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Abstract – Although a broad range of ligand-functionalized nanoparticles and physico-chemical 

triggers have been exploited to create stimuli-responsive colloidal systems, little attention has been 

paid to the reversible assembly of unmodified nanoparticles with non-covalently bound proteins. 

Previously, we reported that a derivative of green fluorescent protein engineered with oppositely 

located silica-binding peptides mediates the repeated assembly and disassembly of 10-nm silica 

nanoparticles when pH is toggled between 7.5 and 8.5. We captured the subtle interplay between 

interparticle electrostatic repulsion and their protein-mediated short-range attraction with a multiscale 

model energetically benchmarked to collective system behavior captured by scattering experiments. 

Here, we show that both solution conditions (pH and ionic strength) and protein engineering 

(sequence and position of engineered silica-binding peptides) provide pathways for reversible control 

over growth and fragmentation, leading to clusters ranging in size from 25 nm protein-coated particles 

to micrometer-size aggregate. We further find that the higher electrolyte environment associated with 

successive cycles of base addition eventually eliminates reversibility. Our model accurately predicts 

these multiple length scales phenomena. The underpinning concepts provide design principles for the 

dynamic control of other protein- and particle-based nanocomposites.
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Introduction

Despite significant progress over the past decades, the self-assembly of nanoscale inorganic building 

blocks into dynamic and non-equilibrium structures that will enable the materials and technologies of 

tomorrow remains difficult and inefficient.1–7 Nanoparticle clustering and dispersion have been 

controlled using spontaneous crystallization,8 patterned substrates,9,10 emulsions,11 light,12 and magnetic 

fields.13,14 However, the most common approach to induce self-assembly is to functionalize 

nanoparticles with interacting chemical or biological ligands.15 Among the universe of available ligands, 

polymers have been popular to manipulate nanoparticle clustering with temperature,16–18 while DNA 

has proven valuable to create topologically complex architectures and organize nanoparticles with 

nanoscale precision and programmability owing to the specificity of Watson-Crick base pairing and the 

advent of DNA origami technologies.19–22 Nevertheless, the approach remains limited by the number 

and type of available interactions, the strength of these interactions, and the length scales at which they 

operate. Furthermore, reconfiguration may be challenging, especially for large systems of particles. 

With their high degree of chemical and structural complexity, a broad range of functions, and 

amenability to engineering and design, proteins hold great promise for the construction of hierarchical 

and hybrid materials.25  Most proteins can be endowed with the ability to bind one or more arbitrary 

material by genetic fusion or insertion of solid-binding peptides (SBPs) within their framework.26   

Some SBPs originate from biomineralizing proteins (e.g., the R5 peptide from silaffins).27 However, 

most are 7 to 12 residues-long sequences selected by combinatorial display techniques for their affinity 

for a target material.28 While solid-binding peptides and proteins have been extensively used to study 

biotic-abiotic interactions, control biomimetic mineralization, and connect inorganic and synthetic 

components in nanobiotechnology and biomedical applications,26,29–32 their potential to drive colloidal 
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reconfiguration in response to external triggers remains largely unexplored.

Previously, we reported that a derivative of superfolder green fluorescent proteins (sfGFP) 

genetically modified with two oppositely located silica-binding peptides called Car933 supports the 

repeated assembly (at pH 7.5) and disassembly (at pH 8.5) of silica nanoparticles (SiNPs; Fig. 1). We 

accurately captured the system’s dynamical behavior using a multiscale framework that combines 

colloidal theory with molecular simulations and derives its energetics from the matching of X-ray 

scattering experiments (Fig. S1).34 The model energetics explicitly or implicitly incorporate pH, ionic 

strength, and binding interactions as tunable input parameters, providing an avenue for predictive 

control of colloidal assembly and reconfiguration by engineering of solution conditions. Here, we 

experimentally verify the model’s underlying assumption and validate predictability by demonstrating 

that a fine control over the mean size of protein-assembled clusters can be achieved through both 

solution and protein engineering. We also identify limitations to reversibility and discuss the potential 

of our framework for the predictive manipulation of the assembly state of other stimuli-responsive, 

protein-based nanomaterials.
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Experimental Section

