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Biomimetic mineralization of positively charged
silica nanoparticles templated by
thermoresponsive protein micelles: applications to
electrostatic assembly of hierarchical and
composite superstructures†

Nada Y. Naser, a William C. Wixson, a Helen Larson, b Brandi M. Cossairt, b

Lilo D. Pozzo a and François Baneyx *a

High information content building blocks offer a path toward the construction of precision materials by

supporting the organization and reconfiguration of organic and inorganic components through

engineered functions. Here, we combine thermoresponsiveness with biomimetic mineralization by fusing

the Car9 silica-binding dodecapeptide to the C-terminus of the (VPGVG)54 elastin-like polypeptide (ELP).

Using small angle X-ray scattering, we show that the short Car9 cationic block is sufficient to promote the

conversion of disordered unimers into 30 nm micelles comprising about 150 proteins, 5 1C above the

transition temperature of the ELP. While both species catalyze self-limiting silica precipitation, micelles

template the mineralization of highly monodisperse (62 nm) nanoparticles, while unimers yield larger

polydisperse species. Strikingly, and unlike traditional synthetic silica, these particles exhibit a positive

surface charge, likely due to cationic Car9 sidechains projecting from their surface. Capitalizing on the

high monodispersity and positive charge of the micelle-templated products, we use smaller silica and gold

particles bearing a native negative charge to create a variety of superstructures via electrostatic co-

assembly. This simple biomimetic route to positively charged silica eliminates the need for multiple

precursors or surface modifications and enables the rapid creation of single-material and composite

architectures in which components of different sizes or compositions are well dispersed and integrated.

Introduction

Silica-based nanomaterials have been used for decades in
applications ranging from catalysis to controlled drug release,
and from antimicrobial coatings to enhanced oil recovery. This
broad range of uses has been driven by the low cost of silica, its
thermal stability and biocompatibility, and by the fact that the
material’s size, morphology, and surface chemistry are all
tunable.1,2 While colloidal silica is typically synthesized at scale
by liquid- (e.g. Stöber) or gas-phase methods,2 more complex
architectures, such as zeolites, can be accessed by macromole-
cular templating.3 However, no synthetic process approaches
the sophistication of diatoms which build intricately structured

siliceous cell walls with extraordinary optical and physical proper-
ties by controlling silica deposition with proteins and other
biomacromolecules.4,5 In seminal work, Kröger et al. isolated a
set of cationic peptides from the cell wall of Cylindrotheca
fusiformis and demonstrated their role in mediating silicification
under ambient conditions.6 The so-called silaffins (for silica-
affinity), and notably a constituent 19-mer peptide called R5, have
been extensively studied to uncover the roles of sequence, side-
chain chemistry, post-translational modifications, oligomeriza-
tion, and solution conditions on silica polycondensation.7–14

Other peptides have also proven useful to manipulate the
mineralization and organization of silica. For instance, poly(lysine)
and poly(arginine) induce silica precipitation with high activity,15

while short peptides can template more sophisticated silica
structures.16,17 Solid-binding proteins, which combine the adhesive
or morphogenetic activities of guest inorganic-binding peptides
with the structural or functional properties of a host protein frame-
work, are a valuable addition to this arsenal.18,19 For example,
Car9, a silica-binding peptide of the amino acid sequence
DSARGFKKPGKR,20,21 was genetically fused to superfolder green
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fluorescent protein (sfGFP) to study silica adhesion regimes,22,23

print protein patterns on microscope slides,24 and create multi-
material hierarchical architectures.25–28

While numerous studies have established that silica-binding
peptides can induce the condensation of silicic acid and modify
the reaction kinetics and the morphology of the precipitated
silica,16,29 little attention has been paid to fusing these peptides
to stimuli-responsive proteins to bias the outcomes of silicifica-
tion. Elastin-like polypeptides (ELPs), a class of thermorespon-
sive intrinsically disordered proteins derived from the human
tropoelastin protein, are particularly attractive for this purpose.
These low-complexity proteins consist of multiple repeats of the
VPGXG pentamer, where the guest residue X can be any amino
acid except for proline. They exhibit lower critical solution tem-
perature (LCST) behavior and form phase-separated droplets, or
coacervates, above a characteristic transition temperature (Tt)

30,31

that can be tuned by changing the identity of the guest residue, the
overall chain length, and the solution conditions (e.g., pH, salt
concentration, and the presence of co-solvents).32–36 ELPs have
foundmany uses in biomedical applications,37–39 hierarchical self-
assembly,40–43 and inorganic nanoparticle (NP) mineralization.44,45

