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ABSTRACT: The fabrication of three dimensional “bead-
string” microstructured hydrogels is rationally achieved by
controlling the relative timing of chemical crosslinking and
physical self-assembly processes of an engineered protein. To
demonstrate this strategy, an elastin-like protein (ELP) amino
acid sequence was selected to enable site-specific chemical
crosslinking and thermoresponsive physical self-assembly. This method allows the tuning of material microstructures without
altering the ELP amino acid sequence but simply through controlling the chemical crosslinking extent before the thermally
induced, physical coacervation of ELP. A loosely crosslinked network enables ELP to have greater chain mobility, resulting in
phase segregation into larger beads. By contrast, a network with higher crosslinking density has restricted ELP chain mobility,
resulting in more localized self-assembly into smaller beads. As a proof of concept application for this facile assembly process, we
demonstrate one-pot, simultaneous, dual encapsulation of hydrophilic and hydrophobic model drugs within the microstructured
hydrogel and differential release rates of the two drugs from the material.
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1. INTRODUCTION

Self-assembly is a ubiquitous process in nature by which a wide
variety of complex materials with elaborate structures and
unique properties are created.1,2 Inspired by biological self-
assembling systems, many biomimetic molecules and methods
have been utilized to facilitate the design and fabrication of
three-dimensional (3D) functional materials.3−5 In particular,
peptides and proteins are highly appealing building blocks for
constructing self-assembled systems because of their exquisite
structures and functions.6 Elastin-like protein (ELP) is a class
of genetically engineered polypeptides with amino acid
sequences inspired by tropoelastin, consisting of the
pentapeptide repeat Val-Pro-Gly-Xaa-Gly (VPGXG), where
the guest residue Xaa can be any amino acid except Pro.7 ELP
can undergo a lower critical solution temperature (LCST)
phase transition; that is, it is soluble at temperatures below the
transition temperature (Tt) and becomes less soluble and
forms polymer-rich coacervates when the temperature is raised
above Tt.

8,9 This thermoresponsive assembly behavior of ELP
has previously been exploited for diverse applications,
including stimuli-responsive drug delivery,8,10 design of
functional materials with highly stretchable and self-adhesive
features,11,12 and modeling the tropoelastin coacervation
process in vitro to better understand the elastic fiber
assembly.13,14 Interesting nanofibrous multilayered architec-
tures, string-like networks, and round-shaped protein coac-
ervations were observed previously for materials involving the
self-assembly of ELP, and the material structures were found to
have a dependence on the primary amino acid sequence of the
protein.11,15 To date, methods that can easily control the self-

assembled microstructure of ELP-based materials without
requiring redesign of the primary amino acid sequence have
not been reported.
Herein, we present an innovative, simple, one-pot method

that permits facile fabrication and tuning of 3D “bead-string”
microstructures in an ELP hydrogel system without the
modification of the amino acid sequence. This is achieved by
modulating the timing of the chemical crosslinking and
physical self-assembly processes during ELP gelation (Figure
1). By controlling the extent of chemical crosslinking before
thermally inducing the physical assembly of ELP, we were able
to tune the size and density of polymer-rich coacervates in the
material structure. To demonstrate the generalizability of this
strategy, we present three different approaches to control the
extent of chemical crosslinking: (1) tuning the pH of the gel
precursor solution, (2) modifying the stoichiometric ratio of
functional groups in the crosslinking reaction, and (3)
controlling the crosslinking reaction time before the thermo-
triggered assembly. Each of these three methods resulted in the
control of the resulting hydrogel microstructure. As a proof of
concept, we further demonstrate that the “bead-string”
microstructured ELP hydrogel allows simultaneous coencap-
sulation and sequential release of hydrophilic and hydrophobic
drugs in a very simple manner. The delivery of multiple drugs
within one hydrogel system16−18 can be significantly helpful in
treating diseases or repairing tissues that involve multiple
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complicated signaling pathways.19−21 However, it is often
challenging to achieve codelivery and differential release rates
of drugs with different hydrophilicities in one delivery system,
which often requires the use of advanced chemistry,
sophisticated molecular designs, and multistep fabrication
procedures.22−24 By contrast, here we use a one-pot fabrication
method to simultaneously encapsulate the hydrophobic drugs
within the hydrophobic, self-assembled ELP coacervates and
the hydrophilic drugs within the polymer-lean phase of the gel
network. Taken together, we have utilized a facile approach to
fabricate hydrogels with unique “bead-string” microstructures,
which show the potential for co-delivery and sequential release
of drugs with different hydrophilicities (Figure 1).

