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  Serafim Teknowijoyo, Rajendra Dulal, Sara Chahid, and Armen Gulian
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  structure plays an important role in their electronic properties. Here, we show how   
  Raman analysis is able to confirm the presence of the required crystalline phase for  
  solar cell production.
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  of SERS substrates at large scale.

 42  Tracking Bioactive Compounds Produced by Genetically 
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  Mohammed Ibrahim, Rui Chen, and Nosa Agbonkonkon
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  their ability to produce bioactive compounds. Raman imaging microscopy is able 
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Raman Spectroscopy as a Tool  
for Rapid Feedback of Perovskite  
Growth Crystallinity and Composition

Perovskites are ubiquitous in science and technology, from solar cells to high-temperature 

and exotic superconductivity. Exciting representatives of the perovskite family, such 

as metal-doped oxy-chalcogen calcium ruthenates, recently attracted the attention of 

researchers. Rapid modification of their properties is a key for research competitiveness.  

Crystalline structure plays an important role in the electronic properties of these materials, 

in particular superconductivity. Flux-assisted growth may deliver an advanced performance 

of these perovskites due to a higher level of crystallinity. In this article, we demonstrate that 

Raman spectroscopy enables a fast evaluation of improvement of the crystalline quality of 

Ca2RuO4 by using chlorine as a flux. In particular, ~0.6 wt.% of chlorine significantly modifies 

the properties of polycrystalline material. While standard energy dispersive X-ray analy-

sis (EDX) diagnostics could not resolve the presence of chlorine and distinguish between 

samples with and without it, Raman spectroscopy resolved the chlorine-related features with 

very high accuracy at initial synthesis. Moreover, after specially performed high-temperature 

treatment, which sublimated chlorine from the specimen, Raman analysis confirmed the 

absence of chlorine and presence of required crystalline phase. The feedback received  

in Raman analysis is very informative, and faster than provided by any other method.

Serafim Teknowijoyo, Rajendra Dulal, Sara Chahid, and Armen Gulian

C ontemporary solid-state physics is 

hard to imagine without ubiquitous 

perovskites. Perovskites gained at-

tention after the discovery of high-temperature 

superconductivity in copper oxides by Bednorz 

and Müller (1). Later, triplet superconductivity was 

discovered in strontium ruthenates (2), and, very 

recently, high-temperature superconductivity 

was reported in calcium ruthenates (3). However, 

perovskites are not related only to the world of 

superconductivity. They are interesting objects for 

solar cells; see, for example, (4) and (5), and other 

applications. Interestingly, they constitute a major 

part of the earth’s mantle (6). Recently, possible 

superconductivity was reported in reference (7), 

which may have a relationship with the findings of 

reference (2). These discoveries initiated our stud-

ies in calcium ruthenates, which was facilitated by 

Raman diagnostics. By this report we would like to 

share our excitement concerning perovskites with 

a broader audience.

Materials and Methods

Sample Synthesis

Our ceramic samples were prepared similarly to 

the case of doped strontium ruthenates described 

in (7,8). Here, we will briefly summarize the various 

exploratory procedures. 
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In total, five batches of samples were studied. 

For the first batch, the dried precursors, RuO2 and 

CaCO3, were powderized and mixed initially in stoi-

chiometric proportions Ca2RuO4 composition (214 

hereafter). A hand grinding and mixing  process in an 

agate mortar was applied. The powder mixture was 

calcined at 1070 °C (this temperature was reported 

in [2]) for 20 min, with 10 h linear heating time and 

5 h linear cooling time. The calcined powder was 

again ground and separated into two parts. To one 

of these parts, as a chlorine flux (see, for example, 

[8]), 1 wt.% of NaCl was added, and hand mixed in 

the agate mortar. Both powders were then pelletized 

and annealed in the regime similar to that described 

above (8). A second batch was prepared in a similar 

manner (also with and without flux); however, pellets 

were first annealed for a longer time (1070 °C for 3 

h, with 10 h linear heating and cooling, respectively). 

A third batch was prepared similarly with two differ-

ences: 20 at.% excess ruthenium in initial ingredients, 

and the pellets were annealed by much longer time 

(1070 °C for 50 h). This temperature and lengthier an-

nealing time is recommended in (2), with 10 h linear 

heating followed by 10 h of cooling. Excess initial 
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FIGURE 1: Demonstration of Raman diagnostics prevalence. Panels (a) and (b) show 
Raman spectra of samples synthesized at 1070 °C with and without Cl flux, respectively.  
Each panel contains spectra from three different annealing plateau durations (batch-
es 1–3). The inset in Panel (a) contains labeled spectra of CaRuO3 (Ag mode) from ref-
erence (10) and of Ca2RuO4 (x’x’ polarized) from reference (11). Panel (c) shows X-ray 
diffraction data (the reference data of inset are from reference [12]) which indicate 
CaRuO3 composition irrespective on the presence or absence of flux and of annealing 
duration. Meanwhile, Raman spectra, Panels (a) and (b), indicate significant differ-
ence which disappears at longer duration annealing. Difference between flux and no 
flux synthesized samples is also visible at SEM studies: inset in Panel (d) corresponds 
to Cl fluxed sample shown with the same scale as main Panel (d).
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amount of ruthenium was applied to compensate 

its deficit (see the EDX data (in Table I ) when 

preparing with stoichiometric composition (9). 

The fourth batch was also prepared with 20 at.% 

excess ruthenium. The powder was calcined at 

1070 °C for 20 min, with 10 h linear heating time 

and 3 h linear cooling time. The first annealing of 

pellets was made at 1070 °C in air for 3 h with lin-

ear temperature increases and decreases each at 

the 10 h interval. The second annealing was made 

at 1370 °C in air for 30 h with linear temperature 

increase and decrease during 6 h and 4 h, respec-

tively. The final, fifth batch was also prepared with 

20 at.% of excess ruthenium. It was calcined at 

1000 °C in air for 20 min with linear temperature 

increase and decrease at 3 h each. Ground and 

pelletized samples were annealed at 1370 °C in 

air for 30 h, with linear temperature increases and 

decreases at the rates 10 h and 4 h respectively. 

At the annealing, the pellets were arranged on 

top of each other pairwise. This worked better 

than using powder underlayment (9) for exclusion 

of the interaction of pellet material with the sup-

porting alumina plates. Long-time and high-tem-

perature annealing was performed in KSL-1700TX 

Zirconia Sintering Furnace (Hansunthermal).

Raman Spectroscopy

The Raman spectra were taken at ambi-

ent temperature using a Thermo Fisher DXR 

Raman microscope equipped with a 532 nm 

(green) unpolarized excitation laser and a 5 cm-1  

resolution grating. The calibration was per-

formed automatically, using an internally-at-

tached calibration toolkit that included a stan-

dard polystyrene film. We used the usual double 

exposure protocol where half of the total scans 

were dedicated to the background collection. 

Throughout this process, the Raman spectra 

were measured using a 10x objective, 5 mW 

laser power at the sample, a 50 micron pinhole, 

and a total exposure time between 2 to 10 min. 

XRD 

An X-ray diffraction (XRD) experiment was per-

formed on polycrystalline calcium ruthenate 

sample pellets using CuKα radiation on a powder 

diffractometer (Siemens D-500), the angle interval 

2θ = 10–80° with the step 0.04° and scanning rate 

0.01°/s. Match! 3.3 Crystal Impact software was used 

for phase analysis.

SEM and EDX 

Surface morphology and composition of polycrystal-

line samples were analyzed using a Hitachi SU3500 

scanning electron microscope (SEM) with Oxford 

Instrument energy dispersive X-ray analysis (EDX) 

unit operated using AZtec software.

Results and Discussion

Figure 1 demonstrates major results obtained by 

our Raman diagnostics in combination with XRD 

and SEM analysis. As follows from this figure, 

achievement of the required crystalline phase 214 

TABLE I: Elemental composition of lower temperature (1070 °C) annealed samples 
revealed by EDX

Batch # Flux Ca (at.%) Ru (at.%) Oxygen (at.%)

1 No 26.4 11.6 62.0

1 (Another pellet) Yes 24.3 10.7 65.0

1 (Yet another one)* No 29.0 10.0 60.0

2* No 21.4 9.2 55.6

*Presence of minor amount of other elements is not shown.
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is far from being reached. There is also direct evi-

dence that influence of a minor amount of chlorine 

during synthesis yields changes in the substance 

which are not visible via XRD or EDX (see Table I 

above), while their presence is consistently revealed 

via Raman diagnostics.

As follows from this table, the Ca to Ru ratio is 

about 2:1. However, both Raman and XRD data con-

tradict this observation. The puzzle is most likely due 

to the existence of parasitic (possibly amorphous) 

phases existing in the material that are responsible 

for integral composition close to 214, while the crys-

talline phase is mainly 113 (that is, CaRuO3).

Since the regimes used for obtaining the results 

shown in Figure 1 have not delivered the required 

phase 214, but rather the phase 113, further Raman-

guided studies were undertaken.

Figure 2 contains the results of this next stage of 

research that included high-temperature annealing. 

