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ABSTRACT: Misfolded proteins associated with various neuro-
degenerative diseases often accumulate in tissues or circulate in
biological fluids years before the clinical onset, thus representing
ideal diagnostic targets. Real-time quaking-induced conversion
(RT-QuIC), a protein-based seeded-amplification assay, holds
great potential for early disease detection, yet challenges remain for
routine diagnostic application. Chronic Wasting Disease (CWD),
associated with misfolded prion proteins of cervids, serves as an
ideal model for evaluating new RT-QuIC methodologies. In this
study, we investigate the previously untested hypothesis that
incorporating nanoparticles into RT-QuIC assays can enhance their speed and sensitivity when applied to biological samples. We
show that adding 50 nm silica nanoparticles to RT-QuIC experiments (termed Nano-QuIC) for CWD diagnostics greatly improves
the performance by reducing detection times 2.5-fold and increasing sensitivity 10-fold by overcoming the effect of inhibitors in
complex tissue samples. Crucially, no false positives were observed with these 50 nm silica nanoparticles, demonstrating the
enhanced reliability and potential for diagnostic application of Nano-QuIC in detecting misfolded proteins.
KEYWORDS: amyloid, prions, RT-QuIC, protein misfolding, gold nanoparticle, silica nanoparticle

Pathological amyloids formed by misfolded proteins (MPs)
are found in many human and animal neurodegenerative

diseases, including Alzheimer’s Disease (misfolded Aβ and
tau), Parkinson’s disease (misfolded α-synuclein), and prion
diseases (misfolded cellular prion proteins, PrPC).1−4 Amyloid
formation originates via the misfolding of functional proteins
into insoluble and degradation-resistant amyloid fibrils that are
rich in β-sheet structures. A notable feature across the
spectrum of neurodegenerative disease is that the production
and deposition of affiliated MPs typically begin years before
the onset of clinical symptoms. Consequently, developing
highly sensitive diagnostic methods for detecting MPs during
presymptomatic stages of neurodegenerative diseases is a
critical research area.5−8 If successful, such methods could
facilitate the strategic enrollment of patients in clinical trials
and the deployment of therapeutic interventions during the
earliest stages of neurodegenerative disease.
Current diagnostics for MP diseases are limited.9,10 Conven-

tional assays rely heavily on antibody-based enzyme-linked
immunosorbent assays (ELISA) and immunohistochemistry
(IHC) technologies, which are expensive and time-consuming
and require substantial training and expertise to operate.9

Additionally, antibodies used in these assays often fail to
differentiate between native and misfolded proteins due to
poor specificity, necessitating protein digestion to enrich MPs.
This approach can affect diagnostic sensitivity through the
destruction of particular MP-associated strains.11 Together,
these antibody-based assays are limited in the identification of

early stage MPs and are primarily used on tissues collected
post-mortem. Real-time quaking-induced conversion (RT-
QuIC) has emerged as one of the most promising assays for
early diagnosis of various MP-related neurodegenerative
diseases.5,6,9,12,13 Briefly, in RT-QuIC, small volumes of
biological samples (e.g., lymph nodes, cerebral spinal fluid,
skin, etc.) are seeded into a solution containing an excess of
recombinant protein substrate (e.g., recombinant hamster
prion protein [rHaPrP]) that, in the presence of a specific MP
template, begins to misfold and form amyloids after a period of
shaking and incubation. A fluorescent dye Thioflavin T (ThT)
then binds to the misfolded substrate protein, yielding a
detectable signal based on the basis of light excitation. If MPs
are absent in the original biological seed, then misfolding of the
substrate protein does not occur, allowing for a clear
distinction between the presence or absence of MP-induced
amyloid. Amyloid formation in RT-QuIC generally follows
sigmoidal kinetics partitioned into three distinct phases−
nucleation, growth, and stationary phases−corresponding to
particular molecular mechanisms that dominate the RT-QuIC
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reaction (Figure 1A). While RT-QuIC has been successfully
applied to detect several MPs associated with a variety of
neurodegenerative diseases (e.g., TDP-43, Tau, Alpha-
synuclein, infectious prions, etc.)6,13 the complexity of
biological samples still poses challenges for clinical diagnostic
applications. For example, the assay has low kinetic efficiency,
often taking up to 48 h to complete a standard test.
Additionally, although it is more sensitive than conventional
protein detection methods (i.e., ELISA and immunohisto-
chemistry),14 natural inhibitors present within biological
samples can interfere with reaction kinetics, producing false-
negative results.7,12,15,16 To harness RT-QuIC’s potential for
early neurodegenerative diseases diagnosis, it is imperative to
develop novel methodologies that enhance assay performance,
especially diagnostic sensitivity, and facilitate the transition of
RT-QuIC from basic research to clinical application.
Chronic wasting disease (CWD), a prion disease affecting

