Elucidating the Assembly of Hybrid Protein-Metal Nanostructures in Liquid and on Surfaces

Scientific Context of the Project

Context: Protein nanoparticles (PNPs), also referred to as protein nanocages, are formed by the self-assembly of
multiple protein subunits into cage-like structures. They have emerged as versatile building blocks for
nanotechnology [refl, ref2] and as stabilizing agents in complex fluids [ref3]. These structures exist in nature, for
instance, in viral particles such as the bacteriophage M13, or can be engineered via induced assembly, as seen in
ferritin nanocages [ref4, ref5]. PNPs have been recently associated with metallic nanoparticles (MNPs) to form
hybrid protein-metal systems, where PNPs serve as precise templates or confined vessels for the synthesis and
organization of MNPs [ref6, ref7, ref8].

Despite the potential of these hybrid systems, the fundamental co-assembly mechanisms governing the
interaction between PNPs and MNPs, both in bulk solution and at interfaces, remain largely unexplored. This project
aims to bridge this knowledge gap by leveraging advanced techniques to elucidate the dynamic assembly and
subsequent modification of PNPs in the presence of MNPs. Providing a deep understanding of these fundamental
assembly principles will enable the rational engineering of functional hybrid materials, paving the way for a plethora
of applications ranging from sensing and catalysis to nanomedicine.

We will investigate these interactions in real-time in solution (using liquid cell electron microscopy) and at the solid-
liquid interface (using surface characterization techniques such as QCM-D and LSPR). During this PhD project, we
will explore two PNPs of increasing complexity, ferritin nanocages and M13 bacteriophage, associated with metallic
nanostructures featuring diverse surface chemistries, charges, and compositions.

Scientific Approach: This project leverages two engineered protein-based
nanoparticles (PNPs) with distinct topological features as building blocks: the
globular ferritin from Archaeoglobus fulgidus (AfFtnAA) and the filamentous
bacteriophage M13. AfFtnAA is a 24-subunit nanocage (12 nm) with intrinsic iron-
chelating capabilities, while M13 provides a high-aspect-ratio scaffold (800-900
nm length, 6-10 nm width). Our objective is to engineer the surfaces of these PNPs
to drive their controlled assembly into higher-order structures (Figure 1) and to
systematically investigate their interactions with metallic nanoparticles. To
elucidate the mechanisms governing these interactions, we will employ a library
of metallic nanoparticles (MNPs) with tunable physicochemical properties. This , .
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(bare/negative vs. APTES-functionalized/positive). Finally, we will incorporate hollow gold-silver nanoshells to
assess how nanostructural rigidity influences assembly and interaction dynamics [ref9, refl0].

The project will be divided into five work packages:

WP 0: Engineering metallic nanoparticles and wild-type AfFtnAA and M13. This WP leverages well-established
know-how within the coordinators’ laboratories. The PhD candidate will be trained at the LRS (Sorbonne) in the
synthesis of nearly monodisperse metallic nanoparticles and their subsequent surface coating/functionalization.
Similarly, the candidate will be trained at NTU to engineer, produce, and purify the globular ferritin (AfFtnAA) and
the filamentous bacteriophage M13.

WP 1: Assembling PNPs on solid substrates. Upon production and purification, the wild-type (unmodified) AfFtnAA
and M13 will be deposited separately on two solid substrates (gold and silica). Both surfaces will be chemically

modified to tune their surface charge. We will investigate the assembly under varying conditions (i.e., pH, ionic
strength, deposition time) using Quartz Crystal Microbalance with Dissipation (QCM-D) and Localized Surface
Plasmon Resonance (LSPR) to assess layer thickness and viscoelastic properties. The deposition will be imaged using
SEM (Scanning Electron Microscopy). Preliminary work on AfFtnAA assembly on silica surfaces has shown that the
iron content of the PNP has a crucial influence on the resulting layer [Nat.Comm., under revision]. Building on these
findings, we will explore the assembly of wild-type AfFtnAA and M13 on planar surfaces in the presence of MNPs.
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Various surface compositions of PNPs and MNPs will be explored. Subsequently, these experiments will be
translated to the modified PNPs engineered in WP 3.

