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Abstract: Significant advancement has occurred in the detection methods of solution-based analytes.
High-pressure liquid chromatography, gas chromatography, and other systems used for analyses are
quite expensive. Therefore, there is a need for new methods and for the visible detection of analytes.
Here, we demonstrate that 3-aminopropyl triethoxysilane (APTES) could impact the stability, optical,
and morphology of gold nanoparticles (AuNps) in a colloidal solution. These impacts can be used
to create a sensitive visual detection system. The strong impact of the APTES concentration on
the ultraviolet-visible absorption spectra of the solutions is illustrated, which displays systematic
and extensive red shifts. The presence of denatured proteins within a therapeutic drug product
can induce a series of adverse effects. This report describes a fast, low cost, sensitive, and user-
friendly platform where the plasmonic nanoparticles create visual biosensing of denatured proteins.
Artificially heat stressed ferritin, glutathione, and insulin coupled to AuNps are exposed to ATES
and upon denaturation of the protein or peptide, systematic blue or red shifts are observed in
the absorbance spectra of the AuNps/biomolecules, and aminosilane solution. This serves as a
proof-of-concept for a fast in-solution detection method for heat-stressed proteins or peptides.
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1. Introduction

The optical properties of gold nanoparticles (AuNps) are of particular interest in
biological and biomedical applications and can be controlled by utilizing several different
methods. By manipulating the properties of AuNps with respect to components such as
inter-particle spacing, size, shape, dimension, and surface chemistry, a user can extensively
influence the absorbance spectra [1]. There have been several reports that have discussed
the various hues that can be derived by changing the particle growth parameters of AuNps
and the resulting particle diameter. Previous reports have indicated large shifts in the absorbance
spectra by over several tens of nm as the diameter of the AuNps are increased [2—4]. The
observed shifts in absorbance mimic the visual changes of colors, ranging from red to blue
and purple. The hues of AulNps are also heavily impacted by shape. Irregular shapes
and other geometric formations will affect the localized surface plasmons and ultimately
the perceived color of the gold nanostructures. In addition to gold nanospheres, the color
of gold nanorods has also been extensively explored, and their dependence on size and
dimension has been reported. According to a number of reports, the absorbance spectra of
the gold nanorods can be fine-tuned to display colors of entire visible spectra [5-7]. Not only
does size and shape affect the color, but aggregation of the AuNps can also induce color
changes due to variations in inter-particle spacing. According to several reports regarding
applications in the biomedical field, the aggregation of AuNps and their resulting color
change can be used to detect biomolecules through fluctuations in the localized surface
plasmon frequencies [8-12]. Hence, this colorimetric technique can be utilized to detect the
size and shape of AuNps for the analyte detection of various proteins molecules.
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Several significant advances have been made in the detection methods of analytes in
solution within the areas of pharmaceuticals, biotechnology, and environmental science,
especially for the detection of water contaminated by heavy metals. Several instruments
such as high-pressure liquid chromatography, gas chromatography, sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gels, and other systems are ex-
pensive with respect to their capital costs, equipment upkeep, and the realty required to
house and transport these instruments. Therefore, with these limitations in mind, a large
effort has been directed to devising new methods and new devices allowing for the visible
detection of analytes with low limits of detection. Specifically, recently, there has been a
sharp increase in the use of nanomaterials targeting biological and environmental sensing
applications. Metallic nanoparticles such as gold and silver have been of great interest for
applications in biosensing, and particularly calorimetric sensing, due to their high local
surface plasmonic behaviors [13-16]. The changes in the plasmonic oscillations of AuNps
as a function of surface chemistry, surface energy, or aggregation can cause observable
shifts in the transmittance of AuNps. These interactions with the surface plasmons of
AuNps provide the mechanism and foundation for the visible detection of analytes.

