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Chapter 8

Summary, conclusions and perspectives
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Summary and conclusions

The establishment of analytical methods for characterization of particles in
biopharmaceutical products is of critical importance during drug product development.
Early assessment of particulate impurities and degradation pathways in protein-based
formulations during (accelerated) storage and forced degradation conditions can decrease
the chances of clinical failures at later stages of development and support the quality
assessment of drug products. Furthermore, cell-based medicinal products (CBMPs), an
emerging class of therapeutics, are comprised of heterogeneous mixtures of particulates
and require analytical methods with advanced data processing approaches for

comprehensive product characterization.

In Chapter 2, we investigated the advantages and limitations of a recently developed
nanoparticle characterization technique — microfluidic resistive pulse sensing (MRPS). The
single particle analysis technique was compared to other more established particle
characterization techniques, including dynamic light scattering (DLS), nanoparticle tracking
analysis (NTA) and resonant mass measurement (RMM), with respect to particle sizing and
counting. To this end, samples comprising polystyrene beads, liposomes, bacteria and
protein aggregates were measured. MRPS was shown to have the widest measurable
concentration range amongst all tested techniques. This would make MRPS superior in
quantification of drug products with high particle loads, such as virus- or liposomal-based
products, as no dilution of the sample is required. MRPS, RMM and NTA are single particle
counting techniques, thus their sizing resolution of samples with heterogeneous particle
populations is superior to that of DLS. More in-depth examination of size resolution
revealed that MRPS slightly outperforms RMM, whereas NTA demonstrated the poorest
capabilities in resolving two distinct particle populations. However, the requirement of a
relatively high electrical conductivity for samples measured by using MRPS can be a

limitation of the technique, as shown in the next chapter.

Chapter 3 describes a follow-up study on nanoparticle characterization techniques for the
analysis of proteinaceous particles within a mAb formulation. In particular, the impact of

spiking electrolytes into mAb formulations was investigated. Measurements with tunable
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Summary, conclusions and perspectives

resistive pulse sensing (TRPS) and MRPS require samples to have sufficient electrical
conductivity. For commonly used protein formulations with low electrical conductivity,
samples must be spiked with electrolytes prior to analysis. However, by using RMM and
NTA we found a substantial increase in nano-meter sized particles in heat stressed
monoclonal antibody (mAb) formulations that were spiked with sodium chloride or
histidine. Such a change upon spiking was not observed for unstressed protein samples.
Therefore, the impact of adding electrolytes to protein formulations for resistive pulse
sensing measurements requires prior assessment with respect to the stability of protein

monomers and aggregates.

In Chapter 4, we investigated the immunogenicity of previously discovered nanoparticle
impurities (NPIs) present in sugars of pharmaceutical grade2. NPIs isolated from
pharmaceutical-grade sucrose, a commonly used formulation excipient, were found to
contain B-glucans that can act as adjuvants in the presence of immunogenic agents (e.g.,
protein aggregates). In contrast to previous studies, trastuzumab formulations incubated
for several hours in presence of NPIs showed only a minor increase in the concentration of
nano-meter sized particles and no substantial increase in the levels of micro-meter sized
particles. NPIs alone at a high concentration (10° p/ml) or in the presence of trastuzumab
at 1 mg/ml did not activate monocyte-derived dendritic cells (moDC). These results
suggest that, in contrast to our expectations, NPIs in the presence or absence of protein

are not immunogenic in the tested in vitro model.

Chapter 5 focused on the role of the grade polysorbate 80 (PS80), another important
excipient, on its protein-stabilizing effect during mechanical stress. Exposure of protein
formulations to mechanical stress is known to lead to particle formation®*. Two grades of
PS80, i.e., specified by the United States Pharmacopeia (USP) and the Chinese
Pharmacopeia (ChP), were tested for their stabilizing properties towards a model mAb
under three mechanical stress conditions: shaking, free-fall and pumping. UV
spectroscopy, DLS, backgrounded membrane imaging (BMI) and flow imaging microscopy
(FIM) were used for assessing the stability of the mAb under these conditions. Despite the

higher purity of ChP PS80 (content of oleic acids >98%) compared to USP PS80 (content of
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oleic acids 50-60%), no clear differences in terms of functionality were observed between
the two grades. Taking into consideration the lower chemical stability of ChP PS80
compared to USP PS80°, high purity grade polysorbate may not provide greater stability

towards mAbs upon long-term storage.