In this study, we use V54–Car9, a fusion protein between a
54-repeat of the VPGVG sequence and the Car9 silica-binding
peptide, to conduct a detailed study of how temperature-driven
coacervation influences silicification. We show that increasing
the temperature by 5 1C above the Tt of the ELP block leads to a
transition from disordered unimers to 30 nm self-assembled
micelles, and that whereas both species support self-limiting
silica precipitation, micelles template the mineralization of
highly monodisperse 62 nm NPs while V54–Car9 unimers
produce polydisperse NPs with a mean diameter of 133 nm.
NPs mineralized at both temperatures exhibit a net positive
charge that we attribute to the surface exposure of cationic
sidechains that are not involved in the polycondensation
process. We take advantage of the monodispersity and the
positive charge of the silica NPs produced at high temperature
for the solution-based, electrostatically driven assembly of a

range of hierarchical architectures using unmodified silica and
gold NPs as assembly partners.

Experimental
DNA manipulation and protein purification

An ELP template gene (Addgene) was used to produce a silica-
binding ELP (V54–Car9) and a control ELP (V54) with sequences
shown in Fig. 1A using standard molecular biology techniques
as described in the ESI.† Plasmids were verified by sequencing
and introduced into BL21(DE3) cells where proteins were
purified by inverse transition cycling (Fig. S1, ESI†).31 Protein
concentrations were determined by measuring the absorbance
at 205 nm and using calculated extinction coefficients46 of
764 500 and 809 160 M�1 cm�1 for V54 and V54–Car9, respec-
tively. Samples were stored at 4 1C until further use.

Silica mineralization

Silica mineralization reactions were conducted as described by
Kröger et al.6 Stock solutions of 1 M silicic acid were freshly
prepared by mixing 150 mL of tetramethyl orthosilicate (TMOS,
98%, Sigma) with 850 mL of 1 mM HCl, vortexing the solution
for 5 min, and rotating it for 10 min at room temperature.
Aliquots (100 mL) were added to 900 mL of V54–Car9 or V54 to
reach final concentrations of 100 mM silicic acid and 75 mM
proteins. Solutions were immediately mixed by inverting 5 times
and the reaction was allowed to progress for 8 h in water. For
mineralization reactions above Tt, protein solutions were pre-
incubated for 10 min in a water bath held at 45 1C prior to
addition of silicic acid and the reaction was allowed to proceed
for 8 h at the same temperature. Silicification products were
characterized as described below. When indicated, aliquots
(500 mL) were transferred to 50 kDa cutoff, 10 nm pore size,
Float-A-Lyzer devices (Repligen, Waltham, MA) and were dialyzed
twice against 300 mL of DI water (with stirring) for 2 h at room
temperature. A final round of dialysis was conducted overnight.

Fig. 1 The V54–Car9 silica-binding ELP transitions from unimers to 30 nm micelles above a Tt of 45 1C. (A) Amino acid sequences of the V54 control
protein and V54–Car9 silica-binding ELP. The flexible linker is colored gray and the Car9 dodecapeptide is shown in orange. Positively (+) and negatively
(�) charged residues are identified. Temperature-dependent evolution of turbidity (B) and hydrodynamic diameter (C) of a 75 mM solution of V54 or V54–
Car9 in water when temperature was increased at a rate of 1 1C per minute. (D) Scattering intensity versus wave vector plots of a 710 mM solution of V54–
Car9 in water below (25 1C) or above (50 1C) Tt. The high temperature data (red circles) was fitted as described in the text.
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Analytical techniques

Phase transitions of the protein solutions were monitored by
UV-visible spectroscopy and dynamic light scattering (DLS). For
UV-visible spectroscopy, A350 was measured as a function of
temperature on a Cary 3500 spectrophotometer equipped with a
Peltier temperature controller (Agilent Technologies) using a ramp
rate of 1 1C min�1. Protein solutions (700 mL at a concentration
of 75 mM) were blanked against DI water in semi-micro quartz
cuvettes. A Zetasizer Nano ZS (Malvern) was used tomeasure Dh as
a function of temperature. Triplicate samples (1 mL) were incu-
bated at each temperature for 5 min before DLS measurements
were acquired.

Small angle X-ray scattering (SAXS) data were collected using
a Xeuss 3.0 (Xenocs) using Cu Ka radiation. To achieve suffi-
cient scattering signal for the experiments in Fig. 1D, protein
solutions were subjected to two cycles of concentration using
Microcon centrifugal filtration units with a 10 kDa cutoff
(Millipore) to reach a final concentration of 17 mg mL�1

(710 mM). Mineralization products were characterized by SAXS
as produced. Samples were loaded into 1.5 mm quartz capillaries
(Charles Supper), sealed with epoxy, and placed under vacuum
in a Peltier temperature-controlled stage. To improve the signal-
to-noise ratio observed in the protein samples at 25 1C, they were
measured in a flow through cell unit (BioCUBE). All samples
were exposed four times at varying detector distances.

