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Abstract

Thermoresponsive elastin-like peptides (ELPs) have been extensively investigated in biotechnology

and medicine, but little attention has been paid to the process by which coacervation causes ELP-

decorated particles to aggregate. Using gold nanoparticles (AuNPs) functionalized with a 96-repeat of

a cysteine-terminated VPGVG sequence (V96-Cys), we show that the size of the clusters that reversibly

form above the ELP transition temperature (7;) can be finely controlled in the 250 to 930 nm range by

specifying the concentration of free V96-Cys in solution and using AuNPs of different sizes. We further

find that the localized surface plasmon resonance peak of the embedded AuNPs progressively redshifts

with cluster size, likely due to an increase in particle-particle contacts. We exploit this fine control over

size to homogeneously load precise amounts of the dye Nile Red and the antibiotic Tetracycline into

clusters of different hydrodynamic diameters, and deliver cargos near-quantitatively by deconstructing

the aggregates below 7i. Beyond establishing a key role for free ELP in the agglomeration of ELP-

functionalized particles, our results provide a path for thermally-controlled delivery of precise quantities

of molecular cargo. This capability might prove useful in combination photothermal therapies and

theranostics applications, and to trigger spatially and temporally uniform responses from biological,

electronic, or optical systems.



Introduction
Stimuli-responsive nanomaterials undergo changes in structure and properties when environmental
conditions are altered through the application of stimuli such as light,"? temperature,®* solution pH,>®

electric,”® or magnetic fields.® Interest in these materials remains exceptionally high owing to their

10,11 2

potential in advanced sensing, catalysis,"® and drug delivery.’*!* Heat-responsive architectures

comprising gold nanoparticles (AuNPs) have been especially popular in these application fields®> 2

owing to the fact that they exhibit unique size and shape-dependent optical and electronic properties®*??
and are easily decorated with thermoresponsive polymers via ligand exchange.?®

For many years, the polymer of choice was the venerable poly(N-isopropylacrylamide) (PNIPAm),
a macromolecule that exhibits lower critical solution temperature (LCST) behavior and phase
segregates in water above a phase transition temperature (7;) whose value is modulated by polymer
concentration and solution conditions.?*?” Thermoresponsive biopolymers such as elastin-like peptides
(ELPs) have progressively supplanted PNIPAm in the biomedical space because they have the
additional advantages of monodispersity and biocompatibility, and because their 7; and properties can
be tailored and enhanced by genetic engineering.”®3* A significant body of work has focused on the
functionalization of AuNPs with ELPs and on the properties and applications of these composites.®>°
For example, Rege and coworkers have showed that gold nanorods decorated with engineered ELPs
undergo a reversible phase transition upon near-infrared light illumination, and support the
hyperthermal treatment of cancer cells and the photothermal release of chemotherapeutics.®** Other

groups have expanded on the use of ELP-AuNP conjugates for photothermal therapies.**** For example,

Gao and coworkers have shown that ELP-AuNPs are injectable into tumors to form AuNP assemblies



as novel intelligent theranostic agents, enabling in vivo multimodal imaging and photothermal therapy
of cancer.** However, little attention has been paid to the process through which ELP phase segregation
(also referred to as coacervation) drives the reversible clustering of AuNPs, and to the exploitation of
this process to control the properties and function of the clusters.

Inspired by Scherman and colleagues, who noted that the presence of free PNIPAm in solutions of
PNIPAm-coated AuNPs was the primary driving force for aggregate formation above 7,* we show
here that is possible to achieve a fine control over the size of clusters that are dynamically assembled
from individual ELP-functionalized AuNPs by manipulating the amount of free ELP in solution. We
exploit this finding for precision loading and delivery of small molecule cargos that include the dye

Nile Red (NR) and the antibiotic tetracycline (TC).

