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Introduction

Nanoparticle-hydrogel composites that exhibit structural color
interest due to their ability to alter their

have gained

interparticle distance and change color in
chemical, biological, or physical stimuli.! For this reason,
particle assembly strategies to fabricate functional structurally
colored materials have been widely

Nanoscale

Structurally Colored Protease Responsive Nanoparticle Hydrogels
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A tunable protease responsive nanoparticle hydrogel (PRNH) that demonstrates large non-iridescent color changes due to
a degradation-directed assembly of nanoparticles is reported. Structurally colored composites are fabricated with silica
particles, 4-arm poly(ethylene glycol) norbornene (4PEGN), and a proteolytically degradable peptide. When placed in a
protease solution, the peptide crosslinks degrade causing electrostatic binding and adsorption of the polymer to the
particle surface which leads to the assembly of particles into compact amorphous arrays with structural color. The particle
surface charge and size is investigated to probe their effect on the assembly mechanism. Interestingly, only PRNHs with
highly negative particle surface charge exhibit color changes after degradation. Ultra-small angle x-ray scattering revealed
that the particles become coated in polymer after degradation, producing a material with less order compared to the
initial state. Altering the particle diameter modulates the composites' color, and all sizes investigated (178-297 nm)
undergo the degradation-directed assembly. Varying the amount of 4PEGN adjusts the swollen PRNH color and has no
effect on the degradation-directed assembly. Taken together, the effects of surface charge, particle size, and polymer
concentration allow for the formulation of new design rules for fabricating tunable PRNHs that display vivid changes in
structural

color upon degradation.

as electrostatic repulsion or steric hindrance, to prevent
particle aggregation and produce an energetically favorable
equilibrium interparticle-distance.?

Nanoparticle assemblies exhibiting structural color can be
entrapped in a hydrogel network that preserves their
architecture and color upon in situ polymerization and
crosslinking of monomers. We refer to these types of materials
as structurally colored composites (SCC). The SCC will change
color according to the degree of swelling or collapse of the

response to

investigated. These

methods have also been applied to the fabrication of synthetic
opals,? ink-based printing,® coloration by spray coating,* and
design of well-ordered materials as optical waveguides.>®
Generally, particle assembly processes employ a range of
physical interactions such as capillary action,” gravity assisted
sedimentation,® evaporation,® and electric'® or magnetic field!?
alignment to provide attractive forces between particles in a
suspension. In addition to attractive forces, long-range
periodic close-packed structures require repulsive forces, such
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hydrogel matrix!3 since the wavelength of light diffracted is
proportional to the center-to-center distance of the
nanoparticles.* Typically, large color changes can be obtained
only through high concentration of charged functional groups
on the polymer?> because the network swells to balance the
charged functional groups within the matrix .1 In this work,
color modulation is enabled by the degradation of the
hydrogel network which directs the reassembly of the
nanoparticles into a new, energetically stable periodic
arrangement that diffracts a different wavelength of visible
light.

Here we investigate a protease responsive nanoparticle
hydrogel (PRNH) composed of highly charged silica particles
embedded within a dicysteine peptide and poly(ethylene
glycol) hydrogel that undergoes a boolean-like color change
due to controlled particle aggregation caused by the
proteolytic degradation of the synthetic peptide monomer.
Instead of swelling or de-swelling in response to charged
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functional groups in the hydrogel matrix, aggregation is
triggered by the adsorption of degraded hydrogel fragments
onto the surface of silica particles, which occurs due to an
increase in particle mobility facilitated by the degrading
hydrogel network. The PRNH is fabricated by in situ
polymerization of a centrifuged mixture of suspended particles
and thiol-ene reactive monomers. A limitation of conventional
approaches to producing SCCs is colloid instability during
assembly due to attractive interactions between the
monomers and particles. Centrifugation allows for the PRNH to
have order—and therefore structural color—both before and
after the degradation-directed assembly event.