Scattering data was processed with the XSACT software
(Xenocs) by azimuthally averaging 2D scattering images to
produce 1D scattering profiles. Water backgrounds were sub-
tracted and 1D profiles from different detector distances were
merged. Radii of gyration were calculated by Guinier analysis
(Fig. S3B, ESI†). Model fitting was performed in the SASView
software. Data from the protein solutions at 45 1C were fit to
the spherical block copolymer micelle model developed by
Pedersen.47 Data from mineralization products were fit to a
spherical raspberry model48 assuming a polydisperse core
particle of radius Rc with monodisperse small particles on the
periphery of radius Rp. Further, it was assumed the core and
periphery possess equivalent scattering length densities and
that the penetration depth ratio was zero (i.e., all small particles
on the periphery expose a hemisphere to their surroundings).

For scanning electron microscopy (SEM), samples were
diluted 100-fold in DI water, and aliquots (5 mL) were deposited
on silicon wafers that were allowed to air dry overnight. For
mineralization reactions above Tt, samples were diluted 100-
fold in DI water pre-heated to 45 1C, deposited on pre-heated
silicon wafers, and allowed to air dry overnight in an incubator
held at the same temperature. Images were acquired on an
Apreo-S SEM (Thermo Scientific) operated at 2 kV and 13 pA.

For transmission electron microscopy (TEM), samples were
diluted 10-fold in DI water. Aliquots (10 mL) were deposited on
carbon-coated copper grids (Electron Microscopy Sciences and
Ted Pella) and allowed to sit for 5 min before excess solution
was wicked out with a laboratory tissue. Images were acquired
on a Tecnai F20 SuperTwin TEM (FEI) at an acceleration voltage
of 200 kV and analyzed using ImageJ (NIH).

For atomic force microscopy (AFM), aliquots (10 mL) of
samples were deposited onto freshly cleaved mica substrates
(Ted Pella). After 5 minutes, excess water was wicked out with
laboratory tissue and samples were further dried by evaporation.
AFM images were captured in the dry state using the tapping
mode on an ICON AFM (Bruker) and Multi75AI-G probes. Offline
AFM data processing was performed using Gwyddion software.49

Thermogravimetric analysis (TGA) was conducted on lyophi-
lized mineralization products that had been extensively dialyzed
to remove free and loosely bound proteins. Experiments were
performed in a Q50 TGA instrument (TA Instruments). Lyophi-
lized powder was loaded into an alumina crucible on platinum
tray and heated to 800 1C at a ramp rate of 20 1C per minute in
air (100 mL min�1).

Results
The V54–Car9 solid-binding ELP forms micelles above its
transition temperature

To combine the mineralization properties of a solid-binding
peptide with the thermoresponsive phase segregation behavior
of an ELP, we fused the sequence encoding the Car9 dodeca-
peptide (DSARGFKKPGKR) to the C-terminus of a 54-repeat of
the VPGVG sequence via a flexible KLGGGS linker (Fig. 1A).
A control protein lacking the Car9 dodecapeptide (denoted V54)
exhibited characteristic LCST behavior30,31 with a sharp increase
in both the absorbance at 350 nm (A350) and the hydrodynamic
diameter (Dh) as the temperature exceeded a Tt of 40 1C (Fig. 1B
and C, black traces). In contrast, the V54–Car9 fusion protein
only experienced a transient peak in turbidity between 42 and
48 1C before reaching a slightly higher value as the temperature
increased (Fig. 1B, orange trace). Results were well explained by
DLS measurements showing that the Dh of V54–Car9 increased
from 8 to 540 nm between 42 and 45 1C before declining to about
30 nm over the next 2–3 1C (Fig. 1C, orange trace). To gain
insights on kinetics, wemonitored the Dh at 65 1C, a temperature
that far exceeds its Tt (B45 1C). Within two minutes, V54–Car9
molecules transitioned from unimers to intermediate aggregates
ranging in size from 200 to 300 nm (Fig. S2, ESI†). These species
progressively disappeared after 3 minutes to the profit of a peak
centered at a Dh of 30 nm.

Similar phase transitions have been reported for amphiphi-
lic block copolymers,50–55 including those consisting of a
hydrophobic ELP block (where the guest residue is V) fused
to a hydrophilic ELP block (where the guest residue is G, A, or
S). For such diblock ELPs, a temperature increase above the Tt
of the hydrophobic block leads to the formation of spherical
micelles displaying the hydrophilic block on their exterior.56–62

This feature was exploited by Lopez and coworkers to display
the 19-residue long R5 peptide on the surface of 50 nmmicelles
by fusing it to a 300-residue long hydrophilic block that was
itself fused to a 300-residue long hydrophobic block.41,44

