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Abstract

Gold nanorods possess optical properties that are tunable and highly sensitive to variations in
their aspect ratio (Iength/width). Therefore, the development of a sensing platform where the gold
nanorod morphology (i.e., aspect ratio) is modulated in response to an analyte holds promise

in achieving ultralow detection limits. Here, we use a dithiol peptide as an enzyme substrate
during nanorod growth. The sensing mechanism is enabled by the substrate design, where the
dithiol peptide contains an enzyme cleavage site in-between cysteine amino acids. When cleaved,
the peptide dramatically impacts gold nanorod growth and the resulting optical properties. We
demonstrate that the optical response can be correlated with enzyme concentration and achieve a
45 pM limit of detection. Furthermore, we extend this sensing platform to colorimetrically detect
tumor-associated inhibitors in a biologically relevant medium. Overall, these results present a
subnanomolar method to detect proteases that are critical biomarkers found in cancers, infectious
diseases, and inflammatory disorders.
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INTRODUCTION

Plasmonic gold nanomaterials have attracted immense research attention and are found in

a variety of applications such as biomedical imaging,1~* drug delivery,>® theranostics, -8
and biosensing.®-11 They are extremely useful in sensing due to their large surface-area-to-
volume ratio that enables substantial ligand loading and thus sensitivity.12 Furthermore, they
possess remarkable optical properties that are tunable based on the size and aggregation
state. In particular, spherical gold nanoparticles (AuNSs) that exhibit a localized surface
plasmon resonance (LSPR) and a correspondingly large scattering cross section in the
visible region have been utilized in colorimetric assays to detect an array of biomarkers.13

Unlike AuNSs, anisotropic gold nanostructures possess optical properties that are tunable
via more nuanced structural changes such as edge sharpness in gold nanocubes,4 tip
sharpening or dulling in gold nanostars,1® and possibly the most reported alterations in the
aspect ratio of gold nanorods (AuNRs).16-19 Aspect ratio-dependent optical properties are
especially pronounced in AUNRs because they exhibit both a transverse and longitudinal
LSPR located along their short and long axis, respectively. The longitudinal plasmon

has been extensively studied because it has a substantially larger molar absorptivity than
comparatively sized AuNSs while having a peak extinction in the near-infrared (NIR)
region.20

Numerous methods have been developed to tune the optical properties and aspect ratio

of AuNRs.2! The simplest techniques involve adjustments to the ratio of reactants, where
higher Ag(l) concentrations result in higher aspect ratios and lower ascorbic acid and seed
concentrations result in lower aspect ratios.22:23 Changing from ascorbic acid to more mild
reducing agents and the addition of aromatic weak acids such as salicylate and hydroguinone
can produce high-aspect-ratio rods with less spherical impurities.24-26 Other methods, and
of most relevance to this study, include the addition of thiolated biomolecules that form
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Au-S bonds on particular crystal facets altering the gold deposition rate and nanoparticle
growth trajectory. The addition of thiol-containing bioadditives glutathione (GSH), cysteine
(Cys), and methionine into a AuNR growth solution was recently demonstrated to be a
reliable method to reduce their aspect ratio.2” Postsynthesis modifications have also been
employed, where ligand sizes ranging from small thiolated molecules (e.g., GSH, Cys, and
thiocholine) to large biomolecules such as DNA and bovine serum albumin have been shown
to impact the overgrowth of AuNRs.28

Published work on the modulation of AuNR growth in the presence of proteolysis is rare.
Liz-Marzan and coworkers showed that acetylcholinesterase can hydrolyze acetylthiocholine
to produce the thiol-containing molecule thiocholine which then binds to AuNRs during
growth.2% Other reports typically involve nanorod overgrowth or H,0, etching where

the aspect ratio is tuned via Fenton-like reactions.3%-34 This approach proved to be a

reliable method to colorimetrically detect cancer biomarkers in the urine of bladder cancer
patients.3® Despite these advances, a nanoparticle-based sensing mechanism where the
aspect ratio of synthesized AuUNRs (and resultant optical properties) is modulated in the
presence of cancer biomarkers is yet to be demonstrated.