cervids across North America, Scandinavia, and South
Korea,17−20 involves the misfolding of cellular prion protein
(PrPC) into amyloid fibrils by CWD prions (PrPCWD), similar
to the protein misfolding processes observed across the
neurodegenerative disease spectrum. Due to growing concerns
about potential interspecies transmission13,21 PrPCWD is one of
the most extensively studied MP diseases using RT-QuIC, with
several protocols developed to improve assay performance for
PrPCWD detection.7,9,13,15,22 Additionally, samples of CWD
from animals are more easily obtained than samples from
humans. Therefore, PrPCWD serves as an ideal model MP for
exploring and evaluating novel RT-QuIC methodologies.
Nanoparticles (NPs) have been used to advance diagnostics

in a variety of fields4,23−28 and have been studied extensively
for their roles in protein misfolding.29−37 When proteins
adsorb onto a nanoparticle’s surface, the local concentration of

the substrate increases, and protein conformation can be
altered.35−38 This can lead to the promotion of nucleation
events, which shortens the nucleation phase (Figures 1A, B).
While the effects of NPs on the kinetics of amyloid formation
have been characterized for several proteins,29−36 NPs have
not been used in RT-QuIC protocols for the detection of MPs
in complex biological samples.
In the present study, we applied silica NPs (siNPs) as

reagents in RT-QuIC reactions to enhance the detection of
CWD prions in lymphoid tissues of wild white-tailed deer. We
selected nanoparticles with diameters below 100 nm, as
previous research has demonstrated their potential to increase
aggregation for various proteins.29−31,33−36 SiNPs were chosen
as the primary focus because they are negatively charged and
thus readily interact with the positively charged rHaPrP
substrate. Moreover, siNPs are more cost-effective than other
NP options, such as gold nanoparticles, thus leading to a more
practical application. However, we also explored the perform-
ance of gold NPs to demonstrate the versatility and broad
applicability of various nanoparticle types in enhancing the RT-
QuIC detection of misfolded proteins in biological samples.
We observed that the RT-QuIC performance was signifi-

cantly improved in the presence of siNPs, corresponding to
siNP size. By exploring various combinations of NP diameters,
concentrations, and reaction temperatures, we identified
optimal RT-QuIC conditions represented by the highest rate
of amyloid formation (RAF, see methods, Figure 1B) and the
lowest false-positivity rate. We found that the addition of 50
nm siNPs optimized the RT-QuIC performance by signifi-
cantly increasing both the rate of amyloid formation and ThT
fluorescence (Figure 1B). Using sigmoidal-like curves, we fit
the kinetic fluorescent data and extracted key parameters that
describe the lag time of the nucleation phase and the time

Figure 1. (a) Summary of fibril growth under normal conditions (no nanoparticles) showing nucleation, growth, and stationary phases. Sigmoidal
curve represents MP detection, and flat line represents no MP detection. (b) Results from Nano-QuIC and traditional RT-QuIC. (Nano-QuIC
conditions: 48 °C, 2.5 mg/mL 50 nm silica NPs). (c) Schematic of the Nano-QuIC seeded-amplification mechanism. In Nano-QuIC, silica NPs
promote primary nucleation at a higher rate than bulk solution methods such as RT-QuIC.
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constant of the growth phase. Our findings reveal that much of
the speed increase is likely due to a higher nucleation rate of
MP on the siNP surface compared to the bulk solution (Figure
1C). Furthermore, we demonstrated that the accelerating
effects of NPs are not just limited to siNPs but can also occur
by incorporating gold nanoparticles (AuNPs) in the RT-QuIC
reaction. To test whether RT-QuIC with siNPs could
overcome effects of inhibitors, we serially diluted CWD-
positive lymphoid tissues and found that siNP-enhanced RT-
QuIC can readily detect the presence of CWD prions at a
concentration previously unattainable. Collectively, our results
strongly indicate that the nanoparticle-enhanced RT-QuIC
reaction, termed Nano-QuIC, vastly improves diagnostic
performance.

