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A B S T R A C T   

Real-time in-line broad protein content monitoring in biomanufacturing downstream unit operations enables the 
ability to optimize and afford consistent protein recovery. Protein determination from 2 to 400 mg/mL is 
demonstrated herein via real-time dual-wavelength LED photometric sensor configured at 280 and 310 nm. The 
figures of merit of this approach include measurement accuracy within the common acceptance criteria of 100 % 
± 5 with negligible bias across the linear dynamic ranges. This work expands the utility of an LED based 
photometric sensor for biopharmaceutical process analytical technology (PAT) applications. It is also congruent 
with process digitalization and automation industry 4.0 concepts underpinned by Quality by Design (QbD) 
principles.   

1. Introduction 

Continued growth of biotherapeutics, such as recombinant proteins, 
to support unmet needs necessitates a continued focus and application of 
process analytical technology (PAT). Adoption of PAT, underpinned by 
Quality by Design (QbD) principles [1,2], is congruent with process 
digitalization and automation industry 4.0 concepts [3]. Real-time 
monitoring of physicochemical attributes via integrated PAT or 
sensing technology [4,5] affords the opportunity to elucidate root cause 
insights that impact offline determined final drug substance critical 
quality attributes (CQAs). They also provide an efficient pathway to 
optimize, monitor, and control bioprocess unit operations beyond other 
critical process parameters (CPPs), such as process flow, pressure, and 
temperature. PAT is an integral component to mitigate bio
manufacturing failure modes and costly batch failures. The combined 
benefits of PAT adoption include process control, continuous process 
verification, and data driven continuous improvement [1,2,6,7–9]. 

Capital expenditure and sustainment costs along with analytical 
figures of merit (e.g., accuracy and precision) are pivotal in the selection 
of a PAT. QbD is realized when the selected PAT is compact, robust for 
continuous operation, and seamless to integrate. It should also be intu
itive to maintain. Moreover, a PAT’s unit cost, commensurate with an 
attractive return on investment, is an additional facility fit or across 
facilities fit criterion. This is particularly the case for complex bio
manufacturing process trains and associated operations. Certain unit 

operations may necessitate an ensemble of integrated PAT sensors to 
realize process digitalization and automation industry 4.0, which 
further highlights the importance of PAT selection. 

In-line or in situ PATs are particularly well suited for downstream 
process trains, such as filtration unit operations, to optimize, monitor, 
and control protein recovery. Tangential flow filtration (TFF) is a prime 
example where the integration of a few PAT sensors or digital twins [10] 
is beneficial. Ultrafiltration and diafiltration (UF/DF) via TFF is a 
common approach used throughout downstream operations to clarify, 
concentrate, and purify a protein biotherapy. While several CPPs are 
often monitored and controlled during TFF operations, such as tangen
tial membrane pressure and flow rates, they are often inadequate alone. 
Real-time protein content monitoring via PAT in retentate, permeate, 
and/or input streams is an additive mode to optimize and provide 
consistent protein recovery with suitable contaminate clearance 
[11–13]. Initial, intermediate, and final TTF unit operations are asso
ciated with certain purification process trains. Although the retentates in 
upstream purification TFF unit operations are contaminated with host 
cell proteins (HCPs), batch-to-batch consistency or continuous verifi
cation of total protein content may be a suitable objective for PAT. 
In-line PAT monitoring thus has merit across TFF unit operations within 
a purification process train for autonomous process control and 
continuous process verification. 

UV absorbance is a semi-selective approach in comparison to 
narrowband spectroscopy (e.g., mid-infrared and Raman). It, 
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nevertheless, is well suited for real-time protein content monitoring for 
continuous consistent process verification and autonomous process 
control. The latter benefits differentiate PAT from off-line CQA quality 
release assays. 