Here, we use a gold nanoparticle-peptide sensor that utilizes the differential in adsorption
between a parent peptide and its cleaved counterpart to modulate gold nanorod synthesis

in response to trypsin activity. We use trypsin as a model enzyme because it is found at
elevated concentrations in the serum and urine of acute pancreatitis and cancer patients
(0.06-3.6 pM)—especially pancreatic cancer patients—and predictably cleaves after Lys
and Arg amino acids.36:37 We demonstrate that trypsin in conjunction with the dithiol
peptide Gly-Cys-Lys-Gly-Cys-Gly (GCKGCG) can alter AUNR growth to produce a final
mixture of high-aspect-ratio rods, low-aspect-ratio rods, and faceted nanospheres. The
relative ratio of these products greatly impacts the optical properties of the solution and can
be correlated with enzyme activity. To investigate this sensing mechanism, we test a series
of control peptides and show that the key for nanoparticle shape modulation is the number
and location of Cys amino acids within the peptide substrate. The time-to-readout, the
temporal cleavage of GCKGCG by trypsin, and the inhibition of trypsin by tumor-associated
inhibitors are also presented and analyzed within the context of our platform.

EXPERIMENTAL SECTION

Materials.

Gold(I1) chloride trihydrate, cetyltrimethylammonium bromide (CTAB),

hydroquinone, sodium borohydride, silver nitrate, trifluoroacetic acid (TFA), 2,2"-
(ethylenedioxy)diethanethiol, thioanisole (EODT), anisole, piperidine, trypsin from porcine
pancreas (T4799), and bovine pancreatic trypsin inhibitor (BPTI) were purchased from
Sigma-Aldrich. Fmoc-amino acids, Fmoc-Gly-Wang resin, and HBTU were received from
Aapptec (Louisville, KY, USA). Diisopropylethylamine and ethyl ether anhydrous were
purchased from Fisher Scientific. GCKGCG, GGKGGG, and GGKGCG were either
purchased from Genscript Inc. (New Jersey, USA) or synthesized. Pooled human urine was
collected from Innovative research (Novi, Ml).
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Characterization.

Transmission electron microscopy (TEM) images were collected using a Thermo Fisher
Talos F200X G2 operating at 200 kV and analyzed using ImageJ software. Extinction
spectra were collected using a Perkin EImer Lambda 1050 UV-vis—NIR spectrometer.
High-performance liquid chromatography was performed using a Shimadzu LC-40 and a 5
4m C18 column (20 x 100 mm).

Synthesis of Peptides.

GCKGCG, GGKGGG, and GGKGCG were made using standard Fmoc synthesis on an
Aapptec eclipse personal peptide synthesizer. Wang resin was used as the solid support for
all peptides and was cleaved using a mixture of TFA/EODT/thioanisole/anisole (88:5:5:2,
v/v) for 3 h under an argon blanket. The freshly cleaved peptide was precipitated in

—80 °C diethyl ether and washed several times (3x) using centrifugation. After the final
centrifugation cycle, diethyl ether was decanted and the white peptide slurry was dissolved
in an H,O/glacial acetic acid mixture (90:10, v/v) to ensure TFA salt replacement with
acetate salt during lyophilization. The peptide was frozen, lyophilized overnight, and then
stored at —20 °C under an argon blanket.

Purification of Peptides.

The peptides were dissolved in a mixture of water and acetonitrile at 4 mg/mL and applied
to the column through a 1 mL loop. The sample was eluted at 1 mL/min with a 30 min
gradient from 10 to 40% solvent B, where solvent A is water (0.05% TFA solution) and
solvent B is acetonitrile (0.05% TFA solution). Preparative injections were monitored at 190,
220, and 254 nm. The purified peptide was frozen at —80 °C and lyophilized overnight to
produce a white powder. Chemical structures of peptides were confirmed using electrospray
ionization—mass spectrometry (ESI-MS).

Seed Synthesis.

Seed-mediated growth was employed with slight modification. CTAB (5 mL, 0.2 M) and
HAUCI4-3H,0 (5 mL, 0.5 mM) were mixed under mild stirring at 30 °C and held for 5 min
to ensure full complexation between gold salt and CTAB.38 NaBH, (600 /1, 10 mM) was
injected under vigorous stirring, leading to a light brown solution.

Peptide-Protease-Mediated AuNR Growth.