We used SAXS to determine if V54–Car9 adopted a similar
micellar structure above 45 1C despite lacking a long hydro-
philic ELP block. At 25 1C, the SAXS profile of V54–Car9 was
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consistent with that of polymeric random coils and intrinsically
disordered proteins (Fig. 1D, blue symbols; also see Fig. S3A,
ESI†). This observation is consistent with the fact that ELPs are
predominantly random coils below Tt,

63 and that the Car9 peptide
adopts a range of conformations in solution and at interfaces
rather than folding into a well-defined structure.23 Above Tt, the
SAXS profile was consistent with spherical particles with a mean
radius of gyration (Rg) of 13 nm, as determined by Guinier analysis
(Fig. 1D, red symbols, and Fig. S3B, ESI†). Fitting to a more
sophisticated polymer micelle model47 allowed high-fidelity cap-
ture of the high temperature data (Fig. 1D, black curve). The
analysis revealed that 140 � 9 V54–Car9 molecules self-assemble
to form amicelle with a 15� 0.2 nm core radius that is consistent
with the Dh of 30 nm determined by DLS. The structural transition
was made more obvious by a Kratky plot of the SAXS profiles, in
which the characteristic plateau of an intrinsically disordered
protein at 25 1C gave rise to the bell-like profile of a polymer
micelle above Tt (Fig. S3A, ESI†).

64,65 Consistent with a structure
in which a coacervated V54 core is surrounded by cationic
Car9 extensions, the z potential of the micelles was +19 � 3 mV
(Table 1). In summary, the short Car9 peptide is sufficient to
impart diblock behavior to a 54-repeat hydrophobic ELP, driving
the formation ofmicelles at a Tt that is about 5 1C higher than that
of the ELP block.

Silicification above Tt yields highly monodisperse silica
nanoparticles

To determine how temperature-induced micellization would
influence silica precipitation outcomes, solutions of V54–Car9
in water were heated to 45 1C, supplemented with an excess of
silicic acid, and the silicification reaction was allowed to
progress at 45 1C for 8 h (hot synthesis). Dh was measured at
intermediate times to monitor particle growth. An increase in
turbidity correlating with an increase in Dh (B62 nm) was
observed within 30 min, with no further evolution over time
(Fig. S4, red trace, ESI†). SEM (Fig. 2B) and TEM (Fig. 2C and
Fig. S5, ESI†) revealed the production of monodisperse NPs
with an average diameter of 56 � 4 nm (N = 100) under dry
conditions. Repeating the silicification experiment at 22 1C
(cold synthesis) led to the formation of larger particles (D = 96�
16 nm under dry conditions) exhibiting a higher degree of
polydispersity, and to the production of occasional aggregates
(Fig. 2A and Fig. S4, blue trace, ESI†). Consistent with imaging
results, polydispersity index (PDI) values from DLS measure-
ments (Fig. 2D) were 0.03 and 0.12 for the products of hot and
cold synthesis, respectively. In the absence of the Car9

extension, and irrespective of the reaction temperature, the
V54 ELP induced the precipitation of silica particles of random
sizes and shapes (Fig. S6, ESI†). Further, only a few large silica
structures were observed when silicic acid was added to water
in the absence of protein (Fig. S7, ESI†).

The SAXS profiles of both synthesis products were consistent
with spherical particles. They also exhibited a turnover at high
q-values that is indicative of small surface features (Fig. 3A). We
therefore used a spherical raspberry model48 instead of a simpler
sphere model to fit the scattering data. This analysis confirmed
that the hot synthesis products are highly monodisperse silica
spheres with amean core diameter of 55� 3 nm and a PDI of 0.12
(Fig. 3B, red). The turnover in scattering was successfully mod-
elled as uniform projecting hemispheres that were 2 � 0.2 nm in
diameter (Fig. 3C). On the other hand, the scattering profile of the
cold synthesis products (Fig. 3A, blue) lacked strong secondary
peaks and had a steep negative slope at low q-values, which is
indicative of polydispersity. Indeed, the fitting procedure revealed
particles with a mean core diameter of 116 nm, a larger PDI of
0.18, and surface features that could be modelled as hemispheres
1.6 � 0.4 nm in diameter (Fig. 3B, blue). We confirmed that
protrusions were present on the surface of both particles using
tapping-mode AFM and high-resolution transmission electron
microscopy (HRTEM) shown in Fig. 3D–I. In agreement with the
SAXS data, these nodules were more uniform and regularly
distributed on the surface of hot synthesis products (Fig. 3D–F).
With a diameter of B3 nm determined from TEM data and
B2 nm from SAXS data fitting, these small particles likely
correspond to the primary units that make up biomimetic silica
structures.9

Templated silicification is self-limiting and produces positively
charged nanoparticles