2. RESULTS AND DISCUSSION

2.1. Formation of ELP Hydrogel with the “Bead-
String” Structure. Protein engineering allows molecular-level
control over the recombinant protein. Here, we have designed
and introduced lysine residues into the ELP sequences to
enable site-specific, covalent crosslinking through reaction with
the lysine primary amine side chains.25,26 In this study, we used
a previously introduced, amine-reactive crosslinker, THPC, to
form ELP hydrogels at RT (Figure 1a).27 Our ELP will
undergo an LCST phase transition, with a characterized Tt of
∼33.9 °C (Figure S1, Supporting Information).28 Therefore, at
RT, ELP is fully soluble but will undergo a thermodynamic
phase separation to form polymer-rich aggregates distributed
within a polymer-lean phase when the temperature is raised to
physiological temperature (Figure 1b). This results in a

characteristic “bead-string” microstructure, with bead size on
the order of 1 μm as observed using scanning electron
microscopy (SEM), for an ELP hydrogel that undergoes
incomplete THPC crosslinking before heating up to 37 °C
(Figure 1c). We hypothesized that the tuning of this
microstructure could be achieved by modulating ELP chain
mobility via controlling the extent of crosslinking before
inducing LCST self-assembly (Figure 1d). We reasoned that in
a loosely crosslinked network, the ELP chains would have
fewer attachment points to the network and thus greater
mobility to phase segregate into larger beads. By contrast, in a
network with a higher density of crosslinks, the ELP chains
would be more “locked” into place, resulting in more localized
self-assembly and smaller beads. We further hypothesized that
the extent of crosslinking within the gel could be controlled by
several different methods, including tuning the pH of the gel
precursor solution, the amount of crosslinker added, or the
reaction time at RT before heating above Tt.

2.2. Control of ELP Hydrogel “Bead-String” Structure
via pH. To evaluate the hypothesis of controlling the ELP
hydrogel microstructure by tuning the crosslinking extent
below Tt, we first explored changing the pH of the gel
precursor solution. Previous work by Lim et al. reported that
the mechanical properties of ELP gels formed via a similar
amine-reactive crosslinker were strongly influenced by the
reaction pH, with gels showing a higher stiffness at more basic
pH.26 This observation suggests that changes in pH can result
in varied ratios of primary amine (−NH2) to protonated
amines (−NH3

+) on the ELP chains,26 thus leading to different

Figure 1. Schematic of ELP hydrogel formation with controlled “bead-string” structure. (a) Covalent crosslinking of ELP network using chemical
crosslinker tetrakis(hydroxymethyl)phosphonium chloride (THPC). (b) Thermally triggered physical self-assembly of ELP. (c) SEM image of
“bead-string” microstructured ELP gel (5 wt % ELP crosslinked at 1:1 stoichiometric ratio for 2 min at room temperature (RT), followed by 10 min
at 37 °C). (d) Proposed strategy to control hydrogel microstructure by modulating chemical crosslinking and physical self-assembly processes of
ELP. (e) Simple, one-pot formation of microstructured ELP hydrogel for dual encapsulation and sequential release of hydrophilic and hydrophobic
drugs.
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crosslinking densities. In our study, we tuned the ELP
precursor solution to have a pH of 6.5, 7.5, or 8.5, before
crosslinking. We observed a similar trend in the effect of pH on
hydrogel mechanics as previously reported; gels crosslinked at
pH 8.5 reached a plateau G′ of ∼800 Pa, whereas gels
crosslinked at pH 6.5 resulted in a G′ of ∼10 Pa (Figure 2a). In

