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Abstract
The proteinaceous structure of mAbs imply susceptibility to irreversible aggregation, shown to seriously impact drug efficacy and patient safety (van der Kant et al., 2017). Dynamic simulation and optimisation are widely employed in order to drive and visualise the effect of manipulating cell culture inputs (temperature, pH, media composition) on bioreactor performance for mAbs (Jones & Gerogiorgis, 2022) and many other biologics. This study presents an integrated dynamic model accounting for both mAb cultivation and aggregation phenomena, combining a temperature-dependent Chinese Hamster Ovary (CHO) cell cultivation model (Kumar et al., 2022) and a Smoluchowski Population Balance Model (PBM) describing aggregation behaviour in detail (Bansal et al., 2020). The integrated model is first employed for dynamic simulation and visualisation of the temperature manipulation and feeding control strategies, leading to a series of plots which demonstrate the clear trade-off between the two conflicting objectives, namely mAb throughput maximisation and aggregation minimisation. A series of multi-objective optimisations are conducted in order to obtain bioreactor operating strategies which can simultaneously maximise mAb mass and minimise the degree of irreversible aggregation.
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Introduction
Monoclonal antibodies (mAbs) are genetically engineered proteins acting as therapeutics against numerous ailments (Haidar and Mellors, 2021): their high demand accounts for USD 217 billion of the biopharmaceutical market, as mAb therapies are now approved for treating Alzheimer’s disease and certain cancer types (Sirasitthichoke et al., 2023). Nevertheless, mAbs have an inherent tendency to aggregate into clusters which have no therapeutic value, seriously hindering drug efficacy and possibly affecting patient safety. Current good manufacturing practice (cGMP) aims to overcome production challenges by Design of Experiments (DOE), to achieve operating strategies reducing aggregation without compromising plant throughput (Bollin et al., 2011; Millán-Martín et al., 2023).
Dynamic evolution of mAb aggregation can be studied via Population Balance Models, relying on well-calibrated aggregation sensing and parameterisation over a wide design space, to thus quantify how operation affects irreversible clustering (Bansal et al., 2020). This study presents an integrated mAb cultivation-aggregation model based on literature precedents, analysing how temperature and culture feed manipulation affect aggregation. An initial dynamic simulation analysis for an array of operating strategies is followed by multi-objective optimisation cases (with variable weights) to trace the Pareto front (mAb mass maximisation vs. aggregate minimisation) and identify superior operating strategies.
Integrated Dynamic Model for mAb Cultivation-Aggregation
Differential-Algebraic Equation (DAE) System
A complete overview of the integrated system of equations is given below in Eqs. (1-21). The temperature-dependent Chinese Hamster Ovary (CHO) cultivation model is the basis for mAb production simulation in batch and fed-batch bioreactors (Kumar et al., 2022). Our assumption here is that all mAbs secreted from the culture are monomer molecules, and aggregation of monomers, dimers and higher can only occur after the mAb secretion. Aggregation has been assumed to take place as a result of Brownian motion, shown  to be an accurate representation of small molecule cluster interactions (Bansal et al., 2020). 
The published Population Balance Modelling (PBM) framework of Bansal et al. (2020) assumes reversible aggregation occurs for monomer-monomer and monomer-oligomer interactions, whilst irreversible aggregation occurs for oligomer-oligomer interactions. Pentamer data are for tetramers, due to the absence of the latter in Bansal et al. (2020). This assumption is valid for analysing small oligomer interactions (Brummitt et al., 2011) and model parameter values have been estimated again via MATLAB (fminsearchbnd).
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The CHO cultivation model is temperature-dependent, but the aggregation model is not. An Arrhenius relationship (Eq. 22) is used to generalise it: we use data from two acetate buffer experiments of Bansal et al. (2020), to perform a linear (Eq. 23) regression for each of the reversible and irreversible aggregation kinetic constants (: , , , , ).
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Multi-Objective Dynamic Optimisation Methodology
Exploring trade-offs between mAb product maximisation and aggregation minimisation can be tackled via multi-objective dynamic optimisation (Jones and Gerogiorgis, 2022), where varying weight factors can be used to assess the relative importance of each of the objectives: normalised values of the latter must be used (Rodman and Gerogiorgis, 2016). This is done by scaling both objective function values by dividing each of the two by the average values for monomer and tetramer masses seen in the dynamic simulation analysis. The weights for our objectives take 3 values:  {0.25, 0.5, 0.75} (sum is always 1). The resulting Nonlinear Programming (NLP) problem is solved using the IPOPT solver (APMonitor web environment) due to its great robustness (Jones and Gerogiorgis, 2022). 
Results
Dynamic Simulation for Varying Temperature and Feeding Strategies
Culture productivity for protein manufacturing is shown to benefit from hypothermic conditions (Kumar et al., 2022): the temperature range tested here is hence 303–306 K. To match experimental conditions therein, the initial bioreactor volume is 5.65 L, with an upper volume bound of 10 L. A typical fed-batch operating time (15 days) is employed. The upper flowrate bound is fixed at 4‧10–4  L.day–1, as operating continuously with the 0-4 midpoint (2‧10–4   L.day–1) yields a final volume of 9.97 L, respecting the upper bound.
The CHO culture must never be glucose-starved at any point during bioreactor operation, as this compromises mAb quality (Fan et al., 2015). For our dynamic simulation analysis, bioreactor temperature and feed flowrates are manipulated simultaneously at given times.  Table 1 presents all set points, with all possible combinations used in this initial analysis (the set point values can be be manipulated at three time points: day 0, day 5 and day 10).
	Table 1: All set points for dynamic analysis of the cultivation-aggregation system.

