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Abstract 

Chronic Wasting Disease (CWD), a prion disease of cervids, has been identified across North America, 

Northern Europe and Korea. Diagnostic tools for the rapid and reliable detection of prion diseases are 

limited. Here, we combine gold nanoparticles (AuNPs) and quaking induced conversion (QuIC) 

technologies for the visual detection of amplified misfolded prion proteins from tissues of wild white-tailed 

deer infected with Chronic Wasting Disease (CWD). Our newly developed diagnostic test, MN-QuIC, 

enables both naked-eye and light-absorbance measurements for the detection of misfolded prions. The MN-

QuIC assay leverages basic laboratory equipment that is cost-effective and portable, thus facilitating real-

time prion diagnostics across a variety of settings. To test the portability of our assay, we deployed to a 

rural field station in southeastern Minnesota and tested for CWD on site. We successfully demonstrated 

that MN-QuIC is functional in a non-traditional laboratory setting by performing a blinded analysis in the 

field and correctly identifying all CWD positive and CWD not detected (independently confirmed with 

ELISA and/or IHC tests) animals at the field site, thus documenting the portability of the assay. 

Additionally, we show that electrostatic forces and concentration effects help govern the AuNP/prion 

interactions and contribute to the differentiation of CWD-prion positive and negative samples. We 

examined 17 CWD-positive and 24 CWD-not-detected white-tailed deer tissues that were independently 

tested using ELISA, IHC, and RT-QuIC technologies, and results secured with MN-QuIC were 100% 

consistent with these tests. We conclude that hybrid AuNP and QuIC assays, such as MN-QuIC, have great 

potential for sensitive, field-deployable diagnostics for a variety of protein misfolding diseases. 

 

Keywords: prion, prion amplification, protein misfolding, gold nanoparticle, plasmon, Chronic Wasting 

Disease.  
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Introduction 
A common feature of many neurodegenerative diseases is the presence of misfolded proteins that 

accumulate within the central nervous system, ultimately contributing to advanced neurodegeneration and 

death. Misfolded protein diseases (proteopathies) impact a wide variety of mammals, including Creutzfeldt-

Jakob disease (CJD), Alzheimer’s disease, and Parkinson's disease in humans, bovine spongiform 

encephalopathy (BSE) in cattle, scrapie in sheep, pituitary pars intermedia dysfunction in horses and 

chronic wasting disease (CWD) in cervids.1–5 Given well-documented diagnostic limitations surrounding 

proteopathies in both animals and humans, (i.e., poor sensitivity, limited antibodies for immuno-based 

assays, etc.), it is imperative to develop improved diagnostic assays.2,6–11 With respect to prion diseases (a 

proteopathy subclass caused by infectious proteins), tests that could be deployed in a variety of settings 

(e.g., hospitals, veterinary clinics, field stations, etc.) would greatly aid the detection of infectious prions 

thus limiting their spread. It is within this framework that we approach the development of diagnostic tools 

for CWD of cervids, a model neurodegenerative disorder with urgent needs for portable diagnostic assays 

that would facilitate rapid detection, thus preventing CWD prions from entering human and animal food-

chains.  

Similar to CJD in humans, which rapidly progresses and is always fatal, and BSE in cattle 

(commonly known as “mad cow disease”), CWD is a prion disease or Transmissible Spongiform 

Encephalopathy (TSE) that is 100% fatal to infected animals and has no treatments or vaccines.1,12 CWD 

impacts cervids across North America, Scandinavia, and South Korea13,14 (e.g., elk, moose, mule deer, 

white-tailed deer, reindeer). The disease continues to spread to new cervid populations, and there are 

increasing health concerns for both humans and animals exposed to various CWD prion strains.13–15 All 

mammals have native functioning cellular prion protein distributed throughout various tissues and playing 

essential roles in a variety of physiological functions, especially those of the central nervous system.16 Like 

other protein misfolding neurodegenerative disorders, native prions in cervids adopt pathogenic 

conformations of misfolded prions (PrPCWD).  PrPCWD propagates throughout an infected animal, forming 
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fibrils that accumulate in lymph and nervous tissues, leading to death years after exposure (Fig. 1a). CWD 

poses obvious risks to the health of impacted cervid populations globally, and the disease is an immediate 

threat to not only cervid health, but also all cervid-related economies. Indeed, cervid hunting and related 

activities generate tens of billions of USD annually in the United States.17 Across the world, cervids provide 

a wide array of economically/medicinally18 important products that are routinely consumed and/or used by 

humans (i.e., venison meat, antler velvet health supplements, antlers, hides, etc.).  