The focus of the studies described in chapters 6 and 7 was the analytical characterization
of CBMPs. The research aimed to expand the currently limited analytical toolbox for the
characterization of cell suspensions. In chapter 6, we developed a method based on FIM
assisted with convolutional neural networks (FIM-CNN) for image analysis to detect and
quantify particulate impurities in CBMPs. The focus was set on the identification of
Dynabeads, antibody coated magnetic beads used for cell activation, in the presence of
Jurkat cells at a concentration up to 500,000 cells per ml. The standard morphological
parameters obtained from the instrument’s software were not sufficient for
discrimination between Dynabeads, cells, cellular debris and adducts (Dynabeads attached
to cells). Thus, machine learning for image classification was implemented in this study. By
using FIM-CNN, the error rate in classification of Dynabeads dropped by 50-fold compared
to using the standard morphological parameter approach. Furthermore, a limit of
quantification (LOQ) was determined at 50,000 beads/ml with a high recovery and low
variability in concentration determination above the LOQ. The work performed in chapter
6 paved the way to study the stability of Jurkat cell suspensions submitted to forced
degradation conditions. Chapter 7 described the characterization of cell suspensions
submitted to different stress conditions: thawing at various temperatures, freeze-thawing
and shaking. Analysis of cells was performed by using the newly developed FIM-CNN
alongside more established fluorescence-based cell characterization techniques. FIM-CNN
was applied to determine the concentration of cells (viable and necrotic) and debris
particles. The viability results obtained from FIM-CNN compared well to the read-outs of
calcein-AM and propidium iodide assays. Thawing of frozen cell aliquots at low
temperature (5 °C) showed to be detrimental to cell viability and count, compared to
thawing at 20 and 37 °C. Furthermore, cells were formulated with different DMSO
concentrations (0 - 10% [v/v]) and submitted to one freeze-thaw cycle (-20 °C — 37 °C). The

lowest DMSO concentration tested (1% [v/v]) showed no protective effects upon freeze-
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thawing, whereas the best cell-stabilizing properties of DMSO were achieved at 5% (v/v).
Horizontal shaking of cell suspensions did not affect the cell viability at the tested
conditions, but rather led to a substantial decrease in total cell counts. The drop in cell
concentration after shaking stress was mitigated by addition of FBS (10% [v/v]) to the cell
suspension. Our findings show the usefulness of the three types of forced degradation
studies for CBMP formulation studies, as well as the importance of including orthogonal

analytical techniques for cell characterization.
Perspectives

Characterization of particles within the nano- and micro-meter size range is an important
aspect in the development of novel biopharmaceutical drug products. The work in this
thesis aimed to strengthen the knowledge on current analytical techniques and methods
used for the assessment of particle populations in protein- and cell-based formulations.
New approaches utilizing artificial intelligence were introduced, which in future studies
should be further developed in order to maximize the information obtained from data
produced by particle characterization methods. Other objectives of upcoming research
should attempt to further increase the fundamental understanding of the quality of

current and prospective excipients in relation to their functionality in drug products.
Particulates in drug products

