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Abstract 

Currently, Alzheimer’s Disease (AD) is the most common type of dementia, worldwide. Although the mechanisms 

responsible for its development are still not understood, available data strongly supports a central role of Ab peptide 

in mediating AD pathogenesis. Despite its gravity, available therapies cannot prevent, or delay AD’s progression 

and a new approach is necessary to tackle the issue of Ab aggregation. Introduction of exogeneous Ab-proteolytic 

enzymes is a possible alternative. However, given the lack of specificity of these enzymes towards Ab, such strategy 

has not been pursued. In this regard, achieving modification strategies for exosomes (vesicles with the ability to 
cross the blood-brain barrier), to allow for delivery of Neprilysin (NEP) in a specific manner to the brain is particularly 

appealing as an innovative therapeutic approach.  Here, we characterize the functional and structural properties of 

exosomes carrying NEP, to be used for the development of targeted vehicles for delivery of the enzyme. Employing 
a precipitation-based methodology we successfully isolated extracellular vesicles (EVs) from HEK293T cells, 

obtaining samples of vesicles with sizes within the range of exosomes and different extracellular vesicles. Resorting 

to spectroscopy techniques it was possible to confirm the presence of NEP in the samples of EVs isolated from 

cells that were previously transfected with the enzyme. The proteolytic activity of these vesicles against Ab1-42 

peptide was also analysed, and we observed that fibrillation of Ab1-42 was significantly inhibited by EVs loaded 

with NEP. 
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Introduction 

Alzheimer Disease (AD) is the most common type of 

dementia, representing 60-70% of all cases 1, and is the 5th 

cause of death worldwide, 2. AD treatments at the present 
time are only palliative 3, and therefore it is imperative that 

effective treatments for AD are developed in the near future. 

Currently, AD is described as a neurological disease that 
has for primary hallmarks neuritic plaques, also known as 

amyloid or senile plaques, and neurofibrillary tangles which 

are aggregates of hyperphosphorylated tau protein 4.  In 
addition, loss of dendritic spines  is one of the early features 

of AD, particularly in the cortex and hippocampus which are 

brain areas that play key roles in memory 5,6 , with many 
implicating amyloid plaques as the culprit for reductions in 

the number of spines and degeneration of neuronal circuits 
7,8 The fact that the mechanisms responsible for AD 

pathogenesis are still not yet understood is perhaps one of 
the reasons why there are still no treatments that can 

prevent its progress. Available data strongly supports a 

central role of Ab peptide oligomerization, accumulation and 

fibrillation, in mediating AD pathogenesis 9 . Support for this 

theory comes from the fact that patients with familial forms 
of the disease present mutations in the amyloid precursor 

protein (APP, a membrane protein that when cleaved can 

result in  Ab)  or in presilin 1 and 2 (PSEN1/2, sub-unit of 𝛾 

-secretase responsible for APP cleavage- genes) 10.  
.Moreover,  Ab is the main component of amyloid plaques, 

found especially in the hippocampus and neocortex 11. 

The therapeutical approaches which reached clinical trials 

aiming to target Ab accumulation in the brain relied in either 

immunotherapies using Ab antibodies or on the use of 

secretase inhibitors to decrease production of Ab 9. Given 

the failure of these clinical trials, a new approach is 

necessary to tackle the issue of Ab aggregation. Increase of 

Ab-proteolytic enzymes could be it. However, given the lack 
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of specificity of these enzymes towards Ab, such strategy 

has not been pursued. In this regard, achieving modification 

strategies for exosomes to allow for delivery of neprilysin 

(NEP), an enzyme able to cleave this peptide 12,  in a 
specific manner to the brain is particularly appealing as an 

innovative therapeutical approach. Found in the pre-

synaptic areas of neurons and in activated astrocytes and 
microglia, NEP levels tend to decrease in aged brains and 

in areas with high density of amyloid plaques, suggesting 

that even if NEP cannot degrade Ab oligomers it can still be 

implicated in AD pathogenesis. Currently, drug delivery is 
essentially accomplished by the use of liposomes – 

synthetic spherical vesicles that consist of one or more 

phospholipid layer 13 -  and polymeric nanoparticles 14. 
However, both delivery systems present some limitations: 

liposomes may have poor stability in vivo, and nanoparticles 

may face problems regarding biocompatibility 15. To 
overcome these problems, exosomes can be used as a 

carrying drug system – they have stability during long 

periods, biocompatibility, and are able to target tissues 16. 