This manuscript identifies critical parameters such as
particle size, particle charge, and polymer concentration that
affect changes in the interparticle spacing before and after
degradation of the hydrogel. We fabricated PRNHs displaying
several structural colors to determine whether the particle
assembly mechanism was dependent on particle size or
polymer concentration. In addition, PRNHs with particles of
varying surface charges were fabricated to determine whether
the particle assembly was sensitive to the sign or magnitude of
particle surface charge. Probe reflectance spectroscopy was
used to measure the color of the PRNH before and after
degradation. The PRNH microstructure was characterized by
ultra-small angle x-ray scattering (USAXS) and scanning
electron microscopy (SEM). Our results reveal general design
rules for tunable PRNHs. First, if the surface charge of silica
particles is sufficiently high, protease-induced degradation and
assembly will result in a blue-shift in structural color. If the first
design rule is satisfied, the starting color and the degree of the
color shift upon degradation are determined by the particle
size and polymer concentration, respectively. In other words,

polymer concentration and particle size can be used to
independently tune the swollen and degraded color to achieve
rationally tunable PRNHs.

Results and Discussion
Protease Responsive Nanoparticle Hydrogel Fabrication

The structurally colored PRNH is composed of nearly
monodisperse silica particles, a 10 kDa 4-arm poly(ethylene
glycol) terminated with norbornene (4PEGN) crosslinker, UV
photoinitiator, and a dicysteine peptide, CYJYKC, bifunctional
These components undergo a three-step
fabrication process in which they are centrifuged, sandwich-
casted between two glass slides, and subsequently irradiated
with UV light to polymerize the 4PEGN and CY4KC (Figure 1A
and 1B). The first step, centrifugation, sediments the particles
and in conjunction with electrostatic repulsion form a close-
packed periodic microstructure surrounded by monomers
(Figure 1Bi and 1Bii). The centrifuged mixture exhibits
structural color because the silica particles assemble in a
periodic structure of the same size scale as visible light, and
the incident light can constructively interfere with the
structure.l” The second step, compressing the particle and
monomer pellet, produces a film that is uniform in thickness
(250 pum) (Figure 1Biii). The particle arrays in the film are
isotropic, have short-range order, and have a broad
distribution of interparticle spacing.’® These structure
properties give rise to broad reflectance peaks and angle-
independent structural color. 1920 The diffracted peak
wavelength is not significantly altered by the concentration of
particles within the suspension (Figure S1), but concentrations

monomer.
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Fig. 1 Fabrication of angle-independent structurally colored particle hydrogel composites. (A) The components of the protease
responsive nanoparticle hydrogel. (Bi) 205 nm silica particles were suspended in a solution of 4PEGN, CYVKC, and photoinitiator.
(Bii) A blue pellet was produced by centrifuging the components at 19k times the gravitational acceleration for 2.5 minutes. (Biii)
The pellet was sandwich cast between two glass slides to produce a thin film and irradiated with UV to undergo thiol-ene click
chemistry. (C) The peak wavelengths diffracted by 15% 4PEGN particle hydrogels immediately after polymerization. Inserts in plot
are representative images of the PRNHs. Thiol:ene functional groups were 1:1 for all PRNH. Data points correspond to mean values

2 | J.of three independent particle synthesis. Error bars correspond to the standard deviation about the mean. _
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above 10% w/v were difficult to compress into thin films.
Polymerization of the 4PEGN and CYdKC traps the silica
particles within the crosslinked polymer matrix, and preserves
the original periodic microstructure.

The PRNH films are then transferred into deionized water
to swell the hydrogel polymer matrix to equilibrium, which red
shifts their color and enables them to respond to proteolytic
cleavage of CYJKC. The swollen films are stable in neutral
deionized water for weeks without effect to the color.

Silica particles of various sizes were synthesized and
incorporated into PRNHs to tune their color. Composites
containing 15% w/v PEGN and 1.5% w/v CYJKC with either
178, 205, 241, or 297 nm particles produced PRNH films that
diffracted violet, blue, green, and red light, respectively (Figure
1C). The peak wavelength diffracted by the films is
proportional to the theoretical distance between the particles
in a near closed-pack structure, which agrees with previous
reports of angle-independent structurally colored materials.??
The change in particle size is responsible for the variation in
structural color after centrifugation. Larger particles create
near close-packed periodic structures with larger center-to-
center distance, resulting in an increased wavelength
diffracted. The synthesis of silica particles is detailed in the
Methods Section.