One of the main concerns with respect to the quality and stability of biopharmaceuticals is
the presence of particulate impurities in drug products. The industry is currently showing
great interest in the identification and characterization of impurities in raw materials in
order to improve their quality through better manufacturing and purification processes.
For example, Merck has recently released an improved multi-compendial grade of sucrose
(Emprove Expert) that is low in nanoparticle content. The eliminated nanoparticulate
impurities from sucrose have been shown to destabilize mAbs'2. However, for excipients
of a more complex chemical nature than sucrose, higher purity may not always translate
into better performance and stability. Manufacturers of surfactants are keen to improve

the quality of their products by producing polysorbate 20 (PS20) and polysorbate 80
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(PS80) of higher purity grades. Unexpectedly, the increased content of lauric acid and oleic
acid in PS20 and PS80, respectively, has shown to considerably exacerbate the risk of
oxidative degradation®. The instability of polysorbates in protein formulations may result
in the formation of insoluble fatty acid particles which pose a threat to protein stability®.
Furthermore, as demonstrated in this thesis, the functionality of PS80 in mAbs

formulations did not improve with increased content of oleic acid.

In recent years, a manifold of new structural formats of therapeutic antibodies, as well as
other proteins, nucleic acids, viruses and cells have been designed to exhibit potential
therapeutic effects” . In contrast, the list of excipients used to maintain the stability and
efficacy of drug products remained relatively constant. Out of the vast number of chemical
entities available, only 57 are used as excipients in marketed biopharmaceutical
products'!. With the support from academia, industry and regulatory authorities, further
research should look for novel excipients that are able to better stabilize
biopharmaceuticals and/or are more stable themselves. In any case, the quality and
stability of excipients should be carefully evaluated in future work where new and/or

commonly used stabilizing agents are incorporated into formulations.

Particles in drug products can also serve a positive role and act as the active
pharmaceutical ingredient (API), a drug delivery vehicle or a (viral) vector for gene
therapies. For example, the recently approved mRNA-based COVID-19 vaccines use lipid
nanoparticles (LNPs) to deliver the nucleic acids into the cells where the expression of the
encoded virus spike protein can take place!?. The efficacy of mRNA-LNP vaccines is heavily
dependent on the composition, size distribution and quantity of the nanoparticle
population®3. The same holds true for gene therapy products utilizing recombinant viral
vectors for achieving the desired therapeutic effect. For instance, unwanted
immunotoxicity and altered biodistribution resulting in inconsistent in vivo functionality
can result from instability of virus particles and formation of aggregates!®. Furthermore,
the cells in CBMPs are micro-meter sized API particles. Demonstrating the integrity and
concentration of these particles requires robust and accurate particle (cell)

characterization techniques.
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Particle characterization techniques

Characterization of particles in biopharmaceutical products has been an active field of
research in the past decade®>!°. Despite the significant advancements made in
technologies used for the detection, sizing, counting and characterization of particles in

the nano- and micro-meter size range, several challenges remain.

Techniques based on particle-light interactions play a major role in the detection and
analysis of nanoparticles. Examples include dynamic and static light scattering (DLS and
SLS, respectively), and nanoparticle tracking analysis (NTA). These techniques can be used
for early detection of the onset of protein aggregation and particle formation?%?2, NTA has
additionally been validated by several research groups for the sizing of polydisperse
nanoparticles, showing high accuracy and precision in the determination of the mean size
for distinct particle populations?*2>, However, not all samples may be suitable for these
techniques; high background noise arising from formulation components can disturb the
analysis and the presence of larger particles scattering more light will overshadow
particles of smaller size. Alternative techniques have been developed to cover the “sub-
micron gap” and overcome some of the challenges encountered with light scattering-
based techniques. Examples include resonant mass measurement (RMM) and resistive
pulse sensing (RPS), both of which provide some advantages with respect to sizing
resolution and elimination of artefacts arising from light scattering events. Nonetheless,
the microfluidic systems employed within these techniques require laborious cleaning
procedures or can result in blockages, which compromises sample throughput.
Furthermore, the precision with respect to quantification of nanoparticles remains low,
especially for inter-laboratory experiments (Benkstein et al., in preparation). The reason
for the imprecise quantification is related to the minuscule volume analyzed per
measurement. For example, a single measurement performed by NTA processes ca. 0.08
nl of sample, and RMM or RPS can process up to several hundred nanolitres. Given the
absolute concentration is provided in particles per millilitre, the extremely high
extrapolation factors lead to high deviations in cases where small differences in particle

counts are measured. Technical improvements in design to increase the volume of analyte
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measured would increase the reliability and robustness of nanoparticle characterization

techniques.