Exosomes are able to cross the BBB and deliver large 
molecules, such as proteins, in the brain 17. In addition, 

exosomes originated from MSCs have been shown to carry 

NEP and to decrease the levels of Ab in N2a cells 18. 

Here, we characterize the functional and structural 
properties of exosomes carrying NEP, to be used for the 

development of targeted vehicles for delivery of the enzyme.  

Materials and Methods 

Chemical Reagents. 4-(2-hydroxyethil)-1-piperazineethanesulfonic 

acid (HEPES), Sodium Chloride (NaCl), 1,1,1,3,3,3-Hexafluoro-2-

propanol (HFIP) and Dimethyl sulfoxide (DMSO) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA) .Ethylenediamine 

tetraacetic acid (EDTA) was obtained from Merck (Darmstadt, 

Germany) and 1-palmitoyil-2-oleoyl-sn-glicero-3-phosphocholine 

(POPC) from Avanti Polar Lipids (Alabaster, AL, USA). 

Probes.1,2-dioleoyol-sn-glycero-3-phosphoethanolamine-N- 

(lissamine Rhodamine B sulfonyl) (DOPE-Rho) was purchased 

from Avanti Polar Lipids. Rhodamine 110 (Rho110) was obtained 

from Molecular Probes (Eugene, Oregon, USA), HiLyteTM  488 was 

vended by AnaSpec, Inc (San Jose, CA, USA). and OFPSpark® 

(Orange fluorescent protein) was purchased from Sino Biological 

(Beijing, China).  Thioflavin T was obtained from Sigma Aldrich. 

Wheat Germ Agglutinin (WGA) conjugated with Alexa Fluor 594 

and Hoechst 33342 (2’-[4-ethoxyphenyl]-5-[4-methyl-1-

piperazinyl]-2,5’-bi-1H-benzimidazole trihydrochloride trihydrate) 

were purchased from Invitrogen (Carlsbad, CA, USA).  

Peptides and enzymes. b-Amyloid (1-42) human peptide was 

purchased from GenScript Biotech Corp. (New Jersey, NY, USA). 

Ab 1-42 aliquots were prepared by solubilizing Ab 1-42 in HFIP, 

followed by sonication in a bath sonicator for 30 minutes. Stock 

samples were stored at -26ºC, after evaporation of the solvent in 

each aliquot with mild N2 flow, in Protein LoBind® from Eppendorf 

(Hamburg, Germany).  b-Amyloid (1-42), HilLyteTM Fluor 488- was 

purchased from AnaSpec, Inc. and its aliquots were prepared in the 

same manner as Ab 1-42 aliquots. Peptide concentration was 

measured spectrophotometrically and stock samples of 0.5 nmol 

were stored at -26ºC. MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-

DNP-Lys peptide (ECE-1 substrate) was purchased from Sigma-

Aldrich. Stock solutions of this peptide were stored in DMSO, at a 

concentration of approximately 1.44mM. Purified Neprilysin from 

porcine kidney was purchased from Sigma Aldrich. The enzyme 

was reconstituted using the appropriate assay buffer. Aliquots were 

stored at -26ºC with a concentration of 500nM.  

Cell lines. Human embryonic kidney 293T (HEK293T) cells were 

grown in adherence in T-Flasks and maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) with 10% of fetal bovine serum 

(FBS) and 1% of penicillin-streptomycin (PenStrep) (Sigma 

Chemical Co., St. Louis, MO), at the incubator with controlled 

temperature (37ºC), humidity and CO2 levels (5%). Cell passage 

was performed when the cells reached approximately 70% of 

confluence. 

