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Abstract
[bookmark: _Hlk149042788]Immunotherapy is a specific treatment for scorpion stings, with antibody fragments being used to neutralize scorpion neurotoxins. Nanobodies (VHH), fragments of camelid antibodies, were successfully produced intracellularly in Escherichia coli WK6 in fed-batch cultures. Their production was further enhanced by dynamic modelling. Two dynamic modelling approaches to describe nanobody CH12-10 production as a function of the induction temperature are proposed in this work. The first one is a kinetic model and the second is a hybrid approach, coupling a mass balance with support vector machine (SVM). Both models were calibrated and validated with independent data sets. Results reveal that the hybrid model procures better predictions than the kinetic model. Finally, the hybrid model was improved by retraining the SVM Model, resulting in a Normed Root Mean Square Error (NRMSE) values between 0.1148 and 0.8523.
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Introduction
Scorpion stings pose a serious health problem in tropical and subtropical countries (Chippaux and Goyffon, 2008). Serotherapy targets the neurotoxins in the scorpion venom by using fragments of equine antibodies (F(ab)’2). Engineered, toxin-specific Nanobodies (VHH), which are fragments of camelid antibodies, have been found to have better tissue penetration and lower molecular weight (15 kDa vs 100 kDa) than their equine counterparts (Bouhaouala-Zahar et al. 2011). These nanobodies are the best candidates to produce bispecific antibodies (Deffar et al. 2009). Their production in microbial hosts, such as Escherichia coli, is a frequent practice in the pharmaceutical industry to enhance antiserum production (Alonso Villela et al. 2023). However, defining optimal production conditions (induction, temperature, etc.) is a trial-and-error exercise. The production of recombinant proteins is usually modeled using Monod or Luedeking-Piret kinetics (Zheng et al. 2005; Hua et al. 2006), and rarely using dynamic models (Alonso Villela et al. 2021). Hybrid modeling approaches have recently gained importance (Badr et al. 2023, Kaya et al. 2023). Accordingly, in this paper we have compared the use of a kinetic model and a hybrid kinetic model integrating a Support Vector Machine (SVM). 
Materials and Methods
Microbial strains and culture medium
Cultures were carried out with ampicillin-resistant recombinant strains E. coli CH10-12 (Alonso Villela et al. 2021) and E. coli NbF12-10 (Hmila et al. 2010). The nanobodies were produced after induction with a 1 mM IPTG pulse. Cultures were initiated by spreading a small aliquot of a glycerol stock on LB (Lysogeny Broth) agar plates. After incubation, a single well-isolated colony was used to inoculate 15 mL LB medium. The bioreactor inoculum was prepared by diluting 1 mL of the LB culture in 100 mL of Minimal Medium (MM, 5 g/L glucose) and incubated at 37 °C. MM was also used for the bioreactor batch. However, for fed-batch and production phases, a modified MM with 300 g/L glucose was used, both described elsewhere (Alonso Villela et al. 2021). 
Experimental setup
Cultures were conducted in a 5 L bioreactor (Biostat® B-DCU, Sartorius) with a working volume of 2 L. The bioreactor was equipped with dissolved oxygen (pO2), pH, temperature (T), and pressure (P) sensors, and two six-flat-blade Rushton turbines a three-blade marine impeller. Temperature was set to 37 °C for the batch and fed-batch modes, pO2 kept over 15 %, and the pH was regulated at 7 for the entire culture. Induction of E. coli CH10-12 was carried at temperatures 28 °C, 29 °C, 30 °C, 32 °C, 33 °C, and 37 °C, for a duration of 6 h, and up to 35 h. E. coli NbF12-10 was carried at 29 °C for up to 35 h. The batch phase was started with 100 mL of inoculum in 1.5 L MM. Upon glucose depletion, the feed was started (µ of 0.38 h-1) by the BioPAT® MFCS (Sartorius) software, and during the production phase the feed was set to 4 g/h of glucose.