While annealing at 1070 °C for 50 h yields a sam-

ple with the majority 113-phase (blue and green), 

identified by their fingerprint region (including the 

439 cm-1 peak of the B2g-mode [10]), a two-step 

annealing at 1070 °C and 1370 °C (orange) reveals 

a mix of both CaRuO3 (at 253, 431, and 732 cm-1) 

and Ca2RuO4 (at 306, 374, and 584 cm-1). However,  

a prominent background between 580 and 800 

cm-1, and a peak at 802 cm-1, suggests the presence 

of unknown phases. At the same time, the direct an-

nealing at 1370 °C improves representation of 214 

phase where these features are suppressed (red 

curve). We should also note that while XRD diffrac-

tion is an integral characteristic over the sample sur-

face, Raman microscopy allowed us to explore the 

selected small areas and confirm the homogeneity 

of the material. Table II below shows compositional 

data obtained by EDX. These data support Raman 

and XRD observations.
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FIGURE 2: Reaching the required crystalline phase. The Raman spectra in Panel (a) 
are shifted vertically for clarity. Also, the annealing plateau time and temperature 
is indicated. The XRD spectrum in Panel (b), indicates a presence of the 214 phase 
(the reference curve corresponds to data in reference [13]). Samples with red curves 
match in Panels (a) and (b). The structure of crystallines in Panel (c) is much different 
from that in case of 113 phase (Figure 1d).
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Conclusion

By using Raman spectroscopy, a powerful tool for 

phase identification, we were able to narrow down 

the optimal synthesis routes to our target material, 

Ca2RuO4. While it is best to combine the experimen-

tal results with other characterization tools such as 

XRD and SEM/EDX, having the capabilities and ap-

propriate library database of Raman spectra can 

significantly accelerate material exploration work in 

condensed matter physics.
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A critical component for success of any PAT 
solution is the ability to function seamlessly 
across the full range of scales used by firms. 
Kaiser Raman has a proven track record of 
transferability at any scale. Beginning with 
ambr® microbioreactors and benchtop 
reactors—and continuing through to single-
use bioreactor (SUB), pilot, and full-scale cGMP 
manufacturing—models can be built and 
utilized confidently despite the differences 
in scales. The largest return on investment 
(ROI) can be realized with implementation 
of in-line Raman in a manufacturing 
process, typically from improved efficiency, 
higher yield, improved product quality, 
and reduced contamination risk. However, 
development organizations benefit as well, 
with less spending on analyzer consumables, 
decreased human capital requirements 
for data collection, and a reduced risk of 
contamination associated with sampling. 
In addition, development timelines can be 
accelerated, requiring fewer batches to reach 
process optimization and may in fact allow 
for greater overall optimization. Extensive 
understanding of the process provided by 
Raman spectroscopy at any scale is invaluable. 

CELL CULTURE CASE STUDIES
The nature of the impact of any given bioreactor 
parameter on cellular metabolism is rarely well 

characterized, and often relies on mechanistic 
models that struggle to account for the 
innumerable confounding variables present in 
a complex biological system. Kaiser’s platform 
can accurately measure a wide range of culture 
parameters simultaneously, with excellent 
data predictability1, which provides previously 
unharnessed insight into the metabolic 
dynamics during normal growth as well as post-
perturbation. Perhaps most importantly, only a 
single probe is required to concurrently measure 
that wide range of analytes, rather than needing 
individual scans for each analyte.

The advantage of Raman spectroscopy for 
the production of therapeutic proteins has 
been demonstrated in literature, including 
by scientists at Biogen,2 where a legacy 
process suffered from a non-optimized 
feed strategy. Bolus glucose feeds were 
added beyond the cellular consumption 
rate, which led to metabolic inefficiency 
and toxic accumulations of lactate and 
glucose. Those toxic conditions often 
induced early termination of batches as well 
as unpredictable critical quality attributes 
(CQAs), and rapid declines in viability and 
viable cell density (VCD) late in the process.

A closed loop control was devised using 
in-line Raman measurements of glucose 
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Make quality biopharma products 
consistently and efficiently using  
in-line Raman tools

INTRODUCTION
The bioprocess industry is increasingly relying on process 
analytical technologies (PAT), and Raman spectroscopy is 
uniquely suited for this purpose. This rapid, non-destructive 
technique has been successfully used for in-line bioprocess 
monitoring and control, leading to increased productivity and 
improved product quality. Kaiser Optical Systems’ Raman 
solutions provide in-line analytical technology to facilitate 
the development, characterization, and production of quality 
biopharma products. From laboratory scale to manufacturing, 
Kaiser’s systems enable consistent and efficient production by 
delivering process data in real time.

FUNDAMENTALS OF RAMAN SPECTROSCOPY
In Raman spectroscopy, a sample is irradiated with 
monochromatic light, most commonly a 785-nm laser. The 
photons interact with chemical bonds in the sample, creating 
transient exited states. The vast majority of these interactions 
conclude with the bond ejecting a photon at the exact same 
wavelength as the incident light. This is called Rayleigh scattering, 
which is known as elastic scattering because there is no change in 
energy. However, roughly one out of roughly 100 million photons 
experiences inelastic scattering, which involves an energy shift 
corresponding to the vibrational mode of the bond, such that the 
scattered photon has less energy than the incident photon and 
the difference in energy has been temporarily retained by the 
bond. This inelastic scattering yields information on a molecule’s 
structural bonds because the magnitude of energy shift is 
highly specific to bond chemistry. In this way, Raman scattering 
generates a unique fingerprint for each substance and enables 
both identification and quantification. 

Kaiser’s in-line Raman platform readily monitors multiple 
bioprocess parameters, allowing advanced process control for 
cell culture, fermentation, and downstream processes. One 
common implementation of the technology is designed to 
characterize metabolic processes and growth after a bolus 
nutrient feed.  
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and lactate concentrations, which facilitated 
monitoring and control of the process. 
Automated glucose feeding based on the 
model predictions was able to maintain 
lactate levels at the specified setpoint. As 
shown in FIGURE 1, this automated, controlled 
approach improved viability and VCD, 
verifying that cellular health was stabilized 
at high levels for the duration of the process. 
Furthermore, the harvest titer increased 
85% over the historical process, with a 35% 
reduction in the duty cycle and significantly 
more consistent CQAs.

This data indicated that tight glucose control 
could also be used for manipulation of glycan 
profiles, which was explored in a subsequent 
publication.3 Total glycation can be reduced 

or tuned to meet a specific target. This 
advanced control can be used to match the 
CQA profile of existing products if the goal is 
biosimilars production, for example, but it can 
also be used to make those ranges tighter in 
an effort to protect against future biosimilars 
in novel compound processes.

As previously mentioned, cross-scale 
functionality is imperative for any PAT solution. 
Published data demonstrated the ability to 
build predictive models of Chinese hamster 
ovary (CHO) cell culture processes using 
Kaiser Raman and accurately predict multiple 
parameters at any scale based solely on 
benchtop data.4 The study compared models 
across three scales: benchtop, pilot, and 
manufacturing. The results showed that VCD 
and total cell density (TCD) were the only two 
variables that required scale-appropriate data 
for accurate predictions. FIGURE 2 illustrates the 
advantage of Kaiser’s cross-scale and cross-lab 
transferability. The plots were generated by 
multiple instruments on different scales and 
different locations around the world with 
remarkable reproducibility.

Kaiser’s Optograf™ Gas Analyzer uses four 
532-nm lasers so that four gas streams can 
be measured concurrently. In a five-month 
study, it was used to monitor bioreactor off-

gas to calculate oxygen uptake rate (OUR) 
and carbon dioxide evolution rate (CER) 
for comparison with a mass spectrometer 
(MS). During the study, the Optograf™ 
collected data continuously, while the MS 
was out of service for 84% of the time. The 
Kaiser instrument experienced zero drift, 
compared to the 5% drift, which is in line 
with its manufacturer’s expectation. By the 
conclusion of the study, the MS instrument 
was reading room air as containing 16% 
oxygen, leading to significant discrepancies 
between instruments. However, when room 
air was used as a one-point offset for the MS 
data, the results from the two techniques 
were in agreement.

DOWNSTREAM PURIFICATION  
CASE STUDIES 
Scientists at Regeneron performed a study to 
measure protein concentrations and automate 
the concentration targets.5 Their goals 
included reducing volumes, conditioning the 
monoclonal antibody (mAb), adjusting pH, and 
monitoring excipients. In general, the highest 
error for the Gibbs-Donnan effect, at 3.1%, was 
observed at the low end of the concentration 
range, and the error decreased linearly across 
the range to 1.8% at high concentrations. Real-
time modeling error was measured at 1.9% for 
primary, 2.2% for diafiltration, and 0.7% for final 

concentrations using 10-second scans. It took 
only four runs to build models that achieved a 
95% confidence interval with 90% of the data. 
After 15 runs, 100% of the data was falling within 
that confidence limit. 

Free amino acids were also measured in the 
Regeneron study, with errors ranging from 
2% to 8%. Interestingly, error increased with 
scan length. This is presumably caused by the 
use of a flow cell, which inherently introduces 
variation. As such, a short snapshot yielded 
a better result because less variation was 
observed when looking at cross sections of 
the material as it came off a column.