Experimental

DNA manipulation and protein purification

Plasmid pET25b(+)-ELP(V96) which encodes a 96-repeat of the VPGV G sequence terminated by a Tyr
residue’® was obtained from Addgene. The C-terminal Tyr was converted to Cys by site-directed
mutagenesis, and the resulting plasmid, pET25(+)-ELP(V96)-Cys, was introduced into E. coli
BL21(DE3) cells. Overnight cultures (5 mL) were used to inoculate 500 mL of Terrific Broth (TB)
supplemented with 50 pg/mL carbenicillin at a 1:100 dilution and cells were grown with shaking at 200
rpm for 24 hours at 37°C. Cells were harvested by centrifugation at 4,000g at 4°C for 20 minutes and
the pellet was frozen at -20°C or directly resuspended in 20 mL of 20 mM of Tris-HCI, pH 7.5 for
purification. Cells were placed on ice and lysed by two cycles of sonication on a Fisherbrand Sonic

Dismembrator with each cycle consisting of 10 seconds on and 20 seconds off at 30% amplification for



9 minutes. Lysates were centrifuged at 10,000¢ at 4 °C for 20 minutes to remove insoluble debris. The
supernatant was supplemented with 1 mL of 10 v/v% polyethylenimine (PEI) in DI H,0O, incubated on
ice for 10 minutes, and centrifuged at 10,000g and 4 °C for 20 minutes to remove precipitated nucleic
acids. The V96-Cys protein was purified by inverse transition cycling (ITC) as described*’. The final
resuspension was in 15 mL of DI H,O at a final concentration of 80 to 85 uM, as determined by 205
nm absorbance measurements*® on a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo
Scientific). Purity was greater than 95% as judged by silver-stained SDS-PAGE analysis (Fig. S1).
Preparation of V96-Cys-functionalized AuNP samples

Citrate-capped AuNP 60 nm or 20 nm in nominal size (64 nm and 25 nm in hydrodynamic diameter;
Fig. 1B and Fig. S2) and dispersed in DI H,O were purchased from BBI Solutions (Portland, ME).
V96-Cys-functionalized AuNPs were prepared by mixing 200 uL. of an 80 pM protein stock with 1 mL
of AuNP solution in a 2 mL glass vial. This concentration of V96-Cys (13.3 uM) was necessary to
preserve colloidal stability during the citrate-ELP ligand exchange step (Fig. S3). The mixture was
incubated for 24 hours at room temperature with shaking at 30 rpm on a Slow Speed Roto Mix
(Barnstead Thermolyne). To remove free ELP, a 1 mL aliquot was transferred to a 50-kDa cutoff, 10
nm pore size, Float-A-Lyzer (Repligen, Waltham, MA), a high-efficiency device for the dialysis of small
volume samples. The sample was dialyzed twice against 300 mL of DI H,O for 2 hours at room
temperature, and a final round of dialysis was conducted overnight. The dialysis protocol removed 99.3%
of the free protein from preparations of V96-Cys-decorated 60 nm AuNPs, and 99.5% of the free protein
from preparations of V96-Cys-decorated 20 nm AuNPs (Table S1). Protein-decorated particles were
stable for months of storage at 4°C (Fig. S4). For some experiments, free V96-Cys was added back to

dialyzed solutions at the indicated final concentration using an 80 uM stock solution of protein. Samples



were vortexed for 20 seconds prior to characterization.

Analytical techniques

The transition temperature (7t) of V96-Cys was determined by dynamic light scattering (DLS) on a
ZetaSizer (Malvern Instruments). To this end, protein samples (1 mL at a concentration of 10 uM in DI
H,0) were heated from 20°C to 40°C with a step size of 2°C and a 5 minutes holding time at each
temperature. DLS was also used to determine the hydrodynamic diameter (Dy) of V96-Cys-decorated
AuNP clusters at different temperatures. Samples (1 mL) consisting of non-dialyzed V96-Cys-decorated
AuNP were incubated at 20° C or 40° C for 5 minutes before acquisition of DLS data, while samples
(1mL) consisting dialyzed V96-Cys decorated AuNP and the indicated concentration of free V96-Cys
were incubated at 20°C or 40°C for 10 minutes before acquisition of DLS data.

For UV-Vis characterization, samples (200uL) were loaded in a 96-well plate and spectra were
collected from 300 to 800 nm on a BioTek Synergy LX Multi-Mode plate reader with a step size of 5
nm. The temperature was varied from 20°C to 40°C with a 5 minutes holding time for non-dialyzed
sample and a 10 minutes holding time for dialyzed sample at each temperature, respectively.