The basis for these reports includes two components/phenomena that provide the
foundation for the intended detection mechanisms. The first being that the addition
of the aminnorsilane, 3-aminopropyl triethoxysilane (APTES), to colloidal AuNps can
induce large observable plasmonic shifts due to nanoparticle aggregation. The second of
which consists of several papers that describe the use of Bovine serum albumin (BSA) and
various proteins to stabilize the AuNps after synthesis [17-22]. Using these two pieces
of information, it is intended to develop a new method for the visual detection of BSA
using an inverse mechanism, where a compound known to destabilize AuNps is added in
the presence of a compound. With a target application in visual biosensing, the impact of
APTES in the presence of AuNps conjugated BSA was characterized with respect to the
stability, optical properties, and morphology.

The area of pharmaceutics, with drug products ranging from proteins and antibodies
to hormones, is very important for public health. The denatured or aggregated structures
of these pharmaceutical products can cause irritation, immunogenicity, anaphylaxis, or
even instant death [23,24]. Hence proper detection of these biomolecules in their denatured
state is extremely important. Size exclusion chromatography, dynamic light scattering,
and SDS-PAGE gels techniques [25-27] are currently used to study the stability of these
biological molecules. However, due to a lack of cost effectiveness and bulky instrumen-
tations, it is impractical to use these techniques. Therefore, the design of a simple and
effective method is necessary for the visual detection of these denatured biomolecules. The
advancement in the plasmonic behavior of AuNps comes to the forefront for a unique and
inexpensive method for the visual detection of denatured proteins. As AuNps possess a
high biocompatibility and diverse optical properties, this noble metal serves as the working
material of choice [28-30]. In addition, because of the highly active and sensitive local
plasmonic effects, visual/optical detection is extremely possible in biological and environ-
mental sensing [31]. The localized surface plasmons of AuNps are central to the particle
itself, as opposed to the metallic/dielectric interface [32-34].

Proteins and peptides are the building blocks of biological functions and are essential
for biochemical reactions for life [35-37]. The key components for these macromolecules
consist of 20 amino acids linked together in various combinations through poly-peptide
bonds. These structures then fold and combine to form three-fold and quaternary structures,
ultimately enabling the activities of specific biological functions [38-40]. Peptides in partic-
ular have been found to have antimicrobial properties, providing assistance in biological
functions such as immune response regulation and host defense [41]. Apart from immunity,
these macromolecules also perform functions through cell signaling and transduction
activities, such as blood pressure and blood volume regulation via the natriuretic peptide
family [42,43]. In the case of denatured or significantly stressed biological macromolecules,
the potential medicinal effects can become compromised. Specifically, the occurrence of
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peptide and protein aggregation in biological systems can cause serious diseases, and
in pharmaceutical drug products, it induces adverse immunological responses [44-46].
Among several studies, one that has been extensively studied is amyloid-fibril aggregation,
which causes a disease called amyloidosis [47,48]. This is a protein deposition disease that
is characterized by the formation of fibrillar aggregate deposits [49]. These fibrillar aggre-
gates are comprised of a peptide or protein, which are specific to a certain disease [50,51].
Some studies have concluded that mitigating the higher order aggregates and particulates
decreased the immune responses in the rodents [52,53]. The aggregates trigger in vivo
histamine release and the formation of isoantibodies [54].

The protein or peptide may undergo conditions impacting the long-term drug stability
and product lifetime [55,56]. Among several factors, shaking, shearing, temperature, pH
level, and protein concentration [57,58] are the main cause of aggregation. The denaturation
of proteins and peptides is categorized into reversible and irreversible aggregation, where
reversible aggregation is a state in which the proteins and or peptides have been aggregated.
The dissociation reversion back to the native and monomeric forms occur [59-61] over
time. Irreversible aggregates do not revert back to their monomeric forms and can be
caused by the rearrangement of disulfide bonds or the formation of new structures due to
hydrophobic association, with a direct impact on immunogenicity [62,63].

