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Introduction: Hyperphosphorylation and aggregation of the microtubule-associated tau protein, which plays a critical role in many 
neurodegenerative diseases (ie, tauopathies) including Alzheimer’s disease (AD), are known to be regulated by a variety of 
environmental factors including temperature. In this study we evaluated the effects of FDA-approved poly (D,L-lactide-co-glycolic) 
acid (PLGA) nanoparticles, which can inhibit amyloid-β aggregation/toxicity in cellular/animal models of AD, on temperature- 
dependent aggregation of 0N4R tau isoforms in vitro.
Methods: We have used a variety of biophysical (Thioflavin T kinetics, dynamic light scattering and asymmetric-flow field-flow 
fractionation), structural (fluorescence imaging and transmission electron microscopy) and biochemical (Filter-trap assay and detection 
of soluble protein) approaches, to evaluate the effects of native PLGA nanoparticles on the temperature-dependent tau aggregation.
Results: Our results show that the aggregation propensity of 0N4R tau increases significantly in a dose-dependent manner with a rise 
in temperature from 27°C to 40°C, as measured by lag time and aggregation rate. Additionally, the aggregation of 2N4R tau increases 
in a dose-dependent manner. Native PLGA significantly inhibits tau aggregation at all temperatures in a concentration-dependent 
manner, possibly by interacting with the aggregation-prone hydrophobic hexapeptide motifs of tau. Additionally, native PLGA is able 
to trigger disassembly of preformed 0N4R tau aggregates as a function of temperature from 27°C to 40°C.
Conclusion: These results, taken together, suggest that native PLGA nanoparticles can not only attenuate temperature-dependent tau 
aggregation but also promote disassembly of preformed aggregates, which increased with a rise of temperature. Given the evidence 
that temperature can influence tau pathology, we believe that native PLGA may have a unique potential to regulate tau abnormalities 
associated with AD-related pathology.
Keywords: tau protein, PLGA nanoparticles, tau pathology, protein aggregation

Introduction
Tau is a soluble microtubule-associated protein that plays an important role in cytoskeletal stability and intracellular 
trafficking. In the adult human brain, tau comprises six different isoforms ranging from 352 to 441 amino acids, 
generated by alternative splicing of the microtubule associated protein tau (MAPT) gene located on chromosome 17. 
The isoforms generated by splicing exons 2 and 3 lead to the absence or presence of 1 or 2 N-terminal repeats (0N, 1N or 
2N) and splicing of exon 10 results in tau containing 3- or 4-repeats (3R or 4R) of the microtubule binding site.1,2 

Structurally, full-length tau contains four distinct domains: the N-terminal domain (NTD), the proline-rich domain 
(PRD), the microtubule binding domain (MTBD) and the C-terminal domain (CTD). Compared to 3R tau, 4R tau 
contains one additional microtubule binding repeat and thus promotes microtubule assembly more efficiently.1–3 At the 
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cellular level, tau is found mostly in neurons and to a lesser degree in astrocytes and oligodendrocytes. Physiologically, 
tau binds and stabilizes microtubules via a site-specific phosphorylation-dephosphorylation process mediated by multiple 
kinases and phosphatases, respectively.2,4 However, hyperphosphorylation promotes detachment of tau from microtu-
bules, leading to fibrillization into single straight/paired helical filaments (PHFs) which trigger the formation of 
intracellular neurofibrillary tangles (NFTs). This, in turn, results in the loss of neurons in a variety of neurodegenerative 
diseases collectively called “tauopathies”, including Alzheimer’s disease (AD), frontotemporal lobar degeneration and 
Pick disease. Most of these diseases, unlike AD, are associated with mutations of the MAPT gene and occur without 
extracellular β-amyloid (Aβ)-containing neuritic plaques.5–8 Mounting evidence suggests that conversion of tau from 
a soluble monomer into oligomers/aggregates plays a critical role not only in the loss of neurons but also in the “seed- 
induced” spreading of disease pathology.7,9–12 Thus, preventing hyperphosphorylation and/or aggregation of tau is 
a promising strategy for averting or delaying the onset of tauopathies.

Under normal conditions, wild-type tau usually does not aggregate, but alterations in the MTBD initiated by post- 
translational modifications such as phosphorylation, acetylation, methylation or glycation can trigger conversion of 
soluble monomeric tau into pathological aggregates.13–15 The conformational transition can also be influenced by 
a variety of environmental factors including pH, metal ions, ionic strength and temperature.16–19 There is evidence 
that temperature can influence tau phosphorylation/aggregation in a variety of conditions; decreasing temperature by 
<1°C below the physiological range has been shown to increase tau phosphorylation in cultured cells/neurons.20–22 

Variation in body temperatures has also been shown to influence tau phosphorylation in wild-type animals20,23 and affect 
tau pathology in animal models of tauopathies including AD.24–26 The body temperature in healthy humans varies 
between 35 and 39°C and can increase up to 42°C during fever,27,28 but local temperature in different brain diseases/ 
tumors ranges between 33.4 and 42°C.29–31 There is evidence from clinical studies that high temperature-associated 
sauna baths may lower the risk of developing AD pathology,32 while lower body temperature is linked to increased tau 
pathology.33 A number of studies indicate that anesthesia/hibernation that reduces core body temperature, can increase 
tau phosphorylation,33–38 whereas increasing body temperature differentially affects tau phosphorylation/pathology in 
cellular and animal models.22,39 Although these studies suggest an alteration in temperature homeostasis can regulate tau 
phosphorylation/aggregation, very little is known how small molecular agents/drugs, as a function of temperature, can 
influence tau aggregation kinetics that might mitigate/delay disease pathology.