DNA manipulations and protein purification

Plasmids pET24a(+)-sfGFP-Car9, pET24a(+)-sfGFP::Car9, and pET24a(+)-sfGFP::Car9-Car9, which 

encode derivatives of sfGFP modified with a Car9 sequence at the C-terminus, within loop 9 of the 

protein, or at both locations, respectively, have been described.33 Plasmid pET24a(+)-sfGFP::Car9-

K8AK11A, which encodes a sfGFP derivative with a native Car9 sequence in loop 9 and the K8AK11A 

mutations in the C-terminal Car9 sequence was constructed by ligating a DNA cassette encoding 

sfGFP::Car9 into pET24a(+)-sfGFP-K8K11A digested with Kpn1 and BsrG1. Plasmid pET24a(+)-

sfGFP::K8AK11A-Car9 which encodes the dual-tagged protein sfGFP::K8AK11A-Car9 was 

constructed by site-directed mutagenesis of the Car9 sequence in loop 9 of sfGFP::Car9-Car9 to one 

containing the K8AK11A substitutions. Plasmid pET24a(+)-Car9-sfGFP::Car9 which encodes the 

dual-tagged protein Car9-sfGFP::Car9, was constructed by ligating a DNA cassette encoding Car9-

sfGFP into pET24a(+)-sfGFP::Car9 digested with NdeI and BsrGI.35 All constructs were verified by 

DNA sequencing and plasmids were introduced into E. coli BL21(DE3). Cultures were grown and 

induced, and proteins purified by silica affinity purification as described.33,36 Purity was greater than 95% 

as judged by SDS-PAGE analysis of purified proteins.

Protein-Mediated Assembly and Disassembly of Silica Nanoparticles

Experiments were performed essentially as described.34 Briefly, 10 nm nominal diameter SiNPs that 

encapsulate rhodamine dye and retain a native silica surface chemistry were purchased from Micromod 

Partikeltechnologie GmbH (Rostock, Germany). Dynamic light scattering (DLS) characterization of 

these particles revealed a hydrodynamic diameter (Dh) of approximately 17 nm at both pH 7.5 and 8.5, 
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and a zeta potential of approximately -25 mV at pH 7.5 that increased to about -35 mV at pH 8.5 (Fig. 

S2). Proteins were mixed with SiNPs at a 5 to 1 molar equivalent using proteins at a 5 µM concentration 

in 1 mL of 20 mM Tris-HCl, pH 7.5. We have previously determined that this molar equivalent is 

optimal to produce micrometer size aggregates that take days to flocculate at pH 7.5 but can be rapidly, 

and near quantitively, disassembled into protein-coated nanoparticles by increasing the pH to 8.5.34 

Tubes were wrapped in aluminum foil and rotated at room temperature on a Dynabeads sample mixer 

(Invitrogen) for 30 minutes at 30 rpm before acquisition of DLS data. Fig. S3 shows that whereas wild 

type sfGFP does not bind to SiNPs at pH 8.5, both the monofunctional sfGFP-Car9, and the bifunctional 

sfGFP::Car9-Car9 proteins do as evidenced by a progressive increase in the mean Dh of the size 

distributions.

For pH cycling experiments, samples were prepared in 1 mL of pH 7.5 buffer, as above, and 

supplied with 1M NaOH or HCl in 1 μL increments. The tube was inverted 10 times after addition of 

base or acid and the pH was measured with a Mettler Toledo microtip pH electrode. Once the solution 

reached the indicated pH (which required 8 μL of 1M NaOH or HCl for the first cycle, and 10-15 μL 

for subsequent cycles), the tube was rotated for 30 minutes as above and DLS data acquired. Each cycle 

of pH increase adds an average of 10 mM Na+ to the system. To study the influence of cations, samples 

were prepared in 1mL of pH 7.5 buffer as above and supplied with 8 μL of 1M NaOH or KOH to raise 

the pH to 8.5. NaCl or KCl was added from 1M stock solutions to reach the indicated concentrations of 

Na+ or K+.

Size distribution measurement using dynamic light scattering (DLS)

A Zetasizer Nano ZS (Malvern Instruments) was used to monitor the size and formation of protein-NP 
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aggregates. Three independent measurements comprising of 12-20 cycles were performed to collect 

hydrodynamic diameter (Dh) or zeta potential data under each set of experimental conditions. Full width 

at half maximum (FWHM) values were obtained from the distribution profiles. 