Peptide and trypsin were incubated at 37 °C at the desired concentrations for 1 h in
phosphate-buffered saline (PBS) buffer (137 mM NaCl, 10 mM NayHPOy, 2.7 mM KClI,

1.8 mM KH,POy, pH 7.4). The growth solution was prepared with slight modification as
described elsewhere by adding HAuCl, (2.5 mL, 1.0 mM) and AgNOs (30 4L, 0.1 M) to
CTAB (2.5 mL, 0.5 M) in a 20 mL scintillation vial under mild stirring. Next, hydroquinone
(162 4L, 0.1 M) was injected into the solution causing a color change from orange to
transparent. Next, 53 4L of the peptide and trypsin mixture was added to the growth solution
to give the final reported concentrations and mixed for 30 s. Last, 80 L of the seed solution
was stirred in the growth solution for 30 s, and the reaction mixture was incubated for 15 h
in a 30 °C water bath. Nanoparticle samples were purified by centrifugation at 12,000g and
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redispersed to their original volumes. Experimental procedures for purely peptide-mediated
AUNR growth were identical to samples mentioned above but in the absence of trypsin.

Inhibition Experiment.

Trypsin, BPTI, and GCKGCG were all dissolved in a 1:1 mixture of PBS and pooled human
urine. The protease, inhibitor, and peptide mixture were incubated for 1 h at 37 °C prior

to injection (53 yL) into the growth solution containing CTAB (2.5 mL, 0.5 M), HAuUCl4
(2.5 mL, 1.0 mM), AgNO3 (30 4L, 0.1 M), and hydroquinone (162 zL, 0.1 M) to give
concentrations of 500 pM, 5.0 nM, and 1.0 xM. 80 wL of the seed solution was added to the
growth mixture and stirred for 30 s. The reaction mixture was incubated for 18 hin a 30

°C water bath before characterization. Experiments were performed in triplicate on different
days from different stock and seed solutions.

RESULTS AND DISCUSSION

We used the peptide GCKGCG that has two Cys (C) located on either side of the Lys

(K) protease cleavage site to differentially modulate AuUNR growth in the presence of
trypsin (Figure 1A). GCKGCG and trypsin were incubated prior to addition into the AUNR
growth solution (Figure 1B) which contained CTAB, HAuCl4, AgNO3, and hydroquinone;
the reaction was initiated upon injection of the gold nanoparticle seed (Scheme S1). A
seed-based protocol was employed to supply a Au(0) surface for thiols to bind and modify
nanoparticle growth (Figure 1C), and we used hydroquinone instead of ascorbic acid as

a reductant because it minimizes spherical impurities and produces rods with a large,
highly tunable optical window.3 Successful trypsin detection is achieved because substrate
cleavage results in the production of two monothiol peptides that bind to the gold surfaces
and redirect AUNR growth (Figure 1D).

Increasing amounts of GCKGCG were added into the AUNR growth solution to study the
relationship between peptide concentration and the longitudinal LSPR (Figure 2A). When
no peptide was injected, the LSPR remained in the NIR range (~1100 nm) as expected. With
increasing peptide concentrations, the longitudinal peak gradually blue-shifted from 1098

to 784 nm, and the extinction intensity decreased from 1.8 to 0.93, indicating a reduction

in both the AuNR aspect ratio and yield.#0 Furthermore, the transverse LSPR at 506 nm
became progressively obscured due to the scattering of AuNS impurities with diameters of
20-40 nm.*! The morphological dependence of AuNRs to peptide concentration is caused
by the cysteine thiols that disrupt the surface energy between the gold seed and CTAB.
During standard preparations of AuNRs (ones that lack thiol additives), anisotropic growth
occurs as a result of the preferential growth of {111} over {110} facets due to their
differences in surface energy and adsorbed CTAB.4243 Anisotropic growth is attenuated
upon the inclusion of GCKGCG or cleaved products because the Au-S bond is more
energetically favorable than the adsorption of CTAB molecules and causes nonspecific Au(l)
deposition and hence spherical impurities.44:4°

