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Plant suspension culture is attracting interest as a promising platform to produce biological medicines due to the absence of virus, prions or DNA related to mammals during the production process. However, the heterogenic plant cell proliferation nature is particularly challenging for establishing industrial processes based on innovative approaches currently used, particularly in the animal cell culture industry. In this context, while Process Analytical Technology (PAT) tools have been used to monitor classical parameters such as biomass dry weight, its use in cells heterogeneity has received limited attention. Therefore, the feasibility of in situ monitoring of cell differentiation in plant cell suspensions employing NIR spectroscopy and chemometrics was investigated. Off-line measurements of cell heterogeneity in term of cell differentiation and in-line NIR spectra captured in 3 L bioreactor cultures were employed to generate calibration models. Then models were tested to estimate the population distribution of parenchyma, collenchyma and sclerenchyma cells during Catharanthus roseus suspension cultures. Results have proven in situ NIR spectroscopy as a capable PAT tool to monitor differentiated cells accurately and in real-time. These results are the starting point to follow-up PAT systems so that plant cell culture heterogeneity may be better understood and controlled in biopharmaceutical plant cell cultures.

Introduction

Plant cell suspension cultures have attracted interest in biological medicine production due mainly to safety aspects [START_REF] Fischer | Plant-based production of biopharmaceuticals[END_REF]. In this context, some companies have started to industrially produce biologicals using recombinant plant cell suspension cultures. Examples of the potential of this technology are the industrial production of human glucocerebrosidase and immune-protective proteins [START_REF] Huang | Bioreactor engineering for recombinant protein production in plant cell suspension cultures[END_REF], also the production of paclitaxel, shikonine, berberine and cosmetics by wild species. The relatively novel application of plant suspension cultures for biologicals manufacturing has implied a delay on the implementation of biopharmaceutical trends such as the use of Process Analytical Technology (PAT). The main objective of PAT is to real-time monitor and control critical process parameters, such as cells and culture media compounds, whose variability have an impact on titer or quality of the biological medicine, as to ensure the best process performance [START_REF] Teixeira | Advances in on-line monitoring and control of mammalian cell cultures: Supporting the PAT initiative[END_REF]. Consequently, strategies for monitoring of cell culture processes must be first developed for the further application of PAT. As far as it can be ascertained, development of real-time monitoring tools for plant cell suspension cultures has only considered the packed cell volume or cell dry weight using conductivity and permittivity analyzers [START_REF] Markx | Dielectric spectroscopy as a novel and convenient tool for the study of the shear sensitivity of plant cells in suspension culture[END_REF][START_REF] Kwok | Limitations associated with conductivity measurement for monitoring growth in plant tissue culture[END_REF][START_REF] Holland | The in-line measurement of plant cell biomass using radio frequency impedance spectroscopy as a component of process analytical technology[END_REF]. However, plant cells in suspension cultures are highly heterogenic and thus such approaches fail in providing information of cell heterogeneity, which may limit the implementation of PAT strategies.

Indeed, plant cells morphology is dynamic and strong changes in cell volumes and shapes may occur during cultures, causing limited significance of classic monitoring variables such as cell dry weight or packed cell volume [START_REF] Kim | Relationship between cell morphology and indole alkaloid production in suspension cultures of Catharanthus roseus[END_REF]. Moreover, genetic and phenotypic changes usually occur in terms of somoclonal variation [START_REF] Deus-Neumann | Instability of Indole Alkaloid Production in Catharanthus roseus Cell Suspension Cultures[END_REF] and cell differentiation [START_REF] Torrey | Tracheary Element Formation from Single Isolated Cells in Culture[END_REF].
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The complex nature of cell proliferation in cell aggregates is not only a challenge during production cultures, but also for the establishment of monoclonal cell lines. Therefore recombinant biologics production is usually performed by polyclonal cultures [START_REF] Nocarova | Cloning of transgenic tobacco BY-2 cells; an efficient method to analyse and reduce high natural heterogeneity of transgene expression[END_REF]. All these sources of heterogeneity in plant cell suspension cultures must be understood, monitored and controlled to continuously improve the cell culture processes as encouraged by regulatory agencies. Therefore, the aim of this study was to evaluate the feasibility of in situ NIR spectroscopy for real-time monitoring of cell culture heterogeneity in term of cell differentiation. This study lays the foundation for future studies to expand the capabilities of PAT tools for in situ and real-time monitoring of cell heterogeneity in biopharmaceutical production processes based on plant cell suspension cultures. In this context, NIR spectroscopy could be a monitoring platform for real-time monitoring of the state of cells first, providing meaningful information of cell physiological state using calibration models, and then second, performing retro-control strategies, leading to a more efficient design and control of plant suspension culture processes.