Rigid body simulations

Rigid body (RB) molecular dynamics (MD) simulations were performed to obtain the structural 

ensemble of clusters obtained when sfGFP::Car9-Car9 is mixed with 10 nm SiNP under different 

solution conditions (pH and Na+ concentration). In this highly coarse-grained model, we assume that 

five sfGFP::Car9-Car9 molecules are irreversibly attached to each SiNP via their C-terminal Car9 

segments owing to the high affinity it confers for silica (~50 kJ/mol).34 Long- and short-range 

interactions are calculated as before.34 Briefly, long-range interactions consider colloidal forces between 

SiNPs which consist of an attractive dispersion interaction, , and a repulsive electrostatic 𝑊𝑆𝑆(𝑟)

interaction using a mean-field approach, 37 :𝑉𝑆𝑆(𝑟)

Eq. 1𝑈𝑆𝑆(𝑟) = 𝑊𝑆𝑆(𝑟) + 𝑉𝑆𝑆(𝑟) = ―
𝐴𝑅𝑆

12(𝑟 ― 2𝑅𝑆) +𝜖(𝑘𝐵𝑇
𝒆 )𝑦2𝑅2

𝑆

𝑟2ln (1 + 𝑒 ―𝜅(𝑟 ― 2𝑅𝑆))

where  is the Hamaker constant for silica,  is the dielectric constant of the solution,  is the 𝐴 𝜖 𝑘𝐵

Boltzmann constant,  is the temperature,  is the elementary charge,  is the Debye screening 𝑇 𝒆 𝜅

parameter,  is the silica surface potential which depends on solution pH,  is the center-to-center 𝑦 𝑟

distance between two SiNPs, and  is the radius of the SiNPs. The short-range interaction considers 𝑅𝑆

the interactions of the free silica-binding peptide in a bifunctional solid-binding protein bound to a SiNP 

via another SBP. An expanded Lennard-Jones potential approximates the curvature-corrected binding-

free energy profile obtained from a combination of metadynamics and surface element integration. 

Previously,34 we identified 11 <  < 16 kJ/mol as a relevant range for the attractive depth of the short-𝜀
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range protein-SiNP interaction potential, and continue working with this range of  here. 

To investigate the influence of NaCl, we tune the relevant parameters in Eq. 1 to reflect 

experimental condition. We use  nm for 10 nm diameter SiNPs and incorporate NaCl 𝑅𝑆 = 5

concentration effects through :𝜅

Eq. 2𝜅 = (2𝜌𝒆2

𝜖 𝑘𝐵𝑇∑𝑥𝑖𝑧𝑖)1/2

where  is the concentration of NaCl.𝜌

The pH values in the RB simulations are reflected by the surface potential of amorphous silica, 

which is represented as  in Eq. 1. Since this property is challenging to measure experimentally, we 𝑦

used the modified Grahame equation, which relates surface charge density and surface potential via:

Eq. 3𝑞 =
2𝜀𝑘𝐵𝑇

𝒆𝑧 𝜅(2sinh (Ψ𝑠

2 ) +
4

𝜅𝑅tanh (
Ψ𝑠

4 ))

where . Ψ𝑠 =
𝒆𝑧𝑦

2𝑘𝐵𝑇

The surface charge density of amorphous silica at different solution pH is obtained from the work 

of Emami, et al.38 For pH 8.0, we use a y value of -185 mV obtained by linear interpolation of the y 

values at pH 7.5 (-170 mV) and 8.5 (-200 mV) as input for Eq. 1. SiNP-SiNP interactions calculated 

based on Eq. 1 were tabulated for the subsequent MD simulations. 