We exploited this phenomenon by using the difference in amino-acid-directed gold
nanoparticle growth between the parent peptide before (GCKGCG) and after cleavage (GCK
+ GCG) to detect the cancer biomarker trypsin. Figure 2B shows gold nanoparticles made
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with 1.0 M GCKGCG and varying amounts of trypsin incubated for 1 h at 37 °C prior

to injection into the growth solution (Figure S2). Proteolytic cleavage of GCKGCG at the
Lys amino acid was confirmed using high-performance liquid chromatography and ESI-MS
(Figure S3). Without trypsin, the longitudinal LSPR showed a maximum extinction at 841
nm. Increasing the amount of trypsin caused the longitudinal LSPR (Ex ) to blue-shift
and decrease in intensity; total scattering at 550 nm (Exs50nm) Was increased due to the
greater percentage of spherical impurities. We generated a response curve by taking the
ratio of Exsgonm to Ex_ and plotting it against trypsin concentration. An LOD of 45 pM
was calculated based on the methods described by Armbruster and Pry (Figure 2C).46

At a trypsin concentration of 150 pM, the absorbance and scattering characteristics of

the solution changed enough as to be detectable by eyes (Figure 2D). We chose 1.0 ¢M
GCKGCG to maximize the change in LSPR and allow colorimetric detection, as lower
concentrations of peptide gave a weaker optical shift even at a high trypsin concentration
(Figure S4). To verify that detection was caused by the cleavage of GCKGCG and not
trypsin interfacing with the gold surface or interfering with CTAB micellization during
growth,*” we performed control syntheses and confirmed that trypsin alone cannot change
the nanorod growth process (Figure S5).

Figure 2E contains TEM images that show the shape evolution of gold nanoparticles with
various trypsin concentrations, while GCKGCG is maintained at 1.0 M. With no trypsin
added during the incubation step, the AuNR yield was 77 £ 2.3% with an aspect ratio of 4.9
+ 0.28. Further increases in the amount of trypsin lead to the synthesis of lower-aspect-ratio
AuUNRs and in lower yields. Low-magnification TEM images and AuNR yields can be found
in Figure S6. No AuNRs were formed at the highest trypsin concentration of 500 pM.

To investigate how the proteolysis of GCKGCG by trypsin impacts the final particle
morphology, we collected high-resolution TEM (HR-TEM) images and fast Fourier-
transform (FFT) patterns from samples prepared without and with trypsin. AUNRs made
with no trypsin had FFTs with reflections indexed to the {100} and {110} Au crystal planes,
confirming their single crystallinity (Figure S7). This is in agreement with the crystalline
structure of CTAB—AUNRS previously reported.*8 In comparison, nanoparticles made with
the highest trypsin concentration contained polycrystalline impurities and had FFTs that
lacked an indexable diffraction pattern. HR-TEM imaging also confirmed the synthesis of
multiply twinned gold nanostructures (Figure $8).4° This morphological dependence on
trypsin concentration is presumably caused by the increase of monothiolated peptides upon
substrate cleavage, which bind to the lower-index Au crystal planes that would typically
evolve into rod tips during growth. Au-S bond formation and Au(l) reduction both occur
simultaneously after seed injection, although complete Au-S binding occurs in less than 5
min, while complete gold reduction takes ~3 h (Figure S9). This causes Au deposition on the
seed surface to be redirected from the low-index planes and leads to the synthesis of faceted
gold nanospheres.>0

To confirm the proposed mechanism, we synthesized (Figure S10) and tested two control
probes: GGKGGG containing no thiol and GGKGCG containing a single thiol near its
C-terminus end. GGKGGG was tested to reaffirm that the nanoparticle morphology was
modulated via Au-S bonds and not through carboxylate or amino groups.>1-53 Indeed, 1.0
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UM GGKGGG and increasing trypsin concentrations did not alter the AUNR growth process
(Figure 3A). Although the carboxylate and amino groups likely play a role in Au(l) surface
reduction during growth, the above findings indicate that Au-S bonds have the most impact
on the final nanoparticle morphology. GGKGCG contains a single thiol and blue-shifts the
longitudinal LSPR with increasing concentration in a similar manner to GCKGCG (Figure
3B). When 1.0 /M GGKGCG and increasing amounts of trypsin were incubated before
injection into the growth solution, though, no blue shift or reduction in the intensity of the
longitudinal LSPR was observed (Figure 3C). We attribute the failure of GGKGCG to act as
a trypsin sensor due to its monothiol nature, where cleavage at the Lys amino acid (Figure
S11) does not increase free thiol species that can bind to the gold surface during growth as is
the case with GCKGCG.