It has been reported that with the HGH aggregates present in both high- and low-
level formulations of HGH, antibody responses were observed in both, but took either a
persistent or transient form [64]. It is important to note that the HGH aggregates formed
and administered to patients were related to inefficiencies during production purification
processes, as opposed to external stresses such as heating or shaking. It has been shown
that interferon beta (IFNbf3), used for the treatment of multiple sclerosis, also observed
immunogenicity in their patients [65]. The cases with the lowest reports of immunogenicity
were linked to the company with the smallest percentage of aggregates and particulate
matter in their drug formulation [66,67]. This paper explores the visual detection of various
peptides/proteins that have been denatured via an accelerated heat stressed environment,
using the artificially induced aggregation of AuNps via APTES.

2. Procedure and Methodology

The gold chloride trihydrate (HAuCly-3H,0O) had a purity of 49%. (Sigma-Aldrich,
St. Louis, MO, USA). The second precursor reagent (trisdodium citrate) had an ACS purity
of 99.0% (Alfa Aesar, Haverhill, MA, USA). APTES was obtained from Sigma-Aldrich with
a purity greater than 98%. The sodium hydroxide had 97% purity (Sigma-Aldrich, St. Louis,
MO, USA). All of the chemicals were dissolved in deionized water (DI H,O) and were used
as received, without any further purification.

The AuNps were synthesized via the hot injection synthesis method [35]. In a reaction
vial, 40 mg of gold chloride was dissolved in 100 mL of deionized (DI) H,O, producing an
approximate 1 mM solution. A second precursor mixture was prepared by adding 115 mg
of trisodium citrate to 10 mL of DI HO. When the Au precursor solution reached roughly
100 °C, trisodium citrate was injected into the reaction vial. The reaction was allowed to
continue for 10 min and was then subsequently removed and placed in an ice bath for
5 min while swirling. The solution was then diluted 1:2 in distilled water to increase the
working sample volume. APTES with varying concentrations was added to AuNps, as
discussed below in the subsequent sections.

3. Results and Discussion
3.1. Visual Detection of Denatured Glutathione Peptides: A Facile Method to Visibly Detect Heat
Stressed Biomolecules

The body produces glutathione, which is a tripeptide protein that is essential to life.
Among its many functions, glutathione contributes/regulates antioxidant defense, signal
transduction, certain metabolic functions, immune responses, and several other biological
functions [68]. The function of antioxidant defense is critical, because the oxidative stress
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has been linked to several diseases such as certain cancers, multiple sclerosis, premature
aging, and other illnesses [69]. As glutathione is small in size and prevalence in nature,
it serves as a model peptide for evaluation as a detection method for smaller biological
analytes. Figure 1 displays the ultraviolet-visible absorbance spectra and images of the
AuNps in the GSH and APTES solutions. The trials were performed by first mixing 0.1 mL
of a no heat stress GSH sample with 0.8 mL of the AuNp colloidal solution. Subsequently,
0.1 mL of APTES solutions ranging from 0.1 to 0.2% in volume was added to the solution.
The APTES and GSH concentrations were achieved via serial dilution in deionized water. In
Figure 1A, a systematic red shift was observed in the absorbance spectra of the 3.07 mg/mL
GSH trials, as a function of the APTES concentration. The resulting hues of the 3.07 mg/mL
GSH trials containing 0.1% and 0.12% correspond to a red hue (shown in Figure 1B).
However, as the concentration of APTES increased, a magenta and purple hue was observed
at 0.14% and 0.16% APTES, respectively. A red shift was observed in the 0.18% and
0.2% APTES concentrations, in which the resulting solution hues exhibited a blue color
(Figure 1B). A comparable trend was observed within the 30.7 pg/mL GSH trials displayed
in Figure 1C, where the same procedure was employed. A systematic red shift was observed
in the absorbance spectra of the solutions for both GSH concentrations (Figure 1B,D) as the
concentration of APTES increased, corresponding to a clear progression of hues from red
to purple to blue. The full width half maxima (FWHM) of the intensity of the absorbance
spectra increased with the APTES concentration as well as time.
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Figure 1. (A) The UV-VIS absorbance spectra for the AuNps and 3.07 mg/mL glutathione solu-
tions in the presence of 0.1-0.2% APTES. (B) Resulting solution hues from left to right: AuNps,
AuNps/GSH, 0.1%, 0.12%, 0.14%, 0.16%, 0.18%, and 0.2% (APTES). The resulting absorbance spectra
of AuNps/GSH/APTES solutions over a 3.5-h GSH peptide denaturation, via a 70 °C accelerated
heat stress study for (C) 0.14% APTES and (D) 0.16% APTES.