Current diagnostic methods for the detection of protein-misfolding diseases, including CWD and 

other TSEs, are limited.2,6–11 Commonly utilized TSE diagnostic assays rely heavily on antibody-based 

enzyme-linked immunosorbent assay (ELISA) and immunohistochemistry (IHC) technologies that are 

expensive, time-consuming, and require substantial training and expertise to operate.6 A feature of ELISA 

and IHC assays is that the antibodies routinely used cannot differentiate between native PrP and misfolded 

TSE-associated prion proteins (PrPTSE) thus requiring enzymatic digestion to enrich for PrPTSE, a 

methodology that may impact diagnostic sensitivity through the destruction of particular TSE-affiliated PrP 

strains.19,20 Collectively, these antibody-based assays are limited in the identification of early-stage TSE 

infections, and they are primarily used on tissues collected post-mortem.  

The detection of prion seeding activity was recently enhanced by various assays involving the 

amplification of protein misfolding in vitro, including protein misfolding cyclic amplification (PMCA), 6,21 

end-point quaking-induced conversion (EP-QuIC)22,23 and real-time quaking-induced conversion (RT-

QuIC).6,24–27 Of these prion amplification methods both EP-QuIC and RT-QuIC (Fig. 1b) utilize a 

recombinant mammalian PrP substrate (rPrP) that is incubated and shaken with the diagnostic samples. 

When PrPTSE is present within a given QuIC reaction, it induces a conformational change of the rPrP, 

forming a beta-sheet enriched mixture that is quantified with fluorescent Thioflavin T (ThT) measurements. 

Despite the advantages of EP-QuIC and RT-QuIC, there still remain major limitations, including the need 

for expensive and large laboratory equipment and complex strategies for visualizing and analyzing results. 

This limits these methods to well-funded research laboratories or large diagnostic labs. In short, more 
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effective TSE diagnostic methods that leverage small and portable equipment with straightforward results 

are needed to rapidly detect various TSEs in widespread surveillance and prevent additional spread and 

introduction of TSE prions into human and animal food chains. This is especially true for CWD, as the 

disease continues to expand across both farmed and wild cervid populations.  

In parallel to diagnostic advancements based on prion and protein amplification methods, gold 

nanoparticles (AuNPs) have been increasingly used for medical applications including disease 

diagnostics,28–30 drinking water safety, 31 and food safety. 32 Due to localized surface plasmon resonances 

(density fluctuation of conduction electrons)33, AuNPs have optical absorption peaks that are sensitive to 

the environment at the AuNP’s surface. 33–37  These unique optical properties make plasmonic nanoparticles 

useful in color-based detection assays. 38,39  Previous studies have indicated affinities of prion proteins with 

a variety of bare and functionalized metals, including gold.39–42 One limitation of AuNPs is that they are 

susceptible to nonspecific binding.43 Real biological samples are not homogeneous and have many different 

proteins, ions, and other organic molecules associated with them that can induce AuNPs to spontaneously 

aggregate making effective AuNP diagnostics challenging. To overcome this, we sought to demonstrate the 

diagnostic utility of gold nanoparticles for detecting misfolded PrPCWD within QuIC amplified products of 

CWD positive and negative white-tailed deer (WTD) tissues.  

By combining the unique plasmonic properties of AuNPs and the methods of quaking-based prion 

protein fibril amplification, we have successfully overcome the non-specific binding challenges associated 

with AuNP diagnostics in real samples and have produced a nanoparticle-based assay (herein named 

Minnesota-QuIC; MN-QuIC) that can detect the presence or absence of misfolded PrPCWD using both visual 

and spectroscopic methods (Fig. 1c). This method uses only basic lab equipment which allows it to be 

deployed outside the laboratory. In March of 2021, we deployed the MN-QuIC assay to a field station in 

rural southeastern Minnesota where the Minnesota Department of Natural Resources (DNR) was 

performing its annual CWD surveillance and targeted culling efforts. We demonstrated proof of concept 
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experiments for MN-QuIC’s utility as a portable prion assay by successfully detecting CWD-infected WTD 

tissues at the DNR field station. 

 

 

 

 

Figure 1. Overview of the amplification assays. a.) schematic of misfolded fibril growth. The initial PrPCWD 

causes native PrP to misfold. b.) Overview of RT-QuIC. PrPCWD seeds originating from tissue samples of 

cervids are added to rPrP solutions. These solutions are then shaken and incubated for ~48 hrs. If present, 

PrPCWD induces conformational changes of the rPrP. Amplification results are read in real-time with ThT 

fluorescence. c.) MN-QuIC overview. After 24 hr amplification, products are diluted and added to an AuNP 

solution. CWD positive samples result in a red solution (peak absorbance wavelength ~516 nm) while CWD 

negative solutions are purple (peak absorbance wavelength ~560 nm).   
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Results  
Gold nanoparticle interaction with native cellular prions vs. misfolded fibrils 

To investigate whether AuNPs can differentiate between misfolded PrP fibrils and native PrP originating 

from recombinant hamster prion protein (rPrP), two sets of reaction mixtures seeded with and without 

spontaneously misfolded rPrP prion fibrils were processed following modified RT-QuIC protocols without 

ThT. 44,45 The presence of fibril formation was examined in all reaction mixtures by adding and quantifying 