addition, the gelation time was significantly affected by the pH
of the ELP precursor solution. Nearly complete gelation
occurred in approximately 1, 7, or 40 min for reactions with
pH of 8.5, 7.5, or 6.5, respectively (Figure 2a). Therefore, a
crosslinking time period of 15 min was selected to enable the
formation of networks at RT with three different crosslinking
extents: highly crosslinked at pH 8.5, intermediate at 7.5, and
barely crosslinked at 6.5. Following this, a 15 min incubation at
37 °C was applied to induce the thermal phase separation of
ELP.
Consistent with our hypothesis (Figure 1d), we found that

gels starting from a barely crosslinked network before heating
above Tt were characterized as having larger self-assembled
aggregates, ∼2.7 μm, whereas gels formed from highly
crosslinked ELP had a microstructure with a dense network

of smaller beads, ∼0.2 μm (Figure 2b). Notably, a critical point
drying (CPD) method was selected to prepare SEM samples
for gel microstructure characterization instead of the
commonly used freeze-drying method.29−31 Previous studies
have shown that biological samples prepared using freeze-
drying and CPD methods can exhibit different structures
during SEM characterization, and freeze-drying was found to
cause more structural artifacts and damage compared with
CPD.32,33 To investigate if different sample drying methods
can result in varied ELP hydrogel microstructure, we prepared
two hydrogels using the same formulation and fabrication
procedure but dried through freeze drying or CPD. SEM
results demonstrated that the distinct bead-string structure of
our ELP hydrogel can only be observed in the sample dried by
CPD. In the freeze-dried samples, the beads appeared to have
merged together into larger structures (Figure S2, Supporting
Information). This is likely due to the fact that the temperature
used in the freeze-drying method is much lower than the Tt of
our ELP (33.9 °C), thus leading to an inability to maintain the
thermally induced, self-assembled aggregates during the
lyophilization process.
Although samples prepared using the CPD method appeared

to offer better structural details than the freeze-drying method,
the potential concern of specimen structural change associated
with CPD sample preparation still exists.34 To completely
bypass the need for sample dehydration, we used an alternative
imaging modality, coherent anti-Stokes Raman scattering
(CARS) microscopy, to observe the structure of our ELP
hydrogels at 37 °C in its native, hydrated state (Figure 2c,d).
Similar to the structures observed in samples prepared by CPD
and imaged with SEM, a bead-string structure was observed by
CARS in our ELP hydrogels. These samples also confirmed the
previously observed trend, with barely crosslinked networks at
a lower pH forming larger beads after heating above Tt, while
gels prepared at higher pH forming denser structures with
smaller beads (Figures 2d,e and S3, Supporting Information).
Compared with data acquired by SEM, the bead size observed
in the CARS images was slightly smaller at both pH 6.5 and
pH 7.5 (Figure 2e). This may be because of the use of ethanol
in the CPD process for SEM sample preparation, as previous
studies showed that elastin swells in ethanol.35,36 Under the
condition of pH 8.5, however, a domain quantification of
CARS images showed slightly larger sizes (Figure 2e). The
reason for this may be that the size of the thermal domains in
these samples was below the resolution limit of CARS,
approximately 350 nm laterally.37

2.3. Control of the ELP Hydrogel Structure via the
Stoichiometric Ratio or Reaction Time. To further prove
our hypothesis of controlling the hydrogel microstructure by
varying the extent of chemical crosslinking before inducing
physical self-assembly, we next evaluated an alternative
approach to tune crosslinking density by varying the
stoichiometric ratio of the functional groups involved in the
crosslinking reaction.38 In our study, we achieved this by
keeping the ELP concentration constant but varying the
concentration of the THPC crosslinker to control the
stoichiometric ratio of hydroxyls (on THPC) to amines (on
ELP). For stoichiometric ratios of 0.3, 0.5, and 1.0, the
corresponding plateau moduli G′ were ∼50, 160, and 890 Pa,
respectively (Figure 3a). This is consistent with previous
findings that higher stoichiometric ratios result in higher
crosslinking densities and hence in higher gel stiffness.39,40 A
reaction time point of 45 min at RT was selected to ensure full