3.2. Visual Detection of Denatured Ferritin Protein from Horse Spleen

Here, we present a unified and simple method to detect denatured proteins visually
through utilizing concentration dependent aggregated AuNps via APTES. The addition of
APTES to AuNps creates an extensive shift in the absorbance spectra that can be viewed
visually to detect the stable proteins. We devised a sensitive experiment to confirm viability
and to visually detect ferritin for the current study. Ferritin concentrations ranging from
1073 M to 10~® M were prepared and combined with the AuNps solution. Each trial
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concentration was then exposed to 100 puL of APTES and the changes in the absorbance
spectra as a function of the protein concentration were monitored. A systematic decrease in
the red shift was observed, as shown in Figure 2A-D. A strong maximum peak dependence
for the wavelength of the ferritin concentration was found, as shown in Figure 2. AuNps
were able to aggregate more extensively with a decrease in the ferritin concentration
upon APTES addition, causing a systematic shift. We demonstrated that the aggregation
of AuNps is dependent on the concentration of ferritin in the solution when exposed
to APTES. This confirms the sensitivity of this system to the presence of ferritin in a
solution and suggests the viability of the visual detection of denatured ferritin using a
similar mechanism.
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Figure 2. The UV-VIS absorbance spectra of AuNps and APTES systems in the presence of heat
stressed ferritin ranging from 1 to 15-min exposure times (A) 5% APTES, (B) 1% APTES, (C) 0.5%
APTES and (D) 0.2% APTES.

To support the visual detection method for denatured proteins, a systematic study
was developed to understand how different concentrations of APTES would affect a stable
AuNps and ferritin complex. Figure 3A,B displays the absorbance spectra of AuNps
and ferritin exposed to varying concentrations of APTES, ranging from 0.1% to 10%. As
the concentration of APTES increased beyond 0.2%, a systematic red shift was observed
followed by a strong blue shift. The red shift and subsequent blue shift are clearly visible in
Figure 3B, in which a 100 nm increase in the wavelength from 0.1 to 0.2% was observed. A
negative trend was noticed due to the 30 nm decrease in wavelength as the concentration of
APTES increased from 0.2% to 10% (Figure 3B). This information is critical when designing
the visual detection parameters, especially when the optimal concentration of APTES was
determined to induce a color change at specific degrees of degradation. If a protein degrades
easily, or the threshold for degradation is small, then the optimal concentration would
fall sharply. For example, the APTES concentrations were evaluated first for optimization
between 0.1% and 0.2%.
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Figure 3. (A) The UV-VIS absorbance spectra of the ferritin and AuNp system exposed to
APTES. (B) Plot of the changes in the absorbance max peak wavelength vs. APTES concentra-
tion (0.1-10% APTES). The changes in the ferritin structure during the accelerated heat stress study,
progressing from the quaternary structure, to the secondary and ultimately primary structure. The
proposed mechanism for the blue shift observed in the UV-VIS absorbance spectra of the ferritin,
AuNps, and APTES solutions, as the ferritin is denatured.