Materials and methods

Heterogeneity analysis, calibration and in-line monitoring

Heterogeneity analysis. First, the cell culture process was subject to heterogeneity analysis using off-line data from three batch cultures in bioreactors. Analysis of the relationship between cell concentration and cell dry weight, as well as cell differentiation and morphology was performed. Second, principal component analysis (PCA) was used to reduce the dimension of spectral data and then reveal dissimilarities, leading to qualitative analysis of the impact of cell heterogeneity on NIR spectra.

Calibration. Three batch cultures were used to collect in-line (NIR spectra) and off-line (cells properties) data. Then both types of data were used to generate calibration models. Models for parenchyma, chlorenchyma and sclerenchyma cells, were created using partial least squares Regression (PLSR) with venetian blinds cross-validation and the NIPALS algorithm. Determination of latent variable (LV) number was based on the goodness of estimation (Q2Y), which is the fraction of the captured variation of the cell concentration estimated by the model. The minimum number of LVs was obtained when Q2Y ceased to improve, which was in all cases when models captured the majority of cell concentration variation. Spectra data were pretreated using probabilistic quotient normalization (PQN), Savitzky-Golay second derivative algorithm and standard normal variate (SNV), mean centering was used as last pre-treatment. The estimation capacity of calibration models was statistically assessed in terms of accuracy, precision and linearity using the root mean square error of cross validation (RMSECV), the relative error of estimation (REE) and the coefficient of correlation (R 2 ), respectively. Spectra acquisition was captured directly from the analyzer. Then multivariate calibration models and statistical analysis were carried out using PLS-Toolbox 8.2.1 (Eigenvector Research Inc.) in the R2016a MATLAB® environment (MathWorks Inc.).

In-line monitoring and validation of models. To evaluate the capacity of the models for performing real-time and in situ monitoring, NIR spectra collected every 30 min during batch cultures, were used as inputs for the calibration models. Then off-line and in-line kinetic profiles were compared for internal validation.

Bioreactor cultures and in-line spectra acquisition

Cell cultures were performed in 3 L benchtop bioreactors (Applikon, the Netherlands) with 2 L working volume. Three batch cultures were performed for obtaining off-line and in-line data of cultures. Agitation of suspension culture was performed by a spin-filter coupled to a marine impeller. The set points for all cultures were for temperature 30 °C and stirring 90 rpm. Aeration of cultures consisted in air flux of 200 mL.min -1 . Dissolved oxygen (DO) and pH (5.6) were maintained at 50% saturation and 5.6, respectively, in only one batch culture (batch 1) (Applikon Bio controller ADI 1010). For the other two batches (batch 2 and 3), pH and DO were monitored but not controlled. Bioreactors were illuminated by a LED light panel below the jar in a 16 h/d photoperiod (50 μmol.m -2 s -1 photonic flux). Culture media was the same as subsequent described but supplemented with 1000 ppm Plant Preservative Mixture (Plant Cell Technology), culture media was filter-sterilized using a bottle top filter (0.20 μm, Thermo Scientific™ Nal-gene™) and then tipped out into the autoclaved bioreactor. Inoculation consisted in adding approximately 100 mL of 6-days-old suspension culture into the bioreactor containing 1.9 L of culture media.

An in situ or in line transflectance probe (Precision Sensing Devices, Inc., Medfield, MA) with 6 mm effective pathlength was coupled to the bioreactor, the probe was connected to a XDS Process Analytics near infrared spectrophotometer analyzer (Foss NIR Systems, Silver Spring, USA). A culture media scanning corresponded to an average of 64 scans with a 0.5 nm resolution from 800 to 2200 nm.