All RB simulations were performed using the LAMMPS package, version 19Sep19.39 The initial 

configuration for simulations contained 100 (or 800 for Na+ effects) protein-decorated SiNPs positioned 

in a 5x5x5 (or 10x10x10) cubic lattice in a cubic box with each side being 3214 Å (or 6429 Å). The 

pattern of surface proteins was completely randomized for each SiNP. We adopted a timestep of 5 fs 

and each simulation was run for 1000 to 3000 ns to ensure equilibration. We justify that the sampling 

time (tsim) is sufficient by comparing it to the time for singlets to diffuse over the characteristic length 

of the largest cluster that we can observe (tD = 0.034 ns) using tD = a2/D, where a is the diameter of the 
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maximum size obtained in MD simulation (a =100 nm, see Fig. 2A), and D is the singlet diffusivity, 

2.95 cm2/s.34 The last 500 frames of the equilibrated system with an interval of 1 ns were selected for 

data analysis. Simulations were run under the NVT ensemble using the Nosé-Hoover chain thermostat 

at 300 K to preserve the dynamics in all translational degree of freedom.40

Results and discussion

Predicting the effects of the solution pH on the size of protein-assembled clusters 

We have reported elsewhere that sfGFP::Car9-Car9, a derivative of superfolder green fluorescent 

protein (sfGFP) equipped with two oppositely located Car9 silica-binding sequences – one engineered 

within loop 9 of the protein and the other fused to its C-terminus (Fig. 1A) – assembles 10 nm silica 

nanoparticles (SiNPs) into micrometer size clusters when supplied at a five to one molar equivalent 

over particles at pH 7.5.34 Remarkably, raising the solution pH by a single unit causes these aggregates 

to rapidly break down into individual protein-coated nanoparticles that can be repeatedly cycled 

between dispersed and assembled states by toggling the solution pH between 8.5 and 7.5 (Fig. 1B, also 

see Fig. S4). 

Fig. 1 pH-dependent assembly and disassembly of silica 

nanoparticles (SiNPs) by sfGFP::Car9-Car9. (A) 

Molecular surface of the bifunctional solid-binding protein. 

The sfGFP framework is colored in green and the Car9 

silica-binding segments of amino acid sequence 

DSARGFKKPGKR are colored in orange. The location of 

permissive loop 9 and that of the protein’s amino (N), and 

carboxyl (C) termini are indicated. (B) Schematic 

illustration of the reversible dispersion and assembly of 

SiNPs (pink spheres) when the pH is switched between 

7.5 and 8.5 by addition of NaOH or HCl.
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The surface of SiNPs is negatively charged above pH 2.5-3.0 and becomes progressively more 

negative as the pH increases due to the deprotonation of surface silanols.41 This pH-dependent change 

in surface chemistry affects both the long-range SiNP-SiNP electrostatic repulsion and the short-range 

attractive protein-SiNP interactions that are dominated by the electrostatic interaction of the Car9 

peptide basic residues with SiO2.42 Using a multiscale theoretical framework that characterizes the 

aggregation ensemble by integrating the long-range colloidal forces derived from the DLVO theory and 

short-range protein-silica interactions approximated from atomistic MD simulations, we captured the 

reversible association-dissociation behavior of the system which is rooted in a subtle interplay between 

SiNP-SiNP electrostatic repulsion and protein-SiNP attraction (Fig. S1).34 Starting with dispersed 

protein-coated SiNPs, the model uses rigid body (RB) simulations to provide a measure of protein-

mediated nanoparticle assembly as a function of the attractive depth of the protein-SiNP potential . 𝜀

The assembled state is captured by Nmax/N0, where Nmax is the number of particles in the largest cluster 

when the assembly becomes stable, and N0 refers to monomeric, protein-decorated SiNP (N0 = 1). Using 

sfGFP::Car9-Car9 at a 5-fold molar equivalent over 10 nm SiNP and 100 nanoparticles in the simulation 

box, we previously found that Nmax/N0 sharply transitions from 1 to 100 (at pH 7.5) and from 100 to 1 

(at pH 8.5) over a narrow band of  (from 9.5 to 16 kJ/mol) (see ref. 34 and Fig. S5A). Importantly, we 𝜀

obtained the precise values of  at which these transitions occur (15 kJ/mol for pH 7.5 and 13 kJ/mol 𝜀

for pH 8.5), by identifying the  values that best match ultra-small angle X-ray scattering patterns 𝜀

collected at 1:1, 3:1 and 5:1 protein to SiNP molar equivalents, a proxy for reduced protein-SiNP 

interactions which leads to the formation of smaller clusters.34 

While the resulting energetically benchmarked model does not explicitly include pH as an 

adjustable parameter, it holds potential for predicting how the assembled state changes with this variable 
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through the effect of pH on the surface potential of the SiNPs (via parameter y in Eq. 1). To explore 

this possibility, we conducted RB simulations at an intermediate pH of 8.0 and over the working range 

of  values (Fig. S5). Recognizing that Nmax/N0 does not provide information on size distributions and 𝜀

seeking to enable a more direct comparison with experimental DLS data, we extracted both the number 