Figure 2. Control of ELP hydrogel microstructure via pH of precursor
solution. (a) Oscillatory time sweep rheology of 5 wt % ELP at 1:1
crosslinking ratio with varied pH at 25 °C without thermally induced
physical self-assembly. Vertical line represents the selected reaction
time used to prepare ELP networks with different crosslinking extents
before thermal heating above Tt. (b) SEM images of ELP hydrogels
formed at different pH. (c) 3D reconstruction of CARS images of
ELP hydrogels formed at different pH. (d) Selected single z-slice
CARS images of ELP hydrogels formed at different pH. (e)
Quantification results of “bead” size in different ELP hydrogels.
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gelation for all three stoichiometric ratio conditions (Figure
3a), followed by a 15 min incubation at 37 °C to induce self-
assembly of ELP thermal aggregates. Observations of the
hydrogel structures using CARS microscopy revealed that the
gel formed with the lowest stoichiometric ratio had the largest
self-assembled domains, ∼1.2 μm, while the smallest beads,
∼0.5 μm, were observed in the gel with the highest
crosslinking density (Figure 3b,c).
As a third demonstration, we next controlled the extent of

chemical crosslinking by varying the reaction time while

keeping the pH and stoichiometric ratio constant.41 The
chemical crosslinking reaction was allowed to proceed at RT
for 0.5, 1.5, or 2.5 min before transferring the samples to 37 °C
to induce physical self-assembly (Figure 3d). Again, gel
structures were observed while fully hydrated using CARS
microscopy. Gels induced to self-assemble after the shortest
chemical reaction time, when the network crosslinking density
was still low, had the largest domain sizes, ∼1.2 μm (Figure
3e,f). By contrast, longer chemical reaction times resulted in a
higher crosslinking extent and smaller aggregates (Figure 3e,f).
Thus, all three experimental strategies resulted in a similar
trend, with greater network crosslinking leading to smaller
bead microstructures. These data are consistent with our
hypothesis that covalent crosslinks will limit the mobility of the
ELP chains during physical self-assembly and thus provide a
facile method to tune gel microstructure.

2.4. Controlled Distribution of a Model Drug in
Microstructured ELP. The ELP materials used in this study
have been shown to be biocompatible in previous biomedical
applications.27,28,40 To explore the possibility of using our
microstructured ELP hydrogel for drug delivery, we encapsu-
lated gold nanoparticles (Au NPs) in the gels. Gold NPs show
great promise for applications in drug and gene delivery,42−44

and enable easy visualization of their distribution in the
hydrogel based on their strong, multiphoton excited photo-
luminescence without attaching artificial labeling molecules.45

This allowed us to evaluate simultaneously the protein-rich
microdomains using the CARS signal, with the distribution of
the Au NPs using multiphoton-excited photoluminescence. We
hypothesized that the known hydrophobic nature of Au NPs
would enable their selective encapsulation within the ELP-rich
beads. Experimental results from multiple hydrogel formation
procedures confirmed the formation of “bead-string” struc-
tured ELP hydrogels in the presence of Au NPs, and the Au
NPs were localized within the protein-rich domains (Figure
4a,b), presumably because of hydrophobic and ionic
interactions between the Au NPs and proteins.46,47 Consistent
with our observations in the absence of Au NPs, bead size was
controlled by tuning of pH or reaction time. The sizes of the
domains were quantified to be slightly smaller than those
without Au NPs, though within the variability observed for
different gel preparations (Figure 4c).