Cargo Entrapment and Release

For Nile Red (NR) fluorescence assays, 5 uL. of a 500 pg/mL stock solution of NR in acetone was added
to 245 pL of DI H,O containing dialyzed V96-Cys-functionalized AuNP and the indicated concentration
of free ELP. The mixture was vortexed for 20 seconds and aliquots (200uL) were loaded in a 96-well
plate held at room temperature. Samples were excited at 560 nm and emission intensities were measured
at 620 nm on a BioTek Synergy LX Multi-Mode plate reader. The plate was covered and heated to 40°C
in the instrument. Emission spectra were recorded after 30 minutes. The amount of entrapped NR was

calculated from the difference in emission intensities at the two temperatures using the calibration curve



of Fig. S5. Samples were next transferred to a Float-A-Lyzer and dialyzed twice for 2 hours and once
overnight at 40° C against 100 mL of pre-heated DI H,O to remove the free dye. The amount of NR
released upon cluster deconstruction was determined after 10 minutes and overnight incubation at 20°
C using the calibration curve of Fig. S5. We used our smallest clusters (those produced by adding 0.5
uM of V96-Cys to 20 nm ELP-decorated AuNP) to demonstrate that no material escaped during the 40°
C dialysis step. To this end, we compared the amount of free protein present in the supernatant of
ultracentrifuged (50,000g for 10 min) samples held at 20°C, to that present in the supernatant of
ultracentrifuged samples that had been incubated at 40°C to induce coacervation, dialyzed overnight at
the same temperature, and cooled at 20°C for 24h to deconstruct clusters and regenerate a mixture of
free V96-Cys and ELP-coated AuNPs. There was no significant difference in the amount free protein
in the two samples (0.50 & 0.03 pM vs. 0.48 + 0.04 uM), demonstrating that no loss of material was
incurred during dialysis.

For tetracycline (TC) assays, 100 pL of a 100 pg/mL stock solution of TC in DI H,O was mixed
with 300 pL of DI H»O containing dialyzed V96-Cys-decorated AuNP and the indicated concentration
of free ELP at room temperature. The mixture was vortexed for 20 seconds and aliquots (200 uL) were
transferred to a 96-well plate held at room temperature. UV-Vis samples were acquired in the 300 nm
to 800 nm window with a 1 nm step size. The plate was heated to 40°C in the instrument and UV-Vis
spectra were recorded after 30 minutes. The amount of entrapped TC was calculated from the difference
in absorbance at 356 nm at the two temperatures using the calibration curve of Fig. S6. Samples were
extensively dialyzed at 40°C against 150 mL of DI H»O as described for NR to remove free TC. The
amount of TC released upon cluster deconstruction was measured after 10 minutes and overnight

incubation at 20°C using the calibration curve of Fig. S6.



For scanning electron microscopy (SEM) imaging, aliquots (10 puL) were deposited on silicon
wafers and allowed to air dry overnight. For experiments conducted above Ty, sample wafers were pre-
heated to 40°C 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.

Growth Inhibition Experiments

We tested several common E. coli K-12 strains for TC sensitivity in the 0.25 to 5 pg/mL range and
selected HB101 ( F thi-1 hsdS20 (rg ,mg") supE44 recAl3 ara-14 leuB6 proA2 lacY1 galK2 rpsL.20
(str') xyl-5 mtl-1) as an adequately responsive strain. Overnight cultures (5 mL) grown at 37°C in LB
broth were used to inoculate culture tubes containing 5 mL of fresh LB at a 1:50 dilution. Half of the
tubes received increasing concentrations of TC in the 0.25 to 2.5 ng/ml range from a 100 pg/mL stock
solution of the antibiotic. The other half were supplemented at a 1:50 dilution with TC entrapped in
size-defined coacervates of V96-Cys-functionalized AuNPs produced at 40°C with various
concentrations of free V96-Cys. Cultures were grown with shaking at 100 rpm for 48 hours at 20°C to
induce TC release from the coacervates and the degree of growth inhibition was assessed by measuring
culture optical density at 600 nm (A4e00). Experiments were conducted in duplicate with no significant

difference between samples.