Inoculum preparation and culture media

The suspension cultures of Catharanthus roseus were generated from callus cultures generated from leaf tissues. Calluses with similar friability, color and age were used 1 3 to generate suspension cultures. Approximately 5 g fresh callus was placed into 20 mL liquid MS media supplemented with 2 mg.L -1 glycine, 100 mg.L -1 myo-inositol, 30 g.L -1 sucrose, 2, 4-dichlorophenoxyacetic acid (2, 4-D), 4.44 μM 6-benzylaminopurine (BAP). The pH was adjusted to 5.7 ± 0.1 with 0.5 N NaOH and 0.5 N HCl and the medium was autoclaved at 121 °C for 15 min. Cultures were then incubated during 6 days in 125 mL Erlenmeyer flasks in 16 h.d -1 photoperiod (30 μmol.m -2 s -1 photonic flux), 25 °C and shaken at 100 rpm on an orbital shaker. After the first culture, the suspension culture was filtered using a sterile stainless steel mesh (2.25 mm 2 pore size) to retain callus clusters. Then approximately 20 mL culture volumes were used to equally inoculate two flasks containing 10 mL culture media, which were then cultured under the same conditions. Two subsequent subcultures were performed for biomass propagation. Then 16 flasks containing a total of 320 mL were concentrated by repeated cell decantation until an approximate 100 mL concentration was achieved which was used to inoculate bioreactors cultures. This procedure was repeated for every bioreactor inoculation.

Off-line analysis measurements

Cell differentiation. This was analysed by optical microscopy (Motic, MO-567, USA). Differentiation analysis of cells in suspension cultures was undertaken based on cell wall differences using botanical main classification [START_REF] Mauseth | Botany: an introduction to plant biology, 5th edn[END_REF]: parenchyma, collenchyma and sclerenchyma cells. Cells' identification and counting were performed in enzymatically digested suspension culture aggregates. A sample of 1 mL was put into a 1.5 mL micro-centrifuge tube and centrifuged (250 rcf, 15 min); 900 μL of the supernatant were put in a tube and 900 μL digestion enzyme (Try-pLE™ Express Enzyme (1X), Thermo Fisher Scientific) were added to the pellet. The tube was agitated in a vortex (MX-S, Science MED) for 45 min, centrifuged under the same conditions, and the pellet was isolated in 300 μL by discarding the supernatant, resulting in a digested cell suspension suitable for analysis. Cells in digested cell suspensions were analysed and counted twice in a Neubauer improved chamber, each count comprising between 75 and 120 cells.

Biomass dry weight. A volume of 1.0 mL suspension culture was put in an already weighed 1.5 mL micro-centrifuge tube. The tube was centrifuged (10,000 rcf, 10 min; Eppendorf 5424), its content decanted and then 1.0 mL deionised water added. Centrifugation and decantation were repeated, then the washed pellet was vacuum-dried (65 °C, ShellLab mod. 1410) until constant weight was reached (Mettler H80).

Results and discussion

Heterogeneity analysis of the plant cell culture process

Heterogeneity of the culture process was first analysed. The relationship between cell concentration and biomass dry weight showed different profiles for the three cultures. (Fig. 1a). This inter-batch heterogeneity was attributed to changes in morphology and weight of cells within cell aggregates, particularly due to differentiation of cells into parenchyma, collenchyma and sclerenchyma condition within cell aggregates (Fig. 1b). A plausible reason for non-consistent differentiation rate within cultures is the presence of diverse microenvironments in cell aggregates, which differently impact cell physiological state. Cell differentiation dynamics during culture is shown in Fig. 1c. Analysis showed that parenchyma cells mainly supported culture growth while collenchyma cells were likely to have limited proliferation capacity. On the other hand, as sclerenchyma cells are programmed to die, increase of cell concentration was only caused by cell differentiation. In this context, cell differentiation into sclerenchyma status was likely to be slow and constant during the culture, though cell differentiation into collenchyma from parenchyma status was relatively fast, as demonstrated by the abrupt decrease and increase of parenchyma and collenchyma cells, respectively, around 100 h of culture.

