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Background and aims. Protein/antibody therapeutics, distinguished by their exceptional activity, specificity, and precise biological functions, are crucial in modern pharmaceuticals. Their clinical success relies on developability—a set of properties that ensure stability and safety—determined by both the protein molecule and the formulation composition. However, formulation development of biopharmaceutical drugs remains hindered by inefficient and expensive trial-and-error assessments. This study aims to address these challenges by developing a multimodal deep learning framework for comprehensive developability prediction.

Methods. Four developability-related datasets were constructed, each containing both protein sequence and excipient information. A multimodal deep learning framework (FormulationProtein) was designed to predict these developability attributes by systematically integrating three-dimensional structural data, sequence, descriptors, and formulation composition. Transfer learning and conventional machine learning algorithms were employed to enable comprehensive feature representation and prediction. Experimental validation was conducted on 9 proteins across 145 formulations. 

Results. The datasets cover conformational stability (986 entries), colloidal stability (919 entries), viscosity (900 entries), and solubility (749 entries). FormulationProtein demonstrated strong predictive performance, achieving average accuracies of 0.925 for conformational stability, 0.858 for colloidal stability, 0.917 for viscosity, and 0.742 for solubility on the test sets. These results highlight the framework's capability to systematically predict key developability attributes. Experimental validation further confirmed its reliability across diverse proteins and formulations.

Conclusion. This study presents FormulationProtein, a multimodal deep learning framework, for comprehensive developability assessment. By integrating structural, sequence, and formulation data, this approach offers a powerful tool to accelerate protein/antibody development in early-stage pharmaceutical research.
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Figure 1. (A) Conventional approaches to protein formulation development. (B) Workflow for the development of FormulationProtein.
image1.png
> |

Protein Drug
Substance + Excipients

Surfactants

Protein formulation

Experiments

Conformational

stability

Colloidal stability

Solubility

Viscosity

Formulation evaluation

Datasets

(0

Conformational
stability dataset

(0

Colloidal stability
dataset

(0

Viscosity dataset

(0

Solubility dataset

Preprocessing

Protein structure

wﬁﬁwﬂ
WESSTEAS N pppeW

Descriptors

Models

LightGBM

Evaluation

Accuracy, F1-score,
Recall, Precision, MAE,
RMSE, MSE, R?

Experimental
validation