Particle Surface Charge Dictates Degradation-Directed Assembly

Silica particles in a swollen PRNH respond to proteolytic
peptide cleavage by reassembling into a composite with higher
particle volume fraction, shorter particle-to-particle spacing,
and shorter peak wavelength diffracted. When immersed in a
1 pg/mL a-chymotrypsin solution, the CYJKC monomers are
degraded at the surface and then throughout the bulk as the
protease cleaves and diffuses into the network, producing
4PEGN chains with either charged amine or carboxylic acid
end-groups. Chymotrypsin cleaves the CYJ{KC peptide
between the tyrosine (Y) and lysine (K) amino acids.?? The
response time for these materials vary based on the
concentration and turnover rate of the protease. We
previously demonstrated color change responses with this
material between 253 % 120 to 20 * 5 minutes with -
chymotrypsin concentrations of 0.5 pug/mL and 100 pg/mL,
respectively.?? Direct degradation was observed throughout
the bulk of the material by staining the cleaved peptide bonds
using a fluorescamine assay and fluorescent microscopy. The
particles must be confined in a structurally colored periodic
microstructure before degradation of the polymer network,
otherwise the PRNH does not assemble into a SCC after
degradation (Figure S2).

We investigated whether electrostatic bonding of the
cleaved peptide and 4PEGN to the nanoparticle is necessary
for particle assembly after degradation. PRNHs were
fabricated with 228 nm silica particles that were surface
functionalized with a short linear PEG (PEG-SiO,) (See Table 1
for particle size and surface charge characterization).?3> The
PEG-SiO, maintained a stable surface charge (ZP = -37.5 mV),
the linear PEG covering the silica surface prevents adsorption

This journal is © The Royal Society of Chemistry 20xx
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of the polymer matrix and electrostatic interactions of the
cleaved peptide to the particle surface. The PRNH was placed
in a 1 mg/mL a-chymotrypsin solution to degrade 70% of the
hydrogel crosslinks.?? After 30 minutes, the polymer matrix
was fully degraded and structural color disappeared. The PEG-
SiO, functionalized nanoparticles did not reassemble into a
SCC, but instead resuspended into the surrounding solution
(Figure S3). This indicates that during this degradation process,
the particles become coated in polymer and cleaved peptide
due to adsorption and electrostatic binding, respectively,
decreasing the electrostatic repulsion between particles. The
decrease in repulsion causes the particles to assemble in a
more disordered structure after the 70% crosslinks have been
degraded, producing an even more broad diffraction peak.??

Table 1 Surface functional groups added to the silica particles, and
the resulting charge and size measurements.

Particle Functional Group Average Average PDI
Type Zeta Size
Potential [nm]
[mV]
Sio, No surface -44.8+5 202 0.02
modification
THOPS-SIO, 3-(trihydroxysilyl)-1- -59.3+2 205 0.04
propanesulfonic acid
(THOPS)
AHAPS-SiO, N-(6- 316+3 265 0.18
aminohexyl)aminopro
pyltrimethoxysilane
(AHAPS)
PEG-SiO, [hydroxy(polyethylene -37.6+1 228 0.04

oxy)propyl]triethoxysil
ane, 8-12 EO (PEG-
silane)

Each measurement indicates three unique particle suspensions.

The surface charge of particles in a suspension is essential
to the stability of colloidal systems which occurs through
electrostatic repulsion. The absence of surface charge causes
nanoparticles to irreversibly aggregate.?* PRNHs with different
particle surface charges were fabricated and the role of
surface charge on degradation directed assembly was
investigated with zeta potential (ZP) measurements. Silica
particles were functionalized with either 3-(trihydroxysilyl)-1-
propanesulfonic acid (THOPS), or N-(6
aminohexyl)aminopropyltrimethoxysilane (AHAPS) to obtain
negative (ZP = -65 mV) or positive (ZP = +32 mV) surface
charge (Figure 2). We found that PRNHs that contain either
THOPS or AHAPS functionalized particles (PRNH- and PRNHY)
can assemble into a composite with shorter interparticle
distances following 70% degradation?? of the polymer
network. However, only the THOPS functionalized PRNH-
degraded into a composite with structural color. The PRNH*
instead degraded into a material that irreversibly aggregated,
incoherently diffracted light, and appeared white (Figure S4).
This suggests that the AHAPS-SiO, particles require a larger
surface charge to provide repulsion when the particles
assemble after degradation like other positively charged
colloids that can assemble into arrays with structural color.?>