ThT post hoc (Fig. S1a). ThT fluorescence was significantly different between misfolded rPrP (seeded) and 

native non-misfolded rPrP (no seed) (p=0.05; Fig. S1a). We hypothesized that misfolded prion fibrils would 

interact differently with AuNPs, as compared with native rPrP, and that the interaction would influence 

AuNP aggregation as measured by dynamic light scattering (DLS). Following ThT quantification, 

misfolded rPrP samples and native rPrP samples were spiked into separate AuNP solutions. After a 30 min 

incubation period at ambient temperature, there was a visible color difference between the AuNP solutions 

spiked with misfolded and native rPrP similar to the change in figure 1c. This was also reflected in the 

visible spectrum of the absorbance peak (Fig. 2a).  

Color changes due to aggregation have been reported in the literature for a variety of 

nanoparticle/protein combinations including prions and AuNPs. 38,39 To quantify this, DLS experiments 

were performed on three AuNP solutions (seeded, non-seeded, and blank; see Methods), and average 

effective particle size was determined for each sample (Fig. 2b). We observed a significant difference of 

AuNP effective particle sizes between AuNP solutions seeded with misfolded rPrP versus native non-

seeded rPrP (p=0.05) (Fig. 2b). The AuNPs spiked with no protein (blank) and misfolded rPrP exhibited 

similar particle size distributions (Fig. S1b,c), indicating that the misfolded rPrP solutions did not induce 

aggregation. On the contrary, the addition of diluted native rPrP resulted in larger particle sizes for AuNPs 

(Fig. S1d) than AuNPs with no protein added (Fig. S1b), indicating that the addition of diluted native rPrP 

caused AuNPs to aggregate. To further examine this, AuNP solutions spiked with spontaneously misfolded 

rPrP and native rPrP were studied in a transmission electron microscope (TEM). Through TEM studies it 
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is clear that the AuNPs did not aggregate when spiked with misfolded prion (Fig 2c). Conversely, it can be 

seen that AuNPs aggregate in the presence of native rPrP (Fig 2d). These results match well with DLS 

measurements and indicate differential AuNP binding interaction between native rPrP and misfolded rPrP 

fibrils. 

 

Figure 2. a. The absorbance spectrum of AuNP solutions spiked with misfolded rPrP from seeded QuIC 

reactions (red line) and non-misfolded/native rPrP from QuIC reactions without seed (blue line). b. Average 

effective particle sizes in AuNP solutions containing no protein, misfolded rPrP, and native rPrP observed 

by DLS. c.  TEM image of 15nm AuNPs after being spiked with post amplified misfolded PrP. Inset shows 

an example of AuNP solution after being spiked with misfolded PrP. d. TEM image aggregating AuNPs 

after being spiked with native PrP.  Inset shows an example of AuNP solution after being spiked with post 

amplified native PrP.   *, p-value < 0.05, error bars show standard deviation.  
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CWD positive and negative samples produce unique AuNP optical signatures  

Understanding that pathogenic prions can induce rPrP misfolding and amplification 46 and thus 

influence AuNP aggregation (see above), we then investigated the potential of MN-QuIC for CWD 

diagnostics using misfolded PrPCWD positive and negative WTD lymphoid tissues. We used homogenates 

of independently confirmed CWD positive and negative WTD medial retropharyngeal lymph nodes 

(RPLN) (Table S1). Independent RT-QuIC analyses were performed on all tissues used for AuNP analyses 

(Fig. 3a). 27  

In light of our previous results, we anticipated that AuNPs could be utilized to facilitate direct 

visualization of QuIC-amplified misfolded rPrP solutions that were seeded with CWD positive tissue using 

a standard bench-top thermomixer. Thermomixers have been used previously in conjunction with end-point 

ThT readings (i.e., EP-QuIC) to determine the presence of CJD prion seeding activity. 23 To test this 

hypothesis, the same set of samples was added to the RT-QuIC master mix without ThT on 96-well plates, 

which were then subjected to shaking/incubation cycles on a thermomixer for 24 hrs. The post-amplification 

solutions were then diluted to 50% and added to AuNP solutions. We found that we were able to clearly 

distinguish CWD positive and negative samples simply through color difference appreciable by naked eye; 

the QuIC-amplified CWD positive and negative samples were red and purple, respectively (Fig. 3b).  

To quantify our observations and measure statistical differences, the absorbance spectrum of the 

AuNPs was measured from 400-800 nm using a 96-well plate reader. In the resulting absorbance spectrum, 

AuNP solutions combined with QuIC-amplified CWD positive samples had absorbance peaks near 516 nm 

(Fig. 3c), similar to the 515 nm absorbance peak of the AuNPs prior to the addition of protein solutions. 