(Fig. S5B) and average diameter (Fig. 2A) of the monomers and clusters populating the last 500 frames 

(250 ns) of our 1 to 3 µs RB simulations, depending on the time to reach an equilibrated structure. At 

all pH investigated, the hybrid system evolves from protein-decorated SiNPs that are completely 

separated from one another at low  (i.e., 100 clusters each 20 nm in diameter) to a fully aggregated 𝜀

state at high  (i.e., a single cluster 110 nm in diameter). However, the onset of the transition occurs at 𝜀

Fig. 2. Predicting and measuring the size of protein-assembled SiNP clusters at various pH. (A) The 

average diameter of clusters populating the last 500 frames of RB simulations conducted at a 5:1 molar 

equivalent of protein to particles and at the indicated pH are plotted vs. the depth of the protein-SiNP 

attractive potential.  All clusters are assumed to be spherical. Bars correspond to the standard error of the 

mean for the frames analyzed. The yellow arrow indicates the interpolated “precise” value of  at pH 8.0.  𝜀
(B) Mean Dh of clusters obtained by mixing 10 nm SiNP with a 5 molar equivalent of sfGFP::Car9-Car9 at 

the indicated pH. Bars correspond to the full width at half maximum (FWHM) of the size distributions. 
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different  for each pH values (Fig. 2A yellow symbols, and Fig. S5B). Taking 14 kJ/mol as the “precise” 𝜀

 value at pH 8.0 (a reasonable assumption considering an  of 15 kJ/mol at pH 7.5 and 13 kJ/mol at 𝜀 𝜀

pH 8.5), we find that the simulation box is mostly populated by ~45 nm clusters at equilibrium, and that 

the diameter of these clusters sharply increases as we approach pH 7.5 and the corresponding  of 15 𝜀

kJ/mol (Fig. 2A and Fig. S5B).  

To validate these predictions, we used DLS to measure the mean hydrodynamic diameter of 

protein-assembled clusters in the 7.5 ≤ pH ≤ 8.5 range. In good agreement with the model output, 

clusters have a Dh of 84 ± 34 nm at pH 8.0 and abruptly grow to hundreds of nanometers, and ultimately 

micrometers, as the pH approaches 7.5. We however note that little credence should be placed in the 

diameters that the model offers under highly aggregated conditions (pH < 8.0) owing to the fact that 

only 100 particles are used in the simulation. In short, our multiscale framework effectively captures 

the nonlinear influence of the solution pH on sfGFP::Car9-Car9-mediated SiNP assembly and provides 

an estimate of cluster size at pH ≥ 8.0.

Predicting ionic effects and chemical fatigue

  The subtle interplay between long-range SiNP-SiNP repulsion and short-range protein-SiNP attraction 

endows our system with a technologically desirable feature: the ability to repeatedly assemble SiNPs 

into large aggregates and to resolve them into protein-coated particles by switching the pH between 7.5 

and 8.5. This is experimentally achieved by adding concentrated NaOH and HCl to the solution (see 

Experimental Section).34 However, the accumulation of millimolar concentrations of Na+ as pH cycles 

are repeated should affect the Debye screening parameter, weakening electrostatic repulsion between 

SiNPs, and shifting the system to a new balance between long- and short-range interactions. 
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  To investigate the issue in more detail, we used DLS to collect size distributions over successive 

cycles of pH increase and decrease (from pH 7.5 to 8.5, and back to pH 7.5). Screening effects were 

observed as early as the first cycle and manifested themselves by an about 20% increase in the mean Dh 

of clusters produced upon return to pH 7.5 (Fig. 3A and 3C). Over the second cycle, increasing the pH 

to 8.5 caused efficient cluster disassembly. However, a small peak persisted at 1100 nm (Fig. 3B) and 

return to pH 7.5 yielded clusters whose mean Dh had increased to ~ 2000 nm (Fig. 3A). These trends 

amplified over the third cycle, but it was during the fourth cycle – and at a cumulative carried over 

sodium concentration of 40 mM – that reversibility failed, with micrometer size aggregates observed at 

both pH (Fig. 3C). 