Although there are several commercially available ultraviolet (UV) 
PAT instruments for real-time protein content monitoring, some of them 
are incongruent with PAT selection criteria previously discussed. 
Certain PAT instruments for protein content monitoring often consume a 
large footprint, they are more difficult to integrate and maintain, and 
often involve significant capital expenditure per instrument. They may 
also involve significant cost of ownership requirements such as routine 
replacement of standard or disparate interchangeable parts, mainte
nance, and cleaning. 

Variable pathlength extension (VPE) technology was introduced to 
the market in approximately 2013 [14,15]. It has been evaluated for 
broad concentration determination of recombinant proteins such as 
monoclonal antibodies. VPE involves real-time pathlength modulation 
by mechanical means. Certain extensions of VPE technology for PAT 
application involves interchangeable flow cells and single-wavelength 
UV LEDs. These VPE systems are computer controlled, often consume 
a significant footprint, involve various interchangeable components or 
consumables, and require routine cleaning and clearance verifications. 
Mechanical or interchangeable part failure modes and lack of a 
single-use flow cell design summarizes the limitations of these types of 
PATs. Thus, they may be less attractive in lieu of compact and lower cost 
UV absorbance sensors that often afford equivalent analytical perfor
mance and tend to be a more sustainable option. 

The advent of robust and commercially available UV LEDs over the 
last few decades has produced commercial supply of compact PAT 
photometric absorbance sensors for real-time monitoring in bio
manufacturing applications [7,16–18]. Compact in-line optical sensors 
meet the PAT selection criteria as they are accurate and precise, seam
less to integrate and operate, and require negligible maintenance. 
Moreover, they are robust for continuous operation and readily inte
grate with supervisory control and data acquisition (SCADA) systems. 
Such optical sensors are also significantly lower in unit cost compared to 
the alternative PAT options previously discussed. The combined benefits 
of optical sensors afford an ensemble of integrated PAT sensors, either 
within a given unit operation or across a process train [1,2,6,8,9], 
congruent with return on investment or facility fit(s) criteria and in
dustry 4.0 concepts [3–5] underpinned by QbD principles [1,2]. 

Solid-state LED absorbance sensors are well suited for real-time 
protein content monitoring to enable advanced process control and 
continuous process verification. Such sensors are equipped with a single- 
use or disposable optical flow cell. Certain sensor manufactures have 
configured their technology with either a single LED or dual LEDs. In the 
latter configuration, two disparate LEDs are synchronously modulated. 
For example, 260 and 280 nm LEDs are utilized to monitor the nucleic- 
to-protein ratio. Extension of the dual-wavelength concept to 280 and 
310 nm with a 2 mm pathlength flow cell along with the analytical 
figures of merit are discussed herein. This approach significantly 
broadens the linear dynamic range for real-time protein content moni
toring without the need to tailor or modulate pathlength that necessi
tates de novo development and method transfer. 

2. Experimental 

Bovine serum albumin (BSA) samples from 1 to 400 mg/mL were 
prepared by serial dilution from BSA stock solution (Millipore Sigma) in 
Dulbecco’s phosphate buffer saline (DPBS, VWR) without any further 
pH adjustment. These samples were used for spectra acquisition, sensor 
calibration, and prediction model performance assessment. 

Spectra were collected with an HR4000 UV-Vis spectrometer (Ocean 
Optics Inc., Dunedin, FL) connected to a 2 mm pathlength UV cuvette 
holder via 1 m fiber optics. A dual-wavelength PX2 process absorbance 
sensor (Custom Sensors and Technology, Fenton, MO) was configured 

with 280 and 310 nm LEDs. The sensor was used to establish calibration 
and assess calibration model performance with separately prepared BSA 
samples. The PX2 sensor was connected to a 2 mm pathlength UV flow 
cell via 1 m fiber optics. Fig. 1 illustrates the PX2 absorbance sensor, the 
in-line 2 mm pathlength flow cell, and the TFF piping and instrument 
diagram (PI&D). 