Several orthogonal techniques for characterization of micro-sized particles were
developed within the past few years and include holographic video microscopy (HVM)?6,
backgrounded membrane imaging (BMI)?” and imaging flow cytometry (IFC)?® . One
advantage of HVYM and BMI, compared to light-based techniques, is that results are
unaffected by the differences in refractive indices between measured particles and
formulation buffer. Both techniques can therefore be considered for measurements of
formulations with high protein or sugar concentrations. In addition, BMI results should not
be affected by air bubbles or silicone oil droplets, because these will pass through the
porous membrane. BMI and IFC techniques include fluorescence detection systems
offering chemical identification of particles based on the selectivity of fluorescent probes
used for staining particles of interest. The currently established light obscuration and flow
imaging microscopy (FIM) techniques have been compared and critically evaluated with
respect to size and concentration determination by several research groups?°3¢. More
recently, advanced computational methods, such as machine learning (ML), have been
utilized in processing images derived from FIM*37-3°_|n this way, the limitations of
standard particle classification approaches, which are based on morphological particle
parameters derived from the instrument’s software, were overcome*®*, The intrinsic
morphological features extracted from bright-field images by using machine learning
allowed for recognition of minute differences in particle morphologies. Thereby,
discrimination of particles highly similar in appearance, but of different origins, was
possible to achieve. Integration of machine learning for image segmentation in a newly
developed FIM instrument was also suggested by Krause et al.2. An oil-immersed
objective embodied into the FIM device allows for detection of particles in the sub-micron
and low micron range (0.3 — 10 um). The current limitations of this method include low
image contrast of particles and light-scattering, both of which can be potentially resolved
by application of more sophisticated thresholding algorithms. Advancements in computer
vision and image processing algorithms should be applied in future work on

characterization of particles in the nano- and micro-meter size range in order to derive
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more information from captured images as well as from other parameters (e.g.,

fluorescence data).
Development of cell-based medicinal products (CBMPs)

The current preliminary stage of cell therapy approaches as well as the limited number of
analytical techniques applied for the characterization of CBMPs makes this field highly
attractive for future research. Application of new analytical techniques, such as FIM, for
the characterization of cells and particulate impurities in cell suspensions is necessary to
help ensuring the quality of CBMPs*. Some of the analytical methods being examined for
cell characterization have been originally developed for small molecules or protein-based
therapeutics. Therefore, applying them to cells may not be straightforward and multi-
analytical based approaches may be required for accurate product characterization!%44-4¢,
In contrast to mAbs and other therapeutic proteins, therapeutic cells exhibit high levels of
heterogeneity originating from patient/donor, harvesting and processing methods and
storage/transportation conditions*”*°. Therefore, repeatable and robust analytical
methods are essential for defining quality attributes and decision making at all stages of a
CBMP’s life cycle. On the one hand, especially for autologous products, for which the
amount of material usually is very limited and the time available for testing is short, it is
crucial to develop analytical methods that are fast and require very low sample volumes.
On the other hand, comprehensive analysis of CBMPs requires the assessment of
numerous attributes such as sterility, cellular or process impurities, cell viability, cell
concentration, potency, and functionality. For this reason, the applicability of statistical
methods should be explored in experiment design and data interpretation, where the
impact of multiple parameters can be individually assessed and correlated with the

product’s CQAs>°.