 The chemical fatigue associated with sodium accumulation upon pH cycling provided us with an 

opportunity to further test the predictive power of our model. To this end, we emulated the effect of 

base addition by calculating Nmax/N0 values at pH 8.5 and increasing Na+ concentrations. We increased 

the total number of particles to 800 to ensure sufficient statistics under aggregated conditions. At an  𝜀

of 13 kJ/mol and pH 8.5 (green arrow), NaCl and the model predicted quantitative assembly of protein-

decorated SiNPs above 35 mM NaCl (Fig. 4A). To verify these predictions, we formed micrometer size 

Fig. 3. Multiple cycles of chemical pH switching leads to loss of reversibility. (A) Size distributions of clusters 

obtained by mixing 10 nm SiNP with a 5 molar equivalent of sfGFP::Car9-Car9 at pH 7.5 (trace 0) and after 

successive cycles or pH increase to 8.5 via NaOH addition, and return to pH 7.5 by HCl addition (traces 1 to 4). 

(B) Corresponding size distributions at pH 8.5. Note that bimodal distributions are observed at pH 8.5 during the 

second and third cycles. (C) The mean Dh is plotted as a function of the calculated concentration of carried-over 

Na+ associated with NaOH addition. Minor peaks at pH 8.5 are ignored. Bars represent the FWHM of the 

distributions.
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clusters by mixing 10 nm SiNPs with a 5-fold molar equivalent of sfGFP::Car9-Car9 at pH 7.5 and 

adjusted the pH to 8.5 and the NaCl concentration between 10 and 40 mM. The size distributions 

obtained by DLS were in excellent agreement with model predictions, showing a progressive increase 

in mean Dh to about 65 nm in the 10 < [NaCl] < 25 mM range, the onset of larger cluster (~150 nm) 

formation at 30 mM, a sharp transition to the micrometer size regime at 35 mM NaCl, and the 

production of large aggregates at higher salt concentration (Fig. 4B-C). Similar results were obtained 

when KCl was substituted for NaCl (Table S1), indicating that the observed effects are driven by long-

range electrostatics associated with bare regions of protein-decorated SiNPs rather than molecular 

details. Thus, our multiscale framework is broadly useful as both a predictive and diagnosis tool.

Manipulating SiNP assembly outcomes via protein engineering

Fig. 4. Na+ concentrations above 30 mM trigger the formation large protein-SiNP clusters at pH 8.5. (A) The 

assembled state Nmean/N0 is plotted as a function of the depth of the protein-SiNP attractive potential  for a 5:1 𝜀
molar equivalent of sfGFP::Car9-Car9 (5 µM) to 10 nm SiNPs and at the indicated concentrations of Na+. A larger 

number of particles (N = 800) was used than in ref. 29 to achieve statistical significance. The maximum value of 

Nmean/N0 is 400 because two large clusters containing 400 SiNPs rather than a single cluster containing 800 SiNPs 

form over the length of our simulation. The green arrow show the precise value of  at pH 8.5 (B) Size distributions 𝜀
of clusters obtained by mixing 10 nm SiNP with a 5 molar equivalent of sfGFP::Car9-Car9 at pH 7.5 and changing 

the pH to 8.5 and NaCl concentration to the indicated values. Adjusting the pH with NaOH leads to an initial Na+ 

concentration of 10 mM. (C) Mean Dh and FWHM (gray bars) of the size distributions shown in panel B plotted as 

a function of the total sodium concentration. 
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Although the two Car9 silica-binding peptides engineered within the sfGFP framework have the same 

amino acid sequence, one is constrained within an internal loop of the protein while the other is fused 

to its C-terminus and projects into the solvent (Fig. 1A and 5A). These distinct structural environments 

influence silica binding affinity. Indeed, Surface Plasmon Resonance (SPR) measurements 

supplemented by MD simulations have revealed that the “loop” Car9 binds more weakly to silica than 

the C-terminal Car9 at both pH 7.5 and 8.5.34 Based on this observation, and on DLS data showing that 

a protein shell surrounds SiNPs at both pH, our model assumes that each sfGFP::Car9-Car9 molecule 

stably binds SiNPs through its C-terminal Car9 extension while making use of the loop Car9 to bridge 

primary particles together. Thus, under “standard” conditions of a 5:1 molar equivalent of proteins to 

nanoparticles, the average SiNP is decorated with five C-terminally bound proteins whose loop Car9 

segments bind to bare silica regions on other protein-decorated SiNPs, and do so more effectively as 

electrostatic repulsion between SiNPs decreases with the solution pH.