J. Name., 2013, 00, 1-3 | 3
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The ZP of silica particle suspensions was measured to
determine whether repulsion exists in a completely degraded
hydrogel. PRNH-, PRNH* and PRNH with silica that has no
surface modification (SiO,) were fabricated and placed in a a-
chymotrypsin solution to completely degrade the polymer
network. After complete degradation of the hydrogel, the
particles suspended into the surrounding solution, as evident
by an increase in the solution turbidity, and those suspensions
were tested for their ZP. In neutral deionized water, all
particles were stable in solution with zeta potentials above
+30 mV.2®

When dispersed in Tris buffer, the AHAPS-SiO, ZP reduces
to near zero (- 0.02 mV) due to charge screening by the CaCl,
and Tris salts to the particle surface. The ZP of the SiO, and
THOPS-SiO, nanoparticles also decreased when placed in Tris
buffer to -10.0 and -19.8 mV, respectively. The completely
degraded PRNH suspensions had an even smaller ZP of 0.01, -
4.1, and -7.3 mV for the AHAPS-silica, SiO,, and THOPS-SIiO,,
respectively, indicating that the degraded polymer provides
additional electrostatic charge neutralization.

Physical bonding of the degraded polymer and cleaved
peptide to the particle surface drastically reduces the
electrostatic repulsion between particles because of charge
neutralization effects. THOPS-SiO, is the only particle type
tested that maintains a negative ZP after immersion in TRIS
buffer (-19.8 mV) and after complete degradation of the
polymer network (-7.3 mV). PRNH- is also the only PRNH that
can self-assemble into a colored material after degradation.
This suggests that strong electrostatic repulsion between the
particles is what allows degradation-directed assembly to form
a SCC. PRNH* does not assemble into a SCC after degradation
because the particles have no surface charge. Instead, AHAPS-
SiO, aggregate and the PRNH* becomes disordered on the
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Fig. 2 Functionalized and unfunctionalized SiO, particles
become unstable after complete degradation of the PRNH
peptide crosslinks. The zeta potential of silica particles with
either THOPS, AHAPS, or no surface chemical functionalization
were measured in deionized water, Tris buffer (100 mm) with
CaCl, (10mm), and this Tris buffer with a completely degraded
particle hydrogel and a-chymotrypsin (1mg/mL).

surface. A PRNH can color change only if fabricated using

positively or negatively charged particles with sufficiently

strong surface charge.
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Fig. 3 SEM and USAXS reveals that the degraded PRNH microstructure is less ordered than the initially fabricated state. Scanning
electron micrograph of the surface of a dried PRNH (A) after being centrifuged and polymerized, and (B) after degradation-directed
assembly. (C) P(r) fit function for (D) USAXS of PRNH as fabricated, swollen, and degraded PRNHs. PRNH with 15% w/v 4PEGN were
used with 1:1 thiol:ene functional groups. Scattering intensities were offset vertically for clarity. (E) Schematic representation of the
nanoparticle interactions with the peptide and polymer matrix at the immediate vicinity of the particle in the (i) as fabricated, (ii)
swollen, and (iii) degraded state. Scale bar =1 um
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Fig. 4 Altering the particle size does not prevent the degradation-directed assembly of PRNH and yields degraded composites with
different structural color. The reflectance measurements of PRNHs with (A) 171 nm, (B) 230 nm, or (C) 313 nm THOPS-SiO; in the as
fabricated, swollen, and degraded states. The swollen state of the 171 nm silica particle hydrogel measurement was omitted due to
lack of reflectance peak in the swollen state. Reflectance measurements were offset vertically for clarity. The reflectance spectra

shown are representative data for the experimental samples. n=4.