Proposed Mechanism: Without the addition of APTES, the AuNps solution is rel-
atively monodisperse, maintaining an optical absorbance of about 500 nm at a size of
10-15 nm. These values were found to be comparable to other previously reported sizes
and corresponding wavelengths [70,71]. We detected a higher order aggregate formation at
the 200 nm scale after adding 0.1% APTES to the AuNps solution. The observed dimers
were induced because of dipoles that formed due to the presence of APTES. This caused
the AulNps to aggregate [72], as the amine group present in APTES was electrostatically
attracted to the negatively charged surface of the AuNps [73,74]. The resulting coulombic
attraction caused a dipole in AuNps, increasing the overall energy state of the particle. To
decrease this energy state, the AuNps aggregate, stimulating a color change in the solu-
tion. Based on the ferritin aggregation, we proposed the following detection mechanism.
Without the presence of ferritin in the solution, the addition of 100 pL of APTES (ranging
from 0.2-5.0%) induced a visual color change from a red color to a blue hue. With the
addition of 100 uL of a 1.14 x 10~7 M ferritin concentration, exposure to this range of
APTES concentrations will also produce a blue color. As the protein begins to denature, the
ferritin agglomerates form barriers that prevent the aggregation of the AuNps as a function
of the extent of ferritin degradation, as shown in Figure 3 (Schematics). We propose that
as the ferritin is denatured, it blocks the AuNps from more aggregation, closing the inter-
particulate space and the degree of aggregation, forming a systemic blue shift as the heat
stress is applied to the protein.

3.3. Visual in Solution Detection of Denatured Insulin Coupled to Gold Nanoparticles

The pharmaceutical industry produces many active pharmaceutical ingredients that
are applied in order to increase human health and quality of life, at various costs [75]. The
formulations of drugs are very important as they maintain the native structure of the drug
product to prevent undesired biological interactions with the host upon application to
patients. This section of our work describes insulin protein from recombinant DNA, which
was utilized as the model protein for the study, as it is a very common hormone produced
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and secreted by the pancreas. A number of clustered cells containing beta cell, which is
responsible for producing insulin and releasing it into the blood stream [75], exist within
the pancreas. Insulin is composed of 51 amino acids separated into two peptide chains
connected by two disulfide bonds [41,76,77]. Insulin is a small protein with a molecular
weight of approximately 5800 g/mol and a molecular radius of 1.34 nm [78-80]. This small
protein plays a major role in the control of hyperglycemia for patients with type 1 diabetes
and in selected patients with type II diabetes by regulating blood glucose levels [81,82].
The National Center for Chronic Disease Prevention and Health Promotion predicts that
9.3% of the population in the United State has some form of diabetes [83], and this rate is
increasing. It affects a staggering 350 million individuals [84] worldwide. Insulin produced
pharmaceutically and biologically can exist as a hexamer and is stabilized by disulphide
bridges [69,85]. As insulin may exist as a hexamer or in 6-monomer aggregate forms, further
aggregation within the system can occur based on changes in the optimal environment
conditions [69]. Studies have shown evidence that insulin can aggregate at very low pH
values, high temperatures, and excessive agitation [71].

AuNps possess a high biocompatibility and optical properties suitable for the appli-
cations for the visual detection [71,72,86], as discussed before. It is understood that BSA
could be detected visually using AuNps in the presence of APTES [73,87]. The addition of
a protein to the solution before the addition of APTES determines the extent of aggregation
upon exposure of the protein/ AuNps solution to APTES. The current study takes a step
further for the detection of changes in the protein structure as opposed to the protein
concentration. To visually detect insulin proteins that have been heat stressed, the concen-
tration dependent induced aggregation of AuNps is utilized as a function of the protein
denaturation time and APTES exposure.