Several scenarios can account for the formation of silica
particles of defined sizes including exhaustion of the silicic
acid precursor, termination of growth by capping, and self-
limiting growth. With an over 1300-fold molar excess of silicic
acid to proteins, the first possibility appeared unlikely. Indeed,
when both cold and hot synthesis products were supplemented
with additional V54–Car9 at room temperature after the initial
mineralization reaction, we observed additional silica precipi-
tation, indicating that free silicic acid remains available in
solution despite the observed cessation of nanoparticle growth
(Fig. 4C and D). However, and unlike in the cold synthesis case,
the products of the reaction were micrometer sized silica
islands that grew around the pre-mineralized nanoparticles

Table 1 Summarizing the silicification reaction conditions and characterization of mineralized silica NPs

[Si(OH)4] (mM) Reaction temp. (1C) Reaction time (h) Dh DLS (nm) D SEM (nm) Rg SAXS (nm) Dsphere
a (nm) z potential (mV)

0 22 N.A. 8 � 1 N.A. 5 N.A. 8 � 5
0 45 N.A. 31 � 8 N.A. 13 34 19 � 3
100 22 8 133 � 32 96 � 16 49 127 38 � 0.4
100 45 8 62 � 10 56 � 4 24 62 39 � 0.1

a Dsphere was calculated based on Rg using the relationship: Dsphere ¼ 2�
ffiffiffi
5

3

r
Rg.

66 N.A. = not applicable.
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and likely did not form silane bonds with them (Fig. 3C, yellow
arrow). We attribute this result to a slower growth of the silica
matrix due to depletion of the precursor in the initial miner-
alization phase and concomitant diffusion limitations.

Consistent with a unique surface chemistry, our templated NPs
exhibited a positive z potential of about 40 mV (Table 1) as well as
long-term colloidal stability following extensive dialysis against
water and storage at 4 1C. X-ray photoelectron spectroscopy (XPS)
of the oxygen and nitrogen signals confirmed the presence of
organics at, or within the first B10 nm of the surface (Fig. S8,
ESI†). This result was quite unexpected, as protein and peptide
inducers of silicification typically become fully encased within the
growing silica matrix, leading to a negative z potential.3,8,67

To rationalize the positive z potential displayed by the miner-
alized silica, we conducted a series of experiments to determine
if V54–Car9 unimers were merely bound to the particles’ surface
or if they were partially embedded within the silica matrix,
allowing cationic sidechains to emanate from the particles’
surface. First, extensively dialyzing the nanoparticle solution
against water did not change the z potential over the course of
seven days, reflecting strong surface interactions or the integra-
tion of the proteins within the particles. Second, and in contrast
with our recent results with ELP-decorated AuNPs,68 neither the
cold nor the hot synthesis products experienced an increase in
Dh when the solution temperature was raised to 55 1C to induce
colloidal aggregation via coacervation of any surface exposed

Fig. 2 Silicification above Tt yields highly monodisperse nanoparticles. (A) Field of view (top) and magnified (bottom left) SEM images of mineralization
products obtained at 22 1C along with their size distribution (bottom right). (B) As in panel (A) except that the mineralization reaction was conducted at
45 1C. (C) Representative TEM image of the 45 1Cmineralization products. (D) DLS intensity profiles of mineralization products obtained at 22 1C or 45 1C.
All experiments were conducted at the indicated temperatures and in water using 75 mM of V54–Car9 and 100 mM of silicic acid.

Fig. 3 SAXS, AFM, and HRTEM characterization of silicification products. (A) SAXS profiles of silicification products obtained at 22 1C (blue) or 45 1C (red) fit
to a raspberry sphere model (solid lines), (B) distribution of core particle diameter from SAXS fit. (C) Schematic representation of the raspberry structure used
for fitting of SAXS profiles. The core particles with radius Rc are decorated with embedded spheres of radius Rp, each with a projecting hemisphere. Tapping-
mode AFM topography images (D) and (G), phase images (E) and (H), and HRTEM images (F) and (I) of NPs mineralized at 45 1C or 22 1C, respectively.
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ELPs (Fig. 4B). This finding strongly suggests that the ELP
segments are embedded within the silica matrix rather than being
available at the surface of the particles. Finally, TGA of 65 nm
commercial silica nanoparticles that had been decorated with
V54–Car9 revealed an onset of organic pyrolysis at about 250 1C
(Fig. 4A, orange trace). This temperature increased to 290 1C for
the hot synthesis and 300 1C for the cold synthesis products,
reflecting not only a more intimate integration of the proteins
within the silica matrix, but also subtle differences in the nature
of the interaction between the two types of nanoparticles.