■ RESULTS
Effects of siNP Diameter and Concentration on RT-

QuIC Performance. To examine the effects of nanoparticles
on RT-QuIC performance, siNPs with diameters ranging from
20 to 100 nm were added as a reagent to RT-QuIC reactions
seeded with CWD positive or negative tissue homogenates
(parotid lymph nodes). Concentrations of siNPs were set at
0.1 0.5, and 2.5 mg/mL. Reactions were run for 48 h at 42 °C.
All diameters of siNPs examined herein affected the rate of
amyloid formation (RAF, see the Supporting Methods) when
compared to the RAF of reactions having no siNPs (Figure
2a). The ratio between the RAF of reactions with and without

siNPs gives a parameter known as the relative RAF. For all
siNP diameters, the relative RAF increased as the concen-
tration of the siNPs increased (Figure 2a). This led to an
average time to CWD detection of 6.3 h (95% confidence
interval [CI]: ± 0.96 h) for 50 nm siNPs at 42 °C, 4.9 h faster
than traditional RT-QuIC reactions of the same sample
(average time to detection of 11.2 h (95% CI: ± 1.00 h)).
Importantly, the optimal siNP reaction parameters for
diagnostic assessment of PrPCWD positive tissues examined
herein (50 nm siNPs at 42 °C) yielded no false positives.

Temperature Effects on Nano-QuIC Sensitivity and
Specificity. The temperature of RT-QuIC experiments
directly influences their sensitivity and specificity.39 Higher
temperatures typically yield higher RAFs, however, such
conditions increase the risk of spontaneous misfolding of the
substrate protein. Lower temperatures give lower RAF values,
extending diagnostic time and potentially leading to false-
negative results but decreasing false-positivity rates. To identify
optimal conditions that maximize Nano-QuIC sensitivity and
specificity, experiments were performed at 37 °C, 42 °C, and
48 °C for 20−100 nm siNPs with concentrations ranging from
0.1−2.5 mg/mL (Figure 2b and Figure S1). Once again, the
relative RAF was found by comparing reactions with and
without siNPs. For reactions at 37 °C, all diameters of siNPs
led to higher relative RAFs of CWD-positive samples vs the
same samples tested with traditional RT-QuIC (Figure 2b and
FigureS1). However, compared with siNP experiments

Figure 2. (a) Relative rate of amyloid formation (RAF) of various diameter and concentrations of silica NP solutions amplified at 42 °C seeded
with CWD positive or negative tissue homogenates. (b) Relative RAF of solutions seeded with CWD positive or negative tissue with various
concentrations of 50 nm silica NPs amplified at different temperatures. (c) The lag time of the nucleation phase vs concentration of 50 nm silica
NPs at 48 °C. (d) The time constant of fibril growth (τ) vs concentration of 50 nm silica NPs at 48 °C. Unless noted otherwise, error bars show
standard deviation.
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performed at higher temperatures, CWD-positive reactions
performed at 37 °C exhibited slower RAFs. For Nano-QuIC
experiments performed at 48 °C, all diameters of siNPs again
led to a higher relative RAF (Figure 2b and Figure S1).
Additionally, experiments performed at 48 °C had shorter
detection times (higher raw RAFs) compared with reactions at
lower temperatures. Nano-QuIC performed using 50 nm siNPs
at 2.5 mg/mL and a temperature of 48 °C gave the largest
relative RAF and the fastest detection time, just 4.1 h (95% CI:
± 0.45 h) compared to 10.1 h (95% CI: ± 1.44 h) for
traditional RT-QuIC, a 2.5× improvement (Figure 2b). No
false positive replicates were observed across our CWD-
negative samples (Discussion). Using these parameters, Nano-
QuIC was performed on a blinded set of 10 CWD positive and
10 CWD negative wild white-tailed deer retropharyngeal
lymph nodes, and all tissues were classified with 100%
sensitivity and specificity (Table S1).
Characterization of Aggregation Kinetics and Mech-