RESULTS AND DISCUSSION

Thermoreversible Assembly of AuNP with a Gold-Binding ELP. To create an Au-binding ELP,
we used site-directed mutagenesis to convert a Tyr residue at the C-terminus of a 96-repeat of the
VPGVG sequence®® to a Cys. The substitution had little effect on LCST behavior (Fig. 1A). The

resulting protein (V96-Cys) experienced a sharp transition from unimers with a hydrodynamic diameter



(D) of 10.5 £ 1 nm at 20°C to 1050 £ 30 nm coacervates at a transition temperature (7;) of 32°C
that was comparable to that of the parental protein (7; = 31.9°C).*®

We next verified that the engineered C-terminal Cys would mediate coordination to gold interfaces
by mixing citrate-capped 60 nm AuNP (D= 64 + 5nm, Fig. 1B) with 13.3 uM of purified V96-Cys.
This protein concentration was chosen to maintain colloidal stability during the ligand exchange step
(Fig. S3). Dynamic light scattering (DLS) measurements conducted at 20°C revealed efficient formation
of 115 + 4 nm species consistent with AuNP surrounded by an about 25 nm protein shell (Fig. 1B).
SEM imaging confirmed that V96-Cys-functionalized AuNP particles were well dispersed and featured

a uniform protein coating that was 12 £ 1 nm (N = 60) thick under dry conditions (Fig. 1C and its inset).
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Figure 1 (A) DLS measurements show that V96-Cys rapidly transitions from 10 nm unimers to 1050 nm coacervates
above a LCST of 32°C. The inset shows the appearance of a V96-Cys solution at 20°C and 40°C. (B) Size
distributions of V96-Cys unimers, 60 nm AuNP, and V96-Cys-decorated AuNP particles at 20°C. (C) SEM image of
V96-Cys-decorated AuNP at 20°C. The inset is a higher magnification image showing the ELP shell surrounding
AuNPs. (D) Mean hydrodynamic diameter, and (E) UV-visible spectra of V96-Cys-decorated AuNPs over repeated
cycles of heating and cooling between 20°C and 40°C. The inset in panel (E) shows the appearance of the solution
at the two temperatures. (F) SEM image of a typical AuNP cluster assembled via V96-Cys coacervation at 40°C.

The inset shows that smaller clusters comprising fewer AuNPs are also present in solution.



To determine if the ELP shell would mediate AuNP clustering above 7: and to test the
thermoresponsiveness of the system, we repeatedly cycled samples between 20°C and 40°C, using DLS
to monitor the change in size distributions after 5 min of equilibration at each temperature. Fig. 1D
shows the exceptional reversibility of the transition between protein-decorated AuNPs with a mean Dy
of 150 £ 3 nm and a polydispersity index (PDI) of 0.085 at 20°C, to clusters with a mean Dy, of 926
+ 4 nm, but a higher PDI of 0.23 at 40°C. There was a small increase in the size of the ELP-decorated
AuNP at the conclusion of the first temperature cycle that we attribute to the reconstruction of the
protein shell after an initial round of coacervation-driven aggregation. UV-visible spectra collected after
each heating and cooling step (Fig. 1E) showed that the transition from dispersed particles to aggregates
was accompanied by a reversible 20 nm redshift in the localized surface plasmon resonance (LSPR)
maximum.

To better understand the nature of this coupling and ascertain size distributions, we collected SEM
images of aggregates formed at 40°C. The dry clusters had a mean diameter of 520 £ 31 nm (N = 10)
that is consistent with the mean Dy of ~925 nm obtained by DLS. However, and in agreement with the
PDI of 0.23 which is on the higher end of the monodisperse population cutoff, some clusters contained
as few as a dozen AuNP that were well separated in an ELP matrix (Fig. 1F, inset), while others
incorporated a larger number of AuNP and ranged in (dry) size from 320 to 540 nm (Fig. 1F; also see
Fig. S7). Considering the sharp dependency of metal nanoparticle plasmonic coupling on separation

distance,**°

it is likely that the redshift observed in Fig. 1E originates from the large aggregates where
AuNP have a greater chance of coming into close contact because they are not fully enveloped by an

ELP layer.

Finally, there was a progressive decrease in the maximum intensity of the 543 nm (20°C) and 563
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nm (40°C) peaks as the solution was cycled between the two temperatures (Fig. 1E). Because overnight
incubation of the 20°C products obtained after seven cycles of temperature switching brings about a 15%
increase in scattering intensity at 543 nm (dashed purple line in Fig. 1E), we attribute this phenomenon
to insufficient equilibration time at 20°C for the full resolution of coacervates into protein-coated
nanoparticles. Indeed, SEM imaging of samples collected at intermediate cycles of heating and cooling
revealed that small clusters consisting of 2 to 8 AuNPs connected by ELPs persisted after 5 minutes of
incubation at 20°C (Fig. S8).