3. Results and discussion 

The aim of this study is to demonstrate figures of merit of a dual- 
wavelength LED photometric sensor approach configured at 280 nm 
and 310 nm with a fixed 2 mm pathlength flow cell. The objective was to 
significantly expand the dynamic range without the need to tailor or 
modulate pathlength. Alternative UV-Vis protein content monitoring 
approaches utilize a spectrometer or interchangeable optical sources 
along with either fixed or variable pathlength technology as previously 
discussed. The approach herein is intended for downstream PAT process 
monitoring applications where compact absorbance sensors have been 
used across commercial biomanufacturing applications for the last 10 
plus years. 

Acquisition of representative recombinant protein spectra is a pre
requisite to configure a suitable dual-wavelength LED sensor. This is 
necessary as each recombinant protein (or gene product) has a unique 
amino acid sequence that results in a disparate spectrum in the 250 to 
350 nm region [19–22]. Moreover, buffer composition and pH effects 
can also influence the aromatic residues in the three-dimensional pro
tein matrix that can result in modest shifts in absorbance spectra [22, 
23]. Fig. 2 depicts the spectra of BSA at disparate concentrations (A) and 
absorbance at selected wavelengths (B). BSA was selected as a surrogate 
or model protein. Linearity with ≥ 99 R2 at absorbance 280 nm, near the 
absorbance maximum, is observed in a narrow dynamic linear range as 
expected. Disparate linearities with ≥ 99 R2 are observed at 295, 300, 
and 310 nm with increasing dynamic range as defined in Table 1. 
Absorbance at or near peak maximum is often selected by convention 
based upon the variance or shot noise inherent with UV-Vis optical 
sources (e.g., xenon flash and deuterium lamps) contained within 
UV-Vis spectrometers and spectrophotometers. UV-Vis LEDs are far 
more stable optical sources as they produced significantly reduced shot 
noise by comparison. Thus, LEDs are capable of precise absorbance 
measurements at different wavelengths other than near or at peak 
maximum. The longer wavelength at 310 nm, near the tailing edge of 
the spectra, is leveraged herein along with 280 nm as a mode to 
significantly expand the dynamic linear range for real-time protein 
content monitoring. Although 295 or 300 nm could have also been 
selected, 310 nm afforded linear continuity at 280 nm. In our experi
ence, many recombinant proteins exhibit similar absorbance spectra, 
which further renders the 280 nm and 310 nm selection as a valid 
approach. However, alternative commercially available LEDs from 295 
to 320 nm could also be selected should the protein spectra shift due to 
disparate tryptophan residues and morphology within the recombinant 
protein. 

Establishment of linear least squares regression calibration models 
was next conducted. Calibration at 280 nm was intended for low protein 
concentrations and 310 nm was targeted for higher concentrations.  
Fig. 3A illustrates sensor absorbance versus concentration at 280 nm 
from less than 20 mg/mL. Linearity at 280 nm (model A) was observed 
from 2 to 15 mg/mL of protein with a 0.998 correlation coefficient (R2). 
Fig. 3B depicts sensor absorbance versus concentration at 310 nm 
(model B) from 25 to 400 mg/mL. Linearity was observed across the 
entire range with a 0.995 R2. While calibration was conducted as part of 
method qualification, an extinction coefficient(s) can be used in 
practice. 

Separately prepared samples were then assessed on a different day to 
evaluate the prediction performance (e.g., accuracy, precision, etc.) of 
the two calibration models. Table 2 summarizes the prediction analyt
ical figures of merit of the two models. Accuracy for Model A at 280 nm 
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and model B at 310 nm were 99.2 % ± 2 % and 97.3 % ± 1, respec
tively. The intermittent precision (repeatability) relative standard de
viation (RSD) for model A and B were 0.23 % and 0.15 %, respectively. 
Day-to-Day RSD reproducibility for model A and B, were 2.0 % and 5.4 
%, respectively. Accuracy and precision results at each concentration for 
the prediction dataset can be found in the supplementary data. 

Skew or accuracy bias via Person’s first coefficient for model A and 
Model B were − 0.01 and 0.12, respectively. Skew is indicative of pre
diction symmetry across the linear dynamic range. A skew by Person’s 
first coefficient less than ± 0.3 is deemed a low degree of skew. That is, 
negligible accuracy bias for both wavelength models was observed 
across the linear ranges. 