Graphical Abstract
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Over the last decade, various nanoparticles synthesized from natural or synthetic polymers have generated a lot of 
interest in the field of nanomedicine due to their unique structural stability, high surface area-to-volume ratio and ease of 
surface functionalization.40–44 Among numerous polymeric nanoparticles, poly(lactic-co-glycolic) acid (PLGA), a family 
of FDA-approved biodegradable polymers synthesized from glycolic acid and lactic acid, has become ubiquitous as 
a delivery vehicle for numerous drugs, proteins and other macromolecules because of its biocompatibility and excellent 
safety profile.45–49 There is evidence that PLGA nanoparticles are able to cross the blood-brain barrier to deliver drugs 
that modify disease pathology.50–53 In fact, some studies have reported that PLGA-encapsulated drugs/agents such as 
curcumin, nicotinamide, methylene blue, quercetin and polyphenols can attenuate tau aggregation/pathology not only in 
cultured cells but also in animal models of neurodegenerative diseases after crossing the blood-brain barrier.54–59 

Interestingly, we recently reported that PLGA nanoparticles without conjugation to any agent/drug (ie, native PLGA) 
can attenuate Aβ aggregation/toxicity in cellular and animal models of AD.60–62 We also showed that native PLGA can 
suppress Aβ seed-induced tau aggregation in an in vitro paradigm not only by prolonging the lag phase but also 
attenuating the growth and saturation of tau fibrils. At present, precise mechanisms causing these effects remain unclear, 
but the inhibitory effect of PLGA on tau aggregation could be either due to i) interaction of PLGA with Aβ seeds 
precluding the hydrophobic contacts required for template-assisted tau fibril formation or ii) interaction of PLGA with the 
Aβ core region that can influence the aggregation prone “VQIINK” and “VQIVYK” regions of tau resulting, in the 
destabilization of aggregation kinetics.63 In the present study, we evaluated the effects of native PLGA on temperature- 
dependent aggregation kinetics of tau protein, which may influence the development/treatment of various tauopathies 
including AD.

Materials and Methods
Materials
PLGA (50:50 resomer, mol. wt. ~30,000) was purchased from Phosphorex (Hopkinton, MA, USA), whereas Thioflavin 
T (ThT), dithiothreitol (DTT), Dulbecco’s phosphate-buffered saline (PBS), heparin sodium salt and 8-anilino-1-naphtha-
lene sulfonate (ANS) were from Sigma-Aldrich (St. Louis, MO, USA). The bicinchoninic acid (BCA) protein assay kit 
and enhanced chemiluminescence (ECL) kit were from Thermo Fisher Scientific Inc. (Nepean, ON, Canada). Electron 
microscopy grids (carbon-coated 400 mesh copper grids) and uranyl acid stains were from Electron Microscopy Sciences 
(Hatfield, PA, USA). Human recombinant 2N4R tau was obtained from StressMarq biosciences Inc. (Victoria, BC, 
Canada). The primary antibodies, ie, anti-tau1-223, anti-tau316-355 and anti-tau368-441 were from the BioLegend (San 
Diego, CA, USA), whereas anti-tau oligomeric antibody was from EMD Millipore (Oakville, ON, Canada). The 
horseradish peroxidase-conjugated secondary antibodies were from Bio-Rad Lab (Hercules, CA, USA). All other 
chemicals were from either Sigma-Aldrich or Thermo Fisher Scientific.

Preparation and Purification of Human Recombinant Tau
Human recombinant 0N4R tau was prepared and purified following our previously reported established methods.64 In 
brief, the expression of 0N4R tau in E. coli was induced in a medium comprising terrific broth, 10mM betaine and 
500mM NaCl. Induction was achieved using 500μM isopropyl-thio-β-d-galactoside for 3hrs at 30°C. Subsequently, cells 
were lysed via a microfluidizer and the resulting cell lysate was subjected to boiling. The clarified supernatant containing 
soluble tau was subjected to cation exchange chromatography (20mM MES pH 6.8, 2mM DTT, 1mM MgCl2, 1mM 
EGTA, 50–600mM NaCl). Purified tau fractions were pooled and dialyzed into an aggregation assay buffer containing 
PBS (pH 7.4) with 2mM DTT. The protein was then concentrated using a 3kDa MWCO filter and its concentration was 
determined using a Pierce™ BCA Protein Assay Kit - Reducing Agent Compatible. Purified protein aliquots were stored 
at −80°C until use.
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Preparation of PLGA Nanoparticles
PLGA nanoparticles were prepared following the manufacturer’s instructions as described earlier.61,62 Briefly, PLGA 
powder was dissolved in 0.01M PBS (pH 7.4) and subjected to sonication utilizing a probe sonicator with 40 pulses at 
40% amplitude prior to using in various experiments.

In vitro Tau Aggregation
Aggregation kinetic assays for wild-type 0N4R Tau (2.5–20μM) were conducted in 150μL of assay buffer (Dulbecco’s 
PBS, 2mM MgCl2, 1mM DTT, pH 7.2) at temperatures of 27°C, 34°C, 37°C and 40°C. In parallel, we evaluated the 
aggregation kinetics of 2N4R tau (5–20μM) at 37°C under the same conditions. Heparin sodium salt (final concentration 
of 0.044 mg/mL) was included in the assays, both in the absence and presence of varying concentrations (5µM, 10µM or 
20µM) of PLGA. In the uninduced controls, assay buffer was used in place of the heparin solution. The aggregation 
process was continuously monitored using a ThT binding assay, with ThT concentration maintained at 20μM throughout 
the experiment. Fluorescence signals were recorded at 15min intervals for 40hrs using a Fluostar Omega BMG Labtech 
instrument (Aylesbury, UK) with excitation at 440nm, emission at 480nm and a 475nm emission cutoff. For disassembly 
experiments, the ThT signal was recorded for matured 0N4R tau aggregates, with or without the addition of 20μM 
PLGA, over 60hr period. The lag time of tau aggregation under various conditions was determined by selecting 
a common fraction of fluorescence signal intensity (ie, 5%) relative to the pre-transition baseline, following 
a previously established method.63,65 All kinetic experiments were repeated three times, with six technical replicates 
for each sample/experiment, and the data are presented as mean ± SEM for each condition. Raw data from the 
experiments were normalized as a percentage of fluorescence intensity and the graphs were generated using ORIGIN 
2018.