A case study from Abbott used Raman to test 
and release formulation buffers, as well as 
monitor protein and excipient concentrations.6 
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95% confidence interval with 90% of the data. 
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Regeneron study, with errors ranging from 
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a better result because less variation was 
observed when looking at cross sections of 
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Demonstrated with four discrete systems, 
Raman clearly differentiated the sugars, the 
amino acids, the buffers, and the surfactants 
used for the formulation, which led to 
impactful real-time predictions. The partial 
least squares (PLS) model results are shown 
in FIGURE 3. This type of information can be 
used to ensure that materials are flowing into 
the correct tanks, the mixture is transpiring 
properly, and that everything is at the proper 
concentration. The result was robust buffer 
testing and release for their ultrafiltration/
diafiltration (UF/DF) operations.
In an early example of the value of enhanced 
process understanding, Bristol-Myers Squibb 
analysts used Kaiser Raman spectroscopy 
to monitor soluble protein aggregation.7 
During the study, a strong correlation 

between higher temperatures and decreased 
stability of the tryptophan C=C and C=N 
bonds became evident. Shown in the plot in 
FIGURE 4, the stabilizing bonds disappeared 
with increased temperature as a result of 
aggregation. High temperature also led to 
a decrease in tyrosine doublet intensities as 
well as a significant reduction in the peptide 
backbone intensities. 

The real-time data from in-situ 
measurements provided valuable information 
that could not have been obtained otherwise. 
The data allowed the analysts to modify 
their process, lower the temperature range 
and reduce some of the issues caused by 
thermal degradation. A calibration model 
with excellent correlation was developed for 
thermal aggregation of the target protein.
In 2017, Genentech presented a study on 
real-time monitoring of the assembly of 
a bispecific antibody.8 A typical Raman 
spectrum of protein/mAb affords valuable 
insight into tertiary and secondary structure, 
hydrogen bonding network, side-chain 
interactions of the protein molecule, and 
inter-molecular interactions. With the wealth 
of information from the study, Raman 
spectroscopy enabled the monitoring of 
product generation as well as appreciably 
enhancing understanding of the reaction 
kinetics. The scientists could then modify 
assembly conditions to maximize quality 

and minimize waste. As bispecific and 
trispecific antibodies become more prevalent 
in the industry, the replacement of off-line 
assays with in-line Raman measurements is 
expected to increase.

KAISER HARDWARE AND SOFTWARE
Kaiser offers two Raman Rxn embedded 
analyzers for lab-to-process operations. The 
Raman Rxn2 is generally used in bioprocess 
development laboratory and pilot scale 
settings. The device can be cart mounted or 
placed on a benchtop for location flexibility. 
The Raman Rxn4 is suited for more permanent 
production/cGMP installations, and is 
compatible with either rack-mounting or a 
National Electrical Manufacturer Association 
(NEMA) 4 enclosure (Raman Rxn4E). 

One of the most popular features of these 
instruments is the calibration routine. The laser 
and wavelength calibrations are performed 
internally and automatically, with no actual 
input or manipulation from the user; they 
occur in the background and operators 
are notified is there is a problem. The only 
calibration that requires user intervention is for 
intensity, which involves presenting a National 
Institute of Standards and Technology (NIST)-
calibrated white light source to the optic in 
order to normalize parameters such as fiber 
length. There is also a verification step that 
is executed with isopropanol to check signal 
strength and detect fiber breakage. Each of 
these steps takes approximately 2.5 minutes 
and could be done as frequently as between 
batches or as seldomly as once a month. Data 
will not drift over time, so measurements taken 

today will match data collected two years  
down the road.

Kaiser recently announced their partnership 
with Sartorius to provide Raman solutions 
for the ambr® and BioPAT® Spectro product 
lines. Given the enormous throughput of the 
ambr® systems, collecting Raman data at that 
massive scale will allow for even more rapid 
process optimization.

A critical feature of Kaiser’s Raman systems 
is the ability to maintain a sterile envelope. To 
accomplish this, the robust optics are made 
from stainless steel (SS) and the window uses 
a proprietary material. The most common 
commercially available window material is 
sapphire, which produces interference that 
blocks approximately 20% of the Raman 
fingerprint region. Kaiser’s window avoids the 
interference so that the entire spectrum is usable.

Optimized for bioreactors, Kaiser Raman 
bioprocess probes have been designed to 
ensure compliance with bioprocess industry 
norms for sterility and best practices in GMP 
manufacturing. They are compatible with 
industry standard bioreactor interfaces, and 
are suitable for glass, disposable plastic, and 
316 SS application platforms. The bIO Optic 
probe for benchtop reactors is amenable to 
autoclaving, sterilization-in-place (SIP), and 
clean-in-place (CIP), while the SUB-Optic 
probe, developed according to industry 
standards for single-use sensors, is Gamma 
sterilizable. The bIO Optic probe can be 
customized for narrower, wider, longer, or 
shorter configurations, if necessary. The 
SUB-Optic’s window allows Raman data 
acquisition out without compromising 
sterility. GMP qualified and field tested at 
multiple biopharmaceutical companies, the 
probe ships from the manufacturer already 
gamma irradiated and ready to use. Both 
probes suffer no interference from bubbles 
or fouling and are optimized for turbid 
environments/high cell densities. 

The bIO-PRO cannot be autoclaved but 
withstands CIP and SIP cycles. This optic 
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features a convenient right-angle design, as 
well as a robust and consistent connection. 
It can be made to fit almost any port. All 
of the bioprocess probes are suitable for 
temperatures ranging from -30 °C to 150 °C 
and pressures from 0 to 200 psi.

Kaiser’s Endress+Hauser Flow Cell provides 
the ability to collect Raman data in a flow 
path, which has become very popular 
for perfusion processes, especially on the 
permeate line. The precision is improved 
significantly for the permeate line, yielding 
faster scans and better predictions. The flow 
cell is compatible with everything from a 
benchtop reactor up to manufacturing scale. 
The array of probes from Kaiser offer the 
flexibility needed to meet the varied needs of 
biopharma manufacturers.

CONCLUSION
Raman spectroscopy is a well-suited tool 
for bioprocess PAT, with many benefits 
being realized by biopharmaceutical 
manufacturers. Kaiser’s suite of Raman 
instruments and accessories has 
proven successes from development 
to manufacturing, traditional to single-
use platforms, and batch to continuous 
processes. As Raman becomes one of the 
key drivers moving the industry towards 
finally realizing the benefits of PAT, Kaiser’s 
solutions deliver an in-line analytical platform 
technology to make quality biopharma 
products consistently and efficiently.
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A Dual Nanostructured Approach  
to SERS Substrates Amenable to 
Large-Scale Production

Surface enhanced Raman spectroscopy (SERS), although popular in research, has not yet 

been adopted in industrial applications. This is largely due to the challenge of manufactur-

ing cost-effective, reproducible SERS substrates in volume that can be read by a compact 

reader for practical deployment in the field. Here we demonstrate and characterize a new 

dual-nanostructured SERS substrate approach that could be amenable to large-scale pro-

duction. This dual-nanostructured surface combines long-range ordering of silver nanowires 

(AgNWs) with dense non-ordered decoration via silver nanoparticles (AgNPs) to improve on 

the SERS response characteristics of the individual structures, using fabrication methods that 

could be scaled for deposition via roll-to-roll Mayer rod coating. Characterization of the sub-

strates’ SERS response using 638 nm Raman spectroscopy and ATP as the reporter molecule 

found the dual-nanostructured SERS substrate to offer both greater spatial uniformity and a 

consistently higher SERS enhancement factor (EF) than the nanowires alone.

Kory Brian Castro, Cicely Rathmell, and John Cooper

Sur face-enhanced Raman spectros-

copy (SERS) is a technique whereby 

the Raman ef fec t is enhanced by a 

factor of 106–108 or more through interaction 

of the analyte with noble metal nanostruc-

tures (1). This increases the limit of detection 

of Raman significantly for both quantitative 

and qualitative applications, and reduces 

per formance demands on the associated 

instrumentation to allow greater deploy-

ment in the field. In SERS, the Raman signal 

enhancement originates from a combination 

of electromagnetic (EM) field enhancement 

because of the interaction of light with the 

nanostructures and the chemical enhance-

ment (CE) that occurs when the analy te is 

chemisorbed on a SERS-active surface. 

Common SERS-active structures include 

nanopar ticles, nanowires, and nanostruc-

tured fabricated sur faces, with the great-

es t EM enhancement occur r ing in SERS 

hotspots, junctions between two nanostruc-

tures (1). Although both colloidal and solid 

SERS structures have been explored, solid 

substrates of fer the greatest potential for 

commercial use, provided that they pos-

sess a suf ficient number of SERS hotspots 

uniformly distributed within the spot size of 

the reader, in order to produce a reproduc-

ible, concentration-dependent signal while 

retaining high sensitivity. SERS substrates 

also allow convenient solution sampling, 

with the analyte becoming concentrated on 

the surface as the solvent evaporates to fur 
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ther increase interaction between the ana-

lyte and signal-enhancing substrate within 

the laser focus.

Both silver nanopar tic les (AgNPs) and 

s i l ver nanowires (AgNWs) are known to 

produce significant SERS signals, and can 

be synthesized relatively easily in the labo-

rator y. However, the cur rent fabr icat ion 

methods ut i l ize reac tion condit ions that 

pose challenges for large-scale production,  

from the need for meticulous controls over 

synthesis parameters to slow reaction times. 

This study demonstrates a SERS substrate 

where AgNWs and AgNPs are used as com-

plementary nanostructures to improve on 

the SERS response characteristics of AgNWs 

alone, and where both structures are fabri-

cated via easy, scalable synthetic methods. 