The accuracy of the dual-wavelength sensor modality is equivalent to 
VPE published results. Moreover, it also meets the accuracy acceptance 

criteria of 100 % ± 5 for UV spectroscopic methods [22,24]. Percent 
accuracy determined from published results for the VPE method at 10.4 
and 108 mg/mL were 100 % and 99.5 %, respectively [14,15]. The 
percent accuracy for the dual-wavelength sensor at similar concentra
tions of 12.5 and 150 mg/mL were 97.1 % and 97.9 %, respectively. 
Consequently, VPE published accuracy results only included a limited 
range of assessed protein concentrations. Therefore, accuracy skew 
could not be assessed. A broad range of concentrations were assessed 
herein to further establish the performance of the dual-wavelength 
sensor approach. 

Limit of detection (LoD) for model A and B were 0.60 and 17.8 mg/ 
mL, respectively. The latter LoD is an artifact of the broad empirical 
calibration design from 25 to 400 mg/mL rather than a limitation of the 
sensor. Upon reducing the calibration range for Model B to 7.5 to 
150 mg/mL, the LoD improved to 10.1 mg/mL. The limit of quantitation 
(LoQ) is outside the scope of this work given the PAT intent herein was 
for process monitoring to enable process control and continuous process 
verification. That is, LoQ is applicable for a real-time release application, 
such as at a terminal TFF or bulk fill unit operation. It might necessitate a 
longer pathlength for a suitable LoQ required for real-time release. 

Concentrating a target recombinant protein via TFF unit operation 
range from 30 to 150 mg/mL [13]. Standard concentration range for 
protein diafiltration is typically between 30 to 60 mg/L [13]. For 

Fig. 1. (A) Compact dual-wavelength photometric absorbance sensor with flow cell and (B) process Instrument diagram.  

Fig. 2. (A) UV-Vis spectra of versus BSA concentrations and (B) absorbance at selected wavelengths versus BSA concentration.  

Table 1 
BSA absorbance linearity at difference selected wavelengths.  

Wavelength (nm) Linear Range (mg/mL) R2 Slope 

280 1 to 12.5  0.999  0.097 
295 2 to 50  0.996  0.019 
300 2 to 150  0.996  0.008 
310 12.5 to 400  0.991  0.002  
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monoclonal antibodies, a concentrated formulation typically refers to 
protein concentration above 50 mg/mL (e.g., 100–150 mg/mL). For 
peptides, a concentration below 10 mg/mL is more common. Thus, the 
prediction accuracy and precision capabilities of the dual-wavelength 
sensor approach is applicable to TFF across disparate biotherapeutic 
applications. Model A at 280 nm is optimal given its higher sensitivity 
for TFF defiltration less than 15 mg/mL. Model B at 310 nm is suitable 
for diafiltration at target concentrations greater than 15 mg/mL. 

The focus herein was to assess the dual-wavelength LED absorbance 
sensor figures of merit approach with a constant pathlength for auto
mated process monitoring. Rapid synchronous modulation of LEDs and 
hence absorbance acquisition in a LED sensor occurs at 2 Hz or every 
500 ms. Moreover, the sensor only requires replacement of a single-use 
flow cell with an equivalent pathlength prior to use. That is, optical 
standardization and verification can occur via autonomous means post 
initial calibration or configuration. Consequently, similar absorbance 
sensors have been continuously operated across regulated and other 
industries without the need to adjust sensor operating parameters that 
impact the model or output concentration results. This setup depends 
upon the time required to conduct a performance verification given the 
installation of a disparate pathlength flow cell necessary for the manu
facture of a new recombinant protein. While the setup differences be
tween these two instrumental systems might be considered trivial, the 
complexity of biopharmaceutical purification trains requires integrated 
and largely autonomous sensors that are seamless to maintain and 
operate. 