Detection of Soluble Tau Using BCA Assay
To validate our tau ThT kinetic assay, we performed the colorimetric BCA assay to detect the presence of total soluble 
0N4R tau following interaction with PLGA as described earlier.66 In brief, 10µM tau was incubated in the presence of 
heparin (0.044µg/mL) with 5, 10 or 20µM PLGA for 60hr at different temperatures (ie, 27, 34, 37 and 40°C). As control, 
10µM tau was incubated with heparin for 60hr at different temperatures. Subsequently, all samples were centrifuged at 
14,000rpm for 30min, and 50µL supernatant from each sample were processed in triplicate in 96 well-plates to measure 
soluble tau protein. For the positive control (100% soluble tau), we prepared 10µM tau immediately without adding 
heparin, and 50µL samples in triplicate were loaded into 96 well-plates. We then added 200µL BCA reagent to each well 
and incubated for 30min at 37°C. After the incubation, the absorbance was measured at 562nm using a Spectramax M5 
multi-plate reader and the data were plotted by using Origin 2018 software.

Fluorescence Microscopy
A small aliquot (10μL) of the 0N4R and 2N4R tau samples from various experimental conditions, in the presence or 
absence of PLGA, was applied to a clean glass slide, air-dried and subsequently stained with ThT solution as previously 
described.62,67 Images of ThT-stained 0N4R and 2N4R tau aggregates were captured using a Nikon Eclipse 90i 
fluorescence microscope at 20X magnification.

Scanning Transmission Electron Microscopy (STEM)
An ultra-high resolution Hitachi S-5500 cold field emission STEM was employed to assess the morphological alterations 
of 0N4R tau samples acquired from diverse experimental approaches. In the initial phase, 5µL aggregated tau samples 
with or without PLGA, were carefully placed onto plasma-cleaned, carbon-coated copper grids for a duration of 30sec. 
Excess liquid was gently removed through blotting, and the grids were allowed to air-dry. Following this, a gentle wash 
with 10µL of Milli-Q water was performed to eliminate any residual salt. Subsequently, the grids were stained for 30sec 
using a 2% aqueous uranyl acetate solution, followed by blotting to remove excess liquid. After drying, the grids were 
imaged using a 30kV accelerating voltage and a 30µA emission current as described earlier.62
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Dynamic Light Scattering (DLS)
Using a Malvern Zetasizer-Nano Instrument the size distribution of aggregated 0N4R and 2N4R tau samples, with or 
without PLGA, was analyzed after 40 or 60hrs as described recently.63,67 A He-Ne laser with a wavelength of 632nm 
was used to detect backscattered light at a fixed angle of 173°. Tau samples were prepared by shaking 10μM tau with 
heparin and PLGA (5–20μM) at temperatures of 27°C, 34°C, 37°C and 40°C. The software (DTS v6.20) determined 
mean size and polydispersity. Assuming water-like properties, with a refractive index of 1.33, data were collected from 
a minimum number of 10 consecutive runs of 10sec each using a 10mm quartz cuvette filled with 150μL sample 
without agitation to obtain the auto-correlation function. Particle size was deduced via the Stokes-Einstein equation in 
the provided software.

8-Anilino-1-Naphthalene Sulfonate (ANS) Binding Assay
The ANS binding assay is a standard method used for detecting protein aggregation.67 In brief, 10µM ANS was added to 
aggregated 0N4R tau samples with or without 20μM PLGA, incubated for 30min in a light-shielded environment and 
then emission spectra were recorded between 400 and 700nm using a Spectramax M5 multi-plate reader followed by 
excitation at 380nm. For data evaluation, ANS emission spectra in buffer were subtracted from the corresponding ANS/ 
protein spectra. This procedure was repeated three to four times and then the mean results were plotted using ORIGIN 
2018 software.

Asymmetric-Flow Field-Flow Fractionation (AF4)
AF4 assay was used as described earlier68 to validate our monomeric, oligomeric and fibrillar 0N4R tau preparations. In 
brief, while monomeric tau (10µM) was prepared in the absence of heparin, oligomeric and fibrillar conformations were 
generated by incubating tau (10µM) in the presence of heparin (0.044mg/mL) for 24hr at 4°C and 72hr at 37°C, 
respectively. To validate conformations, different tau isoforms were subjected to AF4 on an Eclipse system (Wyatt 
Technology) using PBS (pH 7.4) as the running buffer. The channel was 27cm in length and 400μm in height and lined 
with a 10kDa cutoff polyethersulfone membrane at the accumulation wall. Samples were focused for 5min and then 
eluted at a channel flow of 0.5mL/min with constant cross-flow of 3mL/min for the first 20min, decreasing from 3 to 
0.15mL/min in the following 10min, from 0.15 to 0mL/min in the next 12min, and run with no cross-flow for the last 
10min. Multi-angle light scattering and DLS were collected simultaneously in the in-line DAWN HELEOS II detector 
(Wyatt Technology), operating at a wavelength of 662nm. Data analysis was performed with ASTRA 8.1.2 software 
(Wyatt Technology).