For the AgNWs, a simple one-pot syn-

thesis wi th a fas t reac t ion rate and low 

temperature is used, based on the popular 

“polyol” method. The polyol method utilizes 

hot ethylene glycol (EG) to reduce silver ions 

in the presence of poly v iny lpyr rol idone  

(PVP, Figure 1a). The method is popular due 

to the use of environmentally-friendly reac-

tants and relatively mild reaction conditions 

compared to other thermal solvolysis meth-

ods. Here, we employ FeCl3 as a source of 

Fe+3 to catalyze the reduction of silver and 

create shor ter, thicker wires (2), as well as 

halide ions to promote wire formation. 

For the AgNPs, a s i l ve r ion molec u-

lar complex is used as an al ternat ive to 

t r ad i t iona l  AgNP f a br ic a t ion,  in  w h ic h 

a  s o l i d  s i l v e r  s u r f a c e  i s  r a p i d l y  p r o -

duced when a diamminesilver (I ) complex 

i s  ex p o s e d to a n a ld e hyd e f u n c t io na l 

group. The s i l ver complex used here i s 

μ - oxa la to b i s (e t hy le ne d iamine) s i l ve r ( I ) , 

shown in Figure 1b. By utilizing a carboxylic 

acid as a ligand, gaseous CO2 is produced 

upon decomposition, and the decomposi-

tion reaction is slower. Because the reac-

tion produces all gaseous organic species, 

a clean silver sur face is produced absent 

of background inter ference from the cap-

ping agents often used to ensure colloidal 

stability (3), or additives required to avoid 

the coffee stain effect common in SERS sub-
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FIGURE 1: (a) The structure of polyvinylpyrrolidone, used with hot ethylene glycol EG)  
to reduce Ag+ to form silver nanowires; (b) The structure of the silver complex μ-oxalatobis 
(ethylenediamine)silver(I) used to synthesize silver nanoparticles; (c), Schematic of the  
proposed dual-nanostructured substrate, composed of AgNWs decorated with AgNPs.
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strates (uneven distribution of AgNPs result-

ing in concentrated rings on the surface) (4). 

Though the silver complex alone has pre-

viously failed to yield the morphology re-

quired for SERS response (5), the consistent 

formation of nanoparticles and known shelf 

stability (6) makes it a promising choice for 

incorporation with AgNWs into a dual-nano-

structured SERS substrate. 

Additionally, by drawing on established 

industrial processing techniques like use of 

a whirlpool tank to isolate the AgNWs and 

roll -to-roll Mayer rod coating to deposit 

the SERS-ac t ive mater ia ls , a pathway is 

proposed for a SERS substrate which could 

be both manufacturable and cost-effective  

in volume. 

Both AgNW substrates and AgNW sub-

strates coated with AgNPs were fabricated 

using a variety of reaction parameters and 

deposition methods. These were evaluated 

to explore whether the easi ly produced 

AgNW coating could be utilized as a sub-

strate to produce a uniform AgNP sur face 

through the decomposition of an aqueous 

ink of the Ag complex on the AgNW sub-

strate without the need of any additives, 

thus creating a dual-nanostruc tured sur-

face. Results presented herein represent 

the optimized conditions relevant to dem-

onstrating the dual-nanostructured surface; 

full details of the optimization process are  

presented elsewhere (7).

Materials and Methods

Silver Nanowire Synthesis

A synthetic method was developed to pro-

duce AgNWs based on the “polyol” method, 

incorporating a transition metal cation cata-

lyst, and utilizing a selective precipitation 

purification method. 

To synthesize the AgNWs, PVP (~150 mg) 

with a molecular weight of ~55,000 was dis-

solved in EG (20 mL ) with vigorous stirring, 
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FIGURE 2: (a) A microscope image of a typical nanowire substrate (NWS) produced 
by Mayer rod coating, showing both linear regions and gaps. (b) The SERS spectra 
acquired on the NWS over a spatial distance of 1 cm.
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protected from light exposure. Silver nitrate 

was dissolved directly into the same reaction 

vessel, with a mole ratio of PVP monomer to 

silver of 2.0 to help direct one-dimensional 

growth of nanowires. An 11 mM stock solu-

tion of FeCl3 in EG (100 μL) was added with 

gentle swirling. The solution was heated to 

100 °C in an oven for 45 min before increas-

ing the temperature to 140 °C for 70 min, 

then cooled to room temperature. 

The reaction products were dissolved in 

water (40 mL ) to create a homogenous disper-

sion. Acetone was then added slowly, drop-

wise with swirling, until a visible granularity 

was observed, and the mixture was allowed 

to set tle for 15 min. The supernatant was 

removed, and water (~20 mL ) was added to 

resuspend the AgNWs. The selective precipi-

tation was repeated 3–5 times, as necessary. 

Residual acetone and water were removed 

by centrifuging the solution at 3000 rpm for  

3 min, removing the supernatant, redispersing 

in ethanol, and repeating the procedure four 

times before suspending the purified wires in 

a stock solution of ethanol (~5 mL ). 

Qualitative analysis of the wire size distri-

bution and purity was determined by bright-

field optical microscopy using an Olympus 

BX60 microscope equipped with a DP73 

color camera and polarization filters. SEM 

images were taken using a Hitachi SU8000 

UHR FE-SEM. Composit ion and struc ture 

were characterized using UV-vis spectros-

copy, thermal gravimetric analysis (TGA), 

and scanning elec tron microscopy (SEM), 

reported elsewhere (7).

Silver Complex Synthesis

T h e  s i l v e r  c o m p l e x  μ - o x a l a t o - b i s 

(ethylenediamine) silver(I) was synthesized 
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FIGURE 3: (a) A microscope image of the dual-nanostructured substrate (DNS) pro-
duced by drop casting the silver complex ink onto an NWS, with tapping mode AFM 
image (inset) showing nanoparticles filling the interstitial spaces between nanowires. 
(b) The SERS spectra acquired on the DNS over a spatial distance of 1 cm.
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as repor ted in l i terature (6). F ir s t , 0.5 M 

aqueous solutions of silver nitrate and ox-

alic acid were combined in an Ag+:oxalate 

vo lume r a t io of  5 :3 .  T he s i l ve r  oxa la te 

prec ip i ta te was co l lec ted by f i l t r a t ion,  

washed with water, and dried at room tem-

perature under vacuum. The silver oxalate 

was then dissolved in small increments, 

while s t i r r ing, in an aqueous solut ion of 

ethy lene diamine (20% v/v), fol lowed by 

precipitation with an excess of isopropa-

nol, and subsequently f i l tered. The white 

precipitate was washed with cold isopro-

panol and vacuum dried at room tempera-

ture for 6 h prior to storage at -20 °C. The 

result ing silver complex was prepared as 

an ink for substrate fabrication by dissolv-

ing the silver complex in water (11 mg/mL).  

Care was taken to avoid l ight exposure 

dur ing a l l  s ynthet ic s teps and s torage. 

The s t ruc ture of the s i lver complex was 

confirmed via infrared (IR) and 13C nuclear 

magnetic resonance (NMR) spectroscopy, 

as well as TGA reported elsewhere (7). 

Nanowire and Dual-Nanostructure

Substrate Fabrication

Mayer rod coat ing was used to produce 

AgNW sur faces for direc t use as a SERS 

substrate, herein referred to as a nanowire 

substrate (NWS), and for the fabr icat ion 

of dual-nanostructured sur faces (DNS). To 

produce a NWS, the stock AgNW solution 

was pipetted (25 μL) in a line on glass slides 

and spread by hand using a #10 Mayer rod. 

The slides were dried at room temperature 

for ~30 min.

SERS qual i t y DNS were produced by 

f i r s t  preheat ing a NWS s l ide to 125 °C, 

then 25 μL of the Ag complex ink was drop- 

cast in the center of one half of the slide, 

and allowed to decompose for 5 min be-

fore cooling to room temperature, when 

it was then gently r insed with ethanol and 

allowed to dry. 

The uniformity of the fabricated surfaces 

was examined using an optical microscope. 

The morphology of the nanostructures on 

the sur faces were charac ter ized using a 
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FIGURE 4: The SERS spectra of ATP for the nanowire substrate sampled at 15 loca-
tions and averaged (NWS), and for the dual-nanostructured substrate sampled at 10 
locations, both initially (DNS-1) and after 30 sec (DNS-30).
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Veeco Dimension 3100 AFM, operating in 

tapping mode.

SERS Characterization and Instrumentation

Aminothiolphenol (ATP) was used as the 

SERS repor ter molecule for charac teriza-

tion of the substrates, drop-casted in small 

aliquots onto both the NWS and DNS sides 

of the SERS substrates, and air dried at room 

temperature for 2 min. Raman spectra were 

acquired with a fully integrated Wasatch 

Photonic s 638 nm Raman spec t roscopy 

system, utilizing a backscattering sampling 

geometry and spot size of ~60 μm, with de-

tection via a fixed holographic transmission 

grating and a thermal electric-cooled (TEC) 

charge-coupled device (CCD) detector. SERS 

measurements were acquired using a laser 

power of 5 mW, taking 1 s per scan. Slide 

positioning was achieved using a Thorlabs 

MT3 X YZ stage controller equipped with 

micrometers to control translation (XY ) and 

focus (Z ) of the laser on the slide surfaces. 