Differentiation can have a strong impact on process performances, such as growth arrest or expression of particular metabolic pathways [12]. Therefore its proper monitoring so as to detect early changes in differentiated cell subpopulations is mandatory for subsequent control action under the PAT approach [START_REF] Teixeira | Advances in on-line monitoring and control of mammalian cell cultures: Supporting the PAT initiative[END_REF]. However, current approaches based on daily sampling fail to provide real-time information as, for example, to detect the abrupt change in parenchyma and collenchyma cell concentration at 100 h in batch 1. Consequently, real-time monitoring approaches are desirable to subsequently develop advanced retro-control systems. The impact of cell differentiation on spectra was carried out using PCA which revealed the trajectory [START_REF] Clavaud | Chemometrics and in-line near infrared spectroscopic monitoring of a biopharmaceutical Chinese hamster ovary cell culture: Prediction of multiple cultivation variables[END_REF] of the three cultures. In general, the trajectory of the culture process goes from left to right. Batch 1 resulted in a compact group while batch 2 and 3 were more widely spread (Fig. 1d). The distance between batch 1 and batch 2 and 3 was likely caused by the effect of pH and DO control. Punctual differences in culture trajectories between batch 2 and 3 were likely caused by differences in differentiated cell populations and their resulting culture media, which were adequately detected by NIR spectra.

3

Calibration and in-line monitoring of cell differentiation

In an attempt to understand and monitor process heterogeneity, calibration models for the three main observed types of cells in cultures were performed. Characteristics of model performances are summarized in Table 1. The R 2 is a parameter used to depict the capability of the model to explain cell concentration variability based on spectra variability, and is usually used to also evaluate calibration linearity. A coefficient with values close to one indicates that the model is capable to relate spectra variability to concentration well, close to zero lack capability. Models achieved relatively high R 2 values, particularly for collenchyma and sclerenchyma cells, demonstrating the feasibility of NIRS and multivariate analysis to measure differentiated cells within cultures in real-time manner. This fact is supported by relatively high Q2Y values, particularly for collenchyma and sclerenchyma cells. The accuracy of models was characterized by low RMSECV values of approximately 11, 7 and 6% of REE for parenchyma, collenchyma and sclerenchyma cells, respectively.

The models were then used to monitor the distribution of differentiated cell subpopulations in real time using the in situ probe as shown in the animation (Online Resource 1) within the three batch cultures as internal validation. The NIR calibration models were challenged differently since batch cultures were differently operated (pH and DO controlled for batch 1). Moreover, cell differentiation dynamics was different for the three batch cultures. For example, while collenchyma cells concentration increased at the beginning of the culture for batch 1 and 2, a decrease was observed for batch 3 (Fig. 2); on the other hand, sclerenchyma cell concentrations remained mainly low and constant for batch 2 and 3 while an increase was observed for batch 1. Calibrating in such different differentiation dynamics can also 1 3

be perceived as an advantage since any confused correlation between differentiated cell concentrations is limited, leading to a more accurate model performance [START_REF] Riley | Adaptive calibration scheme for quantification of nutrients and byproducts in insect cell bioreactors by near-infrared spectroscopy[END_REF].

The estimations of models based on in situ captured NIR spectra matched measured concentrations for parenchyma, collenchyma and sclerenchyma cells throughout the course of the three batch cultures as shown in Fig. 2. Major deviations of model estimations from actual concentrations were evident for collenchyma cells during batch 2 at the beginning of the culture. This could be explained by the fact that spectra from the beginning of batch 2 were different from the majority of the calibration samples as suggested by PCA (Fig. 1d).