In summary, V96-Cys efficiently coordinates gold to reversibly assemble AuNP with the advantages
over PNIPAm of being monodispersed, genetically modifiable and biologically produced. Our results
also show that although heating above 7; produces AuNP-loaded coacervates with a mean Dy, of ~925
nm and a polydispersity index that is routinely associated with monodisperse populations, clusters
sample a broad range of sizes.

Free ELP Controls the Size and Plasmonic Response of V96-Cys-Functionalized AuNP
Assemblies. Based on the work of Jones et al.*® who reported that full depletion of the free PNIPAm
present in solutions of PNIPAm-decorated AuNPs precludes polymer-driven particle aggregation above
the LCST, we set out to examine the role of free V96-Cys in AuNP assembly. To this end, we subjected
60 nm AuNP supplemented with an excess (13.3 uM) of V96-Cys as above to extensive dialysis at 20°C
before incubating the samples at 40°C. Unlike with the PNIPAm-AuNP system where no assembly was
detected,”® we reproducibly observed the formation of small clusters (Dy ~200 nm) that could be
repeatedly dispersed and re-assembled by temperature cycling (Fig. 2A and Fig. S9). We attribute the
formation of these clusters to the coacervation of a small number of ELP-decorated AuNPs by trace

amounts of free V96-Cys. Indeed, Table S1 shows that although dialysis removes over 99% of the free
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V96-Cys in solution, about 70 nM of the protein persists in the samples. The same concentration of

PNIPAm is sufficient to cause a small amount of clustering in the PNIPAm-AuNP system.*®
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Figure 2 (A) Mean hydrodynamic diameters and (B) UV-visible spectra of extensively dialyzed V96-Cys-decorated
AuNPs (60 nm) over repeated cycles of heating and cooling between 20°C and 40°C. (C) Representative SEM
images of the ~200 nm AuNP-loaded coacervates produced at 40°C. Images were collected in backscattered
electron mode to enhance contrast. (D) Mean Dn and (E) UV-visible spectra of the same particles after addition of
an excess (13.3 uM) of V96-Cys to the solution and repeated cycles of heating and cooling. (F) Mean Dn and (G)
UV-visible spectra of extensively dialyzed V96-Cys-decorated AuNPs (20 nm) over repeated cycles of heating and

cooling between 20°C and 40°C.

As in Fig. 1D, a reconstruction event increased the thickness of the ELP shell surrounding each
particle by about 10 nm (to ~35 nm) after the firstfwhm cycle of thermocycling. This did not impact the
size of the clusters produced at 40°C (Fig. 2A), but there no longer was a shift in the LSPR maximum
(Fig. 2B). Considering that the distance at which interparticle plasmonic coupling ceases can be
coarsely taken as a half the AuNP diameter,**? we estimate that the interstitial protein layer separating
coacervated AuNPs is at least 30 nm thick. Indeed, SEM imaging confirmed an enrichment in clusters
made up of 2 to 8 AuNPs encased within a continuous ELP matrix (Fig, 2C, also see Fig. S10)

To confirm that the decrease in cluster size from 920 nm to 200 nm was caused by the removal of

free ELP, we approximated the experimental conditions of Fig. 1D by supplying a dialyzed solution of
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V96-Cys-functionalized AuNPs with 13.3 uM of ELP. Incubation at 40°C induced the formation of
aggregates that were comparable in size (Dn = 930 nm) to those obtained with the original system (Fig.
1D). Furthermore, plasmonic coupling was restored, albeit with a slightly reduced (15 nm) redshift (Fig.
2E).