2.5. Dual Encapsulation and Sequential Release of
Hydrophilic and Hydrophobic Drugs. Encouraged by the
selective distribution of the Au NPs within the hydrophobic,
self-assembled domains embedded in a hydrated matrix of ELP
(Figure 4), we hypothesized that it would be possible to
achieve dual encapsulation of hydrophilic and hydrophobic
therapeutics in these materials. We further hypothesized that
drugs with different hydrophilicities would spontaneously
partition into the ELP-rich (hydrophobic molecules) and
ELP-lean (hydrophilic molecules) structures within the gel
network, ultimately resulting in different release kinetics. To
verify these hypotheses, we simultaneously encapsulated
coumarin-6 as a model hydrophobic drug48 and rhodamine B
isothiocyanate−dextran as a model hydrophilic drug and
monitored their distribution within the microstructured ELP
hydrogels using confocal microscopy. Interestingly, after the
formation of the gel−drug construct, the hydrophobic drug
was found to be localized in the thermal aggregates, whereas
the hydrophilic drug was found to predominantly disperse in
the polymer-lean phase of the hydrogel (Figure 5a,b). As
expected, the quantification of the release profiles revealed that

Figure 3. Control of ELP hydrogel microstructure via stoichiometric
ratio (a−c) or chemical reaction time (d−f). (a) Oscillatory time
sweep rheology of 5 wt % ELP formed with different crosslinking
stoichiometric ratios at 25 °C. Vertical line represents the selected
reaction time used to prepare ELP networks with different
crosslinking extents before thermal heating above Tt. (b) Selected
single z-slice CARS images of ELP hydrogels formed at different
stoichiometric ratios. (c) Quantification results of “bead” size in
different ELP hydrogels. (d) Oscillatory time sweep rheology of 5 wt
% ELP formed with precursor pH of 8.5 and 1:1 stoichiometric ratio
at 25 °C. (e) Selected single z-slice CARS images of ELP hydrogels
formed with different chemical reaction times. (f) Quantification
results of “bead” size in different ELP hydrogels.
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the encapsulated hydrophilic drugs have a faster release rate
compared with the hydrophobic drugs (Figure 5c). This is
presumably because of the much larger polymer network mesh
size found in the polymer-lean phase where the hydrophilic
drug is located, while the polymer-rich phase where the

hydrophobic drug is located has a much smaller mesh size
because of the relatively high polymer content. Thus, a novel
one-pot method was identified to enable the simultaneous
encapsulation and sequential release of two different drugs
with different hydrophilicities, which is an ongoing challenge in
drug delivery and is likely to become an increasingly employed
strategy for new therapies.22,24,49 We further studied the
influence of microstructure on gel stability and drug release
profiles. Experimental results showed that gels formed at pH
7.5 with the intermediate mechanical strength (Figure 2a) and
“bead-string” network structure (Figure 2b−d) had the highest
gel stability compared with gels formed at pH of 6.5 and 8.5
(Figure S4, Supporting Information). This is likely because of a
trade-off between the effects of enhanced mechanical strength
and an increase in the microscale surface area that is
susceptible to erosion. As expected, co-encapsulated hydro-
philic and hydrophobic drugs were found to be released from
the hydrogels at different rates, with over 80% of the
hydrophilic drug released in 4 days (Figure S5, Supporting
Information) while only 13−25% of the hydrophobic drug was
released at this same time point (Figure S6, Supporting
Information). No significant differences in release rates for
hydrophilic drugs from the ELP gels with different micro-
structures were observed (Figure S5, Supporting Information).
This is to be expected, as the hydrophilic drug is encapsulated
within the polymer-lean portion of the ELP hydrogel, which
does not present a significant barrier to passive diffusion. By
contrast, the hydrophobic drug had the slowest release rate
from the ELP hydrogel with the intermediate “bead-string”
network structure (Figure S6, Supporting Information).
Interestingly, this was also the network structure with the
slowest gel erosion rate (Figure S4, Supporting Information),
suggesting that the hydrophobic drugs are mainly encapsulated
inside of the polymer-rich ELP thermal aggregates and are
primarily released because of gel erosion.