However, the negative sample absorbance peaks were shifted to longer wavelengths of approximately 560 

nm (Fig. 3c), confirming that the purple color of AuNP solutions from QuIC products originating from 

CWD negative tissue samples was consistent with the observed purple color of AuNP aggregates associated 

with native rPrP (Fig 2b & Fig S1d). Accordingly, the peak AuNP absorbance wavelengths of CWD 

negative samples are significantly larger (p<0.05) than CWD-positive samples (Fig. 3c). 
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Figure 3. Comparison of RT-QuIC and MN-QuIC results for CWD positive and negative tissues. Sample 

identification number on the horizontal axis. a. RT-QuIC data for the rate of amyloid formation for negative 

and positive medial retropharyngeal lymph node tissue samples from wild white-tailed deer using ThT 

fluorescence. b. Photo of MN-QuIC tubes showing the color difference for the same set of tissue samples 

used in panel a. c. MN-QuIC peak absorbance wavelength of the same set of solutions used in panel b. *, 

p-value < 0.05, error bars show standard deviation.  
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Electrostatic forces and rPrP concentration play a role in AuNP CWD detection 

 Considering the results described above, we aimed to determine the mechanism underlying AuNP 

aggregation caused by native rPrP solutions. Studies with prions and other proteins have shown that 

electrostatic forces help govern the interactions between nanoparticles and proteins. 39,47,48 Because the 

theoretical isoelectric point (IP) of our rPrP is around pH 8.9, 49 rPrP is positively charged in the pH 7.4 

AuNP buffer whereas citrate capped AuNPs are negatively charged even at pHs well below our buffer. 50 

Thus at pH 7.4, there exists an electrostatic attractive force between AuNPs and native rPrP that contributes 

to their interactions (aggregation and the color change). The charge on the protein changes when the pH of 

the environment is altered and thus the interaction between AuNP and rPrP is disrupted. When the pH of a 

solution is raised closer to the IP of the rPrP, the charge of the protein will become closer to neutral, 

decreasing the force of attraction between AuNP and rPrP. We showed that as the pH of the AuNP solution 

was raised closer to the IP of native rPrP, the absorbance peak of the AuNP-rPrP solution decreased from 

530 nm (Fig. 4) while the control AuNP solution with no protein had very little peak deviation from 515 

nm. This indicates that electrostatic interactions were partially responsible for facilitating the native rPrP 

interactions with AuNPs. QuIC-amplified PrPCWD products, on the other hand, have experienced major 

conformational changes from their native form (as confirmed by ThT beta-sheet binding; Fig. 3a) and have 

formed fibrils. These fibrils can further clump together to form large aggregates reducing the effective 

concentration of rPrP in the reaction. When there is a low concentration of free-floating rPrP in the solution, 

the interaction between prions and AuNPs drops below detectable levels (Fig. S2). Because of the 

concentration effects from fibril formation and aggregation, the interaction between positive (misfolded) 

prions and AuNPs is unaltered by pH (Fig. 4).    
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Figure 4. Wavelength of peak absorbance of AuNPs in varying pH buffers containing native CWD negative 

rPrP (square), PrPCWD positive (circle), and blank/no protein (triangle) solutions. 

 

Field deployment and higher throughput protocols 

To show the potential for a portable, field-deployable diagnostic we performed proof of concept 

experiments at a rural Minnesota DNR field station (Fig 5a). We tested both pooled and individual tissues 

consisting of medial retropharyngeal lymph nodes, parotid lymph nodes, and palatine tonsils tissues from 

13 WTD that the DNR had recently collected from the surrounding wild deer population. Three of these 

animals (blinded to the field team) were CWD positive as determined by regulatory ELISA and IHC testing 

of medial retropharyngeal lymph nodes. Using a blinded testing approach, MN-QuIC successfully detected, 
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via visibly red AuNP solutions (Fig 5b), all three CWD positive animals. We also secured CWD not 

detected or negative results (purple AuNP solutions) for the 10 animals that were independently identified 

by ELISA as CWD not detected (as determined by regulatory ELISA testing, Table S2). These proof-of-

concept experiments demonstrate the potential utility of MN-QuIC as a portable, field-deployable 

diagnostic tool for researchers and agencies. 

In order to demonstrate higher throughput protocols, palatine tonsil samples from a set of ten CWD 

negative and ten CWD positive white-tailed deer (Table S3) were tested in a 96-well format. The status of 

these tissues was independently confirmed with RT-QuIC (Fig 6a). For MN-QuIC, each sample had eight 

replicates and was prepared and subjected to the QuIC protocol using a 96-well plate on a thermomixer for 

24hrs. A multichannel pipette was then used to add the QuIC amplified protein to a separate 96-well plate 

filled with AuNP solution. Color changes were observed within the first minute. For RT-QuIC analyses, it 

is common practice to consider a particular sample positive if 50% or more of its wells are positive. 24,51–53 

Using this approach, we successfully identified all 10 CWD-positive animals using MN-QuIC (Fig. 6b). 

CWD negative samples were identified using a threshold of <50% of wells being red (i.e., majority purple 

in color), and we correctly identified 100% of CWD negative samples with the MN-QuIC assay (Fig. 6b). 