Filter-Trap Assay
To identify the interaction between tau conformers and PLGA, monomeric, oligomeric and fibrillar 0N4R tau were 
incubated with or without PLGA and processed for a filter-trap assay, employing four different tau antibodies. In brief, 
10µM tau in the presence of heparin was incubated with or without 20µM PLGA either for 24hr at 4°C or for 72hr at 
37°C to define interaction with oligomeric and fibrillar conformations, respectively. To measure interaction with 
monomeric tau, 10µM tau in the absence of heparin was incubated with or without 20µM PLGA briefly at room 
temperature. Treated and untreated tau samples (20µL) were then loaded onto a 0.02μm nitrocellulose membrane and 
subjected to vacuum filtration by using a 96-well Bio-Dot Microfiltration system.62 The membranes were then washed 
with 1X TBST (0.2% Tween 20), blocked with 5% BSA for 2hr at room temperature and incubated overnight at 4°C with 
sequence specific anti-tau1-223 (1:1000), anti-tau316-355 (1:1000), anti-tau368-411 (1:1000) and oligomer specific anti- 
tau T22 (1:1000) antibodies. Subsequently, membranes were washed 1X TBST, treated with appropriate HRP-conjugated 
secondary antibodies (1:1000) for 2hr at room temperature and developed using ECL kit. All the membranes were 
stained with Ponceau to determine sample loading, examined by using a FluorChem E system (Santa Clara, CA, USA) 
and the images were processed using Image J software.
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Statistical Analysis
All kinetic data collected from a minimum of 3–5 biological repeats, with each experiment performed in six technical 
replicates, were expressed as means ± SEM. The data were analyzed by one-way ANOVA followed by Tukey’s post-hoc 
analysis for paired comparisons with a significance threshold set at p < 0.05. P values indicate the following 
significances: *p < 0.05; **p < 0.01 and ***p < 0.001. All statistical analyses were performed using ORIGIN software.

Results
Effects of Temperature on Tau Aggregation
The aggregation of the tau protein is a fundamental process linked to tau pathology and is a hallmark of several 
neurodegenerative diseases. Tau fibrils exhibit a repetitive cross-β sheet structure stabilized by various molecular 
interactions.4,7,11 The established fluorescent dye ThT is often used to detect tau fibril formation as it emits strong 
fluorescence upon binding to cross-β fibril structures.69 Since temperature influences aggregation of various proteins and 
also tau phosphorylation, which plays a critical role in the development of AD-related pathology,21,37,70,71 we evaluated first 
how alteration in temperature can influence tau aggregation under in vitro conditions (Figure 1A–V). Thus, we performed 
ThT kinetic assays using 2.5–20µM 0N4R human tau in the presence of heparin at four different temperatures (27, 34, 37 
and 40°C) over a 40hr period. The observed aggregation kinetics consistently displayed sigmoidal curves, characterized by 
a lag phase, an exponential phase followed by a saturation phase (Figure 1A, F, K and P). An increase in temperature from 
27°C to 40°C led to a significant reduction in the lag time (Figure 1U), an increase in the aggregation rate (reflected in the 
slope of the exponential phase of the kinetic curve) and formation of tau fibrils at each concentration studied (Figure 1A, F, 
K, P and V). The kinetic changes were more pronounced at 2.5 and 5µM compared to 10 or 20µM tau over the 40hr 
incubation period. Additionally, temperature variations significantly altered ThT fluorescence values at saturation more 
markedly at 2.5 and 5µM than at 20µM concentrations of tau over the 40hr incubation period. However, temperature 
increase, irrespective of the studied concentration, was found to enhance formation of tau fibrils at the assay end point, as 
evident from our fluorescence imaging of ThT-labelled tau samples (Figure 1B–E, G–J, L–O and Q–T). The propensity of 
tau to aggregate was also apparent from our STEM images and DLS analysis (Figure 2A–T). While STEM images depicted 
a gradual increase in the size of aggregates with increasing temperature (Figure 2A–D, F–I, K–N and P–S), our DLS 
analysis showed a significant enhancement in the hydrodynamic radius of tau aggregates as a function of temperature, at 
a given concentration (Figure 2E, J, O and T). In parallel, we showed that aggregation of 5–20µM 2N4R tau also increased 
in a dose-dependent manner as evident from our ThT kinetic assays, fluorescence imaging and DLS analysis 
(Supplementary Figure 1A–D).