Observation of Particle Aggregation in Degraded PRNHs

The decrease in electrostatic repulsion that occurs during
degradation of the PRNH allows for a controlled aggregation
event to occur between the silica particles. We confirmed this
hypothesis by performing SEM and USAXS on the PRNH in the
initial “as fabricated” state, immediately after centrifugation
and polymerization; the “swollen” state, when the PRNH has
been immersed and swollen to equilibrium in deionized water;
and the “degraded” state, after a 70% of crosslinks have been
cleaved by a-chymotrypsin and the PRNH has assembled into a
composite with shorter interparticle distances (Figure 3).2” The
SEM micrographs show that the as fabricated PRNH exhibit
short-range order after centrifugation (Figure 3A), which is
demonstrated by angle-independent structural color.
Iridescent color only exists when the periodic structures have
long-range order. When the periodicities have short-range
order, non-iridescent color is observed.’®2° The degraded
material (Figure 3B), has particles with more Vvisible
aggregation, but even shorter interparticle distances than the
initially fabricated state. This decrease in spacing explains how
the PRNH changes color from the swollen state to the
degraded state. The more aggregated structure of the
degraded material gives
rise to a broader reflectance peak than the initially fabricated
material.

Particle hydrogel composites with ordered particle assemblies
exhibit sharp x-ray scattering peaks that yield information of
structures at the nano- and microscale.?®2° The scattering pattern
of the PRNH would indicate whether the surface microstructure
observed in Figure 3A and 3B is uniform throughout the film,
and if the particle arrangement changes after degradation.
USAXS of the as fabricated, swollen, and degraded PRNHs was
performed and the pair-distance distribution function (P(r))
was modeled (Figure 3C) and used to fit to the 1-D scattering
obtained (Figure 3D).3° There is non-interacting polymer and
peptide that surround the silica nanoparticles when the
material is initially fabricated (Figure 3E) which yields a full
width at half maximum (FWHM) of 114 nm centered at 95 nm in
the P(r). The polymer and peptide matrix swells when the PRNH is

This journal is © The Royal Society of Chemistry 20xx

swollen to equilibrium, and the scattering observed is more uniform
than the initially fabricated state as indicated by the decrease of the
FWHM to 105 nm center at 89 nm. This occurs because there is less
polymer and peptide neighboring the particles due to swelling.
When the PRNH is degraded, the scattering pattern is dampened
due to the aggregation of particles caused by the electrostatic
binding of cleaved peptide onto the particle surface producing a
FWHM of 126 nm centered at 87 nm. Dampened scattering
patterns similar to those produced by the degraded PRNH have
been observed before in aggregated particle suspensions,3!
corroborating that aggregation occurs in the bulk of the material
after degradation-directed assembly.

The Effect of Particle Size on the PRNH Degradation-Directed
Assembly

A unique feature of the PRNH is that the degradable peptide
monomer can be substituted for other peptides that would
allow for specific protease sensing. By leveraging particle size
to create sensors with different responses and variation in
structural color, arrays of PRNHs can be made to yield specific
optical readout of enzyme presence in solution. To
demonstrate this concept, 180, 240, and 300 nm THOPS-SiO,
were used to create PRNHs with different structural colors.
Importantly, the PRNH was investigated at three different
states during which it possesses different structural colors and
varying degrees of order: as fabricated (after centrifugation
and polymerization), swollen, and after being degraded by a-
chymotrypsin. The PRNH’s
during each state using reflectance probe spectroscopy (Figure
4).

For all particle sizes tested, PRNHs self-assembled during
degradation into composites with shorter interparticle spacing
compared to the non-degraded as fabricated material, causing
a discernable change in structural color between the swollen
and degraded states. Interestingly, the degraded PRNHs
diffracted wavelengths shorter than the as fabricated state.
For example, the color of the PRNH containing 171 nm
particles shifted from diffracting violet light, 409 nm, in the as
fabricated state to UV light, 371 nm in the degraded state

reflectance was characterized

J. Name., 2013, 00, 1-3 | 5
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color changes between the swollen and degraded states. 210 nm THOPS modified silica particles were used to fabricate structurally
colored PRNH. Polymer concentrations were varied (10-20 % w/v) to yield different colors in the swollen state. Reflectance spectra
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representative data for the experimental samples. n=4
(Figure 4A). This implies that particle assembly produces a
PRNH with smaller particle-to-particle distance than the
centrifuged as fabricated state. The 240 nm PRNH also
demonstrated this behavior, but diffracted green light, 573
nm, in the as fabricated state, red light, 666 nm, in the swollen
state, and blue light, 472 nm, in the degraded state (Figure
4B). The PRNH containing 313 nm particles is red in the as
fabricated state, diffracting 693 nm light, and diffracts 661 nm
light in the degraded state (Figure 4C). The PRNH with 313 nm
particles also swells into the infrared region of light, allowing it
to be used as a white-to-color sensor. Peaks are also observed
in the blue and green region of visible light for the 313 nm
particles due to backscattering at those wavelengths.32

