diffract only 
one specific wavelength matching 
the laser and to transmit all other 
wavelengths. The ultranarrow tran-
sition bandwidth of these filters en-
ables extremely high attenuation 
of the laser wavelength (> o.d. 4), 
while maintaining very high trans-
mission of nearby Raman signals 
beyond ~5 cm-1 (Figure 2). This 
combination of strong Rayleigh 
attenuation and high broadband 
transmission enables the system to 
simultaneously capture both the in-
tense low-frequency Raman bands 
and fingerprint region transitions, 
greatly simplifying the overall sys-
tem and reducing the cost, while 
improving the sensitivity and re-
liability of using Raman for poly-

Figure 3: System schematic of the low-
frequency Raman spectrometer platform.
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morph identification and other ap-
plications.

Experimental
Experimental measurements were 
ta ken w it h a  custom confoca l 
Raman system (Figure 3), compris-
ing a single-mode 785-nm stabilized 
diode laser (SureLock LM series, 
Ondax, Inc.), and a series of ultra-
narrowband VHG filters that were 
spectrally matched to the laser out-
put wavelength.

First, two VHG amplified spon-
taneous emission (ASE) suppression 
f ilters (NoiseBlock, Ondax, Inc.) 
were used to remove any nearby ASE 
from the laser that tends to be the 
same order of magnitude or larger 
than the Raman signals and reduce 
the signal-to-noise ratio (S/N) in the 
system. Next, a dichroic 90:10 VHG 
beamsplit ter f i lter (NoiseBlock, 
Ondax, Inc.) was used to redirect 
the laser towards the sample. A 10×
objective lens focused the laser onto 
the sample and collected the back-
scattered light. The 90:10 beamsplit-
ter then ref lected 90% of the Ray-
leigh scattered light back toward the 

laser while transmitting the Raman 
shifted signals. The dichroic nature 
of the 90:10 beamsplitter resulted in 
an almost fourfold improvement in 
collected Raman signal compared 
to a broadband 50:50 beamsplitter. 
Finally, two ultranarrowband VHG 
notch f i lters (SureBlock, Ondax, 
Inc.), each having optical density 
greater than 4.0 were used to fur-
ther attenuate the collected Ray-
leigh scattered light while trans-
mitting the Raman signals with an 
estimated system transmission effi-
ciency of >80%. The entire laser and 
filter assembly is extremely compact 
— approximately the size of a ream 
of notebook paper — and the low 
power requirements of the laser also 
make the system operable by battery 
supply if desired.

It is important to note that the 
ultranarrow bandwidth of the VHG 
filters (<0.1 nm) requires the laser 
to have a very stable wavelength. 
Nonstabilized diode lasers tend to 
be highly subject to mode hops, 
which can shift the laser wavelength 
outside the blocking range of the 
filters and result in either reduced 
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Rayleigh suppression or a complete 
loss of signal in the described con-
figuration.

The filtered signal was focused 
into a 25-μm core diameter, 0.1-NA 
step index f iber (HPSC25, Thor-
Labs), and connected to a high-res-
olution, high-throughput, single-
stage, 0.3-m imaging spectrometer 
(IsoPlane series, Princeton Instru-
ments). It was equipped with a 1200-
line/mm grating and a 1340 × 400 
imaging array (Pixis model 400BR 
with eXcelon, Princeton Instru-
ments) with 20 × 20 μm pixel size 
and 98% peak quantum efficiency to 
ensure maximum signal collection 
and ~1.25 cm-1 resolution; appro-
priately matched for analysis of the 
5–200 cm-1 frequency range.

Results

Two samples having multiple allo-
tropic or polymorphic forms (dif-
ferent structural forms for the same 
chemical composition) were inves-
tigated for this analysis: sulfur and 
carbamazepine. Sulfur forms more 
than 30 different allotropes (4), but 

the most common and easiest to 
produce are forms α, β, and λ. A 
sample of α sulfur was placed on a 
microscope slide and heated with a 
hot plate while the Raman spectra 
were measured with the described 
system as a function of temperature 
with 80 mW of laser power on the 
sample and 10 s of total integra-
tion time at each temperature set-
ting. The hot plate temperature was 
monitored with a thermocouple. 
When the sample temperature was 
increased above 95.2 °C, the form 
changed from α to β. Further in-
creasing the temperature above the 
melting point at 115.21 °C resulted 
in a second form change to λ. The 
corresponding Raman spectra for 
each form were captured and plotted 
in Figure 4. Note that while there is 
a corresponding change in magni-
tude of the peaks in the Raman fin-
gerprint region, there is no obvious 
shift in the position of the peaks. By 
comparison, the ultralow-frequency 
region changes dramatically from 
one form to another in both mag-
nitude and location of the peaks, 