Effect of PLGA on Temperature-Dependent Spontaneous Tau Aggregation
Before exploring the effect of native PLGA on tau aggregation, we showed that PLGA, as reported earlier,61,62 exhibits 
spheroidal morphology with ~100nm diameter in STEM and DLS analyses, respectively (Supplementary Figure 2). We 
have recently reported that PLGA is stable over a 48hr period at 27°, 37° and 40°C.62 Consequently, we assessed the 
effects of 5, 10 and 20µM native PLGA on the aggregation kinetics of 10µM 0N4R tau at 27°, 34°, 37° and 40°C over 
a 40hr period (Figure 3A–V). Our ThT kinetics results clearly demonstrated that spontaneous tau aggregation across all 
temperatures was significantly attenuated in a dose-dependent manner by native PLGA (Figure 3A, F, K and P). At lower 
concentrations of 5 and 10µM, where the PLGA:tau ratios were 0.5:1 and 1:1, respectively, PLGA exhibited a significant 
albeit modest inhibitory effect on tau aggregation at differing temperatures. Conversely, with a higher concentration (ie, 
20µM; PLGA:tau ratio of 2:1) a pronounced inhibition of tau aggregation was evident across all temperatures: 
a reduction of ~24% at 27°C, ~27% at 34°C, ~40% at 37°C and ~51% at 40°C at saturation over the 40hr incubation 
(Figure 3A, F, K, P and V). Increasing PLGA concentrations were associated with a significant increase in lag times and 
reduced rates of tau fibrilization at all temperatures, with the most pronounced effects seen at 37°C and 40°C (Figure 3A, 
F, K, P and U). The inhibitory influence of native PLGA on 0N4R tau aggregation was further validated using 
fluorescence imaging, which revealed a decrease in the number and length of tau fibrillar entities in the presence of 
native PLGA (Figure 3B, C, G, H, L, M, Q and R) with a rise of temperature from 27°C to 40°C.
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Figure 1 Aggregation of Tau in the presence of heparin at different temperatures. (A–T) ThT fluorescence kinetic assays showing the aggregation curves and the 
corresponding fluorescence images of 2.5µM (A–E), 5µM (F–J), 10µM (K–O) and 20µM (P–T) tau in the presence of heparin over a 40hr incubation period at 27°C, 34°C, 
37°C and 40°C. Note the aggregation of 0N4R tau increases as functions of dose and temperature and plateaus over time as indicated by ThT fluorescence levels. The 
fluorescence images of tau fibrils at different concentrations were taken following 40hr incubation at 27°C, 34°C, 37°C and 40°C. (U and V) Histograms showing the 
significant reduction of lag-time at various concentrations (2.5–10µM) of tau with the rise of temperature (U) and the significant increase in final fluorescence values of 
various concentrations of tau with the rise of temperatures from 27°C to 40°C (V). All ThT kinetic graphs represented average mean ± SEM of three separate experiments, 
each performed with six replicates for each condition. n.s. represent non significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2 STEM and DLS analysis of tau aggregation at different temperatures. (A–T) STEM images and DLS analysis of 2.5µM (A–E), 5µM (F–J), 10µM (K–O) and 20µM 
(P–T) 0N4R tau in the presence of heparin over 40hr incubation at 27°C, 34°C, 37°C and 40°C. Note an increase in the aggregation, as revealed by STEM images, at each 
concentration of tau with the rise of temperature from 27°C to 40°C. DLS analysis showing variable significant increases in the diameter of aggregated tau at 2.5µM (E), 5µM 
(J), 10µM (O) and 20µM (T) with the rise of temperature from 27°C to 40°C following 40hr incubation as depicted by size distribution curves and histograms (insets) 
representing average aggregate sizes of tau aggregates for a given concentration. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3 Attenuation of tau aggregation by PLGA at different temperatures. (A–W) PLGA dose-dependently (5–20µM) attenuates aggregation propensity of 10µM 0N4R tau as 
revealed by ThT kinetic assays and respective fluorescence as well as STEM images over 40hr incubation at 27°C (A–E), 34°C (F–J), 37°C (K–O) and 40°C (P–T). (U and V) 
Histograms representing the significantly attenuated fluorescence values at lag-time (U) and at saturation (V) of tau kinetic reaction in the absence and presence of 5–25µM PLGA 
at different temperatures. (W) Histograms showing the significant increase in the levels of soluble tau, as revealed using the BCA assay, at saturation of the tau kinetic reaction in the 
absence and presence of 5–20µM PLGA at different temperatures. All ThT kinetic graphs represented average mean ± SEM of three separate experiments, each performed with six 
replicates for each condition. *p < 0.05, **p < 0.01, ***p < 0.001.
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To gain an understanding of the structural characteristics, we used high resolution STEM imaging to examine 0N4R 
tau aggregates following 40hr incubation in the presence or absence of 20µM PLGA. Our results showed that native 
PLGA nanoparticles were associated directly with the tau fibers. In addition, while tau fibrils in the absence of PLGA 
presented as long, elongated fibers, PLGA-treated samples displayed a more heterogenous population of shorter twisted 
fibers, indicating a potential transition towards or the formation of shorter fibrils (Figure 3D, E, I, J, N, O, S and T). This 
conformational shift of 0N4R tau aggregates is evident more at 37°C and 40°C than at 27°C or 34°C. The reduction of 
elongated insoluble fibrils was supported by our BCA assay, which showed that soluble tau protein content was increased 
as a function of PLGA concentrations (5, 10, 20µM) compared to PLGA untreated samples after incubation at 27°C, 
34°C, 37°C and 40°C (Figure 3W). To substantiate the decrease in the overall size of 0N4R tau aggregates following 
incubation with 20µM PLGA at different temperatures, we performed DLS analysis of tau samples after the ThT kinetic 
assay. A significant reduction in the hydrodynamic radii of tau aggregates was evident upon PLGA treatment, leading to 
the emergence of multiple peaks at different temperature conditions. The significant decrease in the hydrodynamic radii 
of tau aggregates was found to be more obvious at 37°C and 40°C than those observed at 27°C or 34°C, reinforcing our 
other biophysical results (Figure 4A–H).

Our kinetic data, DLS analysis and fluorescence imaging of ThT assay samples showed that native PLGA, as 
observed with 0N4R tau, dose-dependently (5, 10, 20µM) suppressed the spontaneous aggregation of 10µM 2N4R 
tau. At 5 and 10µM of PLGA, the effect was significant but a more pronounced suppressive response was apparent at 
20µM PLGA (Supplementary Figure 1E–H). It is also of interest to note that 20µM native PLGA attenuated aggregation 
of 2N4R tau more noticeably than that of equimolar concentrations of 0N4R tau over the same 40hr incubation period at 
37°C (Supplementary Figure 1I–K).