We next used 20 nm AuNPs to generalize results while probing the influence of surface curvature.
As with larger AuNPs, incubation with excess V96-Cys caused particle functionalization with a 25 nm-
thick protein shell (D = 74 + 3 nm, Fig. S2), temperature cycling between 20 and 40°C led to reversible
formation and deconstruction of 930 + 52 nm clusters (Fig. S11A), and coacervation was accompanied
by a reversible ~20 nm redshift in the LSPR maximum (Fig. S11B). Additionally, removal of 99.5% of
free V96-Cys by dialysis abrogated the formation of the 930 nm aggregates in favor of small clusters
(Dn =115 nm; Fig. 2F and Table S2) that no longer experienced plasmonic coupling (Fig. 2G). Of note,
the first round of high temperature incubation also increased the thickness of the ELP shell by about 10
nm (Fig. 2F). In short, particle curvature appears to have little influence on coacervation-induced AuNP
clustering as 20 nm V96-Cys-functionalized AuNPs behave like their 60 nm counterparts, except that
the clusters they form above T after dialysis are about half the size of those produced with 60 nm AuNPs.

Precision Loading and Delivery of Molecular Cargos. Next, we explored if mean cluster size
could be controlled by exogenous ELP addition. To this end, we supplied dialyzed, V96-Cys-decorated
AuNPs with increasing concentrations of free protein and raised the temperature to 40°C before
collecting DLS data. Addition of as little as 100 nM of V96-Cys to dialyzed solutions of 60 nm ELP-
decorated AuNP increased the size of the clusters by over 2.5-fold (Fig. 3A). After this sharp increase
in Dy, clusters progressively grew from 520 to 930 nm as the concentration of free V96-Cys was raised

from 250 nM to 3 uM (Table 1). Importantly, polydispersity was very low as evidenced by narrow full
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width at half maximum (FWHM) values for the size distributions (gray bars in Fig. 3A), DLS intensity
profiles featuring a single peak (Fig. S12), and a PDI below 0.1 for clusters in the 520-870 nm size
range (Table 1). Also of note, plasmonic coupling was restored upon addition of 250 nM V96-Cys, and
both redshift and scattering intensity increased with the concentration of free ELP supplied (Fig. S13).
This suggests that the number of AuNPs that are close enough to experience electromagnetic coupling
(i.e., those not separated by an ELP layer) increases with cluster size. In the future, such defective
particle envelopment and the associated redshift may prove useful to estimate cluster size by UV-visible
spectroscopy, and to track individual clusters in complex environments with hyperspectral microscopy.

We obtained similar results — and accessed a smaller size range of 250 to 400 nm — by
supplementing dialyzed solutions of V96-Cys-decorated 20 nm AuNPs with free ELP and inducing
coacervation at 40°C (Fig. 3B and Fig. S14). While these clusters still qualify as monodisperse, their

PDI values were larger (~0.2; Table S2). Finally, coacervation of free V96-Cys over the same range of

Table. 1 Mean hydrodynamic diameters and polydispersity indices of
clusters formed by adding the indicated concentration of V96-Cys to
dialyzed V96-Cys-functionalized AuNP (60 nm) and incubated the

solution at 40°C.

Free V96-Cys (uM)  Mean Dy, at 40°C (nm) PDI
0 200 0.17

0.1 520 0.045

0.25 560 0.039

0.5 600 0.045

1 715 0.032

1.5 770 0.067

2 870 0.080

3 930 0.12

concentrations only yielded ~900 nm aggregates (Fig. 3C).
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To determine if the formation of such size-controlled clusters could be exploited to load and release
precise amounts of molecular cargo, we repeated experiments in the presence of 10 pg/mL of Nile Red
(NR), a lipophilic fluorescent dye. Fig. 3D shows that the amount of NR partitioning within clusters
produced with 60 nm AuNP increased from 4.5 ug/mL at a free V96-Cys concentration of 0.5 uM, to

about 6.5 pg/mL in the presence of 3 uM V96-Cys (pink bars). The dynamic range was even larger
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Figure 3 Top panels: Mean hydrodynamic diameters of AuNP-loaded coacervates (clusters) produced by
incubating dialyzed, V96-Cys-decorated AuNPs 60 nm (A), or 20 nm (B) in size with the indicated concentrations
of free V96-Cys at 40°C. (C) No size control is observed in the absence of AuNPs. Bars correspond to the full
width at half maximum (FWHM) of the size distributions. Boffom panels: Quantification of the amount of Nile Red
(NR) entrapped within size-controlled clusters produced by adding the indicated concentrations of free V96-Cys
to V96-Cys-decorated AuNPs 60 nm (D), or 20 nm (E) in diameter, and incubating the mixture at 40°C (pink bars).
(F) Entrapment of NR within coacervates formed by incubating the indicated concentrations of free V96-Cys at
40°C. NR was added at a concentration of 10 ug/mL to all solutions prior to temperature upshift. Unincorporated
NR was removed by dialysis at 40°C as described in Experimental Methods. NR release was measured after 10
min (light blue bars), or 24h of incubation at 20°C (dark blue bars). Error bars correspond to the root mean square

deviation (RMSD) of two independent experiment. Significant differences between measurements are indicated
(*p<0.05 and ** p<0.01).