Results and Discussion

Nanowire Substrates (NWS) 

Nanowire synthesis produced a narrow dis-

tribution of diameters of 80 –120 nm, with 

lengths of 10–30 μm, as verified by optical 

microscopy, yielding an aspect ratio of ~200. 

Notably, the reaction conditions employed 

required no control over stirring, injection 

rate, or other factors that would be dif ficult 

or expensive to incorporate into industrial 

scale reac tions. The mechanical strength 

of the ~100 nm wires is enough to remain 

mostly straight with only a small amount of 

curvature, which bodes well for processabil-

ity of the wires for substrate manufacture. 

The selective precipitation successfully iso-

lates the desired AgNWs in a high purity and 

is readily adaptable to large scale execution 

in a whirlpool tank. 

Deposit ion of AgNWs onto a sl ide via 

Mayer rod coating resulted in uniform coat-

ing and areas of linear structure with a high 

density of wire intersec tions to generate 

SERS -ac t ive hot spot s , as imaged us ing 

microscopy (Figure 2a). To assess the uni-

formity of the SERS response in relation to 

spatial variations in sampling, SERS spectra 

of a 10 μL sample of 0.5 μM ATP solution 

were taken every 500 μm along a 1 cm linear 

path on the NWS, averaging four scans per 

location (Figure 2b). The SERS response of 

the NWS was found to be highly dependent 

on the position sampled, dropping to zero 

at some locations. The inconsistent spatial 

response of the NWS is a consequence of 

the AgNWs’ length being comparable to 

TABLE I: The enhancement factor (EF) calculated for each substrate using ATP as 
the sample, for the various Raman peaks.

Peak NWS DNS-1 (t = 0) DNS-30 (t = 30 s)

1084 cm-1 2.2 x 105 8.0 x 105 13.0 x 105

1584 cm-1 1.5 x 105 6.9 x 105 13.0 x 105

1600 cm-1 2.2 x 105 4.3 x 105 6.3 x 105
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the spot size of the laser, which limits the 

number of SERS hotspots, as well as to gaps 

in deposition, that could be significantly im-

proved in an industrial setting through the 

use of process automation.

Dual-Nanostructured Substrates (DNS)

Because the AgNWs retain a sur face layer 

of PVP as a byproduct of synthesis, it was 

hypothesized that the NWS could provide 

a guiding template for the deposition of a 

silver complex to populate the NWS with 

AgNPs in the inters t i t ia l space bet ween 

and on the AgNWs, thus creating a dual-

nanostructured surface with improved SERS 

characteristics, without the use of additives.

The NWS was then utilized as a substrate 

to produce a uniform AgNP surface via drop- 

casting and subsequent thermal decomposi-

tion of the aqueous ink of the Ag complex as 

the solvent evaporated. The outer edge of 

the deposited ink spot experienced a con-

centration of silver deposition due to the 

cof fee stain ef fect, and thus all character-

ization was performed on the central area. 

While drop-casting was chosen to optimize 

SERS response for proof of concept, a path-

way exists to adapt this step to Mayer rod 

coating for volume production (7). 

Optical microscopy showed craters inter-

spersed with the AgNWs due to the elimina-

tion of the gaseous decomposition products 

(Figure 3a), while AFM revealed clusters of 

AgNPs at wire intersec t ions, conf irming 

the dual-nanostruc tured sur face (Figure 

3a, inset). The par ticles exhibit extremely 

small sizes and exist on a large range of Z 

heights. The same spatial uniformit y as-

sessment was applied to the DNS substrate, 

sampling SERS spectra of ATP every 500 μm 

along a 1 cm linear path for comparison to 

the NWS, averaging four scans per location  

(Figure 3b). The SERS response of the DNS 

retains some spatial f luctuations in the in-

tensity of the acquired spectra, as expected 

due to variation in  the underlying AgNW 

layer, but provides a minimum SERS re -

sponse at every sampled location, as well as 

a consistently higher SERS response overall 

when compared to the NWS.

A u g m e n t i n g  t h e  N W S w i t h  d e n s e , 

nonordered AgNPs produced f rom a si l -

ve r  c o m plex w i t h  g o o d s he l f  s t a b i l i t y  

(Figure 1b) resulted in an increase in the 

number of SERS hotspots. This approach im-

proved the magnitude of the SERS response, 

while decreasing the spatial variability of the 

signal obtained from the AgNWs alone.

SERS Enhancement Factor

To quantify and compare enhancement fac-

tors (EF), the SERS spectra of a 5 μL sam-

ple of 423.5 μM ATP solution were taken 

at mult iple locations of both a NWS and 

DNS fabricated on the same slide. Due to 

the spatial variabili t y in the NWS, a total 

of 15 positions with local SERS signal max-

ima were sampled, a process which took 

roughly 30 s per location. No optimization 

was needed for the DNS, and thus 10 ran-

dom locations were sampled twice, at both  

t = 0 and t = 30 s, to capture the initial re-

sponse, and to approximate the laser ex-

posure t ime seen in the NWS sampling.  

Spectra are shown in Figure 4. 

Peaks at 10 84 cm -1 and 160 0 cm -1 are 

due to vibrations of the aromatic r ing of 

ATP, with contribution from the dimeriza-

tion of ATP to 4,4’-dimercaptoazobenzene 

(DMAB) at 1084 cm-1 and 1584 cm-1 (8). The 

ef fects of ATP concentration and laser ex-

posure on dimerization for these substrates 

were explored in more detail elsewhere (7).  

The calculated EFs for these peaks are 
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shown in Table I. Peaks at 1150 cm -1, 1400 

cm -1,  and 14 40 cm -1 were also obser ved, 

largely attributed to the selective enhance-

ment of the b2 v ibrat ional modes of ATP 

during SERS analysis. (9,10)

Although the contribution from DMAB 

to the spec trum makes it dif f icult to reli-

ably quant i f y the inc rease in EF for the 

DNS vs. the NWS (7), all substrates dem-

onstrate an EF of 10 5 or greater, with the 

d u a l - n a n o s t r u c t u r e d  s u b s t r a t e  s h o w -

ing a c lear improvement in EF over the  

nanowire substrate.

Conclusion

A nanowire substrate utilizing AgNWs and a 

dual-nanostructured SERS surface that also 

incorporated AgNPs were fabricated using 

synthesis methods and produc t ion pro-

cesses amenable to cost-ef fective volume 

production. The AgNWs synthesized were 

of high purity and narrow size distribution, 

~10 μm in length and ~100 nm in diameter, 

and were deposited using Mayer rod coating 

to form a SERS-active substrate. Although 

high spatial variation in the number of SERS 

hotspots relative to the spot size of the laser 

limits its applicability as a quantitative SERS 

device, the AgNWs were shown to be an ef-

fec tive substrate to facilitate subsequent 

drop-casting with an aqueous solution of 

a silver complex to populate the intersti-

t ial spaces between the AgNWs and im-

prove the SERS response using an additive- 

free process. 

The result ing DNS exhibited both im-

proved spatial uniformity in the SERS re-

sponse compared to the NWS alone, as well 

as a significant increase in intensity. Through 

further process development and adaptation 

of AgNP deposition to a Mayer rod coating 

method, the dual-nanostructured SERS ap-

proach offers a pathway to industrial fabri-

cation of a low-cost, SERS-active substrate. 
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Raman microscopy is a chemical 
characterization technique that relies on 

the inelastic scattering of light by matter. This 
interaction with molecular vibrations, known 
as the Raman effect, results in a slight shif t in 
the wavelength of the scattered light that can 
be seen in a Raman spectrum. These spectra 
serve as unique fingerprints that enable the 
non-destructive and label-free identification 
of materials, and those acquired at each point 
of a scan can be compiled into a Raman image 
that visualizes the physical distribution of the 
sample components, even in 3D. 

The central challenge of Raman microscope 
design is to reliably achieve the highest later-
al and depth resolution, while using all of the 
analytical power of the method, and executing 
measurements at a high enough rate that im-
ages consisting of a very large number of spec-
tra can be generated in a practical amount of 
time. Providing these qualities: speed, sensitiv-
ity, and resolution, simultaneously, is the key to 
truly advanced 3D confocal Raman microscopy.  
The alpha300 series of Raman microscopes 
from WITec first introduced fast Raman imaging 
to the marketplace in 1999 and continues to be 
its technology leader, driving the state of the 
art in Raman microscopes ever forward.

The following measurements vividly demonstrate 
how researchers can benefit from employing 
Raman microscopy, without compromise. They 
were carried out using a WITec alpha300 apyron 
automated Raman imaging microscope outfitted 
with UHTS ultra-high throughput spectrometers 
optimized for several wavelengths.

Speed: Analysis of a Tungsten 
Diselenide (WSe2) Flake
Low-dimensional tungsten diselenide (WSe2) is 
a transition metal dichalcogenide, a group of 
materials that is of great and growing interest 
to scientists because of their unusual electronic 
properties. In this experiment an individual 
f lake of WSe2 was examined using white light, 
Raman and photoluminescence microscopy. 
The speed at which the images shown could be 
acquired is only possible due to the alpha300 
apyron’s exceptional optical throughput.