After investigating the sensing mechanism, we sought to determine the time-to-readout and
the nanoparticle growth process by monitoring the LSPRs after seed injection for 4 h in 15
min intervals. Figure 4A shows the time evolution of nanoparticles prepared with 1.0 x/M
GCKGCG and 0 pM trypsin. The longitudinal LSPR maximum first appears around 771 nm
(1 h after the injection of the seed). Over the next 1 h, the intensity of the LSPR maximum
increases as well as red-shifts to 908 nm before blue-shifting to 863 nm in the final 2 h. A
final UV-vis spectrum was attained after 18 h that shows a final LSPR maximum of 828 nm
(Figure S12). This optical behavior is consistent in standard AuNR syntheses where initial
seed-symmetry breaking results in high-aspect-ratio rods that then grow widthwise from
adatom addition to the boundary between {111} and {100}/{110} crystal planes.>*

Figure 4B shows the time evolution of nanoparticles prepared with 1.0 /M GCKGCG and
500 pM trypsin. After 30 min, the initial LSPR at 536 nm with an extinction of 0.023
gradually develops over 3.5 h to have a final LSPR of 542 nm with an extinction of 1.03.
This optical behavior is akin to rods prepared in the presence of GSH—a biologically
abundant tripeptide that also contains a cysteine amino acid.>® Additionally, the absence
of an extinction increase at wavelengths >850 nm indicates that no high-aspect-ratio
nanoparticles were synthesized. To the naked eye, the growth solutions that contained no
trypsin and trypsin both showed color ~30 min (Figures S14 and 15), although it was
difficult to discern a difference between them until 1 h postseed injection (Figure 4, insets).
Including the 1 h incubation period before growth, these experiments show that the visual
time-to-readout of our test is ~2 h.

To demonstrate the ability of our system to monitor the temporal cleavage of our substrate,
we performed experiments with a constant GCKGCG and trypsin concentration and
increasing incubation times (Scheme S2). Aliquots of the peptide and trypsin mixture were
taken from the same stock, and nanoparticles were synthesized from the same seed to
control for variation between growth solutions. Figure 4C shows a reduction in intensity of
the longitudinal plasmon mode from 1.47, 1.14, 1.01, 0.81, 0.48, and 0.28 for incubation
times of 0, 5, 10, 20, 40, and 60 min, respectively. Taking the ratio of Exgggnm to Ex_

and plotting it against their incubation times give a curve that mirrors a pseudo-first order
enzymatic Kinetic curve. This accords with conventional fluorogenic substrates that similarly
probe enzymatic activity.>6-58 The increased scattering at 550 nm is visible by eyes (Figure
S16) and caused by an increase in the number of spherical impurities synthesized (Figure
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4D). AuNR vyields and TEM images at all incubation times are provided in Figure S17.
Taken together, this once again confirms that the shape and ratio of final nanoparticles are
determined by the amount of substrate converted to the product by trypsin and serves as a
valuable proxy to probe proteolysis.

Pancreatic secretory trypsin inhibitors are tumor biomarkers first identified in the urine of
patients with ovarian cancer.%® Later studies confirmed that enhanced levels are also found
in gynecological, pancreatic, and gastrointestinal cancers.59-62 As a proof-of-concept, we
incubated GCKGCG, trypsin, and BPTI in a 1:1 mixture of pooled human urine and PBS.
Figure 5A shows a significant blue shift in the longitudinal LSPR in the absence of BPTI
(=) and no LSPR shift with BPTI (+). The BPTI (+) curve produces a response as if no
trypsin was added during incubation, signifying successful inhibition and minimal cleavage
of the peptide substrate. Control experiments were performed where the LSPR exhibited no
dependence on BPTI in the absence of trypsin (Figure S18). Additionally, the difference in
the ratio of the longitudinal plasmon resonance and the extinction at 550 nm for both BPTI
(=) and BPTI (+) is statistically significant (**p < 0.01). The colorimetric LOD is 5 nM, and
the color difference is easily observed (Figure 5B). These experiments demonstrate that this
approach enables the colorimetric detection of inhibitors associated with tumor progression
in a biologically relevant fluid.