Using positively charged silica for the co-assembly of silica and
composite superstructures

We exploited the fact that nanoparticles mineralized under hot
synthesis conditions are both positively charged and highly uni-
form in size to create colloidal assemblies through electrostatic
interactions with unmodified NPs bearing an intrinsic net nega-
tive charge. In a first demonstration, we mixed the mineralized
particles with an excess of commercial, 10 nm silica NPs (Fig. 5A,
step 1). This operation led to the decoration of the mineralized
particles’ surface with the smaller silica nanospheres and neu-
tralized the z potential (Fig. 5B). In the resulting raspberry
architecture, the 10 nm nanospheres were rather evenly separated
from each other, as would be expected if they were experiencing a
balance of attractive electrostatic interactions with discrete, posi-
tively charged regions of the mineralized particles, and

electrostatic repulsion with each other. When an excess of miner-
alized nanoparticles was added to the product of the first assem-
bly step (Fig. 5A, step 2), SEM imaging revealed quantitative
depletion of the 10 nm nanoparticles accompanied by the for-
mation of an open, extended, and fractal-like networks, in which
positively charged particles are connected to one another by the
smaller silica nanospheres (Fig. 5C).

To demonstrate that different architectures can be accessed by
manipulating the size of the unmodified silica NPs (Fig. 6A), we
mixed the mineralized NPs with 20 nm commercial silica nano-
spheres.When the 20 nmparticles were used at high concentrations
(5–10mgmL�1), the mixture was colloidally stable and exhibited an
overall negative z potential. Reducing the concentration 10-fold (to
0.5 mg mL�1 or about 75 mM) led to the formation of a white
flocculate after overnight incubation at room temperature. SEM
imaging revealed that this material consisted of rather tightly
packed, multilayer aggregates of the two components (Fig. 6B) in
whichmineralized nanoparticles are interconnected by smaller, and
oppositely charged silica nanospheres (Fig. 6B inset, yellow arrows).

We extended the approach to the production of a composite
superstructure by mixing unmodified, 20 nm gold nanoparticles
(AuNPs) with the mineralized silica. Overnight incubation at the
molar ratio used in the experiment of Fig. 6B led to the formation
of a very similar architecture with bridging AuNPs well dispersed in
the material (Fig. 6C and inset of Fig. 6D). These structures were
stable for at least six months (Fig. S10, ESI†). Finally, and consistent

Fig. 4 (A) TGA thermograms of hot (red) and cold (blue) synthesis products compared to commercial silica before (black) and after (orange) decoration
with a molar excess of V54–Car9. All TGA samples were extensively dialyzed to remove loosely bound or unreacted ligands. (B) DLS intensity profiles of
silicification products at 22 1C (solid lines) or 45 1C (dashed lines) after incubation at the indicated temperatures for 10 min each. SEM images of
mineralized nanoparticles at 45 1C (C) or 22 1C (D) after the addition of 75 mM V54–Car9 and incubation for 10 min.
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with the lack of an adsorbed protein shell, HRTEM imaging
showed an intimate interaction between the amorphous miner-
alized silica and the crystalline AuNPs (Fig. 6D).

Discussion
Micelle formation by V54–Car9

Amphiphilic diblock copolymers have been extensively studied
both theoretically69–71 and experimentally72,73 for their ability to

self-assemble into a range of micellar structures,74 with recent
work focusing on combining the thermoresponsive properties of
ELPs with diblock copolymer behavior to create temperature-
responsive micelles.60 In these applications, a hydrophobic ELP
block (i.e., one that contains a hydrophobic guest residue such as
V) is connected to a moderately hydrophilic block (e.g., an ELP
with charged59 or neutral44 guest residues) or to a protein or a
polymer75,76 to create a construct with reversible thermorespon-
sive micellization behavior. In most cases, the hydrophilic block

Fig. 5 (A) Schematic of the electrostatically driven co-assembly of positively charged mineralized silica NPs (blue) with an excess of 10 nm negatively
charged silica NPs (gray). (B) Products of assembly step (1). (C) Products of assembly step (2).

Fig. 6 (A) Schematic of electrostatically driven co-assembly of positively charged mineralized silica NPs (blue) and 20 nm negatively charged NPs (gray).
SEM images and magnified insets of the co-assembly of mineralized NPs with 20 nm silica NP (B) or 20 nm AuNPs (C). (D) HRTEM of the silica–Au
interface with field of view inset.
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needs to be at least half as long as the hydrophobic block to form
sub-100 nm micelles. For the first time, we show that such long
hydrophilic blocks are not required for micelle formation since
the Car9 dodecapeptide is sufficient to confer diblock behavior
to the V54 ELP despite representing less than 5% of the V54–
Car9 amino acid sequence. Micellization arises 5 1C above the
Tt of the ELP block in a process that involves the formation
of intermediate aggregates 200 to 300 nm in size, and their
subsequent resolution into highly monodisperse equilibrium
structures that are 30 nm in diameter and comprise about 140
ELPs. This configuration provides about 20 nm2 of surface area
for the organization of a Car9 segment on the micelle’s exterior.
Since Car9 can adopt a variety of conformations,23 each core-
tethered peptide must optimize the orientation of its sidechains
to minimize destabilizing interactions with all its nearest neigh-
bors. Considering that five of the 12 residues that make up Car9
are positively charged, this operation should lead to the pre-
sentation of a high density of basic side chains to the solvent,
consistent with the appreciable z potential of approximately
+20 mV. Whether the five basic residues of Car9 are necessary
and sufficient to induce the formation of a well-behaved corona
around the coacervated ELP core, and their role in this process,
is currently being investigated.

