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INTRODUCTION
Downstream processing (DSP) is one of the last milestones in biotherapeutic manufacturing, an 
industry projected to grow by USD $226.61 bn with a CAGR of 11% between 2021-2026. DSP 
typically accounts for 50-80% of biotherapeutic production costs due to the multiple unit operations 
involved. The overall manufacturing process stands to benefit greatly by paying particular attention 
to enhancements in DSP, especially those related to optimization of real-time chemical 
quantification and characterization. Traditional sensors in downstream bioprocessing, such as 
single wavelength UV spectroscopy, enable quantitative protein measurements, but provide nothing 
substantive in the way of characterization and discrimination. When confronted with process 
excursions such as overlapping protein elution profiles due to improper process parameters or resin 
age, UV cannot provide real-time actionable information that can solve problems of this nature.

Raman spectroscopy can quantify and characterize multiple products and impurities simultaneously 
with measurement times taking seconds instead of minutes. Tornado Spectral System’s 
HyperFlux™ PRO Plus delivers significant improvement in Signal-to-Noise Ratio (SNR) compared to 
conventional spectrometers with its patented HTVS™ technology. This results in the ability to 
resolve overlapping protein profiles in chromatographic separation processes, providing the 
knowledge to make cost-saving decisions more quickly and with greater assurance.

The greatly increased throughput in the spectral acquisition due to the incorporation of HTVS™ in 
the spectrometer design results in faster measurement times, allowing quantitative and qualitative 
characterization of proteins of interest in real time. This provides the user with actionable 
information, which facilitates accurate process control. Given the high-cost contribution of 
downstream processing to the overall protein production scheme, advanced control at this stage 
has the potential to yield substantial, outsized improvements in profitability.   

EXPERIMENT AND DATA ANALYSIS
An ÄKTA™ Start Fast Protein Liquid Chromatography (FPLC) system was paired with a Tornado 
Spectral Systems HyperFlux™ PRO Plus Raman (HFPP) system. To perform in-line flow 
measurements, the HFPP was equipped with a standard immersion probe and flow cell. A process 
diagram illustrating the measurement setup can be seen in Figure 1. 
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Figure 1: Process flow diagram for the 
experimental setup. The Raman flow cell 
has been inserted post-column and 
before the UV detector.

Experimental parameters - The exposure time of the spectrometer was set to yield a spectrum every 3 
seconds, which was then averaged with 15 to 60 previous spectra with a boxcar average approach. 
The ÄKTA™ Start system’s built-in UV detector (260nm absorbance) was used to correlate elution 
times with the data from the HFPP. The eluting solvent for the column was a buffer consisting of 25 
mM sodium phosphate and 150 mM NaCl at a pH of 7.5. HiPrep™ 16/60 Sephacryl™ S-200 HR 120 
mL was used as the gel filtration column. Lyophilized Cytochrome C (CytC), lyophilized BSA, and Beta-
lactoglobulin were the proteins of interest and were obtained from standard commercial sources. 
Various masses of proteins were dissolved in 2mL of 25 mM sodium phosphate and 150 mM NaCl 
buffer. Before sample injection, the system was primed and equilibrated at 0.5 mL/min for a total 
volume of 1.2 column volumes. The protein samples were loaded into a 2mL sample loop and injected 
into the column at flowrates of 0.5-4.0 mL/min. 

RESULTS
To predict the concentrations of proteins during elution, quantitative Partial Least Squares (PLS) 
models were developed using separately dissolved protein samples at concentrations ranging from 
0.25 mg/mL to 4.5 mg/mL. The main spectral region of interest was 800 cm-1 to 1800 cm-1. PLS 
models were constructed with PeaXact analysis software (S-Pact GmbH). The spectra were 
preprocessed with a rubber band subtraction, 15-pt smoothing, and SNV normalization. Based on the 
statistical attributes of the 4-factor model, protein concentrations could be determined with an error of 
0.109 mg/mL and 0.07mg/mL for BSA and CytC, respectively. For the Beta-Lac and CytC 4 factor 
model, protein concentrations could be determined with an error of 0.0587 mg/mL and 0.0383 mg/mL, 
respectively.

In our previous white paper, “High-throughput Raman Process Monitoring of Downstream protein 
Purification” , we demonstrated individual protein quantification monitoring by Raman spectroscopy in 
real time with a good degree of predictive specificity. Reported in that paper was the ability to predict 
near zero concentrations of BSA during the CytC FPLC elution and vice versa . 

The value of predictive specificity is demonstrated in Figure 2, where the loading of BSA and CytC has 
been quadrupled to 40mg and 22mg, respectively, and flowrates have been increased by 8-fold 
relative to the previously reported experiment to 4 mL/min. These changes have resulted in unresolved 
elution profiles as shown by UV monitoring (grey). The experimental conditions and results simulate 
real-world process scenarios such as end-of-life columns, co-purification, host cell protein overlap, 
etc. Raman predictions resolve these overlapping UV protein elution profiles in real-time and find that 
CytC begins to elute around 50mL and BSA finishes elution at 70mL. With the real-time Raman 
predictions, one could obtain 3 separate fractions; BSA from 30-50mL, CytC from 74-103mL, and a 
mixed fraction from 50-74mL. The latter could be processed further in an additional stage. If one were 
monitoring their separation based on UV measurements alone, the best that may be obtained would be 
two fractions that would both need to undergo additional purification steps, reducing total yield and 
profit.



Figure 3 further demonstrates the value of Raman’s predictive specificity by resolving a 
doublet of peaks from 0.25 mg/mL Beta-lactoglobulin and 0.25 mg/mL CytC at a flowrate of 
1.0 mL/min. Optimizing cuts is difficult if only the UV data are available, but Raman can reduce 
yield loss by allowing one to make the most out of available resins and collect proper, separate 
fractions from 44-67mL, 67-82.5mL, and 82.5-100mL. 
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Figure 2: Predicted concentration chromatogram of BSA and CytC by volume. Protein loading is 40 mg of 
BSA and 22.40 mg of CytC, and flowrate is 4.0 mL/min. On the secondary axis are the units for the 
chromatogram generated by UV detection.

Figure 3: Predicted concentration chromatogram of B-Lac and CytC by volume. Protein loading is 5 mg of 
B-Lac and 5 mg of CytC, and flowrate is 1.0 mL/min. On the secondary axis are the units for the
chromatogram generated by UV detection.
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CONCLUSION
The data presented in this report show that Raman analysis using the Tornado HyperFlux™ 
PRO Plus can be used to resolve overlapping chromatographic elution profiles of individual 
proteins. This quantitative analysis was successfully applied to monitor the purification of BSA 
and Cytochrome C, and Beta lactoglobulin and Cytochrome C. The greatly increased spectral 
performance made possible with HTVS™ results in faster and more accurate measurement 
times for the quantification and characterization of proteins of interest in real time, providing the 
user with actionable information to facilitate improved process control and provide optimal 
purification efficiency.

The HyperFlux™ PRO Plus is a fast and accurate tool to monitor downstream protein 
purification process quality. The HyperFlux™ PRO Plus’s HTVS™ technology produces highly 
detailed chemical information, and does so faster, with better signal-to-noise ratios and lower 
limits of detection compared to all other process Raman instruments on the market. The HFPP 
can be used to establish optimal purification end points, detect process excursions with root 
cause determinability, enhance process understanding and control of the manufacturing 
process, and increase yields and profitability. 
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