Effects of PLGA on Temperature-Dependent Tau Disassembly
To investigate if native PLGA can trigger disassembly of matured tau fibers, we performed various assays using 
preformed 0N4R tau fibers with or without 20µM PLGA at different temperatures (ie, 27°C, 34°C, 37°C and 40°C) 
(Figures 5A–V and 6A–H). Our ThT kinetic results revealed that disaggregation of matured tau fibers was initially 
facilitated by PLGA at all temperatures as a function of time and then remained stable over the 60hr incubation period 
(Figure 5A, F, K and P). It is of interest to note that the dissociation rate increased significantly with temperature, leading 
to differences in the relative levels of disassembled tau fibers (ie, 18.4% at 27°C, 32.6% at 34°C, 33.8% at 37°C and 
50.5% at 40°C) following 60hr incubation at various temperatures (Figure 5U and V). This was partly substantiated by 
our fluorescence imaging data which showed temperature-dependent reduction of matured 0N4R tau fibrils following 
PLGA treatment (Figure 5B, C, G, H, L, M, Q and R). Our STEM images also demonstrated a relative decrease in the 
quantity and size of 0N4R tau fibers at higher temperatures (Figure 5D, E, I, J, N, O, S and T). Additionally, DLS 
analysis of disassembled tau samples obtained following PLGA-treatment displayed a significant shift towards smaller 
aggregates (hydrodynamic radii ~200 to 1000nm) compared to untreated tau aggregates (hydrodynamic radii ~3000 to 
4000nm). This size shift was more pronounced at 37°C and 40°C than at 27°C or 34°C, as observed with other 
experimental paradigms (see Figure 6A–H).

Effects of PLGA on Different Tau Conformers
To assess possible interactions between PLGA and tau aggregation motifs, we performed an ANS assay, which is 
commonly used to detect hydrophobic clusters in protein and protein aggregates. An observed increase in ANS 
fluorescence is likely due to direct interaction of the aggregation prone PHF6 and PHF6* hexapeptide motifs of two 
tau molecules.72 Conversely, we noted a significant decrease in fluorescence intensity in the presence of PLGA 
nanoparticles, suggesting a potential hydrophobic interaction between 0N4R tau and native PLGA (Figure 7A). 
Subsequently, to evaluate the effects of PLGA on various 0N4R tau conformers, we first confirmed the aggregate 
sizes of our monomeric, oligomeric and fibrillar tau preparations using the AF4. The crossflow gradient was set to 
separate particles ranging from 3 to 300nm RH within a 60min run as described earlier.68 For all samples, we injected 
150μg of total protein. The elution profile was monitored by static light scattering at 90° (LS 90°), and the RH of the 
eluting particles was measured by in-line DLS. Monomeric 0N4R tau (Figure 7B, red curve) eluted in the first 20min, 
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Figure 4 DLS analysis of tau aggregation in the presence of PLGA at different temperatures. (A–H) DLS analysis of 10µM 0N4R tau in the presence and absence of 20µM 
PLGA following 40hr incubation at 27°C (A and B), 34°C (C and D), 37°C (E and F) and 40°C (G and H). Note the significant decrease in the diameter of tau aggregates in 
the presence of 20µM PLGA as a function of increase in temperature from 27°C to 40°C, compared to control tau as depicted by size distribution curves and respective 
histograms representing average sizes of tau aggregates for a given concentration. ***p < 0.001.
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Figure 5 Attenuation of pre-aggregated tau fibers by PLGA at different temperatures. (A–V) ThT kinetic assays showing the disassembly of matured tau fibers and the 
corresponding fluorescence as well as STEM images in the absence and presence of 20µM PLGA over 60hr incubation at 27°C (A–E), 34°C (F–J), 37°C (K–O) and 40°C 
(P–T). A faster rate of tau disaggregation was evident in ThT kinetic experiment with the rise of temperature. Note the decrease in tau aggregates following 60hr incubation 
in the presence of PLGA as evident in the fluorescence as well as STEM images at various temperature. The presence of PLGA nanoparticles (round structures) was 
apparent in conjugation with disassembled tau fibers at different temperatures. (U and V) Histograms representing the kinetics of tau disassembly (U) and significant 
attenuation of fluorescence values at saturation (V) of tau kinetic reaction in the absence and presence of 20µM PLGA at different temperatures. All ThT kinetic graphs 
represented average mean ± SEM of three separate experiments, each performed with six replicates for each condition. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6 DLS analysis of tau disassembly by PLGA at different temperatures. (A–H) DLS analysis showing the disassembly of matured tau fibers in the presence and absence 
of 20µM PLGA following 60hr incubation at 27°C (A and B), 34°C (C and D), 37°C (E and F) and 40°C (G and H). Note the significant decrease in the tau aggregates 
diameter in the presence of 20µM PLGA with an increase in temperature from 27°C to 40°C compared to control tau aggregates as revealed by size distribution curves and 
respective histograms representing average sizes of tau aggregates for a given concentration. ***p < 0.001.
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Figure 7 Characterization of PLGA interaction with 0N4R tau protein. (A) Fluorescence emission spectra of ANS after binding to aggregates of tau alone and in the 
presence of 20µM PLGA. Note the decrease in the intensity of fluorescence emission spectra in the presence of PLGA. (B) Fractograms of the monomeric (red), oligomeric 
(blue), and fibrillar (green) forms of tau. The solid curves represent the static light scattering intensity at 90° of the eluted samples, while the circles indicate the averaged 
hydrodynamic radius (Rh) from thirty DLS measurements taken during the one-minute collection period. (C) Diagram depicting the structure of the longest isoform of 
human tau (2N4R) present in the brain, which differs from other isoforms in the presence or absence of two N-terminal domains (0N, 1N Exon 2, 2N Exons 2 and 3), 
central Proline-rich domain (PRD) and one of the repeats in the microtubule interaction domain (3R or 4R by alternative splicing at Exon 10). (D–G) Dot blot assay showing 
the interaction of different conformers of tau (monomer, oligomer and fibril) in the absence and presence of 20µM PLGA as detected using region-specific (ie, Tau1-223; 
Tau316-355 and Tau368-441) as well as oligomeric T22 antibodies. The corresponding dot-blots were stained with Ponceau to depict loading of tau samples. Note that 
PLGA interacts somewhat more with oligomeric and fibrillar isoforms of tau than with the monomeric isoform, and this is mediated possibly via MTBD and CTD of the tau 
protein.
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with a peak at 15min corresponding to a size of approximately 4.5nm RH. Oligomeric 0N4R tau (Figure 7B, blue curve) 
eluted between 12 and 30min, with a main peak at 18min corresponding to an RH of 5.5nm, and a minor peak at 26min 
corresponding to an RH of 8nm. The LS 90° signal began to increase after 45min of elution for the fibrillar preparation 
(Figure 7B, green curve), indicating the presence of 0N4R tau aggregates ranging from 30 to 300nm RH. The fibrillar 
preparation also exhibited a small peak in the oligomeric region. Having confirmed monomeric, oligomeric and fibrillar 
predominance in our respective 0N4R tau preparations, we incubated the samples with or without 20µM native PLGA 
and performed a filter-trap assay using various site-specific tau antibodies (Figure 7C). Our results demonstrated that 
PLGA attenuated antibody binding more predominantly for oligomeric and fibrillar 0N4R tau preparations than for 
monomers. Furthermore, the binding of tau antibody recognizing NTD and PRD (ie, anti-tau1-223) was less affected by 
PLGA than that observed with antibodies recognizing MTBD and CTD (ie, anti-tau316-355 and anti-tau368-441) 
(Figure 7D–G). This raises the possibility that native PLGA interacts primarily via the MTBD and CTD regions of 
the protein.