In addition to visual color, these results were assessed by investigating the peak shift from the expected 517 

nm (red) for positive samples and all red wells had absorbance peaks within 4nm of 517 nm. 
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Figure 5. Images from field deployment. a. Image of portable MN-QuIC setup used during field 

deployment. b. Example of observed visible color of the MN-QuIC reaction when testing for CWD. Far-

left tube (Tube 1) is a positive control, followed by CWD not-detected tube (in purple; Tubes 2, 3, 5, 6, 7) 

and a single CWD positive tube (in red; Tube 4). Image taken in the field. 
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Figure 6: a. Fluorescent RT-QuIC data for tissues (see Supplementary Table 3) used in Panel b. b. MN-

QuIC data for tonsil samples used in this study. Number of red wells out of the 8 replicates for each animal 

tested. Following published RT-QuIC protocols (see Results & Discussion) 50% or more of MN-QuIC red 

wells are identified as CWD positive and less than 50% of MN-QuIC red wells as CWD not detected or 

negative.  **p<.01, error bars show standard deviation. Sample ID number on horizontal axis.  
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Discussion 

Given the continued spread of CWD among cervid populations throughout North America, Northern 

Europe, and South Korea 13,14 there is an urgent need to develop field-deployable diagnostic tools for CWD. 

Historically, AuNP colorimetric assays have been limited because of nonspecific binding and spontaneous 

aggregation issues when used with real-world samples.43 Here, we combined QuIC amplification of CWD 

prions with the simplicity of gold nanoparticles to eliminate nonspecific binding and spontaneous 

aggregation challenges and to enable the visualization of positive vs. negative CWD lymph node and 

palatine tonsil WTD samples. We hypothesized that the conformational differences between the native rPrP 

substrate and misfolded prion fibrils would influence the aggregation of AuNPs in solution.  

By injecting post-QuIC-amplified protein solutions into AuNPs, we were able to clearly distinguish 

via visible color change between CWD positive and CWD negative medial retropharyngeal lymph node 

and palatine tonsil tissues. AuNP solutions for these samples appeared red and purple, respectively. We 

further confirmed that the color change was a result of the aggregation of gold nanoparticles by conducting 

DLS and TEM experiments that compared the effective particle sizes in the presence of native and 

misfolded rPrP. We observed that the AuNP aggregation was governed by electrostatic interactions by 

altering the pH of the solution. Finally, we demonstrated proof of concept experiments for the real-world 

utility of MN-QuIC by successfully identifying CWD-infected WTD tissues at a rural DNR field station in 

southeastern MN (Rushford, MN). In total, we examined 13 CWD positive and 24 CWD not-detected WTD 

that were independently tested using ELISA, IHC, and RT-QuIC technologies, and results secured with 

MN-QuIC were 100% consistent with these tests.  

The primary laboratory equipment for MN-QuIC consists of a tissue homogenizer, temperature-

controlled shaker, and if desired (but not necessary), a spectrometer for light absorbance readings in 

addition to visual observations. Compared to RT-QuIC and PMCA, which leverage ThT fluorescence and 

antibody-based Western blotting, respectively, 6 results from MN-QuIC can be visualized with the naked 

eye and quantified using straightforward light-absorbance readings. Because MN-QuIC is a protein 
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amplification method, it can be adapted to use any tissue or biological sample that existing and future RT-

QuIC protocols use, thus giving MN-QuIC wide versatility. Recent publications have used specially 

functionalized AuNPs to detect a variety of protein targets. 39,54–56 However, the AuNPs used here are 

capped with citrate, which is one of the most common methods for stabilization making it simple and widely 

commercially available. By eliminating the need for complicated/expensive visualization strategies used in 

RT-QuIC and PMCA, cervid managers, food processing plants, and smaller research labs have access to 

CWD diagnostics, an area previously accessible to only advanced research laboratories. 

AuNPs have been used in a variety of advanced sensing applications. 28,29,31,32,57–59 Our work 

demonstrates that AuNPs can open promising avenues for the identification of misfolded prions. Because 

prion proteins have strong interactions with simply functionalized metallic surfaces, besides AuNPs, we 

envision a broad range of metallic nanoparticles with various materials and shapes to be useful in detection. 