 To explore the potential of affinity modulation for cluster size control, we replaced Lys-8 (K8) 

and Lys-11 (K11) in the C-terminal Car9 extension of sfGFP::Car9-Car9 by Ala (A) residues. These 

substitutions lead to a substantial decrease in silica binding affinity owing to the replacement of two 

positively charged “anchoring” residues by neutral ones.42 When the resulting protein (sfGFP::Car9-

K8AK11A, Fig. 5B) was mixed with SiNPs at a 5 to 1 molar equivalent, we observed 150 ± 60 nm 

clusters at pH 7.5 by DLS. These assemblies are 8-fold smaller than those observed with wild type 

sfGFP::Car9-Car9, underscoring the critical role of the C-terminal Car9 peptide in the formation of 

large aggregates (Fig. 5E, top panel, compare filled and open circles; also see Table S2). 

Next, we introduced the same substitutions in the loop Car9 sequence, anticipating that the 

resulting sfGFP::K8AK11A-Car9 variant (Fig. 5C) would be fully functional for the decoration of 
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SiNPs via its unmodified C-terminal Car9 extension, but that it would be less efficient at bridging 

vicinal particles due to the lower affinity of the mutated loop Car9 for silica. Consistent with this 

expectation, the clusters produced at pH 7.5 were about 3-fold smaller (Dh = 450 ± 170 nm) than those 

obtained with wild type sfGFP::Car9-Car9 (Fig. 5E, top panel, filled circles and triangles). 

Finally, we relocated the C-terminal Car9 extension to the N-terminus of sfGFP::Car9. In this 

protein (Car9-sfGFP::Car9), the location of the fusion joint between silica-binding peptide and sfGFP 

framework is flipped. As result, the N-terminus of Car9 projects into the solution while its C-terminus 

Fig. 5 Influence of SBP sequence, SBP position, and solution pH on the outcomes of protein-mediated 

SiNP assembly. (A-D) Ribbon structures of the bifunctional silica-binding proteins used in this study. Initial 

configurations were predicted using AlphaFold2 with MMseqs2 (ColabFold) and structures were relaxed 

by running MD simulations in aqueous solutions. The sfGFP framework is in green, the Car9 silica-binding 

segments in orange, and the mutated residues in blue. The location the amino (N) and carboxyl (C) termini 

are indicated. (E) Mean Dh and FWHM (bars) of the size distributions obtained upon mixing 5 µM of 

sfGFP::Car9-Car9 (filled circles), sfGFP::Car9-K8AK11A (open circles), sfGFP::K8AK11A-Car9 (filled 

triangles), or Car9-sfGFP::Car9 (open squares) with SiNPs at a 5 to 1 molar equivalent and a pH of 7.5 

(top panel). Aggregates disassemble into ~24 nm protein coated SiNPs when the pH is raised to 8.5 

(bottom panel). Clusters in the 60-90 nm size range are obtained at an intermediate pH of 8.0 (middle 

panel).
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is connected to the protein chain (Fig. 5D). To determine how this operation would impact silica-

binding, we flowed monofunctional derivatives of sfGFP equipped with Car9 sequences at loop, C- or 

N-terminal locations on silica-coated SPR chips. We found that the equilibrium SPR shift – a measure 

of silica-binding affinity – decreased by about a third when Car9 was moved from the C- to the N-

terminus of sfGFP, and that the Car9-sfGFP protein had a similar affinity for silica as the sfGFP::Car9 

loop variant (Fig. S6). Therefore, we expected that Car9-sfGFP::Car9 should bind SiNPs equally well 

to SiNP through either of its Car9 segments and that this lack of directional binding coupled with a 

lower affinity for silica would yield clusters of intermediate size. At a mean Dh of 620 ± 250 nm at pH 

7.5 (Fig. 5E, top panel, open squares), the aggregates obtained were indeed half the size of those 

obtained with sfGFP::Car9-Car9 but about 40% larger than those produced by sfGFP-K8AK11A-Car9. 