We performed the following experiment to quantify the optical changes in the solutions
containing denatured vs. non-denatured insulin. After 0.8 mL, the AuNps solution was
mixed with 0.1 mL of the heat stressed insulin, 0.1 mL of either 0.3% or 0.2% APTES was
added to the solution to complete the trials, and subsequently UV-VIS measurements were
carried out. A systematic blue shift in the max peak wavelength and a decrease in the peak
broadening was observed as the heat stress time was increased for all trials, as shown in
Figure 4A-D. Figure 4A shows that the insulin was heat stressed at 80°C using 0.3% and
0.2% APTES, respectively, resulting in a significant decrease in the peak broadening after
only 1 min of heat stress. The absorbance spectra of the 1 min trial (shown in Figure 1C)
are almost indistinguishable from the control AuNps, as well as native insulin without
APTES. However, on the other hand, it took 6 min to produce an appreciable decrease in
peak width for the trial containing 0.3% APTES. In contrast, we observed the temperature
dependence of the absorbance spectra when the heat stress temperature was decreased
to 70 °C. It took almost 3 min for the accelerated heat stress to induce regression of the
max peak wavelength back to approximately 500 nm, and this is shown in Figure 4B. The
subsequent blue shifts were observed as a function of accelerated heat stress, while a higher
APTES concentration of 0.4% was utilized.

Visual Detection: The visual solution color detection of the denatured insulin utilizing
AuNps and APTES corresponded to the changes in the absorbance spectra of the samples.
Figure 4E-H displays the solution hues of the insulin, AuNps, and APTES trials. The
resulting solution hues for the 80 °C heat stress and 0.3% APTES trials were detected and
are shown in Figure 4E. The insulin was heat stressed and the solution transitioned from
a purple hue back to a pink/red hue, indicating visual detection at 6 min of heat stress.
Figure 4F demonstrates the 70 °C heat stress and 0.2% APTES trial that produced a 3 min
detection. It shows a similar trend of a purple to red color transition. Figure 4G shows the
faster visual detection just after 1 min of accelerated heat stress at 80 °C and 0.2% APTES,
maintaining the purple to red hue. However, in contrast, the 0 min solution hue turned to a
deep purple at a higher APTES concentration of 0.4%, and the visual indicator occurred
after 12 min to a lavender purple (Figure 4H). It is projected that there would be a defined
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level of insulin denaturation that would produce a red hue and give a second detection
marker for a 0.4% APTES concentration trial if the heat stress of the insulin was continued.
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Figure 4. The absorbance spectra of the AuNps, insulin, and APTES solutions: (A) 80 °C heat stress
and 0.3% APTES, 6 min; (B) 70 °C heat stress and 0.2% APTES, 3 min; (C) 80 °C heat stress and
0.2% APTES, 1 min; and (D) 80 °C heat stress and 0.4% APTES, 12 min. (E,F) The solution hues of
insulin, AuNps, and APTES. (E) Here, 80 °C and 0.3% APTES, 6 min, from left to right: AuNps,
AuNps/Insulin, 0 min, 1 min, 3 min, 6 min, 12 min, and AuNps/APTES. (F) Here, 70 °C heat stress
and 0.2% APTES, 3 min, from left to right: AuNps, AuNps/insulin, 0 min, 1 min, 3 min, 6 min, 9 min,
and AuNps/APTES. (G,H) The solution hues of insulin, AuNps, and APTES. (G) Here, 80 °C heat
stress and 0.2% APTES, 1 min, from left to right: AuNps, AuNps/insulin, 0 min, 1 min, 3 min, and
negative control of AuNps/APTES. (H) Here, 80 °C heat stress and 0.4% APTES, 12 min detection,
from left to right: AuNps, AuNps/Insulin, 0 min, 3 min, 9 min, 12 min, 15 min, and 18 min.

APTES Induced Aggregation: To evaluate the changes in the optical properties of
gold colloidal solutions produced by the addition of APTES, several concentrations ranging
from 48 to 475 mM were tested [71,72,88]. This trend was also observed within the TEM
images obtained of the AuNp solutions exposed to increasing concentrations of APTES. In
Figure 5A-C, there is a clear progression of the degree of aggregation within a sample, as
the concentration of APTES increased from 47 mM to 144 mM. Most of the control sample
was monodispersed; however, with increased concentrations of APTES, the AuNps began
to aggregate linearly via dipole-dipole interactions and then non-directionally to form large
micron scale clusters. Marginal aggregation was observed in the control, consisting mainly
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of dimers, trimers, and tetramers, with larger aggregation sites being more sporadic. This
was a stark difference to the extensive globular formations experienced within the high
concentration APTES trial. It is important to note that only negligible changes in particle
size were observed, and the extreme shift in absorbance could not be attributed to such a
slight change, but was instead a strong function of the APTES induced aggregation. It is
noted that the entire absorbance spectrum of the gold nanoparticle solution was altered
by the addition of APTES and that it was not just its maximum that shifted. This was
further clarified using a dynamic light scattering technique, as described below, where the
aggregation was observed upon the addition of APTES to AuNps.