Different layers in the flake are visible in the 
white-light image (A). In approximately 2 min, 

a clear and detailed 75 x 75 µm² Raman image 
consisting of 10,000 spectra was recorded 
(B). The flake shown consists of single-layer 
(red), double-layer (green) and multi-layer 
(blue) areas. A measurement carried out in 
approximately 17 min of more than 100,000 
spectra produced an even sharper image 
(C). The increased signal-to-noise ratio was 
achieved by reducing the pixel size from 750 
nm (B) to 230 nm (C). The photoluminescence 
image (D) shows the same structures as the 
Raman image and even the grain boundary 
between the large and the smaller flake is 
visible. The integration time was 6 milliseconds 
per pixel in all measurements.

Sensitivity: Investigation of an Emulsion 
Containing Carbon Tetrachloride (CCl4)
Carbon tetrachloride is an effective reference 
sample for determining the performance of 
a Raman imaging system in terms of spectral 
resolution. The characteristic spectral region 
around 460 cm-1 can only be clearly resolved 
into three peaks at room temperature with 
an imaging system of very high sensitivity, 
such as the alpha300 apyron used here. This 
three-dimensional visualization shows an 
emulsion comprised of several components,  
including CCl4.

Resolution: Visualization of Fine 
Structures in Graphene
Graphene was the discovery that opened an 
entirely new field of research into novel 2D 
materials. Investigating features in its structure 
requires instruments with extremely high 
spatial resolution. Here Raman microscopy 
was employed to evaluate crystal defects and 
strain/doping effects. These two large-area 
Raman images visualize the properties in a 
CVD-grown graphene flake at a resolution of 
100 nm per pixel.

The first Raman image (A) is color-coded 
according to the intensity of the D-band in the 
recorded Raman spectra. It visualizes crystal 
defects, which is possible because the D-band 
intensity depends on the defect density in 
the carbon lattice. The observed width of the 
fine structures is very close to the dif fraction-
limited lateral resolution achievable with 532 

Raman Microscopy Without Compromise
Speed, Sensitivity, and Resolution: Simultaneously
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Figure 1: A: White-light image of a tungsten diselenide flake. B: Raman image consisting of 
10,000 spectra acquired in about 2 min. C: Raman image consisting of 102,400 spectra acquired 
in about 17 minutes. D: photoluminescence image with visible grain boundary (white arrow).  
Color code for Raman images: single-layer (red), bi-layer (green), multi-layer (blue).
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Figure 2: 3D confocal Raman image of an emulsion containing alkane (green), water (blue) and 
CCl4 in oil (yellow). 3D image: 100 × 100 ×10 µm³. Zoom-in: 10 × x 10 µm². The peak at 460 cm-1 in 
the CCl4 spectrum is clearly resolved.
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nm excitation, demonstrating the alpha300 
apyron ’s high performance. The second 
Raman image (B) is color-coded according to 
the peak position of the 2D-band, which was 
quantified by a Pseudo-Voigt fit. The image 
visualizes local strain and doping ef fects as 
the frequency of the 2D-band is inf luenced by 
local strain and, to a lesser extent, by doping.

Synopsis:
The latest generation of optical microscopes 
can of fer a resolution limited only by 
dif fraction itself. Raman spectra can reveal 
a wide range of information about a sample 
when detected through a very sensitive 
imaging system. Optimized optics and 
electronics have reduced spectral acquisition 
times to the order of milliseconds. The WITec 
alpha300 series, including the alpha300 apyron, 
incorporates all of these qualities to deliver 

fast, informative and clear measurements 
without compromise. As demonstrated in 
the applications above, it ’s simultaneous 
speed, sensitivity, and resolution set the 
highest standard for per formance in Raman  
imaging microscopy.

A B

max.

min.

2690 cm-1

2655 cm-1

Figure 3: A: Raman image visualizing the intensity of the D-band, visualizing crystal defects.
B: Raman image depicting the frequency of the 2D-band, visualizing local strain and  
doping effects.
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Tracking Bioactive Compounds 
Produced by Genetically Engineered 
Yeast Cells Using Raman Imaging

In this study, several strains of yeast cells, both wild-type (WT) and engineered, were ana-

lyzed by Raman imaging microscopy. Two biologically active compounds produced within 

the engineered yeast cells were readily identified by their characteristic Raman spectral 

peaks. The locales and the relative abundance of those biologically active compounds were 

visualized from the Raman microscopic images of the individual cells. Raman imaging 

microscopy further reveals the differences in efficiencies with which the biologically 

active compounds were produced by different yeast cell strains.

Mohammed Ibrahim, Rui Chen, and Nosa Agbonkonkon

In recent years, bioengineering of yeast 

cells has made them a “biological cell fac-

tory” for producing a range of chemicals, 

including biologically ac tive compounds 

through fermentation processes. This “bio-

logical cell factory” can ef ficiently convert 

s tarch, sucrose, or l ignocellulose-based 

raw materials into precursor metabolites,  

which can fur ther be conver ted into the 

products of interest (1). Bulk chemical anal-

yses, such as gas chromatography–mass 

spec trometry (GC–MS) and nuclear mag-

net ic resonance (NMR), can be used for 

screening fermentation cultures, assessing 

product yield, and delivering process opti-

mization. These methods, however, are de-

structive, time-consuming, and insufficient, 

because they fail to provide specificity at the 

cellular level (2). Fluorescence microscopy-

based imaging is capable of visualizing large 

or small molecules at the cellular level, but 

the success of this approach largely hinges 

on the photostability and brightness of fluo-

rescent labels, their possible perturbations 

to the biological sys tem, and the meth-

ods by which the labels are at tached (3).  

Confocal Raman microscopy-based imag-

ing has emerged as a great alternative (3,4). 

Raman spec troscopy prov ides chemical 

annotations to the constituents within the 

cell, and the high spatial resolution intrin-

sic to confocal microscopy provides cellular 

level information. In contrast to the fluores-

cence microscopy-based imaging approach, 

Raman imag ing i s  nond e s t r uc t i ve and  

requires minimal sample preparation.

In this s tudy, wild-t ype ( W T ) and sev-

eral strains of engineered yeast cells were 

analyzed by Raman imaging. Two biologi-

cally ac tive compounds produced within 

the engineered yeast strains were readily 

identi f ied. Fur thermore, i t was revealed 

that d i f ferent s t ra ins produced the t wo 

compounds w i th d i f fe rent e f f ic ienc ies .  

Raman images of the individual cells show 

the locales as well as the relat ive abun-
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dance of those compounds. The information  

extracted provides valuable information that 

helps optimize the fermentation process.

Materials and Methods

Sample Preparation

A 2 μL sample of the W T and each engi-

neered yeast cell strain sample was trans-

ferred to an aluminum-coated, 12-positions 

slide, and then it was air dried prior to the 

Raman imaging experiments. The two bio-

logically ac tive reference compounds are 

denoted as “compound 1” and “compound 

2”, respectively. Compound 1 is a terpene 

and compound 2 is a sterol. For the two ref-

erence compounds in solid powder form, 

a small amount of each was t rans fer red 

to a glass s l ide, and the Raman spec tra  

were collected.

Raman Spectroscopy and Raman Imaging

The Raman spectra and the Raman area im-

ages (for an area containing one or two cells 

within each sample) were acquired using a 

Thermo Scientif ic DXR3xi Raman Imaging 

Microscope. The key experimental param-

eters for Raman imaging are listed below:

• Laser: 532 nm

• Laser power at the sample: 2 mW

• Microscope objective: 100x 

Compound 1

Compound 2
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FIGURE 1: Raman spectra of the pure biologically active compounds, (a) compound 1, 
and (b) compound 2. These two compounds can be clearly distinguished by the pres-
ence of strong C=C peaks at 1667 cm-1 and 1605 cm-1, respectively. 
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• Aperture: 25 μm confocal pinhole

• Exposure time: 0.01 second

• Number of scans: 30–40

• Pixel size: 0.2 μm

Raman images were obtained by the 

cor re lat ion prof i l ing opt ion of the OM-

NICx i  sof t ware,  us ing a representat i ve 

Raman spectrum from within a cell as the 

reference. The correlation profile shows the 

correlation between the spectrum at each 

pixel (sampling point) in the Raman image 

and the spec i f ied re fe rence spec t r um.  

Each color in the rainbow-colored intensity 

scale represents a degree of correlat ion 

with the reference spectrum. The higher the 

intensity value, the greater similarity to the 

reference spectrum.

Results

Figure 1 shows the representative Raman 

s pec t r a o f  t he t wo b io log ic a l l y  ac t i ve 

c o m p o u n d s ,  c o m p o u n d 1  ( p i n k  t r a c e, 

top) and compound 2 (red trace, bottom).  

Both compounds have prominent features in 

the C-H stretching region (~2900 cm-1) and 

C=C stretching region (~1600 cm-1). The two 

strong peaks attributed to the C=C stretch-

ing vibrations are located at 1667 cm-1 and 

at 1605 cm-1, respectively, for compound 1 

and compound 2. The downshift of the C=C 

stretching peak in compound 2 (1605 cm-1) 

is because of a ring structure. There are no 

strong inter fering Raman peaks f rom the 

cellular matrices in this f requency range. 

Hence, these peaks are chosen as the Raman 
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FIGURE 2: Raman image of a wild-type (WT) yeast cell. (a) Raman image of a selected region 
for the WT yeast cells. The Raman image was generated by correlation profiling. (b) Raman 
spectra from the spots S-1 and S-2 on the Raman image. (c) Raman spectra of S-1 and S-2, as 
well as compounds 1 and 2 displayed in the 1540–1750 cm-1 region. The Raman spectra for the 
cells were normalized with respect to the C-H stretching peaks near 3000 cm-1.
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markers to distinguish the two biologically 

active compounds in the yeast cell samples 

by Raman imaging. 