4. Summary 

Figures of merit of a dual-wavelength LED based absorbance sensor 
approach at 280 and 310 nm with a fixed optical pathlength has been 
demonstrated herein. It affords a broad dynamic linear range from 1 to 
400 mg/mL with suitable accuracy and precision for downstream bio
manufacturing PAT applications. The narrow dynamic linear range at 

280 nm from 1 to 15 mg/L yields higher sensitivity with a percent ac
curacy of 100 ± 2. The broader linear dynamic range at 310 nm from 10 
to 400 mg/mL yields lower sensitivity and a percent accuracy of 97 ± 1. 
The sensor is robust given its solid-state design and enables rapid 
implementation, qualification, and largely automated continuous 
operation. Furthermore, the compact photometric absorbance sensor is 
equipped with a disposable flow cell congruent with single-use 
manufacturing. The sensor merits and characteristics discussed herein 
are well suited for real-time protein monitoring in biomanufacturing 
applications. Combined characteristics of the approach discussed 
include acceptable analytical figures of merit along with alignment with 
Quality by Design (QbD) principles and process digitalization and 
automation industry 4.0 concepts. Return on investment and agreement 
with facility fit criteria further justify its utilization within the bio
pharmaceutical sector. 
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[5] A. Zeiser, Bv Stein, T. Bäck, Requirements towards optimizing analytics in 
industrial processes, Procedia Comput. Sci. 184 (2021) 597–605. 

[6] E.K. Read, J.T. Park, R.B. Shah, B.S. Riley, K.A. Brorson, A.S. Rathore, Process 
analytical technology (PAT) for biopharmaceutical products: part I. concepts and 
applications, Biotechnol. Bioeng. 105 (2) (2010) 276–284. 

[7] M.N. São Pedro, M.E. Klijn, M.H. Eppink, M. Ottens, Process analytical technique 
(PAT) miniaturization for monoclonal antibody aggregate detection in continuous 
downstream processing, J. Chem. Technol. Biotechnol. 97 (9) (2022) 2347–2364. 

[8] M. Streefland, D.E. Martens, E.C. Beuvery, R.H. Wijffels, Process analytical 
technology (PAT) tools for the cultivation step in biopharmaceutical production, 
Eng. Life Sci. 13 (3) (2013) 212–223. 

[9] D.P. Wasalathanthri, R. Shah, J. Ding, A. Leone, Z.J. Li, Process analytics 4.0: a 
paradigm shift in rapid analytics for biologics development, Biotechnol. Prog. 37 
(4) (2021) e3177. 

[10] H. Helgers, A. Hengelbrock, A. Schmidt, J. Rosengarten, J. Stitz, J. Strube, Process 
design and optimization towards digital twins for HIV-gag VLP production in 
HEK293 cells, including purification, Processes 10 (2) (2022) 419. 

[11] A. Matte, Recent advances and future directions in downstream processing of 
therapeutic antibodies, Int J. Mol. Sci. 23 (15) (2022). 

[12] L. Rolinger, M. Rüdt, J. Diehm, J. Chow-Hubbertz, M. Heitmann, S. Schleper, 
J. Hubbuch, Multi-attribute PAT for UF/DF of proteins—monitoring concentration, 
particle sizes, and buffer exchange, Anal. Bioanal. Chem. 412 (9) (2020) 
2123–2136. 

[13] G. Thakur, S. Thori, A. Rathore, Implementing PAT for single-pass tangential flow 
ultrafiltration for continuous manufacturing of monoclonal antibodies, J. Membr. 
Sci. 613 (2020) 118492. 

[14] S. Huffman, K. Soni, J. Ferraiolo, UV–vis based determination of protein 
concentration: validating and implementing slope measurements using variable 
pathlength technology, BioProcess Int. (12) (2014). 

[15] E. Shih, The Power of Slope Spectroscopy, 2008. 
[16] J. Claßen, A. Graf, F. Aupert, D. Solle, M. Höhse, T. Scheper, A novel LED-based 2D- 
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