Discussion
The current study used biophysical, biochemical and structural studies to show that native PLGA nanoparticles without 
conjugation to any drug/agent can attenuate the temperature-dependent aggregation of tau protein. This is supported by 
results which show that: i) aggregation propensity of 0N4R tau increases significantly in a concentration-dependent 
manner with a rise in temperature from 27°C to 40°C, ii) native PLGA significantly attenuates tau aggregation in a dose- 
dependent manner at all studied temperatures, iii) inhibition of tau aggregation by PLGA is likely mediated by interaction 
with MTBD and CTD regions of the tau protein, iv) native PLGA can differentially trigger disassembly of pre- 
aggregated tau at various temperatures and v) PLGA nanoparticles, apart from 0N4R tau, also attenuate aggregation 
of 2N4R tau in a dose-dependent manner. Collectively, these results suggest that native PLGA can markedly inhibit tau 
aggregation and trigger disassembly of aggregated tau at physiological and non-physiological temperature ranges, 
suggesting its inimitable potential in the treatment of tau-related pathology.

Evidence suggests that increased phosphorylation and/or other posttranslational modifications initiate an alteration in 
the MTBD of tau, leading to conversion of the monomeric form to a pathological fibrillar aggregate displaying 
a characteristic cross-β structure with stacking of β strands perpendicular to the long fiber axis.4,73 The first step in the 
conversion involves dimerization of tau protein occurring either by intermolecular disulfide crosslinking between 
cystine291 and cystine322 residues located in the R2 and R3 domains respectively or by electrostatic interactions between 
the negatively charged NTD and the positively charged PRD and MTBD. The tau dimers then self-assemble via the 
aggregation-prone hexapeptide motifs, 275VQIINK280 (PHF6*) and 306VQIVYK311 (PHF6) residing on the R2 and R3 
repeats of the MTBD, to form oligomers which subsequently acquire fibrillar β-sheet structure generating PHFs - the 
building blocks of NFTs.74–76 Interestingly, full-length recombinant tau, due to its hydrophilic nature and lack of post- 
translational modifications, shows very little intrinsic tendency to aggregate under normal conditions.72,73 Nevertheless, 
aggregation of tau can be induced under in vitro in the presence of polyanionic factors such as heparin, RNA and 
arachidonic acid which by activating VQIVYK/VQIINK motifs promote conformational change from random coils to β- 
sheet structures, leading to the formation of tau filaments.2,7,11,77 In fact, heparin-induced aggregation of recombinant tau 
has been studied in vitro not only to understand the mechanisms of tau fibrillization but also to examine factors/agents 
that can regulate tau aggregation. Our present results show that formation of heparin-induced tau fibrils is enhanced 
in vitro with increasing protein concentration as well as a rise in temperature from 27°C to 40°C as apparent by our ThT 
kinetic assay, fluorescence and electron microscopy studies. The duration of the lag phase is significantly reduced as 
a function of protein concentration as well as temperature, whereas the fibril exponential phase is decreased with the rise 
of temperature at a given concentration of tau. The subsequent saturation phase, on the other hand, escalated predomi-
nantly with the increased concentration of the protein – suggesting that earlier phases of kinetic reactions are more 
thermodynamically dependent than the saturation phase of tau fibrillation. Thus, it appears from our ThT binding assays 
that temperature most likely accelerates the rate of fibril formation but not the total tau fibrillar content. This is consistent 
with the reported effects of temperature on the aggregation of various other proteins, including Aβ peptide, 
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demonstrating the importance of ionic and hydrophobic interactions that underlie the formation of β-sheet structure 
associated with tau aggregation.62,70,71,78