Present formulations of CBMPs are at an early stage of development and are usually
limited to several isotonic multi-electrolyte solutions with few types of cryoprotectant
agents (CPAs)>L. Currently the most widely used CPA with best cell stabilizing properties
upon freezing is dimethyl sulfoxide (DMSO). However, alternative plausible CPAs are

needed, as DMSO at the used concentrations is toxic to cells in a non-frozen state and has
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the potential to cause adverse effects in patients®2. Thus, further research is required in
this arena in order to understand cell-excipient interactions, demonstrate cell-stabilizing
properties of novel (preferably not of human or animal origin) excipients and recognize
degradation pathways occurring at different stress conditions. An important consideration
is that the active ingredients in CBMPs are living cells that secrete various cytokines,
metabolites or growth factors into the media, adding an additional layer of complexity.
Selection of primary packaging materials is another consideration for CBMPs due to the
potential interactions of cells with the primary packing material®3. Some CBMPs are
submitted to extreme environmental conditions (i.e., freezing at ultra-low temperatures)
during product processing, transportation and storage. Such conditions not only may
affect the cells but also can alter the properties of primary packaging materials, such as
vials, stoppers and (cryo)bags, consequently compromising container closure integrity>*.
Taking advantage of the lessons learned and experiences gained during development of
protein-based products, further research should focus on establishing comprehensive

analytical techniques and formulation strategies for CBMPs.

214



Summary, conclusions and perspectives

References:

10.

11.

12.

13.

Weinbuch D, Cheung JK, Ketelaars J, et al. Nanoparticulate Impurities in Pharmaceutical-Grade
Sugars and their Interference with Light Scattering-Based Analysis of Protein Formulations.
Pharm Res. 2015;32(7):2419-2427. doi:10.1007/s11095-015-1634-1.

Weinbuch D, Ruigrok M, Jiskoot W, Hawe A. Nanoparticulate Impurities Isolated from
Pharmaceutical-Grade Sucrose Are a Potential Threat to Protein Stability. Pharm Res.
2017;34(12):2910-2921. doi:10.1007/s11095-017-2274-4.

Randolph TW, Schiltz E, Sederstrom D, et al. Do not drop: mechanical shock in vials causes
cavitation, protein aggregation, and particle formation. J Pharm Sci. 2015;104(2):602-611.
doi:10.1002/jps.24259.

Li J, Krause ME, Chen X, et al. Interfacial Stress in the Development of Biologics: Fundamental
Understanding, Current Practice, and Future Perspective. The AAPS journal. 2019;21(3):44.
doi:10.1208/512248-019-0312-3.

Kranz W, Wuchner K, Corradini E, Berger M, Hawe A. Factors Influencing Polysorbate's Sensitivity
Against Enzymatic Hydrolysis and Oxidative Degradation. J Pharm Sci. 2019;108(6):2022-2032.
doi:10.1016/j.xphs.2019.01.006.

Kishore RSK, Kiese S, Fischer S, Pappenberger A, Grauschopf U, Mahler H-C. The degradation of
polysorbates 20 and 80 and its potential impact on the stability of biotherapeutics. Pharm Res.
2011;28(5):1194-1210. doi:10.1007/s11095-011-0385-x.

Wang D, Tai PWL, Gao G. Adeno-associated virus vector as a platform for gene therapy delivery.
Nat Rev Drug Discov. 2019;18(5):358-378. d0i:10.1038/s41573-019-0012-9.

Sahin U, Kariké K, Tiireci 0. mRNA-based therapeutics--developing a new class of drugs. Nat Rev
Drug Discov. 2014;13(10):759-780. doi:10.1038/nrd4278.

Lu R-M, Hwang Y-C, Liu I-J, et al. Development of therapeutic antibodies for the treatment of
diseases. ) Biomed Sci. 2020;27(1):1. doi:10.1186/s12929-019-0592-z.

Holzinger A, Abken H. Advances and Challenges of CAR T Cells in Clinical Trials. In: Theobald M,
ed. Current Immunotherapeutic Strategies in Cancer. Cham: Springer International Publishing;
2020:93-128.

Tosstorff A, Menzen T, Winter G. Exploring Chemical Space for New Substances to Stabilize a
Therapeutic Monoclonal Antibody. J Pharm Sci. 2020;109(1):301-307.
doi:10.1016/j.xphs.2019.10.057.

Chung YH, Beiss V, Fiering SN, Steinmetz NF. COVID-19 Vaccine Frontrunners and Their
Nanotechnology Design. ACS Nano. 2020;14(10):12522-12537. doi:10.1021/acsnano.0c07197.