m Control 12
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Figure 5. Transmission electron microscopy images of AuNps: (A) control 100 nm, (B) 47 mM APTES
100 nm, (C) 144 mM APTES 100 nm, and (D) 144 mM APTES 10 nm. (E) Size distributions of AuNps
and aggregates within the control, 48 mM APTES, 144 mM APTES, and 480 mM APTES.

To further characterize and quantify the extent of aggregation that was observed after
the addition of APTES to AuNps, a dynamic light scattering techniques was applied. In
Figure 5E, it is shown that the aggregate size distributions increased with the addition of
APTES, which supports the results observed in the TEM images. APTES caused the AuNps
to aggregate as a function of the concentration present in the solution. These results also
support the mass red shifting in the absorbance measurements seen within the UV-VIS
spectra, as shown in Figure 6A-C, in which a systematic red shift is observed as the aggre-
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gation increased with either the time or the environment for three different proteins [69,70].
This paper shows that there were observable and significant changes in the ultraviolet visi-
ble spectra as the biological molecule was heat stressed and thereby aggregated. This can be
again viewed in the absorbance spectra of the insulin, ferritin, and glutathione accelerated
heat stressed studies, as displayed in Figure 6A-C. In addition, for nanomaterials bought
or made with target applications in sensing, it is essential to determine if the conditions
of the testing environment will conserve the original characteristics of the nanoparticles.
This work is applicable to all individuals working with aminosilanes and other chemicals
utilized in the substrate coupling processes. Although several sensitive surface plasmon
polariton-based sensors with a simple structure have been proposed [87,88], the current
method serves as a powerful proof-of-concept for fast in-solution detection for heat-stressed
or denatured proteins or peptides.

A AuNps/Insulin
1 ~———0 min
o 0.8
2
@ 0.6
£
g 04
o
< 0.2
0
400 500 600 700 800
Wavlength (nm)
B C —— AuNps
1 —guNps/GSH 1 1 min
ey 6 min
] — r
2 *1 h 3 ——9 min
< o6 3 hr Qo ,
S 3.5 hr @ Y- 15 min
8 04 Ee}
@D o
0 02 17}
< A g 0
400 500 600 700 800 400 600 800
Wavelength (nm) Wavelength (nm)

Figure 6. Ultraviolet-visible spectra of the gold nanoparticles and APTES solutions in the presence of
a heat stressed biological molecules over the course of an accelerated heat stress study. (A) Insulin
(B) glutathione, and (C) ferritin from horse spleen.

4. Conclusions

When administering proteins to a patient, the presence of denatured proteins within a
therapeutic drug product can induce a series of adverse effects, ranging from mild irritation,
immunogenicity, anaphylaxis, to instant death. The current research is further focused
on using plasmonic nanoparticles to create a potential platform for visual biosensing
of denatured proteins that is fast, low cost, sensitive, and user friendly. In this study,
artificially heat stressed ferritin, glutathione, and insulin coupled to AuNps are exposed to
APTES. The proteins or peptides exhibit a systematic blue or red shift upon denaturation
in the ultraviolet-visible absorbance spectra of the AuNps /biomolecule and aminosilane
solution. These shifts in absorbance translate visually into a detectable transition. This
paper serves as a proof of concept for fast in-solution detection methods for proteins or
peptides that have experienced heat stress. In addition, instrumentation that is cheap and
readily available, such as the ultraviolet visible spectrophotometer, is not currently able to
distinguish between native and non-native proteins that have been aggregated.
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