Plasmids and Cell transfection. Lipofectamine 2000 from Thermo 

Fischer Scientific was used to transform the cells with pCMV3-

MME-OFPSpark and pCMV3-IDE-OFPSpark plasmids, both from 

Sino Biological. Note that for each 100ng of DNA, 0.1µL of 

Lipofectamine 2000 were added.  Transporter 5TM Transfection 

Reagent by Polysciences, Inc. (PA, USA) was also used to transfect 

the cells with pCMV3-MME-OFPSpark plasmid. Instructions 

provided by the supplier were used, with the procedure starting with 

the in-seeding solution at a density of 6 x 106 of cells per cm2. The 

transporter was added to the cells in a mixture of 1:4, 1:3 or 1:6 

(DNA (µg)/ (µL) Transporter), followed by incubation at 37ºC.  

Absorption and fluorescence measurements. UV-visible absorption 

measurements were achieved at room temperature using a double 

beam V-660 Jasco spectrophotometer (Jasco Corp., Tokyo, Japan). 

Additionally, Bicinchoninic Acid protein assays (BCA) were used to 

quantify total protein concentration in exosome samples. 

Fluorescence measurements were carried out either on a 

POLARstar OPTIMA microplate reader (BMG Labtech, Germany) 

or in a HORIBA Jobin Yvon Fluorolog-3-21 spectrofluorometer 

(New Jersey, USA). Measurements in the microplate reader were 

carried out using 96-well Greiner Bio-one, F-Bottom (Chimney 

well), black, non-binding microplates (Ref: 655906 Greiner Bio-one, 

Austria). Measurements in the spectrofluorometer were carried out 

using 0,5 cm x 0,5 cm width quartz cuvettes at room temperature. 
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All fibrillation and enzyme activity assays were performed in the 

microplate reader described above.  

Confocal microscopy and biphotonic excitation. For imaging 

purposes, the cells were seeded in µ-Slide 8 well IBIDI chambers 

purchased from ibidi GmbH (Grafelfing, Germany). Measurements 

were carried out on a LEICA TCS SP5 (Leica Microsystems CMS 

GmbH, Manheim, Germany) inverted confocal microscope 

(DMI600) equipped with HyD hybrid detection. Excitation lines were 

provided by an argon laser or an HeNe laser that was focused into 

the sample by an apochromatic water immersion objective (63x, NA 

1.2; Zeiss, Jena Germany). A 111.4 µm diameter pinhole in front of 

the image plane blocked out-of-focus signals. Hoechst 33342 

excitation was achieved using multiphoton excitation and a Ti: 

sapphire laser (Spectra-Physics Mai Tai BB,710e990 nm) set to 800 

nm as the excitation source.  

Ab fibrillation assays. ThT was used for amyloid fibril detection. The 

measurements were carried in the microplate reader using 

microplates (655906 Greiner Bio-one), with the used wells covered 

with sealing tape to avoid evaporation. Measurements were 

performed at 37ºC and 45ºC. In addition, the following filters were 

used: excitation filter – 440/10 nm; emission filter – 480/10 nm. Ab 

peptide reconstitution was made with the buffer used for this assay 

(20mM HEPES; 100mM NaCl; pH= 7.4) and kept in ice until 

measurement was initiated to minimize oligomerization. The 

peptide was added to a solution with buffer and ThT with a brief 

vortex. Note that the final concentration of ThT was 4µM.  Ab1-42 

peptide concentration was 1-5µM. Assays with porcine NEP were 

carried out at 37ºC, with an Ab peptide concentration of 5µM. 

Enzyme concentration ranged from 5nM to 40nM. Assays in the 

presence of EVs were carried out at 37ºC, using PBS as buffer and 

an Ab1-42 concentration of 5µM. 

Activity assays with ECE1-substrate were carried out in the 

microplate reader using a 320/10 nm filter for excitation and a 

370/10 nm filter for emission. Samples were prepared with ECE1-

substrate concentrations of 10µM in 20mM HEPES buffer (100mM 

NaCl pH=7.5), in the presence or absence of 10mM EDTA. 