3. CONCLUSIONS

We have reported a unique physicochemical method to
rationally control the bead-string microstructure within a
self-assembled, protein-engineered hydrogel without altering
the primary amino acid sequence. This is achieved by
controlling the timing of the chemical crosslinking process
relative to the physical self-assembly process. Specifically, we
modify the extent of chemical crosslinking that occurs before
inducing the thermal phase transition. Three different

Figure 4. Encapsulation of Au nanoparticles (Au NPs) in ELP hydrogels. (a) CARS images of Au NPs encapsulated within ELP gels, formed at pH
6.5 and observed using different magnifications. The Au NPs provide exceptional contrast and appear as bright spots within the self-assembled
domains (gray region). (b) CARS images of Au NPs encapsulated within ELP gels, formed at pH 8.5 with varied reaction time at RT. (c)
Quantification of protein-rich domain sizes for different ELP gels with or without Au NPs.

Figure 5. Simultaneous encapsulation and sequential release of
hydrophilic and hydrophobic drugs in ELP hydrogels. (a,b) Confocal
images demonstrating spontaneous spatially controlled distribution of
a hydrophobic model drug, coumarin-6 (green), and a hydrophilic
model drug, dextran (gray), within a microstructured ELP hydrogel
before drug release at lower (a) and higher (b) magnification. (c)
Cumulative release of hydrophobic and hydrophilic drugs from ELP
gels.
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experimental strategies were used to achieve this control, and
in each case, a greater extent of chemical crosslinking resulted
in smaller structural features. Proof-of-concept experiments
demonstrated that the resulting bead-string microstructure
could be exploited for dual encapsulation of hydrophilic and
hydrophobic drugs, with the hydrophilic drugs spontaneously
distributing within the polymer-lean phase of the hydrogel and
hydrophobic drugs preferentially locating within the self-
assembled, polymer-rich domains. This interesting distribution
phenomenon resulted in differential release rates for the
encapsulated drugs. Taken together, these data demonstrate a
novel strategy to rationally control the size of a self-assembled,
bead-string microstructure. Importantly, this control was
exerted during the fabrication stage using the same engineered
protein throughout all studies, without any modification to the
underlying amino acid sequence. These materials may be
useful for a range of applications where microstructure control
is desired, including drug delivery.

4. EXPERIMENTAL METHODS
4.1. ELP Expression and Purification. The design and synthesis

of a modular recombinant ELP, containing lysine residues to act as
amine-reactive crosslinking sites, were previously reported.50,51 The
amino acid sequence of ELP used in this study, MASMTGGQQMG−
HHHHH−DDDDK−TVYAVTGRGDSPASSAA−[(VPGIG)2
VPGKG (VPGIG)2]3VP, was previously reported.51 ELP was
expressed and purified using the standard recombinant protein
technology. Briefly, protein sequences were cloned into pET15b
plasmids; expressed in Escherichia coli, strain BL21 (DE3); and
induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at
an OD600 of 0.8 for 6 h. The harvested cell pellets were suspended
and lysed by three freeze−thaw cycles, as previously reported.51 The
lysates were then adjusted to pH of 3, 6, or 9 with hydrochloric acid
(HCl) and/or sodium hydroxide (NaOH) before being purified by
iterative inverse temperature-cycling. Protein molecular weight and
purity were confirmed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis. Purified ELP was dialyzed three times (10 000
MWCO, 36 h, 4 °C, deionized water) to desalt. The ELP was then
lyophilized and stored at 4 °C until use.
4.2. Formation of ELP Hydrogels. Lyophilized ELP was