Biomass quantification
The optical density (OD) of the cell culture was measured by spectroscopy at 600 nm. Biomass cell dry weight (cdw) was quantified by gravimetry. During the batch phase an aliquot (5 to 10 mL) of culture was removed and filtered in pre-weighted polyamide filters. During the fed-batch and production phases 1.5 mL of culture were centrifuged in a pre-weighted Eppendorf tube.
Glucose quantification
Glucose was quantified both by enzymatic analysis and high-performance liquid chromatography (HPLC) coupled with a photodiode array (UV)
Nanobody quantification
Periplasmic proteins were extracted by osmotic shock and purified by IMAC. The eluates were separated using SDS-PAGE in reducing conditions and later quantified by image densitometry according to (Alonso Villela et al., 2020).
Gas analysis
Inlet and outlet gas were analyzed for carbon dioxide (CO2) and oxygen (O2) using photoacoustic spectroscopy and magneto-acoustic spectroscopy, respectively.
Model description
The bioreactor is assumed to be an infinitely mixed culture without any transfer limitation. The mass balances for biomass, glucose, proteins and volume are given by Eq. (1) – (4).
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X and S are the concentrations of biomass and glucose, in g/L, and P is the concentration of nanobody proteins, in mg/L. Fin is the glucose flowrate, in L/h, V is the volume of the liquid phase in the bioreactor, in L, Sin is the concentration of glucose in the feed, in g/L, and rX is the production rate of biomass, in g/h, and defined by Eq. (5). rS is the consumption rate of glucose, in g/h, as defined by Eq. (6). 
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With µ as the specific growth rate, in h-1, as defined by a Monod kinetics in Eq. (7), and YSX as the yield coefficient of substrate, in g cdw/g S.
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µmax is the maximum specific growth rate in h-1 and KS is the substrate saturation coefficient, in g/L. µ’max is a temperature-dependent factor in h-1, T is the temperature of the bioreactor, in °C, and b is a temperature-independent factor, in h-1. The production rate of nanobody proteins, rP, is in mg/h, and defined as follows:
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Where qp is the specific productivity of the nanobody production (mgprotein/g cdw/h). Two models were proposed to predict the specific productivity of the nanobody production. In the first one, qP is modelled using a temperature-dependent equation, and is described in section 3.1. Dynamic kinetic Model. In the second one, qP is modelled with a hybrid model using a Support Vector Machine (SVM), described in section 3.2. Hybrid Model approach.
Dynamic kinetic model
The dynamic kinetic model uses a kinetic for qP that is function of temperature as presented in Eq. (11) and established by (Alonso Villela et al., 2021). 
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With α as the growth-dependent factor, in mg/g cdw, γ1 and γ2 as the pre-exponential coefficients, in mg/g cdw/h, Ap1 and Ap2 as the activation and inactivation coefficient, respectively in °C, and β as the temperature-independent coefficient in mg/g cdw/h.
Dynamic hybrid model approach
The hybrid model integrates a SVM learner to compute qP. The SVM was trained with experimental data provided by (Alonso Villela et al., 2021).
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Four kernel functions (linear, quadratic, cubic and Gaussian) were tested using Matlab2020a. The Gaussian kernel obtained the best performance using 5 k-fold cross validation. 
Statistical analysis
Models prediction quality for protein dynamic production were analyzed using the normed root mean square error (NMRSE) defined as:
	