Measurements were carried out at 37ºC. The samples were added 

to the microplate and right before initiating the measurements, 

porcine NEP was added to each well at 5 nM or 10 nM final 

concentration. For activity assays using the EVs, measurements 

were carried out at 37ºC using PBS as a buffer. 

EV isolation. HEK 293T were transfected with Transporter 5TM and 

maintained at the incubator for 48 hours in a T75, in DMEM 

supplemented with 10% Exosome – Depleted FBS and 1% 

PenStrep. Then, the conditioned medium of each condition was 

centrifuged for 30 min at 2000xg to remove cells in suspension. 

Subsequently, the supernatant (~14 ml) was transferred to a falcon 

and mixed with ~7ml of Total Exosome Isolation commercial kit from 

Invitrogen. The solution was stored overnight at 4ºC. In the next 

morning, the soluble mixture was centrifuged at 10000xg and a 

temperature of 4 ºC. Finally, the pellet containing the exosomes was 

resuspended in PBS (high-grade) to obtain a concentration factor 

of 40 and the resulting EV samples were stored at -80ºC.  

Nanoparticle Tracking Analysis (NTA) was used to obtain the 

concentration and size of particles present in the samples.  This 

technique has been used to characterize vesicle dimensions and 

uses laser light scattering microscopy and the Brownian motion 

properties to measure the size of the particles19. NTA 

measurements were carried out on a Nano Sight LM10 instrument 

(Malvern, Worcestershire, UK), containing a sample chamber and 

a laser with a wavelength of 405 nm. The NTA 3.1 software was 

used for data capture and analysis. Before each measurement, the 

chamber was cleaned using Millipore water injected with a 10mL 

Injekt® syringe (B. Braun Melsungen, Melsungen, Germany). For 

each run, the sample volume was injected into the chamber with a 

5 mL Injekt® syringe. Between different samples, around 5 mL of 

PBS was inserted into the chamber. EV isolates were diluted 100 

times in PBS times to a final volume of 1.5-2 mL. 5 runs of 30 

seconds each were carried out at 20ºC, with a screen gain of 10 

and a detection threshold of 7. Optimization of this settings was 

achieved using 100 nm polystyrene latex beads (Sigma-Aldrich).  

Fluorescence Fluctuation Spectroscopy (FFS) measurements were 

performed using a Leica SP5 TCS confocal inverted microscope 

with a dual channel ISS Alba fluorescence correlation detector with 

Avalanche photodiodes (APDs). Measurements of liposome 

samples were carried out with 514 nm Ar laser excitation and 535-

585 nm emission band pass filter, and measurements of 

recombinant OFPSpark and EV samples were performed with 488 

nm Ar laser excitation and 500-550 nm emission band pass filter. 

All experiments were carried out using a 63x, NA 1.2 water 

immersion objective, and µ-Slide 8 well IBIDI chambers. 

Experiments were made with 10 runs of 30 seconds each with a 

100k Hz frequency. Briefly, the experimental autocorrelation curves 

(AC) obtained were globally fitted with a 3D Gaussian model. For 

FCS, the analysis of the experimental AC curves was performed 

with Vista software (Champaign, IL, USA). Dimensions of the 

detection volume were estimated using solutions of 10 nM Rho110 

with known diffusion coefficient (DRho110 =  4.7 x 106 cm2 s-1, 20). For 

single fluctuation analysis (SFA), FFS timetraces were analysed 

using homemade software created in a MATLAB environment. 

Briefly, individual events are detected when the fluorescence signal 

rose above a user-defined threshold for longer than 0.4ms. The 

threshold was a multiple (1.25x) of the local standard deviation in 

the FFS timetrace. The duration of the event (tD) was taken as the 

time between the first and the last points above this threshold. This 

value was stored together with the value of the maximum intensity 

of the event.  
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Results and Discussion 

Protease expression in HEK293T cells. Successful 

transfection of IDE and NEP was obtained in HEK cells. 