Additionally, substrate-based nanostructures exhibiting optical resonances could be useful in detecting 

conformational changes via other sensing modalities such as surface-enhanced infrared absorption 

spectroscopy 60,61 to further improve the speed and accuracy of prion detection. Examining other areas of 

the electromagnetic spectrum, such as tera-Hertz sensing, could also lead to improved detection. 62 

To demonstrate field deployment capabilities of the MN-QuIC assay, we collected medial 

retropharyngeal lymph nodes, parotid lymph nodes, and palatine tonsil samples from 13 WTD at a rural 

DNR field station. Using both pooled and individual tissues of these 13 individuals, MN-QuIC was 100% 

successful in identifying three CWD positive and 10 CWD not-detected animals. The successful field-based 

classification of these animals provides clear proof of concept demonstration of MN-QuICs utility as a 

portable, sensitive field test. We note that our MN-QuIC analyses have yet to produce statistically 

significant false-negative results. This observation is critically important when considering MN-QuIC as a 

field-based diagnostic tool for CWD. Moreover, any positive result can be independently validated using 

downstream RT-QuIC, ELISA, and/or IHC testing. Given growing concerns of CWD prion strain variation 

and risks to human and animal health, 15 any field-based diagnostic assay that avoids producing false-

negative is preferred. 
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RPLN and palatine tonsils collected from WTD were the basis for the laboratory-based analyses 

conducted herein because these tissues are ideal for early and accurate identification of CWD infection, 

with tonsils additionally having antemortem applications. 27,63 Future analyses will focus on leveraging MN-

QuIC for CWD diagnostics using a variety of antemortem biological samples (e.g., blood, saliva, and feces). 

RT-QuIC amplification assays using samples acquired from living deer have recently been reported 45,64 

and these assays could readily be combined with MN-QuIC to provide field-deployable antemortem tests 

of both wild and farmed cervids. Moreover, MN-QuIC may have potential food-safety test applications 

given the recent documentation of RT-QuIC-based detection of CWD prions in WTD muscles used for 

human and animal consumption. 26  

Despite the critical importance of prion disease, the mechanisms underlying the interactions 

between AuNPs and prions are relatively underexplored to date, likely due to the difficulty of handling 

potentially infectious samples. Detailed characterization of their interactions will be highly desirable to 

further improve the utility of these assays. Based on the available knowledge in the field, in this study, we 

hypothesized that as the pH approaches the prion’s isoelectric point, the electrostatic force of attraction 

between the negatively charged citrate capped AuNP and the protein would decrease. Our analyses revealed 

that as the pH neared the theoretical isoelectric point of rPrP, the wavelength of the peak absorbance of the 

AuNPs spiked with native (CWD negative) protein decreased. We also found that pH alterations had little 

effect on AuNP solutions without protein, indicating that the effect of pH on native rPrP-spiked AuNP 

solutions was not caused by intrinsic AuNP aggregation in response to the changing pH.  QuIC-amplified 

CWD positive solutions did not change with varying pH because of fibril formation effects on free-floating 

prion concentration. Therefore, the difference in interactions between CWD negative and positive solutions 

is likely governed by electrostatic forces and rPrP concentration effects. However, other factors such as 

hydrophobic interactions 65,66 could also play a role. Various studies have shown that both native and 

misfolded PrP bind various metal ions and bulk metals including gold. 16,40–42 Our research reveals AuNPs 

stabilized with a simple citrate capping readily interact with the truncated rPrP substrate that is used as the 

primary substrate for a growing variety of QuIC assays. Future structural analyses focused on native rPrP 
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and prion fibrils 67 could provide further insight into how native rPrP, but not misfolded rPrP fibrils, 

influence AuNP aggregation. 

 

Conclusions 

Our assay holds great promise not only for the visual detection of CWD-positive samples but also 

for the detection of other protein misfolding diseases. The need for inexpensive, sensitive, widely 

deployable diagnostics for neurodegenerative diseases is only growing as neurodegenerative diseases are 

predicted to greatly increase in the next decades. 2,68 It has been proposed that advances in CWD diagnostics 

will yield technologies that are useful for a broad range of neurodegenerative diseases. 6 RT-QuIC protocols 

have already been developed for a number of sample types allowing for antemortem tests.45,64 These and 

future amplification methods could readily be combined with MN-QuIC. Additionally, QuIC amplification 

protocols have been developed for a variety of other protein misfolding diseases including scrapie in 

sheep69, BSE in cattle70, and Alzheimer’s71, Parkinson’s52,72, and CJD in humans.22,23 Thus, we posit that 

the combination of AuNP technology with protein amplification assays has great potential for the 

development of versatile neurodegenerative disease diagnostic platforms. By eliminating the need for 

expensive/complicated visualization schemes, our hybrid assay technology has the potential to greatly 

increase access to neurodegenerative disease diagnostics. It is our vision that in the future, variations of this 

AuNP-based protein amplification/detection assay could be deployed in medical clinics around the world 

to aid in neurodegenerative diagnosis and early application of therapeutics. 
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Methods 
Tissue preparation 

Twenty-eight WTD tissues (14 CWD-negative and 14 CWD-positive) were selected for laboratory-based 

RT-QuIC and MN-QuIC analyses. These samples were collected from WTD through collaboration with 

the Minnesota DNR (Schwabenlander et al.27 2021; Tables S1 and S3), and their CWD status was 

independently identified utilizing the Bio-Rad TeSeE Short Assay Protocol (SAP) Combo Kit (BioRad 