The Effect of Polymer Concentration on the PRNH Degradation-
Directed Assembly

Peptide-polymer adsorption to the silica particles directs
self-assembly after degradation but increasing polymer
concentration could affect self-assembly by slowing down local
diffusion of the silica particles. We examined the effect of
initial polymer concentration on degradation-directed
nanoparticle assembly using PRNHs fabricated with 205 nm
THOPS-SiO,. Polymer concentrations between 10-20 % (w/v)
were used to produce PRNHs that diffracted visible light in the
swollen state (Figure 5). Polymer concentrations below or
above 10-20 % either did not swell enough to increase the
diffracted wavelength compared to the as fabricated state, or
the PRNH swelled too much, diffracting light beyond the visible
spectrum, respectively. Reflectance spectrum of the PRNH
were measured for the as fabricated (Figure 5A), swollen
(Figure 5B) and degraded states (Figure 5C).

6 | J. Name., 2012, 00, 1-3

Increasing polymer concentration influences the center-to-
center distance between particles after centrifugation. The as
fabricated PRNHs with 205 nm particles were blue, but the peak
wavelength diffracted increased as polymer concentration
increased, from 409 nm at 10% w/v to 455 nm at 20% w/v. This
difference is due to the increased volume occupied by polymer
chains in between the particles. The reflectance peak also
broadened for the 20% polymer concentration samples (Figure 5A),
likely because the polymer and peptide interfered with the particle
ordering during centrifugation. In the swollen state, the color of the
PRNH increased proportionally to polymer concentration,
diffracting 522 nm at 10% w/v and 649 nm at 20% w/v (Figure 5B).

Upon 70% cleavage of the peptide crosslinks, the PRNH
reassembled and the peak wavelength diffracted decreased.
Interestingly, the degraded 12.5% (425 nm), 15% (418 nm), and 20%
(426 nm) samples diffracted shorter wavelengths than the as
fabricated PRNH, suggesting that degradation-directed nanoparticle
assembly is not affected by increased polymer and peptide
concentration in the hydrogel. Only the 10% degraded sample
diffracted a slightly greater peak wavelength than its as fabricated
state. In addition, the degraded PRNH diffracted peak wavelengths
of nearly the same wavelength for all polymer concentrations
tested, which indicates that the nanoparticles assembled to an
equilibrium distance that is energetically favorable regardless of
polymer concentration. The response time for the degradation-
directed assembly is dependent on the substrate concentration and
inversely proportional to the enzyme concentration.?? By varying
the polymer content in the PRNH, the response time will change
proportionally to the CY{ KC concentration.

Conclusions

This journal is © The Royal Society of Chemistry 20xx



Page 7 of 10

A protease responsive SCC that produces distinct color shifts
due to large changes in interparticle spacing was fabricated
and characterized. We found that electrostatic interactions
between the cleaved peptide and nanoparticle facilitates the
assembly process that causes color change. In addition, high
particle surface charge is required during the degradation-
directed assembly because it prevents uncontrolled
aggregation that causes destructive scattering of visible light.
Along with high surface charge, the particles must also be
confined to an arrangement with local ordering so that the
degraded PRNH can scatter visible light. If the two previous
requirements are met, the PRNHs undergo the
degradation-directed assembly. The color of the PRNH can be
tuned by changing the polymer concentration and particle size
which yields distinct color changes between the swollen and
degraded state of the material. Ultimately, the findings of this
manuscript define new design criteria for angle-independent
and color changing SCC with specificity to proteases.