Tyagi P, Subramony JA. Nanotherapeutics in oral and parenteral drug delivery: Key learnings and

future outlooks as we think small. J. Control. Release. 2018;272:159-168.
doi:10.1016/j.jconrel.2018.01.009.

215



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Rodrigues GA, Shalaev E, Karami TK, Cunningham J, Slater NKH, Rivers HM. Pharmaceutical
Development of AAV-Based Gene Therapy Products for the Eye. Pharm Res. 2018;36(2):29.
doi:10.1007/511095-018-2554-7.

Gross-Rother J, Blech M, Preis E, Bakowsky U, Garidel P. Particle Detection and Characterization
for Biopharmaceutical Applications: Current Principles of Established and Alternative
Techniques. Pharmaceutics. 2020;12(11). doi:10.3390/pharmaceutics12111112.

Carpenter JF, Randolph TW, Jiskoot W, et al. Overlooking subvisible particles in therapeutic
protein products: gaps that may compromise product quality. J Pharm Sci. 2009;98(4):1201-
1205. doi:10.1002/jps.21530.

Z6lls S, Tantipolphan R, Wiggenhorn M, et al. Particles in therapeutic protein formulations, Part
1: overview of analytical methods. J Pharm Sci. 2012;101(3):914-935. doi:10.1002/jps.23001.

Das TK. Protein particulate detection issues in biotherapeutics development--current status.
AAPS PharmSciTech. 2012;13(2):732-746. doi:10.1208/s12249-012-9793-4.

Calderon CP, Daniels AL, Randolph TW. Deep Convolutional Neural Network Analysis of Flow
Imaging Microscopy Data to Classify Subvisible Particles in Protein Formulations. J Pharm Sci.
2018;107(4):999-1008. doi:10.1016/j.xphs.2017.12.008.

Tian X, Nejadnik MR, Baunsgaard D, Henriksen A, Rischel C, Jiskoot W. A Comprehensive
Evaluation of Nanoparticle Tracking Analysis (NanoSight) for Characterization of Proteinaceous
Submicron Particles. J Pharm Sci. 2016;105(11):3366-3375. doi:10.1016/j.xphs.2016.08.009.

Jarand CW, Reed WF. On the Reproducibility of Early-Stage Thermally Induced and Contact-Stir-
Induced Protein Aggregation. J Phys Chem B. 2018;122(40):9361-9372.
doi:10.1021/acs.jpcb.8b07820.

Amin S, Barnett GV, Pathak JA, Roberts CJ, Sarangapani PS. Protein aggregation, particle
formation, characterization & rheology. Curr. Opin. Colloid Interface Sci2014;19(5):438-449.
doi:10.1016/j.cocis.2014.10.002.

Sauvain J-J, Suarez G, Edmé J-L, et al. Method validation of nanoparticle tracking analysis to
measure pulmonary nanoparticle content: the size distribution in exhaled breath condensate
depends on occupational exposure. J Breath Res. 2017;11(1):16010. doi:10.1088/1752-
7163/aa56dd.

Kim A, Ng WB, Bernt W, Cho N-J. Validation of Size Estimation of Nanoparticle Tracking Analysis
on Polydisperse Macromolecule Assembly. Sci Rep. 2019;9(1):2639. doi:10.1038/s41598-019-
38915-x.

Kestens V, Bozatzidis V, Temmerman P-J de, Ramaye Y, Roebben G. Validation of a particle
tracking analysis method for the size determination of nano- and microparticles. J Nanopart Res.
2017;19(8):271. doi:10.1007/s11051-017-3966-8.

Winters A, Cheong FC, Odete MA, et al. Quantitative Differentiation of Protein Aggregates From

Other Subvisible Particles in Viscous Mixtures Through Holographic Characterization. J Pharm
Sci.2020;109(8):2405-2412. doi:10.1016/j.xphs.2020.05.002.