Figure 2 shows the Raman image of a WT 

yeast cell (Figure 2a), the representative 

Raman spectra from the dif ferent locations 

of the imaged region (Figure 2b), and the 

representative Raman spectra of compound 

1 and compound 2. As can be seen in Figure 

2a, the cells (in red) can be spectroscopically 

dif ferentiated from the surrounding media 

(in blue), with a clearly delineated contour 

in green color. As expected, the cells are 

devoid of either compound 1 or compound 

2 (Figure 2c). Raman image of the strain B 

yeast cells is shown in Figure 3. Both com-

pound 1 and compound 2 are produced in 

the cell, as evidenced by Figures 3b and 3c. 

Interestingly, for the same strain B, there 

are cel l -to-cel l var iat ions in the level of 

produced compounds. Based on the rela-

tive peak intensities, the cell in the upper-

lef t corner appears to produce more com-

pound 1 than compound 2, whereas the cell 

in the center produces similar amounts of  

compound 1 and compound 2.

Figure 4 summarizes the Raman imag-

ing analyses of the three dif ferent strains 

of yeast cells—strain A, strain C, and strain 

D—in terms of their yield in producing com-
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FIGURE 3: Raman image of the strain B yeast cells. (a) Raman image of a selected region for 
the strain B yeast cells. The Raman image was generated by correlation profiling. (b) Raman 
spectra from the spots S-1, S-2 and S-3 on the Raman image. (c) Raman spectra of S-1, S-2 and 
S-3, as well as compounds 1 and 2 displayed in the 1540–1750 cm-1 region. The Raman spectra 
for the cells are normalized with respect to the C-H stretching peaks near 3000 cm-1.
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pound 1 and compound 2. At a quick glance, 

strain A appears to be a low producer of com-

pound 1 and does not produce compound 2. 

Strains C and D, on the other hand, appear to 

produce both compound 1 and compound 2, 

but strain D has a higher yield for compound 1 

than for compound 2. 

Figure 5 summarizes the yield with which 

compound 1 and compound 2 are produced by 

the four different engineered strains of yeast 

cells (strains A–D). Strain A (blue) appears to be 

a low producer of compound 1 and does not 

produce compound 2. Strains B, C, and D all 

produce both compound 1 and compound 2. 

Strain B displays nonuniform levels of produced 

compounds from cell-to-cell, some cells (pink) 

producing higher level of compound 1 than the 

others (cyan). Strain C (green) seems to produce 

higher level of compound 2, and strain D (red) 

has the highest yield for compound 1. Cau-

tion should be exercised when assessing the 

product yields from the Raman peak intensity. 

A more rigorous, quantitative analysis requires 

the respective Raman cross sections for the 

compounds 1 and 2 be properly accounted for. 

Conclusion

In this study, Raman imaging was successfully 

applied to analyze different strains of yeast 

cells, both WT and engineered. The target 

bioactive compounds produced by the en-

gineered yeast cells can be readily identified 

and differentiated by their respective Raman 

spectra, allowing for assessment of the prod-
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FIGURE 4: Raman images of three different strains of yeast cells. (Top row) Raman images 
from the selected regions for the three different strains: strain A, strain C, and strain D. The Ra-
man images were generated using correlation profiling. (Bottom row) Raman spectra (1540–
1750 cm-1 region) from the spots on the top corresponding Raman images. The Raman spectra 
are normalized with respect to the C-H stretching peaks near 3000 cm-1.
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FIGURE 5: Raman spectra of the strains A–D of the yeast cells. (a) Raman spectra 
(1540–1750 cm-1 region) from the cells of the strains A–D, shown in the offset mode, 
and (b) in the overlayed mode. The Raman spectra are normalized with respect to the 
C-H stretching peaks near 3000 cm-1.

uct yields of different yeast strains by Raman im-

aging. Raman images of the individual cells from 

the four engineered yeast cell strains indicate that 

these strains produce compounds 1 and 2 with 

different efficiencies. Raman imaging can also be 

used to estimate the relative yield of the bioactive 

compounds. A quantitative analysis of product 

yield, however, requires a more systematic study 

on the Raman cross-sections of those compounds. 

The information obtained from the Raman  

imaging will be beneficial for a deeper under-

standing of the fermentation process and for op-

timization of the process for higher product yield.
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Raman imaging is becoming the standard for 
characterizing the chemical composition of all 
types of samples. However, the time it takes to 
generate highly detailed Raman images can feel 
interminable. Different fast mapping approaches 
have developed over the years but remain con-
strained by the acquisition time per point that 
must be short for rapid mapping. We propose a 
new approach to Raman image generation that 
is suitable for all applications, even those requir-
ing longer acquisition times to produce data with 
acceptable signal to noise. Using this approach, 
time improvements of factors of 100x can be 
easily obtained. Raman image generation of 
hours or days now turns to minutes and so opens 
the applications landscape for Raman imaging.

F rom its beginning more than 50 years ago (1),  
Raman microscopy has gone through many 

stages that have marked its history. Starting with 
spectral acquisitions from micron sized locations, 
the capability to acquire Raman images opened the 
door to more and more applications. By building 
Raman hyperspectral cubes, the analysis of chemi-
cal compounds distribution became accessible.  
However, it took significant time to generate such im-
ages because of the long acquisition times required 
to record each single spectrum. Then, the ability of 
multichannel detectors to acquire spectral data si-
multaneously improved measurement speed and so 
increased the performance of such Raman imaging 
systems, allowing acquisition times of less than a mil-
lisecond per spectrum, especially for electron multi-
plying charge-coupled devices (EMCCDs). These de-
tectors with short readout times have become more 
popular for Raman imaging because of their speed. 
Moreover, Raman microscope manufacturers devel-
oped different approaches to get the maximum of 
benefits from these short acquisition times (2). 

The classical point-by-point imaging approach 
(one spectrum acquisition for a specific spatial point, 
move to the next point to acquire again) has been 
improved in different ways. Some manufacturers 
worked on triggering between the moving sample 
stage and the detector. In this case, the sample 
moves continuously along one axis under the laser 
beam and the motion of the stage is coordinated 
with the Raman detector to ensure perfect match-
ing between the detector signal and the point of 
measurement (3). For example, for steps of 0.1 µm 

and acquisition times of 20 ms/point, the stage will 
move at a speed of 0.1 µm/20 ms = 5 µm/s along 
the fast axis of the map. The detector stores all the 
data for this axis and communicates it all only once 
per line, reducing the global map time. Because 
the communication time is approximately 100–200 
ms, the total map time can be reduced by factors of 
up to 5x with such an approach. Another approach 
disperses the laser along a line over the sample (4).  
The multichannel detector is divided in two direc-
tions, one for the spectral axis and one for the spa-
tial axis. This approach can provide time savings,  
but some drawbacks can occur. Indeed, the spatial 
resolution achievable in this approach is worse than 
in a point map. Moreover, as the laser is defocused, 
and because the Raman signal is low, this can sig-
nificantly increase the likelihood of fluorescence 
interference. Similar issues also occur in the third ap-
proach available on the market. This one consists in 
the full image acquisition image tile by image tile (5). 
In this case, the laser is defocused to cover the full 
field of view of the microscope objective. The hyper-
spectral cube is acquired wavelength by wavelength 
in such an approach. This is similar to a pure hyper-
spectral imaging technique. However, this one is not 
optimal for Raman imaging because of a combina-
tion of the low laser intensity per pixel and the inher-

A Revolution in Raman Imaging
Thibault Brulé, Ludivine Fromentoux, Adam Holland, and Sébastien Laden, HORIBA Scientific 
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Figure 1: Explanation of algorithm principle 
in comparison with a classical point-by-point 
approach. (Left) simulated video image of a 
sample. (Middle) Measurement grid defini-
tions for both approaches. (Right) Result-
ing Raman maps for 900 pixels grids.
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ent low efficiency of Raman and also because it is not 
easily compatible with single Raman spectrum ac-
quisition. Moreover, Raman imaging requires a large 
spectral range to be covered with a good spectral 
resolution, and these are difficult to achieve with a 
hyperspectral imaging approach. The best way to 
rapidly generate Raman images is the first technique, 
point mapping in fast reading mode, because it of-
fers the best compromise between acquisition time 
and spatial and spectral resolution.

However, performance improvements of factors 
of 5 in map time are only possible on highly Raman 
scattering samples, reducing the range of appli-
cable applications. That is why we have developed 
a new approach that improves the speed of Raman 
imaging for all applications, based on the contrast of 
the video image. 

In this paper, we detail how this approach will revo-
lutionize Raman imaging in all application domains, 
from physical to life sciences.