2000
Carbamazepine

Low frequency region
+ 5 cm-1 to 200 cm-1

Fingerprint region
200 cm-1 to 2000+ cm-1

Form 3

Form 2

1800

1600

1400

1200

1000

800

600

400

200

-200 -200 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
0

R
a
m

a
n

 s
ig

n
a
l 
(a

rb
it

ra
ry

 u
n

it
s)

Raman shift (cm-1) Raman shift (cm-1) 

Figure 5: Complete spectra of carbamazepine, showing clearly differentiating low-
frequency signals.

ES257110_SPECPrimerSupp0613_048.pgs  05.29.2013  00:11    ADV  blackyellowmagentacyan



June 2013   Raman Technology for Today’s Spectroscopists  49

enabling clear differentiation of the 
allotropes. 

Carbamazepine is an anticon-
vulsant and mood-stabilizing drug 
that is commonly prescribed in 
the treatment of epilepsy and bi-
polar disorder. It has four differ-
ent polymorphic forms that have 
been well characterized in the lit-
erature (5–9) with form three being 
the active pharmaceutical ingredi-
ent. We obta ined pure samples 
of both form two and form three, 
as well as the hydrated form and 
measured the carbamazepine spec-
tra with the same excitation laser 
and integration conditions (Fig-
ure 5). Because the molecules have 
the same chemical composition, 
the fingerprint region signals are 
quite similar, whereas the differ-
ent structural forms of the poly-
morphs clearly present themselves 
as differences in the low-frequency 
signals. Figure 6 shows additional 
details of the various polymorphs in 
the low-frequency regime, includ-

ing the anti-Stokes signals, which 
clearly validate the low-frequency 
measurements. The ant i-Stokes 
signals can often be used to verify 
low signals in the 5–500 cm-1 region 
because of the inherent symmetry 
about the laser line, thus providing 
additional information that can be 
used to boost the detection capabili-
ties of the system by removing spu-
rious background noise or signals 
that break this symmetry.

Discussion

Both the sulfur and carbamazepine 
data demonstrate the value of low 
frequency Raman signals for the 
discrimination of different poly-
morphic forms. The signals found 
in this region are much stronger in 
intensity and more clearly differen-
tiating than those in the fingerprint 
regions (200–2000 cm-1), making 
them ideal for rapid detection sys-
tems and algorithms by reducing the 
computational complexity required 
for form discrimination. And be-
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Figure 6: Low frequency and anti-Stokes spectra of carbamazepine.
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cause many of the various manu-
facturing and formulation processes 
(including temperature, humidity, 
and pressure) can lead to a change 
in molecular structure, it is essential 
that the polymorphic constituents 
are constantly monitored during 
formulation to ensure purity of the 
material. This additional informa-
tion can be used to inform manu-
facturing process changes and im-
prove overall yields while reducing 
manufacturing costs. The compact 
and affordable nature of the system 
allows it to be easily integrated into 
locations where Raman spectros-
copy is currently used. 

Summary and Conclusions
We have shown that low-frequency 
Raman signals can quickly and eas-
ily discriminate between different 
material polymorphs with a com-
pact, VHG-enabled, low-frequency 
Raman system. The use of ultranar-
row-band notch filters in place of 
conventional edge filters to reduce 
the Rayleigh signal enables the col-
lection of a wealth of information 
about the physical structure of the 
molecule in addition to the chemical 
composition. Aside from polymorph 
identification, there are many other 
applications in which low-frequency 
Raman signals can be used to gain 
important new information about 
materials and boost system sensi-
tivity, such as explosives trace de-
tection and forensics, polymer and 
industrial chemical development 
and manufacturing, cancer detec-
tion, and basic material science. 
This new platform will open up the 
possibility of using low-frequency 
Raman for these and a multitude of 

other industrial and scientific uses 
in the years ahead.