when using 20 nm AuNPs (from 1 to 2.5 pg/mL of loaded NR; Fig. 3E).
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We next removed unincorporated NR by conducting dialysis at 40°C and transferred the samples to

20°C to induce cluster deconstruction. After 10 min of incubation, 70-80% of the NR associated with

clusters formed with 60 nm AuNPs, and 60% of the NR uptaken by clusters produced with 20 nm

AuNPs, had been released in solution (Fig, 3D-E, light blue bars). Overnight incubation at 20°C led to

the release of an additional 10% (60 nm AuNPs) and 20% (20 nm AuNPs) of the cargo (Fig, 3C-D, dark

blue bars). Thus, while most of the NR is rapidly released upon temperature downshift, a small amount

appears to experience prolonged association with V96-Cys conformers that require time to return to

their fully solvated, random coil conformation.

Although some degree of control could be exerted over the uptake and release of NR through the

reversible coacervation of V96-Cys alone (Fig. 3F), there were significant differences relative to the

AuNP system. First, control over NR loading was only possible over the 0.5 uM to 1.5 uM range of

V96-Cys concentrations, and it was achieved more coarsely than when 60 nm ELP-decorated AuNPs

were combined with 0.5 uM to 3 uM of free protein (Fig. 3D). Second, NR entrapment through free

ELP coacervation did not allow access to the low NR loadings achieved with 20 nm AuNPs (Fig. 3E).

Third, the entrapped NR was released more slowly from coacervates produced with free protein alone

compared to those formed in the presence of ELP-decorated AuNPs (compare light blue bars in Fig.

3D-F).

To show that these observations reflect a fundamental difference in the mechanisms of cargo

loading and release, we used confocal fluorescence microscopy to image NR-loaded coacervates

produced with 3 uM of free V96-Cys or by adding the same concentration of protein to ELP-decorated

60 nm AuNPs. Fig. S15 shows that the coacervates obtained with free V96-Cys alone were more

polydisperse and less evenly loaded with NR compared to the clusters produced in the presence of
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AuNPs.

Taken together, our data suggest that ELP-decorated AuNPs enable the production of clusters of
defined sizes by serving as seeds that mediate the uniform consumption of bridging V96-Cys molecules
until they are locally depleted and accretion ceases. This orchestrated growth process results in the
production of rather monodisperse AuNP-loaded coacervates and explains the homogeneous
incorporation of the surrounding NR cargo (and of its release during cluster deconstruction). By contrast,
pure ELP alone forms coacervates through a random nucleation process that leads to heterogeneity in
both coacervate size and cargo entrapment and release. Accordingly, the control of NR loading by V96-
Cys in the 0.5-1.5 uM range is solely due to increased NR uptake by more numerous (or larger)
aggregates. Why such uptake control ceases above 1.5 uM V96-Cys is less clear but may be related to
a fine balance between the kinetics of coacervation and the depletion of the cargo in the vicinity of the
growing coacervates.

Tetracycline (TC) is a broad-spectrum antibiotic that binds to a highly conserved region of the 16S
RNA in the 30S ribosomal subunit of gram-positive and gram-negative bacteria to sterically interfere
with protein elongation. The antibiotic is bacteriostatic (e.g., it blocks cell growth rather than killing
pathogens) and some of its synthetic derivatives have shown potential for the treatment of multidrug-
resistant pathogens in oral and intravenal delivery schemes.*® TCs are also hydrophobic and various