Materials and Methods
In Raman microscopy, the analysis process starts 
with observing the sample under white light illumi-
nation. The aims are first to focus the sample ensur-
ing that the best signal-to-noise (S/N) ratio of the Ra-
man spectrum will be achieved, and then to choose 
the mapped area based on what is seen in the video 
image. Different microscopy modes are available 
to allow initial evaluation of compound distribution 
such as episcopic or diascopic illumination in bright 
field or dark field modes, phase contrast, and po-
larization (6). All these modes can help to select the 
best area to map, as they create different contrasts 
between the various parts of interest in the sample. 
Once the area of interest is visualized, the user then 
selects the area to map and defines the mapping 
parameters. In classical mapping, the user defines 
the step size between each point of measurement to 
achieve the desired detail level. This is what is called 
the spatial resolution of the map. To characterize 
small details observed on the video image, small 
steps are required in the Raman map. This level of 
detail may be required in some parts of the map,  

but not over the full area. As a result, classical map-
ping overestimates the number of measurement 
points required to characterize the mapped area. 
Moreover, the acquisition time required for each 
point of the map can be from a few milliseconds up 
to seconds per point. As discussed above, longer ac-
quisition times (more than 0.5 s) do not significantly 
benefit from fast mapping methods. Consequently, 
acquiring a Raman map with a sufficient level of de-
tail to fully characterize the sample often takes hours, 
even days as it requires good sensitivity and good 
spatial resolution. Decreasing mapping time without 
compromising data quality is the motivation for our 
development to revolutionize Raman imaging.

Based on the contrast of the video image, we 
have developed a new approach that improves the 
speed of Raman imaging for all applications, even 
when the single spectrum acquisition time is “long”. 
This algorithm segments the map area into different 
sized regions of interest (7,8). Figure 1 demonstrates 
the comparison between map details for a classical 
point-by-point map and a map based on our intel-
ligent algorithm with the same number of points of 
measurement (the same total acquisition time). 

As shown, the level of details achievable with only 
few points using this smart algorithm results in high 
quality Raman images very quickly. Here the time 
saved between this image and a classical map with 
the same level of detail is a factor of 100x, much 
better than can be achieved using linear fast map-
ping modes described earlier. This speed increase is 
due to the way the algorithm segments the mapped 
area. Where the contrast is homogeneous the algo-
rithm takes one spectrum to represent a large area. 
However, where the contrast is heterogeneous, the 
algorithm takes spectra at closely spaced points, 
resulting in a high level of definition in the image. 
Consequently, an initial scan of the most important 
points results in a first image that already has good 
detail. Then, the algorithms decrease the degree 
of discrimination to add more measurement points 
(more details in the Raman image). The large pix-
els of the first pass are cut into smaller pieces like a 
jigsaw. It is like if you have a picture cut in different 

Video image(a) (b) (c)
Smart algorithm

Raman image
Classical linear
Raman image

Figure 2: Lily flower cells Raman images. (a) Video image of the cells area. (b) New algorithm Raman 
image acquired in 14 min. Colors are based on the different Raman responses. (c) Classical linear Ra-
man image acquired in 14 min with same acquisition time per point and spatial resolution.
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jigsaw difficulty levels. The first is a jigsaw for kids, 
then a jigsaw for trainees, and finally a jigsaw for ex-
perts with even more pieces detailing the parts of 
the image. 

During the global map acquisition, it is possible 
to select an area of the image to specifically detail 
this one. Thus, if the user zooms into a part of the 
Raman image during the acquisition, the algorithm 
automatically applies its discrimination, specifically 
to the zoomed area. Meaning the level of detail is 
increased only in the zoomed area. 

Finally, this algorithm is coupled with specific 
smoothing algorithms to ensure high quality image 
generation even when the pixels are not square or 
rectangularly shaped.

Results
Consequently, a quick preview Raman image, based 
on high quality spectra, is obtained in a few seconds 
and then this image is improved step-by-step, detail-
by-detail. Thus, good quality images are obtained 
after only a few minutes. The user can then stop the 
acquisition when they want. Comparing with a linear 
point-by-point image with the same detail level, any 
sample is analyzed more quickly. An example of this 
comparison for a biological application is demon-
strated in Figure 2. Here, some lily flower cells have 
been mapped by Raman. Using the algorithm, a full 
image with a high level of detail has been acquired 
in only 14 min. In comparison, the classical linear Ra-
man image acquired in 14 min reveals only a small 
portion of the mapped area in the same time and 
with the same spatial resolution and time per point.

Based on this new algorithm, a lot of applications 
can now benefit from fast Raman imaging. All ranges 
of acquisition time result in faster images. Applica-
tions like biological characterization, glass analysis, 

fiber investigation, or geochemistry studies now be-
come fast Raman imaging compliant even when the 
single spectrum acquisition time is in the range of a 
few seconds. Figures 2 and 3 show some examples of 
the algorithm applied to these applications.

Analyzing the defects in corroded glass have 
been done 100x faster with this algorithm than is 
possible with a classical linear method. This is a 
consequence of the discrimination applied by the 
algorithm. The defects present in the glass gen-
erate contrast in the video image of this sample.  
Away from the defects, the contrast is homoge-
neous. Consequently, the algorithm focuses the 
measurement points at the defect areas, and widely 
spaces them away from the defects. Acquiring the 
Raman image of this defect area concentrates on 
acquiring the defect signal with this algorithm. In a 
linearly acquired map, it would consist of mainly ac-
quiring the glass signal as it does not differentiate 
between the glass and the defect detail spacing.

The same impact is observed when investigating 
surgical mask fibers. This investigation is important 
to control the number of mask particles breathed in 
when wearing the mask for long periods of time, as 
can be the case during the Covid-19 crisis (9). In such 
a Raman map of the fibers, the important details are 
from the fibers, not the areas around them. Using 
the developed algorithm, the Raman image genera-
tion is focused on the high contrast regions of the 
image. The time improvement is a factor of 10 on a 
small analyzed area. This factor can be even better if 
information only on the fibers are needed. However, 
the map was left to run longer to also fully define the 
additive particle distribution (in yellow). As the image 
improves with time, the user has the option to stop 
the image when the required detail level is reached.  
This fast imaging allows multiple masks to be ana-
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Figure 3: Examples of the new algorithm applied to different samples in comparison with classical 
linear mapping. (a) Corroded glass Raman map. Colors: yellow: glass defect compound; transparent: 
glass without defect. (b) Surgical mask fibers Raman map. Colors: red: PET; green: cellulose; yellow: 
anti-bacterial additive. (c) Meteorite Raman map. Colors: each color corresponds to a specific  
mineral phase.
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lyzed in a single working day, while only one can be 
analyzed with the classical method.

The last example demonstrates the study of a me-
teorite, differentiating mineral phases based on their 
Raman spectra. Such a study can be a good comple-
ment to X-ray analysis, which gives information about 
elemental distribution (10). The advantage of the intro-
duced algorithm in this case is very strong. In less than 
half an hour, a phase distribution is obtained whereas 
a full day of acquisition would have been necessary to 
reach the same detail level using a linear classical ap-
proach. We can see on the linearly acquired image that 
the stability of the sample under the beam was an issue 
for this sample. Spending less time to run the full map 
helped so to save the sample integrity.

Conclusion
This study presents a new algorithm offering fast Raman 
imaging to all kinds of applications. This smart algo-
rithm rapidly generates an initial image with the major-
ity of the final information. Thus, as shown in Figure 4,  
the SmartSampling algorithm completes 80% of the 
image in 10% of the total time required for a tradi-
tional map. Comparing with other fast mapping capa-
bilities, this approach is a real revolution in fast imaging.  
Instead of hours or days to acquire an image with a good 
resolution, now only minutes are needed to generate 
such a chemical image with Raman microscopy. It opens 
the door to highly spatially resolved image generation 
with Raman for any kind of sample, even if they are not 
particularly Raman active. This new data and image 
treatment strategy opens unprecedented capabilities 
for an extensive range of samples and applications. 
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One Simple Tip for Managing Raman Spectra
Derek Guenther, Ocean Insight

We offer a simple suggestion for making 
sense of the sharp peaks and jagged shapes 
in Raman spectra.

Raman signatures offer repeatable fingerprints 
for each analyte that can be deconvoluted 

via numerical methods. Often, Raman features of 
interest are mixed in with other spectral features. 
There are tools—baseline correction, algorithms 
that remove fluorescence, and standard 
normal variate (SNV) techniques—to help you 
process Raman data and quantify differences  
among samples.

Experimental Conditions
We used Surface Enhanced Raman Spectroscopy 
(SERS) to measure analytical-grade THC. Microliter 
volumes were pipetted into colloidal solutions of 
SERS nanoparticles, and measured with an Ocean 
Insight spectrometer after interrogation with a  
638 nm laser. 

SNV is a preprocessing technique that requires 
you to pick a window within the Raman range to 
process. Typically, we use 350–3000 cm-1, but this 
will change depending on the plot. SNV is the 
mean value of the full spectrum with the range-

average subtracted, and then divided by the range-
standard deviation.

Results
With SNV applied to the spectra, we identified 
five notable peaks around 1100 cm-1, but not 
the distinct peak at 1500 cm-1 or other spectral 
features nearby (Figure 1). That’s because after 
much trial and error, we’ve deduced the peak 
from 1500 cm-1 is from the solvent used in the 
SERS substrate.

Conclusions
Although SNV is a useful Raman preprocessing 
technique, your work will likely involve some 
combination of SNV and baselining at different 
ranges. Trying different approaches and finding 
patterns will yield best results.

Ocean Insight
3500 Quadrangle Blvd., Orlando, FL 32817

Tel. +1 (727) 733-2447
Website:www.OceanInsight.com 
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Figure 1: By applying processing techniques such as standard normal variate to data, Raman 
users can better identify spectral features of interest.
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