	Set point
	Inlet flowrate (L day–1)
	Temperature (K)

	1
	0‧10–4
	303.0

	2
	2‧10–4
	304.5

	3
	4‧10–4
	306.0


The ensemble of initial/mid-course set points comprises 729 distinct operation strategies, to visualise cultivation-aggregation phenomena with acceptable computational demand.
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	Figure 1: Dynamic simulation results (colour refers to final temperature shift value).


Only 81 of the said 729 strategies tracked are shown as successful: the rest fail since the volume is exceeded, the culture becomes glucose-starved, or both constraints are violated. Figure 1 depicts these 81 points, their colour denoting the final temperature shift values. A low (or decreasing) temperature value at the final time point (day 10) induces less irreversible aggregation, with almost negligible consequence on total mAb concentration. The monomer (desirable for manufacturing) mAb fraction (Fig. 1 right) is distinctly lower than the total mAb mass (Fig. 1 left), without great benefit from temperature reduction (for each plot cluster, monomer mass is actually reduced for decreasing final temperature, a small price to pay for the clear tetramer reduction signifying aggregation mitigation).
The preliminary conclusion emerging is that for any given feeding strategy, a final stage shift to a lower temperature leads to lower monomer and lower tetramer concentrations with no major consequence on total mAb throughput, thus more reversible aggregation. The industrial potential for process intensification in mAb manufacturing must however be examined by means of a more theoretically comprehensive and computationally robust method: we thus use multi-objective dynamic optimisation to address aggregation issues.

Multi-Objective Dynamic Optimisation
All said constraints probed during dynamic simulation are implemented here as well, and the complete dynamic optimisation NLP problem formulation is illustrated in Table 2. Bioreactor temperature and inlet flow are now continuous manipulation variables, but their levels can change only at specific time points discussed previously (days 0, 5, 10). More elaborate (fully continuous) temporal manipulations are possible, but our purpose here is to facilitate meaningful comparisons vs. the operational space shown in Figure 1. 
Our goal here is to improve on NLP problem outputs for mAb and tetramer throughputs in comparison to those depicted in Figure 1 from our exploratory dynamic simulations. To host both operational goals (mAb mass maximisation and tetramer minimisation) within the same objective function, we consider the weight factors α and β, respectively.
	Table 2: A summary of the multi-objective optimisation problem for mAb production.

	Multi-objective optim. function:
	

	s.t.:
	

	Process model:
	                   

	Inequality constraints:
	


	Manipulation
(control)
vector:
	
with 
and               

	Initial state
variable
conditions:
	





The NLP problem is solved for all three α-β weight factor combinations that sum up to 1. Both manipulation (temperature, flowrate) trajectories for all cases are given in Figure 2. Clearly, optimal strategies for { = 0.25, = 0.75}, and { = 0.5,  = 0.5} are identical. For { = 0.75,  = 0.25}, i.e. mAb mass prioritised, the feed peaks at day 10 (not day 5), but tetramers rise. The final temperature in all cases emerges as T=303 K, agreeing with our observation that irreversible aggregation decreases with decreasing final temperature.
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	Figure 2: Temperature and flowrate trajectories for the multi-objective optimisations.



Multi-objective optimisation results are compared to early simulation results in Figure 3. Both { = 0.25, = 0.75} and { = 0.5,  = 0.5} cases are both successful in achieving a strategy with a lower tetramer concentration than those seen in our exploratory analysis. The { = 0.75,  = 0.25} optimisation case, which prioritises total mAb mass throughput and penalises aggregation (tetramer production) much less than the other two cases, only manages a minor performance improvement vs. the 303 K plot clusters seen in Figure 1. Multiobjective dynamic optimisation clearly shows that priorities (weights) matter a lot, but also that higher-DOF (fully continuous) manipulation signals may improve outcomes.                                    
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	Figure 3: Multi-objective optimisation results (red points) superimposed on Fig. 1.


Conclusions
An integrated mAb cultivation-aggregation model has been formulated on the basis of two papers describing each of the phenomena (Kumar, 2022; Bansal, 2020; respectively); An Arrhenius relationship is used to generalise the population balance model of the latter. The DAE system model is first tested via an array of dynamic simulations in which manipulation strategies (feed-temperature combinations) are screened to elucidate their potential to simultaneously improve mAb throughput and reduce irreversible aggregation. 
Multi-objective optimisation is also employed to the same end, considering continuous temperature and flowrate manipulations but only at specific times of a 15-day operation: three {a,β} weight combinations are used to vary the importance of the two objectives. Two of the said three weight sets yield the same operation protocol which successfully reduces tetramer output to a value much lower than all previous (at mAb mass penalty); the third (prioritising mAb mass) only manages a very minor tetramer output reduction. A more detailed multi-objective optimisation with more freedom degrees (e.g. fully continuous manipulation signals) can further improve optimal mAb bioreactor operations.
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