For all above experiments, size distributions were sharper and narrower when scattering intensities 

were converted to particle numbers, indicating that a small number of large aggregates are the main 

contributors to polydispersity (Fig. S7A-B and Table S2). Additionally, and for all proteins examined, 

raising the solution pH to 8.5 led to near quantitative aggregate disassembly into protein-decorated 

nanoparticles of Dh ~ 24 nm (Fig. 5E, bottom panel), although a few isolated clusters persisted, as 

evidenced by DLS and SEM (Fig S7C and Fig. S8). Finally, and as expected from Fig. 2, the use of an 

intermediate pH of 8.0 stabilized clusters ranging in size from 84 ± 34 nm (sfGFP::Car9-Car9) to 64 ± 

13 nm (sfGFP::Car9-K8AK11A), with the other two proteins yielding intermediate size assemblies of 

mean Dh of 77 ± 29 nm (Car9-sfGFP-Car9) and 73 ± 24 nm (sfGFP::K8AK11A-Car9) (Fig. 5E, middle 

panel). 

Taken together, the above results are fully consistent with our model assumption that stable 

binding of SiNP by the high affinity C-terminal Car9 extension of sfGFP::Car9-Car9 is necessary for 
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the formation of micrometer size aggregates. Our data also demonstrate that the mean size of protein-

assembled clusters can be tuned over nearly an order of magnitude by combining protein engineering 

approaches with solution pH adjustments in the 7.5 to 8.5 window.

Conclusions

Inspired by nature’s ability to synthesize hierarchical materials that respond to environmental 

challenges by reconfiguration or self-healing,43–45 we have used bifunctional solid-binding proteins to 

build a dynamical protein-nanoparticle system in which the mean size of assembled clusters and 

assembly-disassembly behavior can be controlled by both protein design and solution conditions. 

Several salient features are worth highlighting. First, and unlike many stimuli-responsive systems, the 

surface of the nanoparticles is not chemically modified with ligands that confer desirable physico-

chemical characteristics. Similarly, the SBPs that are genetically installed within the sfGFP framework 

do not form covalent bonds with the nanoparticles. Rather, they recognize the inorganic surface with 

an affinity that is modulated by both sequence and structural context. Second, from protein-decorated 

SiNPs to micrometer size aggregates, cluster size can be precisely tuned via protein engineering, protein 

to particle molar ratio, pH, and salinity. This sensitivity to protein and solution chemistry is rooted in a 

modulation of the relative contributions of attractive protein-SiNP interactions and repulsive SiNP-

SiNP interactions over a narrow band of energy. Third, while the system can be repeatedly switched 

between assembled and dispersed states, the use of NaOH to raise the pH limits the numbers of 

productive cycles to three owing to the buildup of sodium ions and associated charge screening effects. 

Such chemical fatigue effects are not uncommon with stimuli-responsive systems that accumulate 

waste,2 and could be addressed in the future by making use of photoacids and photobases to toggle the 
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solution pH with light.46–48 Finally, our energetically-benchmarked model was shown to accurately 

predict the influence of both pH and cations on the outcomes of assembly.

Together with prior insights, the experimental validation of the model’s predictive power and the 

improved understanding of the sfGFP::Car9-Car9 – SiNP system garnered in this study sets the stage 

for the expansion of the concept to charged nanoparticles beyond silica (e.g., common and complex 

metal oxides, nitrides and carbides) and solid-binding proteins beyond sfGFP::Car9-Car9, including 

those selected or designed for self-assembly25 and responsiveness to orthogonal stimuli.49 Unlike with 

traditional nanoparticle functionalization schemes, the goal will not be to maximize ligand coverage but 

rather to leave enough of the particle surface solvent-accessible so as to enable sufficient repulsive 

interactions to finely balance protein-SiNP interactions that are themselves dependent on the distance 

separating SBPs and their relative affinity for the particle surface. We finally note that the use of 

anisotropic particles, the introduction of additional constraints (e.g., steric interactions),50,51 and the 

delicate coupling to translational and orientational particle dynamics,15,52 should provide a rich 

playground for the fabrication of reconfigurable protein-based materials with applications in catalysis, 

opto-electronics, and biomedicine.
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