anism in Nano-QuIC. The formation of fibrils is a process in
which misfolded proteins interact with one another to form
large linear structures. Modeling fibril formation in RT-QuIC
is achieved using three phases: nucleation (lag), growth
(elongation), and stationary37,40,41 (Figure 1a). The nucleation
phase involves native proteins misfolding into nuclei units with
low fluorescence values because ThT fluoresces when bound
to fibrils42 and not to single monomers. In the elongation
phase, nuclei act as templates to efficiently misfold other native
proteins, ultimately producing linear fibrils. In the presence of
mechanical shaking or sonication, these fibrils can break, thus
creating additional nuclei for native proteins to misfold and
making more fibrils. The elongation phase is characterized by
exponential growth of fibrils as documented by exponential
growth of ThT fluorescence (Figures 1a and 2b). In the final
phase, the stationary phase, ThT fluorescence ceases to
increase exponentially and stabilizes. This model accounts for
both the propagation of infectious prions observed in
transmissible spongiform encephalopathies (e.g., CWD or

Creutzfeldt-Jakob disease) as well as the misfolding and spread
of proteins associated with various neurodegenerative diseases
(e.g., Parkinson’s, ALS, and Alzheimer’s disease).30−32,40,41,43

The three phases of protein amplification using RT-QuIC
are modeled using sigmoidal-like curves.40,41

= + +
+

+ [ ]Y y m x
y m x

e1 x xi i
f f

( )/0 (1)

where yi and mi are associated with the initial ThT fluorescence
and slope of the nucleation phase. yf and mf are associated with
the final ThT fluorescence and the slope of the stationary
phase. The time to 50% of the maximum ThT fluorescence is
xo and τ is the time constant for fibril growth. The length of the
nucleation phase, which is approximately the time to detection,
is given by the lag time, xo − 2τ.
To characterize the kinetics of how siNPs influence RT-

QuIC reactions (50 nm siNPs at 48 °C), eq 1 was used to
develop fits that yielded semiquantitative values of lag time and
the time constant for fibril growth (τ) for all concentrations
(Supporting Methods). We observed a decrease in lag time
with increasing siNP concentration (Figure 2c), indicating
their crucial role in initial nuclei formation for fibrillation.43

At pH 7.4, the RT-QuIC substrate rHaPrP is positively
charged, whereas siNPs are negatively charged, leading to an
attractive force.26 This likely promotes the adsorption of
rHaPrP onto siNP surfaces, increasing the local effective
concentration of the QuIC substrate (Figure 3). Additionally,
infectious prions can adsorb onto glass and silica surfaces.44

Adsorbed proteins can diffuse across the surface and interact
with one another.37,42 Because the local concentration of
proteins on the siNP surface is higher than in the bulk reaction
space,35,36,43 there is more opportunity for RT-QuIC substrate
to interact with misfolded protein seeds, thus influencing
reaction kinetics by facilitating a more efficient nucleation
phase. Additionally, proteins adsorbed onto surfaces often
change their conformation.37,38 These changes could make
rHaPrP more susceptible to misfolding in the presence of prion