solubilized in chilled phosphate buffered saline (PBS) (1×, pH 7.4)
at a stock concentration of 6.25 wt % and dissolved by vortex. ELP
purified at pH 3, 6, or 9 resulted in a stock solution with pH 6.5, 7.5,
or 8.5, respectively. Air bubbles were removed by centrifugation, and
the final solutions were kept on ice until use. An initial crosslinker
stock solution of THPC (Sigma-Aldrich) was prepared in PBS and
kept on ice. The stoichiometric crosslinking ratio (X) of crosslinker
reactive hydroxyl groups (4 per THPC molecule) to total primary
amine groups (14 per ELP chain) was varied by adjusting the
concentration of THPC stock solution during the experiments. The
hydrogel precursor solutions were mixed with the crosslinker at a 4:1
volume ratio to yield crosslinked hydrogels that consisted of 5 wt %
ELP. Crosslinking ratios of 0.3, 0.5, and 1 were used in different
experiments. Reaction time at RT was varied from 0.5, 1.5, 2.5, 15, or
45 min before incubating the gel at 37 °C to induce self-assembly.
After incubation at 37 °C for 15 min, the gels were submerged with
PBS to keep them hydrated.
4.3. Preparation of Au NPs. Gold NPs (sized 50 nm) were

prepared from HAuCl4 in water/citrate media using the Turkevich
method.52 The nanoparticles were functionalized with polyvinylpyr-
rolidone (PVP) over 24 h and then purified by means of
centrifugation and redispersed in Milli-Q water. The final
concentration of gold in the preparations was 0.08 mg/mL, and the
particle concentration was approximately 7.91 × 1010 particles/mL.
To encapsulate the Au NPs in ELP gels, the solution of Au NPs was
first well mixed with the stock ELP solution, followed by the addition

of crosslinker THPC to form a hydrogel, as the methods describe in
the previous section.

4.4. Hydrogel Mechanical Characterization. Mechanical
testing was performed on a stress-controlled rheometer (ARG2, TA
Instruments) using a 20 mm diameter, cone-on-plate geometry.
Samples were allowed to gel in situ on the rheometer, and a humidity
chamber was secured in place to prevent dehydration. To evaluate the
gelation kinetics for different formulations, time sweeps were
performed at an oscillatory stress of 4.74 Pa at 25 °C.

4.5. Characterization with SEM. ELP hydrogels were prepared
using the methods described in the previous section and equilibrated
at 37 °C overnight before sample drying. Two sample preparation
procedures were compared. For the freeze-drying method, ELP
hydrogels were frozen at −80 °C overnight and then dried in a
lyophilizer. For the CPD method, hydrogels were sequentially
dehydrated in 30, 50, 70, 90, and 100% ethanol for 10 min each,
followed by another 10 min in 100% ethanol before CPD with
tousimis Autosamdri-815. A 10 nm Au/Pd coating was then applied
using a Denton Vacuum Desk II and DTM-100 thickness monitor
system before imaging with a Hitachi S-3400N variable pressure
scanning electron microscope.

4.6. Characterization with CARS Microscopy. The ELP
aggregate formation was assessed in situ using CARS microscopy by
tuning to the carbon−hydrogen CH3 stretching vibration at 2930
cm−1,53 characteristic for proteins. The vibration was driven by
overlapping two ps-pulsed laser beams at wavelengths 1064 and 811
nm, respectively, in time and space in the focal plane of an inverted
microscope (Eclipse TE2000-E with a C1 confocal microscope
scanning head, Nikon; objective: Nikon Plan Fluor, 40×, NA 1.30).
The laser beams were generated by a laser system consisting of a Nd/
vanadate laser (1064 and 532 nm, 7 ps, 76 MHz, PicoTRAIN, HighQ
Lasers GmbH, Hohenems, Austria) and an optical parametric
oscillator (tuned to 811 nm, Levante Emerald OPO, Angewandte
Physik & Elektronik GmbH, Berlin, Germany, tunable between 690
and 900 nm). The deep penetration of the near-infrared excitation
beams enables the characterization of hydrated ELP scaffolds without
concern for potential edge effects. Furthermore, because CARS
microscopy does not require the use of labels, concerns over label
photodegradation, limited 3D diffusion of labeling molecules, or
disruption of the true ELP microstructure because of the presence of
labels were avoided. The emission of the CARS signal is limited to the
high-intensity region of the focal volume, enabling a spatial resolution
of 350 nm in the xy plane. The two excitation beams were
simultaneously scanned over the sample, and the CARS signal was
detected in transmission mode with a single-photon counting detector
(Becker & Hickl GmbH). By means of a second detection channel,
the back reflected multiphoton excited photoluminescence from Au
NPs could simultaneously be recorded between 490 and 540 nm.
Dichroic mirrors and high-optical-density filters were used to separate
the CARS and photoluminescence signals, respectively, as well as
from the excitation beams before the detector. For detailed
information on the experimental setup used for CARS microscopy,
the interested reader is referred to the previously published work.54