schemes (e.g., micelle-based formulations)> have been explored to enhance their bioavailability.
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Figure 4 (A) Schematic illustration of the process used to load and release tetracycline (TC) in size-controlled,
thermoresponsive clusters. (B) Quantification of the amount of TC loaded at 40°C (pink bars) and released from
size-controlled clusters obtained with 60 nm AuNPs after 10 min (light blue bars), or 24h of incubation at 20°C (dark
blue bars). Clusters were produced by incubating dialyzed V96-Cys-decorated AuNPs with 25 ug/mL of TC and the
indicated concentration of free V96-Cys at 40°C. Significant differences between measurements are indicated (**
p<0.01). (C) Absorbance at 600 nm (Asoo) of E. coli HB101 cultures supplemented with the indicated concentrations
of TC through direct drug addition (green triangles), or temperature-induced deconstruction of clusters loaded with
the indicated amount of TC after 48h of incubation at 20°C. The yellow square shows the Asoo of untreated cultures.
Experiments were repeated twice with synchronized cultures with no statistically significant differences in Aeoo

values. Addition of AuUNP alone or 3 pM of V96-Cys to the cultures caused no detectable growth inhibition.

We used TC and learnings from NR experiments to demonstrate a generic scheme for loading and
delivering hydrophobic drugs via size-controlled, thermoresponsive clusters produced with 60 nm
AuNPs (Fig. 4A). While TC uptake was low under our unoptimized experimental conditions, we

achieved anFig. 4b order of magnitude dynamic range in drug entrapment by varying the concentration
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of free V96-Cys from 250 nM to 3 uM (Fig. 4B, pink bars). As was the case with NR, 10 minutes at
20°C was insufficient to fully release the entrapped cargo. However, TC release was nearly quantitative
after 24h of incubation (Fig. 4B, light and dark blue bars). To confirm that the antibiotic was delivered
in a dose-dependent and bioavailable manner, we mixed clusters produced at different concentrations
of free ELP at 40°C with growth medium inoculated with E. coli HB101 cells. These cells are sensitive
to the presence of TC in the concentration range that is relevant for our experiments (Fig. S16A).
Samples were transferred to 20°C to induce cluster deconstruction and trigger antibiotic release, and the
optical density of the cultures was measured at 600 nm (Ae00) after 48 hours of cultivation to quantify
the extent of growth inhibition. Consistent with our expectations, cell growth became poorer as the size
of the provided clusters increased (Fig. 4C and Fig. S16B). Importantly, there was excellent agreement
in the Aeoo values of cultures that had received TC through cluster deconstruction (TC concentration was
determined from the data in Fig. 4B) and those that were directly supplied with increasing
concentrations of the drug (Fig. 4C, compare blue circles to green triangles). We attribute the small
differences in Agpo at TC < 1 pg/mL to the fact that the drug is immediately available for cellular uptake

when it is directly added to the cultures.

CONCLUSION

We have shown here that, like PNIPAm-functionalized AuNPs,* ELP-decorated AuNPs require that
free unimers be present in solution to undergo significant coacervation-induced aggregation above 7.
We have further demonstrated that the mean Dy, of the clusters produced upon temperature upshift can
be tuned in the 300 to 900 nm range — and their LSPR maximum progressively shifted to the red -- by

specifying the amount of free V96-Cys that is added to dialyzed, protein-functionalized particles, and
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by making use of AuNPs of different diameters. Finally, we have shown that precise amounts of
hydrophobic molecular cargos, Nile red and tetracycline, can be homogeneously encapsulated within
these size-controlled clusters during the coacervation process, and subsequently released during their
deconstruction below 7.

This simple approach to the production of monodisperse AuNP aggregates that are readily
deconstructed by temperature downshift might prove useful for drug delivery and combination
photothermal therapy or theranostics applications. Rapid release of discrete amounts of cargo from size-
controlled clusters should also be useful to trigger spatially and temporally uniform responses from
biological, electronic, or optical systems. Additionally, it should be straightforward to tune the 7: by
manipulating the number of pentapeptide repeats, and to optimize the loading of specific cargos by
changing the identity of the guest residue and/or the composition of the ELP sequence.>**® Finally, it
should be possible to expand the concept beyond AuNPs (e.g., to other metals, semiconductors, and
oxides) by substituting a solid-binding peptide for the gold-coordinating Cys residue, and exploiting
the binding and mineralizing properties of the resulting solid-binding ELP®’ to fabricate reconfigurable

systems with applications in catalysis and opto-electronics.
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