References
(1)  A. Hédoux, L. Paccou, Y. Guinet, J.-F. 

Willart, and M. Descamps, Eur. J. 

Pharm. Sci. 38, 156–164 (2009).

(2) C. Moser and F. Havermeyer, Appl. 

Phys. B: Lasers Opt. 95(3), 597–601 

(2009).

(3) C. Moser, et al. “Compact Raman spec-

trometer system for low frequency 

spectroscopy,” Proc. SPIE, 7598,

(2010).

(4)  R. Steudel and B. Eckert, Top. Curr. 

Chem. 230, 1–80. doi:10.1007/b12110. 

ISBN 978-3-540-40191-9 (2003).  

(5) H. Pohlmann, C. Gulde, R. Jahn, and 

S. Pfeifer, Pharmazie 30, 709–711 

(1975).

(6) C. Lefebvre, A.M. Guyot-Hermann, M. 

Draguet-Brughmans, R. Bouche, and 

J.C. Guyot, Drug Dev. Ind. Pharm. 12, 

1913–1927 (1986).

(7) C. Rustichelli, G. Gamberini, V. Ferioli, 

M.C. Gamberini, R. Ficarra, and S. Tom-

masini, J. Pharm. Biomed. Anal. 23,

41–54 (2000).

(8) M. Lang, J.W. Kampf, and A.J. Matzger, 

J. Pharm. Sci. 91, 1186–1190 (2002).

(9) G.M. Day et al., J. Phys. Chem. B 110,

447-456 (2006).

James Carriere and Randy 

Heyler are with Ondax, Inc., in 

Monrovia, California. Brian Smith is 

with Princeton Instruments in Trenton, 

New Jersey. Direct correspondence to: 

jcarriere@ondax.com ◾

For more information on this topic, 

please visit our homepage at: 

www.spectroscopyonline.com

ES257109_SPECPrimerSupp0613_050.pgs  05.29.2013  00:12    ADV  blackyellowmagentacyan



Take Your Raman into the Terahertz Regime

Stable, ultra-compact designs from 

405nm to 830nm

Wavelength-stabilized  Single Frequency Lasers

850 E. Duarte Rd. Monrovia, CA 91016

www.ondax.com  •  sales@ondax.com  •  (626) 357-9600

Ondax – High performance spectroscopy solutions

Ondax patented SureBlock THz-RamanTM Spectroscopy Systems extend the reach 
of your Raman system down into the low frequency/THz regime. Clearly identify 
and diferentiate polymorphs and other molecular and inter-molecular structural 
elements, while maintaining the complete “chemical fngerprint” in the higher 
frequencies.  Explore the realm of THz-Raman!

“THz-Raman” Region

±5 cm-1 to 200 cm-1

“Fingerprint Region “

 200 cm-1 to 2,000+ cm-1

Polymorphs are clearly 

distinguished by low 

frequency/THz-Raman signals

Single flters to fully integrated confocal 

delivery confgurations

Ultra-low Frequency THz-Raman™ Systems

Complete chemical 

fngerprint

Both Stokes and anti-Stokes signals  

from  ± 5cm-1 to 200cm-1 

(150GHz – 6 THz) – and beyond!

ES257044_SPECPRIMERSUPP0613_043_FP.pgs  05.29.2013  00:02    ADV  blackyellowmagentacyan



horiba.com/raman
email: adsci-specty@horiba.com 

The Art of RAMAN!
+25,%$�6FLHQWL¿F offers a complete spectrum of Raman
solutions that transforms Raman from complicated science
to an easy art form.      

  From our new XploRA ONE Confocal One-Shot Microscope,
����WR�RXU�/DE5$0�+5�(YROXWLRQ��\RX�ZLOO�¿QG�DQ�HDV\�WR�XVH
��������5DPDQ�LQVWUXPHQW�GHVLJQHG�WR�¿W�\RXU�UHTXLUHPHQWV
           and your budget, without needing to compromise.   

      And, our instruments are backed by unsurpassed
    application and customer support, all from
     +25,%$�6FLHQWL¿F��WKH leader
                             in Raman spectroscopy.

ES257049_SPECPRIMERSUPP0613_CV4_FP.pgs  05.29.2013  00:03    ADV  blackyellowmagentacyan