216



27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Summary, conclusions and perspectives

Helbig C, Ammann G, Menzen T, Friess W, Wuchner K, Hawe A. Backgrounded Membrane
Imaging (BMI) for High-Throughput Characterization of Subvisible Particles During
Biopharmaceutical Drug Product Development. J Pharm Sci. 2020;109(1):264-276.
doi:10.1016/j.xphs.2019.03.024.

Probst C, Zayats A, Venkatachalam V, Davidson B. Advanced Characterization of Silicone Oil
Droplets in Protein Therapeutics Using Artificial Intelligence Analysis of Imaging Flow Cytometry
Data. J Pharm Sci. 2020;109(10):2996-3005. doi:10.1016/j.xphs.2020.07.008.

Kiyoshi M, Shibata H, Harazono A, et al. Collaborative Study for Analysis of Subvisible Particles
Using Flow Imaging and Light Obscuration: Experiences in Japanese Biopharmaceutical
Consortium J Pharm Sci. 2019;108(2):832-841. doi:10.1016/j.xphs.2018.08.006.

Z6lls S, Weinbuch D, Wiggenhorn M, et al. Flow imaging microscopy for protein particle analysis-
-a comparative evaluation of four different analytical instruments. The AAPS journal.
2013;15(4):1200-1211. doi:10.1208/s12248-013-9522-2.

Sharma DK, King D, Oma P, Merchant C. Micro-flow imaging: flow microscopy applied to sub-
visible particulate analysis in protein formulations. The AAPS journal. 2010;12(3):455-464.
doi:10.1208/s12248-010-9205-1.

Matter A, Koulov A, Singh S, et al. Variance Between Different Light Obscuration and Flow
Imaging Microscopy Instruments and the Impact of Instrument Calibration. J Pharm Sci.
2019;108(7):2397-2405. doi:10.1016/j.xphs.2019.02.019.

Werk T, Volkin DB, Mahler H-C. Effect of solution properties on the counting and sizing of
subvisible particle standards as measured by light obscuration and digital imaging methods. EurJ
Pharm Sci. 2014;53:95-108. d0i:10.1016/j.ejps.2013.12.014.

Ripple DC, Hu Z. Correcting the Relative Bias of Light Obscuration and Flow Imaging Particle
Counters. Pharm Res. 2016;33(3):653-672. doi:10.1007/s11095-015-1817-9.

Z6lls S, Weinbuch D, Wiggenhorn M, et al. Flow imaging microscopy for protein particle analysis-
-a comparative evaluation of four different analytical instruments. The AAPS journal.
2013;15(4):1200-1211. doi:10.1208/s12248-013-9522-2.

Ripple DC, Montgomery CB, Hu Z. An interlaboratory comparison of sizing and counting of
subvisible particles mimicking protein aggregates J Pharm Sci. 2015;104(2):666-677.
doi:10.1002/jps.24287.

Farrell CJ, Cicalese SM, Davis HB, et al. Cell confluency analysis on microcarriers by micro-flow
imaging. Cytotechnology. 2016;68(6):2469-2478. doi:10.1007/s10616-016-9967-0.

Daniels AL, Calderon CP, Randolph TW. Machine learning and statistical analyses for extracting
and characterizing "fingerprints" of antibody aggregation at container interfaces from flow

microscopy images. Biotechnol Bioeng. 2020;117(11):3322-3335. doi:10.1002/bit.27501.

Schuster J, Koulov A, Mahler H-C, et al. Particle Analysis of Biotherapeutics in Human Serum
Using Machine Learning. J Pharm Sci. 2020;109(5):1827-1832. doi:10.1016/j.xphs.2020.02.015.

217



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Weinbuch D, Zélls S, Wiggenhorn M, et al. Micro-flow imaging and resonant mass measurement
(Archimedes)--complementary methods to quantitatively differentiate protein particles and
silicone oil droplets. J Pharm Sci. 2013;102(7):2152-2165. doi:10.1002/jps.23552.