CONCLUSIONS

Observing the optical and morphological difference between AuUNRSs grown with uncleaved
and cleaved dithiol peptides is a powerful tool to monitor enzyme activity. We demonstrated
that this response is colorimetric and caused by an increase in free thiol species upon
proteolysis. More specifically, we elucidated the sensing mechanism which is enabled by

a peptide that contains an enzyme cleavage site sandwiched between two cysteine amino
acids. As a proof-of-concept, we showed that this sensing mechanism could be extended to
discriminate between urine samples containing tumor-associated inhibitors by the naked eye.
Further directions include the use of more complex peptides with multiple cleavage and Cys
sites, utilization of other anisotropic gold nanoparticles (e.g., nanocubes, nanoprisms, and so
forth), and computationally driven studies that could inform more robust peptide designs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of the sensing mechanism for the detection of trypsin. (A) Peptide-/protease-
mediated gold nanoparticle growth and the effect of trypsin on the final nanoparticle

morphology. The opaque blue background represents the growth solution. (B) Structure
of the dithiol peptide GCKGCG and its subsequent cleavage by trypsin (PDB 1TRN) to
produce two monothiol peptides, GCK and GCG. (C,D) Ligand-binding modes depicting
the effective change in thiol concentration on the gold nanoparticle surface during growth
without trypsin incubation (C) and with trypsin incubation (D).
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Figure 2.

Detection of trypsin. (A) Concentration-dependent UV-vis spectra of gold nanoparticles
made with the protease substrate, GCKGCG. (B) Representative UV-vis spectra of gold
nanoparticle samples made with a constant GCKGCG concentration and increasing trypsin
concentration. (C) Increase in the ratio of Exgsgnm to Ex (longitudinal LSPR) as a function
of trypsin concentration [limit of detection (LOD) = 45 pM, n= 3, error bars = SD,

linear range 50-200 pM (A2 = 0.985)]. (D) Image of nanoparticles prepared with 1.0 zM
GCKGCG and increasing (left to right) trypsin concentration: 0, 50, 100, 150, 200, and 500
pM. (E) TEM images of nanoparticle samples grown in 1.0 /M GCKGCG and increasing
trypsin concentration. Scale bars, 20 nm.
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Schematic of control peptides and the effect of thiol on AUNR growth. (A) Cleavage
schematic and UV-vis spectra of nanoparticles prepared using the thiol-free peptide
GGKGGG at a constant concentration and increasing trypsin concentration. AUNRS with

an aspect ratio greater than 3.5 are synthesized; the growth process is unchanged in the
presence of trypsin. (B) Schematic and concentration-dependent UV-vis spectra of gold
nanoparticles made with the control monothiol peptide, GGKGCG. Increasing GGKGCG
concentration results in a blue shift and a reduction in the aspect ratio of AuNRs. (C)
Cleavage schematic and UV-vis spectra of gold nanoparticle samples prepared with a
constant GGKGCG concentration and increasing trypsin concentration. AUNRs with an
aspect ratio less than 3.5 are synthesized; the growth process is unchanged in the presence of

trypsin.
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Figure 4.
Temporal study of proteolysis-modulated gold nanoparticle growth. (A,B) UV-vis spectra of

gold nanoparticle time evolution with 15 min step size. Inset images were taken 0, 1, 2, 3,
and 4 h after seed injection. (A) 1.0 M GCKGCG and 0 pM trypsin. (B) 1.0 /M GCKGCG
and 500 pM trypsin. (C, D) Incubation time-dependent detection of trypsin (Scheme S2).
(C) UV-vis spectra of gold nanoparticles prepared with increasing incubation time prior

to seed injection: 0, 5, 10, 20, 40, and 60 min. GCKGCG and trypsin concentration held
constant. Inset: extinction ratio of Exssonm to EX|_ Vs incubation time. (D) TEM images of
nanoparticles prepared with 1.0 M GCKGCG and 500 pM trypsin with incubation times of
0, 10, 20, and 60 min; scale bars: 20 nm.
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Figureb.
Inhibition of trypsin with BPTI. Both samples were prepared with 1.0 M GCKGCG and

500 pM trypsin. Experiments were performed in triplicate (7= 3, error bars = SD) with 0
nM BPTI (=) and 5 nM BPTI (+). (A) UV-vis spectra of nanoparticles prepared without (-)
and with (+) BPTI. (B) Bar graph of the absorbance ratios of Ex; and Exssonm.
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