	(13)


With 𝑛 the number of experimental data, Yexp the experimental data corresponding to time ti,  the data simulated at ti, Y𝑚𝑖𝑛, and Y𝑚𝑎𝑥 the minimum and maximum data values.
Results
Model calibration
The models were calibrated using E. coli CH10-12 fed-batch cultures induced at 28, 32, 33 and 37 °C using the fmincon function Matlab2020a. Table 1 shows model calibrated parameters. µmax and Ysx have similar values (0.67<µmax<0.87 and 0.29<Ysx<0.47 respectively) to those reported in literature (Alonso Villela et al., 2021).
Table 1. Model Parameters
	Parameters
	
	Ks
	Ysx
	
	b

	Value
	0.7853
	0.0001
	0.2361
	0.3538
	0.0726


Figure 1 shows both kinetic model and hybrid model simulations for two data sets (28 °C and 32 °C). Both models correctly estimate the final production of biomass and substrate. 
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Figure 1. Experimental data of E. coli CH10-12 induced at 28 °C (left) and 32 °C (right) used for calibration of glucose (o), biomass (<) and proteins (o), kinetic model (- -), and hybrid model (–).
The novel hybrid model provides a better estimation of the dynamics of protein production than the kinetic model. Models were validated with three independent data sets of E. coli CH10-12 fed-batch cultures induced at temperatures 29 and 30 °C, and E. coli NbF12-10 induced at 29 °C. Figure 2 shows both model simulations and experimental data for two data sets of E. coli CH10-12 (29 °C and 30 °C). Once again, the hybrid dynamic model has a better prediction for proteins than the kinetic model. 
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Figure 2. Experimental data of E. coli CH10-12 induced at 29 °C (left) and 30 °C (right) used for validation of glucose (o), biomass (<) and proteins (o), kinetic model (- -), and hybrid model (–).
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Figure 3. Experimental data for protein concentration (o) in E. coli CH10-12 induced at 28 °C (upper-left), 33 °C (upper-right), 29 °C (lower-left), and 30 °C (lower-right), hybrid model for calibration (- -), Case 1 (*-), Case 2 (·-) and Case 3 (–).
The hybrid model, SVM, was retrained using experimental data other than calibration to improve protein simulations. Four cases were compared:
· Case 1: CH10-12 culture data used for calibration.
· Case 2: CH10-12 culture data used for calibration and induced at 30 °C.
· Case 3: CH10-12 culture data used for calibration and induced at 29 °C, and 30 °C. 
· Case 4: CH10-12 culture data used for calibration and induced at 29 °C, 30 °C, and NbF12-10 data induced at 29 °C.
Table 2 reveals that the hybrid approach achieved better accuracy than the kinetic approach. Case 2 and Case 3 have similar NRMSE values (Table 2 and Figure 3). These results show that the hybrid model could be improved by retraining the experimental data. Finally, the hybrid model is able to simulate the production of the protein correctly for two different E. coli strains (Table 2).


Table 2. NRMSE analysis for proteins simulation
	Strain
	Culture
	Kinetic
	Case 1
	Case 2
	Case 3
	Case 4

	CH10-12
	28 °C
	3.109
	0.577
	0.911
	0.153
	0.152

	CH10-12
	33 °C
	7.427
	0.118
	0.534
	0.195
	0.170

	CH10-12
	37 °C
	18.011
	0.635
	1.049
	0.453
	0.429

	CH10-12
	32 °C
	29.802
	0.860
	0.168
	0.141
	0.538

	CH10-12
	30 °C
	3.107
	0.209
	0.0879
	0.115
	0.125

	CH10-12
	29 °C
	3.2463
	2.102
	4.132
	0.254
	0.421

	NbF12-10
	29 °C
	12.775
	4.010
	8.6452
	0.696
	0.852


Conclusions
The data from recombinant protein production produced in E. coli CH10-12 fed-batch cultures were used to build two dynamic models to optimize the nanobody production for future cultures. In this study, two dynamic models were built, a kinetic approach and a hybrid approach based on SVM. The hybrid approach reached a better accuracy to predict nanobody production compared to the kinetic approach. The protein concentration predictions were better by retraining the hybrid model using new experimental data with NRMSE values between 0.11 and 0.85. Finally, this approach shows that it is possible to accurately simulate protein production from two different E. coli strains.
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