WP2: Assembling PNPs and MNPs in the liquid phase. Similar to WP1, the assembly of AfFtnAA and M13 in the
presence of MNPs will be investigated in solution. While bulk techniques such as DLS and zeta potential will be
utilized, key insights will be derived from liquid cell electron microscopy, within the framework of an established
collaboration with Ovidiu Ersen. Preliminary data have already established the feasibility of this monitoring
approach. Initially, unmodified PNPs will be observed, followed by the modified variants prepared in WP 3.

WP 3: Engineering PNP surfaces for assembly. To control the assembly of the PNPs, their surfaces will be modified
using molecular biology techniques. Surface amino acids will be substituted with either positively charged (e.g.,
lysine) or negatively charged (e.g., aspartic acid) residues. Furthermore, cysteine residues (containing sulfhydryl
groups) will be strategically introduced on the surface of the AfFtnAA and at the tips of the M13 to drive specific
assembly orientations or nucleate gold or oxide nanoparticles via phage display methodologies. Computational
modeling and surface charge rendering using PyMOL will guide the design of these modifications. The engineered
PNPs will be produced recombinantly in E. coli and purified.

WP 4: Dynamic of PNP-MNP hybrids assembly. In this final work package, we will explore the behavior of hybrid
assemblies when brought together to address fundamental questions: What happens when two distinct hybrid
systems are mixed? Do PNPs assembled with different MNPs exchange guests until an equilibrium distribution is
reached? Can we observe higher hierarchical superstructures when AfFtnAA and M13 hybrids are mixed? Liquid
cell electron microscopy will be leveraged to answer these questions.

Research Plan with Provisional Calendar
The student will be admitted through the Sorbonne Université (SU) — Nanyang Technological University (NTU)
Singapore cotutelle programme, starting at SU and spending a total of 1 year at NTU.

0-6 M 6-12 M 12-18 M 18-24 M 24-36 M
WPQ: Synthesis & Protein Engineering
WP1: Surface Assembly
WP2: Solution Assembly
WP3: Advanced Engineering
WP4: Hybrid Dynamics Thesis writing

Adequacy to the Call & Skills and Coherence of the team: Strategic partnership

This project is anchored in the long-standing strategic partnership between SU and NTU. Spanning over a decade,
this collaboration has fostered productive research and a robust joint PhD program dedicated to training the next
generation of scientists. To ensure the successful realization of the proposed objectives, the project will be co-
supervised by Souhir Boujday (SU, Laboratoire de Réactivité de Surface) and Sierin Lim (NTU, School of Chemistry,
Chemical Engineering and Biotechnology), the two main PlIs of the International Research Project (IRP) launched in
2026 with the support of CNRS, ORCHIDS, for Open Research in CHemistry and InterDisciplinary Sciences. Souhir
Boujday brings extensive expertise in surface chemistry and interfacial reactivity, with a focus on the engineering
of innovative plasmonic hybrid nanomaterials. Sierin Lim possesses over 20 years of experience in protein particle
engineering and production; she will guide the design and production of the PNPs. The team is further strengthened
by Clement Sanchez (College de France), an expert in hybrid nanomaterials at the interface of chemistry and
biology, who will provide strategic guidance and in-depth contextual oversight. Additionally, Ovidiu Ersen (Institut
de Physique et Chimie des Matériaux de Strasbourg) will contribute his expertise in materials characterization,
specifically guiding the investigation of PNP assemblies using advanced liquid electron microscopy.

Candidate Profile

The ideal PhD candidate should possess a solid background in materials engineering and characterization, coupled
with a keen interest in biology. We are looking for an individual who thrives in an interdisciplinary and
international context. The candidate must demonstrate adaptability and the ability to work effectively across
different research environments. Fluency in English is mandatory.