Laboratories Inc., Hercules, CA, USA). Positive RPLNs were confirmed by IHC at the Colorado State 

University Veterinary Diagnostic Laboratory). Metadata containing information of all specimens examined 

in the lab, including tissue type, is provided in supplementary materials (Tables S1 and S3). WTD RPLNs 

and palatine tonsils were homogenized in PBS (10% w:v) in 2 mL tubes containing 1.5 mm zirconium 

beads with a BeadBug Homogenizer (Benchmark Scientific, Sayreville New Jersey, USA) on max speed 

for 90 sec. These samples are referred to as 10% homogenates. All CWD positive and negative samples 

were selected based on independent ELISA, IHC, and/or RT-QuIC results and were subsampled using 

methods as reported in Schwabenlander et al. 27 

Preparation of recombinant substrate 

Recombinant hamster PrP (HaPrP90-231) production and purification followed the methods in 

Schwabenlander et al. 27 The substrate is derived from a truncated form (amino acids 90-231) of the Syrian 

hamster PRNP gene cloned into the pET41-a(+) expression vector and was expressed in Rosetta (DE3) E. 

coli. The original clone was provided by the National Institutes of Health Rocky Mountain Laboratory. 

RT-QuIC for lymph tissues and spontaneous misfolding of rPrP 

For QuIC analysis, a master mix was made to the following specifications: 1X PBS, 1mM 

Ethylenediaminetetraacetic acid (EDTA), 170mM NaCl, 10 μM thioflavin T (ThT), and 0.1 mg/mL rPrP. 

In instances where the end reaction would be analyzed using AuNPs, ThT could be excluded. The 10% 
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tissue homogenates (prepared as described above) were further diluted 100-fold in 0.1% Sodium Dodecyl 

Sulfate (SDS) using methods from Schwabenlander et al. 27 (final tissue dilution: 0.1%), and 2 μL of the 

diluent were added to each well containing 98 uL of master mix. Spontaneous misfolding of recombinant 

prion protein was generated similarly but with unfiltered recombinant proteins and reagents. For these 

reactions, no infectious seed was necessary. The spontaneously misfolded material was used to seed 

reactions for the dynamic light scattering experiment, described below. Plates were amplified on a 

FLUOstar® Omega plate reader (BMG Labtech, Cary, North Carolina, USA; 42°C, 700 rpm, double 

orbital, shake for 57 s, rest for 83 s). Fluorescent readings were taken at ~45 min increments. 

Thermomixer-based amplification 

We leveraged a standard benchtop shaking incubator (thermomixer) to produce QuIC-based prion 

amplifications as previously reported by Cheng et al. 22 and Vendramelli et al, 23 although with slight 

modifications. Plates were prepared identically to those amplified on the plate reader (see protocol above). 

Instead of shaking on a plate reader, reactions were performed on a ThermoMixer® C equipped with 

SmartBlock plate and Thermotop (Eppendorf, Enfield, Connecticut, USA) at 48°C for 24hrs at 600 RPM 

(60s shake and 60s rest). We selected a 24 hour run time based on independent RT-QuIC results for RPLNs 

and palatine tonsils from CWD positive WTD reported in Schwabenlander et al. 27, including those 

examined herein, showing significant seeding activity within 9 to 24 hours (Fig. S3). The resultant products 

were visualized with the addition of gold nanoparticles (as described below).  

Preparation of gold nanoparticles 

Post-amplified material was visualized with 15 nm citrate-capped gold nanoparticles purchased from 

Nanopartz (Loveland, Colorado, USA) with stock concentrations ranging from 2.45nM to 2.7nM. AuNP 

protocols were modified from Špringer et al. 73 and Zhang et al. 39 AuNPs were buffer exchanged using 

530ul of stock solution that was centrifuged in 1.6mL tubes at 13,800g for 10 min. 490ul of supernatant 

was removed and the undisturbed pellet was resuspended with 320ul of a low concentration phosphate 
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buffer (PBSlow; pH 7.4 via addition of HCl) made of 10mM Na2HPO4(Anhydrous), 2.7mM KCl, 1.8mM 

KH2PO4). After the quaking/incubation steps, protein solutions were diluted to 50% in MN-QuIC buffer 

(pH 7.2), consisting of 1X PBS with the addition of final concentrations of 1mM EDTA, 170mM NaCl, 

1.266mM sodium phosphate. Forty microliters of the protein diluted 50% in MN-QuIC buffer were then 

added to the 360ul AuNP solution with ample mixing (results shown in Fig 3b,c). This solution was left to 

react at room temperature (RT) for 30 min (although a visible color change is observable within 60 sec) 

before visual color was recorded (purple or red) and photographed. After images were taken, three replicates 

of 100ul were taken from the 400ul AuNP mixture and pipetted into three separate wells of a 96-well plate. 