Silicification by V54–Car9 micelles and unimers

The ability of V54–Car9 micelles to template the formation of
highly monodisperse silica NPs when mixed with a solution of
silicic acid in the absence of a buffer was not entirely unexpected.
Han et al. previously reported that ELPDiblock-R5, an amphiphilic
ELP consisting of 60 repeats of the hydrophobic (GVGVP) sequence
and 30 repeats of the hydrophilic (GAGVPGGGVP) sequence
followed by the silaffin-derived R5 peptide (SSKKSGSYSGSKGSKR-
RIL), formed 50 nm micelles above a Tt of 33 1C. When supple-
mented with silicic acid, these micelles templated the formation of
silica NPs at 37 1C.44 However, there are two important differences
between the results of this study and ours. First, the particles
synthesized by Han and coworkers exhibited a negative z potential
(�27mV), indicating that the positively chargedmicelles were fully
encapsulated in amineral terminated by negatively charged silanol
groups. Second, no silica precipitation was observed when silicic
acid was added to dispersed ELPDiblock-R5 unimers at 25 1C.

Like ELPDiblock-R5 micelles, V54–Car9 micelles are likely to
serve as nucleation and growth centers for silica polycondensa-
tion by displaying a high density of positively charged amino
acids on their coronae. By analogy with a mechanism suggested
for polyamine-mediated silicification,77 we propose that the
adsorption of silica monomers (or small oligomers) onto the
amino groups of vicinal cationic side chains of Car9 promotes
condensation reactions by bringing the inorganic species in
proximity. This process leads to the formation of larger oligo-
mers that grow into 1–3 nm particles.9,78 These primary parti-
cles, which eventually come into contact and become linked by
siloxane bonds, may be responsible for the surface features
modelled by SAXS fitting and the granularity visualized in the
TEM and AFM experiments in Fig. 3.

If similar silicification mechanisms are at play, why do
ELPDiblock-R5 micelles produce negatively charged silica parti-
cles while V54–Car9 micelles yield positively charged ones? A
major difference between the two systems is that a 300-residue
long hydrophilic block is present between the hydrophobic ELP
block and the silica-binding peptide in ELPDiblock-R5, relative to
a six amino acids long linker in V54–Car9. Thus, R5 should
experience considerably more degrees of freedom than Car9,
which would facilitate interactions between primary particles
and promote the encapsulation of the entire micelle. We
propose that the lower mobility of coronal Car9 peptides and
a stronger structural correlation with their neighbors intro-
duces inwards directionality in the silica growth process that
precludes complete encapsulation of the peptide. Using mole-
cular dynamics (MD) simulations, we previously reported that
three of Car9’s basic residues (Arg-4, Lys-7, and Lys-8, starting
the numbering with the first residue) spend significant more
time on silica surfaces relative to Lys-11 and Arg-12.23 If a
longer residence time on silica is indicative of a more active
participation in the silicification process, the positive charge of
mineralized V54–Car9 micelles could be due to the side chains
of Lys-11 and/or Arg-12 emanating from the surface of the
mineralized silica.

Why do ELPDiblock-R5 unimers not induce nanoparticle
formation below Tt

44 while V54–Car9 unimers are effective at
this task is well explained by the fact that Car9 is a better
catalyst of silicification in water and phosphate-free buffers.
Extensive literature indicates that the formation of R5 oligo-
mers through the bridging action of phosphate ions8,79 (or the
post-translational phosphorylation of the peptide’s serine
residues)80 significantly improves its silica precipitation ability.
Additionally, a direct comparison of the ability of genetic fusions
between green fluorescent protein (GFP) and the R5 or Car9
sequences revealed that whereas GFP-Car9 readily precipitated
titania from the alkoxide-like precursor TiBALDH in mildly
acidified citrate buffer, GFP-R5 was unable to do so.81 A more
interesting question is why do the NPs formed by V54–Car9
unimers under cold synthesis conditions also exhibit a positive z
potential. We believe that this result is explained, at least in part,
by the ability of Car9 to form oligomers when its Arg-4, Lys-7,
and Lys-8 anchor residues are engaged with silica.23 While less
efficient at templating the mineralization of uniform particles
than V54–Car9 micelles, these small oligomers could still impart
directionality to the silicification reaction, precluding encapsula-
tion within the silica matrix and leading to the production of
spherical particles that project cationic sidechains.