Cell differentiation dynamics can have strong effects on process performance. Parenchyma cells are usually reported as fast-growing cells in suspension cultures while collenchyma cells may have enhanced resistance to shear stress due to their thickened primary walls. On the other hand, sclerenchyma cells have been closely related to enhanced alkaloid production [START_REF] Hoekstra | Effect of auxin on cytodifferentiation and production of quinoline alkaloids in compact globular structures of Cinchona ledgeriana[END_REF] though also related to cell viability reduction of cultures [START_REF] Twumasi | Establishing in vitro Zinnia elegans cell suspension culture with high tracheary element differentiation[END_REF]. For instance, the extension of sclerenchyma cells should be maintained at minimum if cell accumulation is desired (beginning of cultures), collenchyma cells favoured in shear stressing conditions (highdensity cultures requiring strong mixing) and sclerenchyma cells induced for producing alkaloids once high density is achieved. The calibration models developed could be used for monitoring cell differentiation dynamics first and then provide feedback control based on culture conditions changes such as addition of particular plant growth regulators [START_REF] Twumasi | Establishing in vitro Zinnia elegans cell suspension culture with high tracheary element differentiation[END_REF]. This scheme could finally lead to establish PAT strategies on new enhanced processes based on plant suspension cultures of differentiated cells.

Current issues and future challenges

Based on current trends in biopharmaceutical industry, it seems likely that plant suspension culture will gain more importance as production platform. However, there are still several challenges to overcome for the successful establishment of production processes, particularly related to the heterogenic nature of plant cell proliferation in suspension cultures. The PAT initiative offers a frame for control of variability or heterogeneity based on real-time monitoring procedures and knowledge of the cell culture processes. Though there are plenty of reports on monitoring, particularly with focus on some substrates and by-products concentration, key parameters for plant suspension cultures remain unaddressed since the growth and metabolism of plant cells differ considerably from those of microbial and animal cells. For instance, the size and shape of cells and cell aggregates, subpopulations of cells in G 0 phase, of cells with different production capacity in wild or polyclonal cultures, of cells with differentiated condition, among others.

Overall, the potential of in situ NIRS for cell differentiation monitoring in real-time has been demonstrated. As far as it can be ascertained, this is the first report applying NIR spectroscopy using an in situ probe for real-time measurement of cell heterogeneity in plant cell suspension cultures. Nonetheless, sources of heterogeneity are diverse in plant cell suspension culture-based processes and it seems likely that the number and nature of components analysed using in situ spectroscopy will significantly expand. This study encourages future studies to expand the monitoring capabilities of analyzers for real-time monitoring of heterogeneity in plant cell suspension cultures.

Conclusions

The feasibility of in situ monitoring of some plant suspension culture heterogeneity in bioreactors through NIR spectroscopy has been demonstrated. This affirmation is based on the generation of calibration models for parenchyma, collenchyma and sclerenchyma differentiated cells of Catharanthus roseus. Models yielded appropriate accuracy and precision to estimate the concentration of differentiated cells during bioreactor cultures in real time, which could provide meaningful information of physiological state of cells. These are encouraging results to follow-up in PAT approaches to better understand and control biological medicine production by plant suspension cultures.

Fig. 1

 1 Fig. 1 Heterogeneity within plant cell suspension cultures. a Inter-batch heterogeneity due to changes in cell properties. b Example of cell heterogeneity in term of cell differentiation within aggregates: parenchyma cells (dark arrows), collenchyma cell (white arrow), and sclerenchyma cell (tringle). c Dynamics of cell differentiation with pH and DO controlled condition (Batch 1). d Interbatch heterogeneity effect on calibration spectra analysed by principal component analysis

Fig. 2

 2 Fig. 2 Performance of models to monitor differentiated cells using in situ captured NIR spectra in real time. Real-time estimation by models (lines) and off-line measured values (symbols) for the groups

Table 1

 1 Statistical analysis of calibration models

		Models for particular differentiated cell
		type		
		Parenchyma Collenchyma Sclerenchyma
	RMSECV (cells.mL -1 ) [10 4 ]	2.15	1.11	0.55
	REE (± %)	12	7	6
	R 2 CV	0.76	0.92	0.97
	PLSR model structure	5 LV	5 LV	5 LV
	Q2Y cv (%)	77	91	
	RMSECV Root mean square error of cross-validation, REE relative error of estimation of cross-validation, R 2 CV correlation coefficient of
	cross-validation; QY2 goodness of estimation of cross-validation
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