Figure 3. Schematic illustration of the proposed mechanism of action. In the bulk solution, RT-QuIC substrate is not concentrated and the number
of interactions between misfolded protein and substrate is low. In proximity to the silica surface (Nano-QuIC), the local concentration of substrate
is increased, partly due to electrostatic attraction and thus the interactions between misfolded protein and substrates are increased.
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seeds, thus increasing the nucleation rate. It should be noted
that the three characteristic phases of protein amplification
discussed above were entirely absent from the negative
samples.
The time constant for fibril growth (τ) is used to compare

fibril growth phases between different RT-QuIC reaction
conditions. For 50 nm siNPs at 48 °C, we observed that a
higher nanoparticle concentration resulted in longer τ (Figure
2d). Additionally, the maximum ThT fluorescence of solutions
with NPs was larger than solutions without NPs (Figure 1b).
This observation could be accounted for if the siNPs, in the
presence of mechanical shaking, are more efficiently breaking
the fibrils into smaller units.37 A greater number of fibril nuclei
will recruit more haPrP substrate, thus contributing to an
exponential growth phase. Such a mechanism would explain
the unique sigmoidal curves observed in Nano-QuIC.
Nano-QuIC with Gold Nanoparticles. To demonstrate

that acceleration effects of NPs on RT-QuIC performance can
apply to other NP types, additional experiments were
conducted using AuNPs. Fifteen nanometer citrate-capped
AuNPs were added as reagents to RT-QuIC reactions to
obtain final concentrations of 20.75 62.5, or 187.5 ug/mL
AuNPs. CWD-positive or CWD-negative tissue homogenates
were added to the solutions and RT-QuIC reactions ran for 48
h at 42 °C. RAFs were higher for all solutions containing
AuNPs compared to RAFs of reactions without AuNPs (Figure
4). The fastest average time to detection was found to be 8.2 h
(95% CI: ± 1.21 h) compared to the average time of detection
of the no AuNP solutions: 12.5 h (95% CI: ± 1.26 h).

Enhancing Sensitivity and Overcoming Inhibitors
with Nano-QuIC. Tissue dilution series experiments were
performed for 50 nm siNPs at 42 °C to compare the sensitivity
of Nano-QuIC and traditional RT-QuIC. 10-fold dilutions of
CWD-positive tissue seeds were created from 10−1 to 10−9.
Subsamples of these dilutions (i.e., seeds) were then added to
both the Nano-QuIC and traditional RT-QuIC reactions.
Nano-QuIC and traditional RT-QuIC detected seeding activity
in reactions with seeds diluted to 10−9 and 10−8, respectively,
documenting the diagnostic sensitivity of these assays.
However, for less dilute seeds, Nano-QuIC greatly out-
performed traditional RT-QuIC. At dilutions of 10−1 PrPCWD

positive tissue, traditional RT-QuIC exhibited no seeding
activity, whereas Nano-QuIC clearly detected the presence of

PrPCWD as reflected by high RAF values (Figure 5a, b).
Moreover, for PrPCWD positive tissue dilutions of 10−2, Nano-
QuIC yielded double the RAF yield compared to traditional
RT-QuIC (Figure 5a).
Biological samples, especially from clinical settings, are

extremely complex, thus making diagnostics challeng-
ing.24,25,27,28,45 Similar to inhibitors that negatively impact
PCR performance, RT-QuIC is susceptible to inhibitors that
hamper detection and/or the misfolding of protein sub-
strates.7,12,15,46 Hypothesized RT-QuIC inhibitors include
mucin family proteins and polar lipids7,46 although a variety
of inhibitory factors likely exist. Traditionally, RT-QuIC
inhibitors are overcome by diluting tissue samples, and
concordantly reaction-limiting compounds, until diagnostic
sensitivity performs as expected for true-positive samples.
However, both inter- and intraindividual MP heterogeneity, as
well as stage of neurodegenerative disease (i.e., early vs late
stages), directly influence the quantity of MPs present within a
given biological sample. Therefore, the practice of diluting
diagnostic samples to overcome inhibitors may contribute to
the production of false-negatives45 (i.e., the diagnostic samples
are true positives, yet have very low levels of MPs that are
subsequently diluted below the limit of detection). Our data
indicate that Nano-QuIC has the potential to overcome false-
negatives associated with sample dilution and/or inhibitors, as
the siNP-improved assay exhibited 100% sensitivity in
replicates where traditional RT-QuIC failed (Figure 5). In
light of the hypothesized operational mechanism for Nano-
QuIC (described above, see Figure 1C), we posit that the
protein substrate (rHaPrP) binds to the siNP surface, thus
increasing the local rHaPrP concentration and allowing for
more efficient interaction with MPs and subsequent misfold-
ing. This overcomes inhibitors and ultimately improves
diagnostic sensitivity.