Although aggregation of tau protein is known to be influenced by temperature variations, very little is known about 
whether the presence of any nanoparticles or small molecules can impact temperature-dependent tau fibrillation. This is 
important for the treatment of tau pathology as the local temperatures in the brain vary noticeably from 33.4°C to 42°C in 
disease/pathological conditions.28,79,80 There is evidence that some nanoparticles functionalized with inhibitors such as 
methylene blue, nicotinamide or curcumin can attenuate tau pathology by improving blood-brain barrier permeability, 
binding affinity and/or regulating tau kinases.56,81–83 However, no information is currently available if any nanoparticles 
without conjugation to any drug/agent can affect tau aggregation kinetics as a function of temperature variation. The 
present study reveals that native PLGA can attenuate temperature-dependent tau fibrillation as apparent by ThT kinetic 
assays, fluorescence imaging, STEM and DLS analyses showing the generation of shorter and fragmented tau fibrils with 
reduced hydrodynamic radius. The dose-dependent inhibitory effects of PLGA on the growth/saturation phases of tau 
fibrils was apparent at all temperatures studied, but the effect of PLGA on lag phase was most apparent at 40°C, 
suggesting that three stages of tau fibrillation may be differentially affected by native PLGA depending on the 
temperature. It is of interest to note that suppression of tau aggregation by native PLGA was directly proportional to 
the rise of temperature from 27°C to 40°C. This could be due to the interaction of PLGA with MTBD and CTD 
precluding the formation of critical nuclei and subsequent elongation of fibrils by preventing hydrogen bonding and 
hydrophobic interactions. This is partly supported by a decrease in the ANS fluorescence intensity in the presence of 
PLGA, suggesting existence of less solvent exposed hydrophobic clusters in tau aggregates. The interaction of PLGA 
with monomers and/or destabilizing the initial assembly of β-sheets during nucleation may also contribute to the 
attenuation of tau fibril formation. Additionally, PLGA can inhibit the tau oligomer formation by hydrophilic or 
electrostatic interactions, resulting in destabilization of on-pathway and formation of off-pathway soluble tau intermedi-
ates. This is partly supported by our filter-trap analysis showing an attenuation of tau oligomer and fibrillar contents 
suggesting the presence of non-fibrillar tau following exposure to native PLGA. It is of interest to note that native PLGA, 
apart from 0N4R tau, can suppress 2N4R tau aggregation in a dose-dependent manner, indicating that the effects of the 
nanoparticles may be independent of various tau isoforms present in the brain.

Apart from decreasing spontaneous aggregation, native PLGA was found to trigger significant disassembly of pre- 
aggregated tau fibers into smaller species at all temperatures over a 60hr period. The kinetic rate and the magnitude of tau 
fiber disassembly increased with a rise of temperature from 27°C to 40°C. Since MTBD of tau is positively charged,3,76 

the increased negative charge density on the surface of PLGA may promote a stronger electrostatic interaction with the 
tau protein, which could trigger disassembly of the preformed fibrillar structure. It is possible that native PLGA may 
trigger disassembly by interfering with the hydrophilic bonding with the MTBD region of the aggregated tau or the 
ensuing steric zipper interface within the cross β-spine. Additionally, the non-covalent bonding, ie, charge–charge 
interactions and hydrogen bonding between PLGA and tau fibrils may influence the disassembly of the preformed 
fibrillar structure.77 It is however, important to emphasize that our in vitro studies showing the influences of temperatures 
on tau aggregation/disaggregation can not be co-related directly to in vivo results which are regulated by a complex 
interplay of numerous endogenous factors. This is evident from the fact that while acute higher body temperatures, such 
as those experienced in a sauna, are associated with lower tau pathology,22 sustained higher body temperatures may lead 
to increased tau pathology.26,39 Similar phenomena have been reported using a variety of phytochemicals, peptides and 
polymers including curcumin, clioquinol, epigallocatechin gallate, polyproline and myricetin.57,84–88

Accompanying aging, hypothermia has long been proposed as a risk factor for AD based on the observation that 
elderly people have a tendency to display cold intolerance and the evidence that Down syndrome patients who invariably 
develop AD exhibit a decrease in body temperature compared to age-matched normal individuals.89,90 Interestingly, the 
3xTgAD mouse model of AD is also reported to exhibit a lower body temperature at 12–14 months of age compared to 
control mice.25 Over the years, multiple lines of experimental approaches including animal models of AD, hibernating 
animals and the use of anesthetics suggest that cold temperatures can increase tau phosphorylation and/or fibrillogenesis, 
whereas increasing temperature by deleting uncoupling protein 1, exposing to sauna-like conditions or menthol treatment 
have been shown to differentially affect tau pathology.21,22,34,35,38,39,91 Altered tau phosphorylation has been ascribed to 
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altered tau kinases and/or phosphatases along with a failure in tau degradation via the proteasomal pathway.20,21,92,93 At 
present, however, very little is known on whether temperature-dependent tau phosphorylation/aggregation can be 
influenced by an agent/drug that may have the potential to treat AD-related pathology. We have recently reported that 
native PLGA can attenuate Aβ aggregation at various temperatures.62 Furthermore, PLGA was found to protect cultured 
mouse neurons as well as neurons derived from AD patients against Aβ toxicity by reducing tau kinases/ 
phosphorylation.60–62,94 Consistent with these results, the present study demonstrates that PLGA nanoparticles can 
inhibit not only spontaneous aggregation but also can trigger disassembly of aggregated tau at various temperatures 
(ie, 27°C to 40°C). The beneficial effects of native PLGA on tau aggregation/disassembly, as observed with the Aβ 
peptide, appear to improve with the rise of temperatures. Given the evidence that mild hyperthermia can affect tau 
pathology differentially in cellular/animal models,22,39 we believe that native PLGA that target distinct facets of tau 
pathology will offer a new prospect to treat diseases associated with tauopathies including AD.

Conclusions
Our study reveals that spontaneous aggregation of tau protein increases in a concentration-dependent manner with a rise 
in temperature from 27°C to 40°C, as evaluated using a variety of biophysical, structural and biochemical assays. PLGA 
nanoparticles without conjugation to any drug/agent can significantly attenuate the propensity of tau to aggregate at all 
temperatures in a dose-dependent manner, most likely by interacting with the aggregation-prone hydrophobic hexapep-
tide motifs of the tau protein. Additionally, PLGA is able to trigger disaggregation of preformed tau aggregates as 
a function of temperature from 27°C to 40°C. Given the evidence that temperature plays an important role in regulating 
tau pathology, we believe that native PLGA may have therapeutic potential for tau-related pathologies.
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