will

Methods

Silica particle synthesis and functionalization

Silica particles were formed through a modified Stéber synthesis.33
In brief, tetraethyl orthosilicate (6 mL) (Sigma) was mixed with
ethanol (70 mL) (Pharmco) vigorously for 5 minutes in a glass round
bottom flask. In an Erlenmeyer flask, ammonium hydroxide (Sigma)
was mixed with deionized water at various concentrations to yield
different particle diameters. 1.25, 1.5, 1.75, and 2 mL of ammonium
hydroxide were used for obtain the particle sizes shown in Figure
1C. The ammonium hydroxide solution was mixed the TEOS solution
at 250 rpm for 2 hours at which point the reaction reached
completion. Functionalization of the silica particle surface was
performed via a 6 hour reflux reaction with one of the following: 3-
(trihydroxysilyl)-1-propanesulfonic acid, N-(6-
aminohexyl)aminopropyltrimethoxysilane, or
[Hydroxy(polyethyleneoxy)propyl]triethoxysilane (8-12 EO) (1.5 mL)
(Gelest, Inc).2334, The particles were washed by centrifuging
suspensions then resuspending with deionized water until the pH of
the water phase was neutral. Finally, the particles were
concentrated to 100 mg/mL and stored with mixed bed ion-
exchange resin (200mg) (Bio-rad) until use.

Fabrication of the structurally colored protease responsive
nanoparticle hydrogel

First silica particle suspension (300 uL) is centrifuged at 19318 times
the gravitational acceleration for 2.5 minutes. The supernatant is
removed and the resulting silica nanoparticle pellet diffracts visible
light proportional to the diameter of particle used in the
fabrication. To prepare the hydrogel precursor solution, 10 kDa
4PEGN (Sigma) and CYJKC peptide (Genscript) were dissolved in 2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (100 pL,
mg/mL)(Sigma) at a 4PEGN to CY{KC molar ratio of 1:2. The
pelleted silica particles were then suspended in the hydrogel
precursor solution. The final mixture is once again centrifuged for
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the same time and speed. After removing the supernatant, the
pellet is sandwich casted between two cover slips (VWR) by hand
and polymerized by UV light exposure (KAIS UV oven) for 20
minutes. The thiol groups on the peptide’s cysteine residues react
with double carbon-carbon —ene bonds on the norbornene group
attached to the 4- arm PEG crosslinker via thiol-ene click chemistry
under UV exposure. The resulting crosslinked polymer nanoparticle
films are placed in water to swell for one hour before use.

Zeta potential measurements of resuspended particles in
degraded hydrogel fragments

Bare silica, THOPS silica, and AHAPS silica were characterized for
their surface charge using a Malevern Zeta Sizer Nano ZS90 in
deionized water, and a solution of calcium chloride (10 mm) and
Tris-HCI (100 mm) titrated to pH 8. To test measure the surface
charge of the colloid after complete degradation of the hydrogel,
PRNHs were prepared and placed in solutions of a.-chymotrypsin (1
mg/mL) in calcium chloride (10 mm) and Tris-HCI (100 mm) titrated
to pH 8 for 1 hour at 37°C. Aliquots of the degraded PRNH were
diluted in TRIS buffer.

USAXS

PRNHs were fabricated as previously mentioned, but compressed
and polymerization between two 0.0254 mm mylar films
(Chemplex). Hydrated PRNH were characterized at the Advanced
Photon Source within Argonne National Labs using the 21 keV X-
rays on the USAXS beamline 9-ID.27 The program ScAtter was used
for pair distance distribution function fitting from ~ 0.005 to 0.015
A1 using Moore's method.30

PRNH color change experiments

PRNHs were submerged in a-chymotrypsin (1 pg/mL) in calcium
chloride (10 mm) and Tris-HCI (100 mm) titrated to pH 8 for 3 hours
at 37°C to degrade 70% of the hydrogel. After a color change was
observed, diffuse reflectance was measured using a Thorlabs
CCS100 spectrophotometer equipped with a SLS201 Light Source
and RP20 reflection probe, set to 45°. The measured spectrum for
each sample was normalized to the maximum reflectance spectrum
as measured on an Ocean Optics WS-1 white reflectance standard,
and reported as percent reflectance.
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ToC Text: Nanoparticle hydrogels undergo a degradation-directed assembly producing tunable
structural color changes for potential sensor applications.