Electrostatic assembly of hierarchical architectures

Silica nanostructures exhibiting a positive surface charge have
proven valuable for catalysis82,83 and biomedical applications,84–86

including controlled encapsulation and release of anionic drugs,
surface decoration with DNA, efficient penetration of cell mem-
branes, and electrostatically-driven binding to negatively-charged
cancer cells.87 Reversal of the silica particles’ native negative
charge is usually achieved by adsorption of positively charged
species or by chemical modification of the surface silanol groups
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(Si–OH) with cationic ligands. Unfortunately, these strategies
often result in high polydispersity, poor colloidal stability, and/
or silica dissolution.87,88 Here, we described a simple approach to
produce highly uniform positively charged silica nanospheres that
exhibit exceptional colloidal stability and can be fabricated bio-
mimetically under mild conditions without a need for multiple
precursors, or post-synthesis surface modifications.84,87

These ready-to-use NPs were exploited to create 2- and 3-
dimensional superstructures via electrostatically driven co-
assembly with negatively charged NPs. From raspberry and fractal
structures to more tightly packed composites, we achieved a broad
range of architectures by changing the diameter, concentration,
and composition of the anionic components. Although these
proof-of-concept superstructures were obtained with little optimi-
zation and without annealing, we observed not only a rather
uniform distribution of the two types of NPs in the final assem-
blies, but also the formation of intimate contacts between gold
and silica components. This feature may be particularly valuable
for the design of efficient catalytic and photoelectronic structures
that exhibit high sensitivity to interfacial separation.27,83,89,90

Conclusion

We have shown that while a control ELP lacking a silica-binding
extension undergoes hydrophobic collapse into micron-size coa-
cervates above its Tt, the V54–Car9 silica-binding ELP self-
assembles into 30 nm micelles displaying Car9 on their exterior,
establishing that a short cationic peptide can impart diblock
behavior to a large hydrophobic ELP. We exploited these micelles
to template the mineralization of highly uniform, positively
charged silica NPs under mild conditions. Multimodal character-
ization of micellization kinetics and mineralization products
provided insights into the self-limiting reaction and revealed
nanoscale surface texture. Finally, we exploited the positive charge
and monodispersity of NPs silicified at high temperature for the
electrostatically driven, one-step assembly of hierarchical architec-
tures, accessing a range of superstructures by modifying the size
and composition of the negatively charged co-assembly partner.
We anticipate that it will be possible to mineralize particles of
different sizes, morphologies, and compositions by changing the
sequence and length of the solid-binding segment and ELP block.
Whether these particles will retain a positive charge remains to be
determined, but if they do, they will enrich the range of architec-
tures that can be produced by electrostatic co-assembly. This
simple biomimetic approach to the synthesis of colloidally stable,
positively charged silica NPs and hierarchical and composite
superstructures should prove useful for a broad range of applica-
tions including carriers for triggered anticancer drug release,91

stabilizing agents for nuclear decontamination,92 and solid sup-
ports for carbon monoxide oxidation.93–96

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

The authors declare the following competing financial interest(s):
F. B. declares a competing financial interest in Proteios Technol-
ogy, Inc., which researches and commercializes Car9-based
technologies.

Acknowledgements

We would like to thank Jinrong Ma and Zhixing Lin for their
assistance with molecular biology and characterization. This
material was based upon work supported by the US Department
of Energy, Office of Science, Office of Basic Energy Sciences, as part
of the Energy Frontier Research Centers program: CSSAS – The
Center for the Science of Synthesis Across Scales under Award
Number DE-SC0019288. Part of this work was conducted at the
Molecular Analysis Facility, a National Nanotechnology Coordi-
nated Infrastructure (NNCI) site at the University of Washington,
which is supported in part by funds from the National Science
Foundation (awards NNCI-2025489, NNCI-1542101), the Molecular
Engineering & Sciences Institute, and the Clean Energy Institute.
Part of this work was conducted using instrumentation funded by
the University of Washington Student Technology Fee. This work
benefited from the use of the SasView application, originally
developed under NSF award DMR-0520547. SasView contains code
developed with funding from the European Union’s Horizon 2020
research and innovation programme under the SINE2020 project,
grant agreement no. 654000. The authors acknowledge the use of
facilities and instrumentation supported by the U.S. National
Science Foundation through the use of the Major Research
Instrumentation (MRI) program (DMR-2116265) and the UW
Molecular Engineering Materials Center (MEM-C), a Materials
Research Science and Engineering Center (DMR-2308979).

References

1 R. Ciriminna, A. Fidalgo, V. Pandarus, F. Béland,
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