4.7. Hydrophobic and Hydrophilic Drug Distribution and
Release Study. Hydrophilic rhodamine B isothiocyanate−dextran
(70 kDa, Sigma-Aldrich) and hydrophobic coumarin-6 (Sigma-
Aldrich) were selected as the model drugs for in vitro drug
encapsulation and release studies. Coumarin-6 is a fluorescent
molecule with very low solubility in water and has been used
frequently as a model hydrophobic drug to evaluate drug delivery
systems in vitro and in vivo.48 Stock solutions of dextran and
coumarin-6 were prepared by dissolving the two model drugs in PBS
and dimethylformamide (DMF), respectively. Dextran and coumarin-
6 were mixed with ELP solution in PBS first and immediately pulsed
with a vortex for 2−4 s to facilitate the dispersal of hydrophobic
model drug in the aqueous solution. THPC crosslinker was added
next, followed by another vortex step to prevent the sedimentation of
the hydrophobic model drug and to enhance homogeneous
encapsulation throughout the ELP gel at a final ELP concentration
of 5 wt %, dextran concentration of 0.5 mg/mL, and coumarin-6
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concentration of 0.25 mM. The gel was prepared at pH 6.5, 1:1
stoichiometric ratio, 15 min at RT followed by 15 min at 37 °C. A
Gel−drug construct (50 μL) was made in a 1.5 mL Eppendorf
centrifuge tube and immersed in 1 mL PBS. The samples were
incubated at 37 °C in the orbital shaker at a speed of 50 rpm. At
predetermined time points (every 24 h for the first 4 days and every
48 h after that until day 8), 200 μL of the solution was collected and
replaced by fresh PBS. The release of model drugs was monitored by
measuring the fluorescence intensity (dextran: λexc 543 nm, λem 580
nm; coumarin-6: λexc 458 nm, λem 510 nm) of the collected solution
using a SpectraMax M2 microplate reader. The distribution of the
model drugs within the gels was visualized at 37 °C using a Leica SPE
confocal microscope.
4.8. Characterization of Hydrogel Mass Loss. ELP hydrogels

were prepared using the methods described above with a gel volume
of 50 μL in a 1.5 mL Eppendorf centrifuge tube. The hydrogel
samples were immersed in 1 mL PBS (1×, pH 7.4, Sigma-Aldrich)
and incubated at 37 °C in the orbital shaker at a speed of 50 rpm. At
predetermined time points, the remaining mass of the hydrogel was
measured after carefully removing and blotting off excess liquid. After
each measurement, 1 mL fresh PBS was added to each sample tube.
The percentage of remaining hydrogel mass was calculated as
(remaining mass after incubation)/(initial mass) × 100%. All
measurements were performed in triplicate.
4.9. Statistical Analysis. All data (domain size and cumulative

drug release) are represented as mean ± standard deviation (N = 30
for domain size analysis, N = 3 for drug release). The statistical
difference between samples was analyzed by one-way ANOVA. For all
statistical tests, a threshold value of α = 0.05 was chosen, and a p-value
at or below 0.05 indicated significance.
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