■ DISCUSSION
This study shows that incorporating siNPs into RT-QuIC
reactions, forming Nano-QuIC, can greatly accelerate the time
to detection of a prion disease (4.1 h, a 2.5× improvement).
To the best of our knowledge, this is the first report of NPs
being used as reagents for RT-QuIC-based diagnostics with
biological samples. By analyzing kinetic data, we observed
acceleration of the nucleation phase and longer growth phase
time constants for reactions with SiNPs.35 To demonstrate the
effects of other NPs, Nano-QuIC was performed with 15 nm
AuNPs, an experiment that revealed AuNPs influence RT-
QuIC reaction kinetics similar to siNPs. Importantly, our
results indicate Nano-QuIC overcame tissue-associated in-
hibitor effects and significantly outperformed traditional RT-
QuIC for detecting MPs at higher tissue concentrations
(Figure 5a, b).
We observed that RT-QuIC reactions performed with 50

nm siNPs and a run temperature of 48 °C yielded optimal
diagnostic conditions, resulting in no false positives and up to a
2.5× improvement of time to diagnosis. For this condition, the
negative sample’s fluorescence rise slightly due to siNPs
increasing background fluorescence; however, the kinetic
curves of negative control samples do not exhibit the
characteristic exponential fibril growth phase, indicating that
CWD-negative reactions are not seeding or creating fibril
nuclei (Figure S2). The kinetic curves of diagnostic negative
samples produced by Nano-QuIC are clearly distinguishable
from true-positives.

Figure 4. Relative RAF (ratio of the RAF of reactions with 15 nm
AuNPs compared to those without). Assay was run at 42 °C. Error
bars show standard deviation.
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Previously, NPs have been studied for their roles in
promoting or preventing spontaneous amyloid formation29−36

and structural impacts of amyloids. However, our work
demonstrates the diagnostic potential of NPs for determining
the disease status of complex biological samples, which has not
been explored before. Although large, near-millimeter-scale
beads have been used in RT-QuIC,47−50 they did not achieve
the diagnostic performance seen with siNPs in this study.
We have shown the utility of Nano-QuIC for lymph node

tissue samples, which are commonly used by wildlife agencies
for CWD detection. Future research on larger sample sets is
needed for epidemiological validation. In addition, antemortem
diagnostic applications using Nano-QuIC would be beneficial.
There are a host of RT-QuIC protocols that are already
developed for CWD antemortem diagnostics that likely could
seamlessly incorporate nanoparticle enhancement.51,52 Addi-
tionally, antemortem RT-QuIC protocols have been developed
for a large number of noninvasive sample types across a range
of human diseases such as Parkinson’s, Creutzfeldt-Jakob
disease (CJD), etc.48,53,54 While different substrate proteins are
used for these tests, the fundamental principle of nanoparticle-
aided amplification could potentially improve these assays for
human disease diagnostics. Breakthroughs in traditional RT-
QuIC protocols could also be readily employed in Nano-
QuIC.
In conclusion, the ability of Nano-QuIC to overcome

inhibitors, enhance diagnostic sensitivity and specificity, and
reduce detection time collectively indicates the potential to
significantly improve traditional RT-QuIC diagnostics. We
note that variable results using siNPs might be observed when
using protein substrates beyond the rHaPrP examined herein.
It is possible that the siNP−rHaPrP interaction is specific to
the protein template. Nevertheless, rHaPrP has emerged as an
ideal substrate for a growing number of prion diagnostic
protocols, including CJD, BSE, scrapie, and CWD. It is also
possible that Nano-QuIC will require optimization for various
biological and ecological samples. From a broader perspective,
we believe that adaptations of Nano-QuIC will facilitate high-
throughput diagnostic applications for a wide range of animal
and human neurodegenerative diseases, paving the way for
earlier detection and improved patient outcomes.
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