Strehl R, Rombach-Riegraf V, Diez M, et al. Discrimination between silicone oil droplets and
protein aggregates in biopharmaceuticals: a novel multiparametric image filter for sub-visible
particles in microflow imaging analysis. Pharm Res. 2012;29(2):594-602. doi:10.1007/s11095-
011-0590-7.

Krause N, Kuhn S, Frotscher E, et al. Qil-immersion Flow Imaging Microscopy for Quantification
and Morphological Characterization of Submicron Particles in Biopharmaceuticals. The AAPS
journal. 2021;23(1):13. doi:10.1208/s12248-020-00547-9.

Jere D, Sediq AS, Huwyler J, Vollrath |, Kardorff M, Mahler H-C. Challenges for Cell-Based
Medicinal Products From a Pharmaceutical Product Perspective. J Pharm Sci. 2020.
doi:10.1016/j.xphs.2020.11.040.

Rangan S, Schulze HG, Vardaki MZ, Blades MW, Piret JM, Turner RFB. Applications of Raman
spectroscopy in the development of cell therapies: state of the art and future perspectives.
Analyst. 2020;145(6):2070-2105. doi:10.1039/c9an01811e.

Giugliarelli A, Sassi P, Urbanelli L, et al. Cryopreservation of cells: FT-IR monitoring of lipid
membrane at freeze-thaw cycles. Biophys Chem. 2016;208:34-39.
doi:10.1016/j.bpc.2015.08.001.

Goldrick S, Umprecht A, Tang A, et al. High-Throughput Raman Spectroscopy Combined with
Innovate Data Analysis Workflow to Enhance Biopharmaceutical Process Development.
Processes. 2020;8(9):1179. doi:10.3390/pr8091179.

Moutsatsou P, Ochs J, Schmitt RH, Hewitt CJ, Hanga MP. Automation in cell and gene therapy
manufacturing: from past to future. Biotechnol Lett. 2019;41(11):1245-1253.
doi:10.1007/s10529-019-02732-z.

Kang |, Lee B-C, Choi SW, et al. Donor-dependent variation of human umbilical cord blood
mesenchymal stem cells in response to hypoxic preconditioning and amelioration of limb
ischemia. Exp Mol Med. 2018;50(4):1-15. doi:10.1038/s12276-017-0014-9.

Biendarra-Tiegs SM, Secreto FJ, Nelson TJ. Addressing Variability and Heterogeneity of Induced
Pluripotent Stem Cell-Derived Cardiomyocytes. In: Turksen K, ed. Cell Biology and Translational
Medicine, Volume 6: Stem Cells: Their Heterogeneity, Niche and Regenerative Potential. Cham:
Springer International Publishing; 2020:1-29.

Lipsitz YY, Timmins NE, Zandstra PW. Quality cell therapy manufacturing by design. Nat
Biotechnol. 2016;34(4):393-400. doi:10.1038/nbt.3525.

Hoogendoorn KH, Crommelin DJA, Jiskoot W. Formulation of Cell-Based Medicinal Products: A
Question of Life or Death? J Pharm Sci. 2020. doi:10.1016/j.xphs.2020.07.002.

Awan M, Buriak |, Fleck R, et al. Dimethyl sulfoxide: a central player since the dawn of

cryobiology, is efficacy balanced by toxicity? Regenerative Medicine. 2020;15(3):1463-1491.
doi:10.2217/rme-2019-0145.

218



Summary, conclusions and perspectives

53. Wang M, Li Y, Srinivasan P, et al. Interactions Between Biological Products and Product
Packaging and Potential Approaches to Overcome Them. AAPS PharmSciTech. 2018;19(8):3681-
3686. doi:10.1208/512249-018-1184-z.

54. Zuleger B, Werner U, Kort A, Glowienka R, Wehnes E, Duncan D. Container/Closure Integrity

Testing and the Identification of a Suitable Vial/Stopper Combination for Low-Temperature
Storage at -80 °C. PDA J Pharm Sci Technol. 2012;66(5):453. doi:10.5731/pdajpst.2012.00884.

219