The absorbance spectrum was then recorded for each well at wavelengths 400-800nm using the FLUOstar® 

Omega plate reader (BMG Labtech, Cary, North Carolina, USA). For AuNP visualization experiments 

performed to determine higher throughput capacity (Fig 6), proteins were prepared in the same way. After 

amplification on the thermomixer, proteins on a 96-well plate were diluted to 50% using MN-QuIC buffer 

and a multichannel pipette. 90ul of AuNPs were then added to a separate non-binding 96-well plate. The 

AuNP wells were spiked with 10ul of the diluted protein from the thermomixer (post-amplification) using 

a multichannel pipette. After waiting 30min, the color changes were observed and the absorbance spectrum 

of the plate was taken.  

Dynamic light scattering 

Spontaneously misfolded rPrP samples (described above) were produced from solutions of rPrP with no 

seed added. In addition to these samples, a 96-well RT-QuIC reaction was performed with half the wells 

consisting of native rPrP seeded with spontaneously misfolded rPrP, and half consisting of native rPrP with 

no seed. The 96-well plate was then amplified using QuIC protocols described above. Post-amplification, 

seeded samples were confirmed to have fibrillation while the non-seeded samples were confirmed to not 

have fibrillation based on ThT binding (described above). Seeded and non-seeded samples were diluted to 

50% in MN-QuIC buffer, and 40ul of these solutions were added to 360ul of AuNPs in PBSlow. 

Additionally, a blank with no protein was produced by adding 40ul of MN-QuIC buffer to 360ul of AuNPs 
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in PBSlow. For native rPrP samples, color change was observed within 1 min of rPrPaddition. No color 

change was observed in spontaneously misfolded rPrP samples at any time length. Dynamic light scattering 

measurements of all samples were taken after 5 min of protein addition using a Microtract NanoFlex 

Dynamic Light Scattering Particle Analyzer (Verder Scientific, Montgomeryville, PA, USA), and 

measurement times were 60 seconds. Five measurements were taken for each sample and then averaged. 

TEM measurements 

TEM measurements were performed using a Tecnai G2 F30 Transmission Electron Microscope. Images 

were recorded on a Gatan K2 Summit direct electron detector. 20ul of post-amplified positive and negative 

rPrP were added to separate volumes of 200ul of AuNPs prepared as described above. Each protein solution 

was added to separate uncharged TEM grids. Stain was not used because it was unnecessary to view the 

AuNPs. 

Effects of pH and rPrP substrate concentration on the AuNP-protein interaction 

In order to test the effects of pH on the interaction of rPrP with AuNP, four different 10mM tris-buffer 

solutions with pHs ranging from 7.2 to 9.0 were created. Tris was used to give buffering for the desired pH 

range. AuNPs were buffer exchanged as described above except tris-buffer was used instead of PBSlow. 

Protein solutions were added as previously described. It can be noted that the peak absorbance for the tris 

buffer solution below pH 7.4 is still not as high as the peak shifts in pH 7.4 PBSlow. This is likely due to the 

differences in tris and PBSlow buffers.  

To examine effects of rPrP substrate concentration (Fig. S2), 6 different master mixes were made with 

concentrations of native rPrP ranging from 0mg/ml to 0.1mg/ml. 10ul of each solution were added to 

separate wells containing 90ul AuNPs (pH 7.4 AuNPs prepared as described above). 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 14, 2022. ; https://doi.org/10.1101/2021.11.22.469560doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.22.469560
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

Additional statistical information 

GraphPad Prism version 9.0 for Windows (GraphPad Software, San Diego, California USA, 

www.graphpad.com) was used for conducting statistical analysis. Three technical replicates were used to 

demonstrate the potential application of AuNP on spontaneously misfolded rPrP. For initial trials on RPLN 

tissues from eight (four positive and four negative) animals, four and three technical replicates were used 

for RT-QuIC and AuNPs, respectively. For plate-based protocols, we tested palatine tonsils from ten 

positive and ten negative animals using four and eight replicates for RT-QuIC and AuNPs, respectively. 

Unless specified in figures, rate of amyloid formation and maximum wavelength of samples were compared 

to negative controls on their respective plate. The one-tailed Mann-Whitney unpaired u-test (α=0.05) was 

used to test the average difference for all parameters of interests between samples.  

 

Field deployment 

In March of 2021, we collaborated with the Minnesota DNR during annual CWD surveillance of the wild 

WTD population in Fillmore and Winona Counties, Minnesota. We assembled the necessary MN-QuIC 

equipment as described above on two portable tables within a DNR facility in Rushford, MN. RPLNs, 

parotid lymph nodes, and palatine tonsil were collected as described in Schwabenlander et al.,27 and were 

sampled and pooled together for each of the 13 animals tested. Tissues for suspected positive animals were 

tested individually (Table S2). All tissues were subject to 24hr MN-QuIC protocols as described above. 

Three replicates were performed for each of the 13 animals and, for field-based analyses, an animal was 

considered CWD positive if one or more replicates was red. An animal was considered CWD not-detected 

if all three replicates were blue or purple. 
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