Both enzymes seem to be localized in different parts of the 
cells. While, IDE-OFPSpark shows mixed cytosolic and 

mitochondrial localization (Figure 1-A), a type of distribution 

that had already been reported for IDE21, it is clear that 

NEP-OFPSpark (Figure 1-B) is located almost exclusively 
in the plasma membrane as expected. The distribution of 

NEP in the plasma membrane is expected to favor insertion 

in exosome vesicles, while insertion of IDE in the 
mitochondria is likely to hinder the incorporation of this 

enzyme in these organelles. For this reason, we consider 

that NEP is the most promising candidate for a putative role 
as proteolytic component in an exosome formulation aimed 

at clearance of Ab peptides. 

Figure 1: Transfection of HEK293T cells With IDE (A) and NEP (B). 

Hoechst 33342 fluorescence is shown in blue (Nuclei staining), 

WGA-Alexa Fluor 633 fluorescence is shown in red (plasma 

membrane staining). OFPSpark fluorescence is shown in green. 

Scale bar: 5µm. 

In order to optimize the activity of exosomes loaded with 

proteases, transfection efficiency of the cells of origin must 

be maximized. Cells were transfected with both 
Lipofectamine and a polymeric transfection reagent, 

Transporter 5TM, that is based on polyethylenimine (PEI). 

Through confocal microscopy we optimized the method of 
transfection of NEP-OFPSpark in HEK293T cells. Using 

Image J (National Institutes of Health, Bethesda, Maryland, 

USA), the percentage of transfected cells was calculated for 
each condition (Figure 2). This quantification was 

performed for each transfection condition with a minimum of 

3 fields of view for each condition. Using Transporter 5TM, 
the percentage of transfected cells increases with 

incubation time. From 3 - 24 hours the percentage of 

transfected cells almost doubles, and in the case of the 1:3 

and 1:6 (µg)/ (µL) ratios, the number of transfected continues 

to increase with incubation time. Regarding the ratio of 

DNA: Transporter 5TM, a 1:4 (µg)/ (µL) ratio allowed for 
maximum transfection efficiency for short incubation times, 

with negligible differences when using longer incubations. 

Nevertheless, using Transporter 5TM allows the transfection 

of more than half of the cells when incubated for at least 24 
hours and is an excellent alternative to Lipofectamine. 

Differences between 1:4 or 1:6 (µg)/ (µL) ratios of DNA: 

Transporter 5TM are small for a 48h incubation time. In order 
to minimize the concentration of polymer used, a 1:4 (µg)/ 

(µL) ratio was chosen for the transfection of HEK293 cells to 

be used in the production of exosomes loaded with NEP-
OFPSpark.  

Figure 2: % of transfected cells with NEP-OFPSpark.  Comparison 

between different periods of incubation and between different 

proportions of DNA: Transporter 5TM (l/w). Results obtained with 

Lipofectamine 2000 are also shown for comparison. Data 

expressed as Mean +/- SEM (at least 3 fields of view per condition 

were used). Statistics analysis was performed using two-way 

ANOVA with Turkey’s multiple comparison test: * p<0.05, **p<0.01, 

*** p<0.001 and **** p<0.0001. 

Production of EVs loaded with NEP-OFPSpark. Using the 
Total Exosome Isolation commercial kit from Invitrogen we 

were able to obtain EVs from HEK293T cells that were 

transfected with NEP-OFPSpark. 22,23. EVs were obtained 
from cells that were not transfected (negative control), from 

cells that were incubated only with Transporter 5TM and 

finally from cells that were transfected with NEP-OFPSpark. 
The objective of having all these conditions was to 

determine if EVs that were loaded with NEP-OFPSpark had 

different properties than the EVs that were obtained from 
control cells, and also to ascertain if the Transporter 5TM 

polymer somehow affected the proprieties of the EVs. 

Finally, 3 different isolations of EVs loaded with NEP-
OFPSpark were carried out. Total content of protein was 
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measured using a BCA kit. EVs that were isolated from cells 

expressing NEP are the ones with more protein, as 

expected (Table 1). In case of contamination of EV samples  
with soluble proteins, these values will not reliably describe 

protein content in EVs. In the future, the effect of further 

steps of purification on protein content will also be 

evaluated.  

Table 1: Total content of protein (µg/µ L) in each EV sample for the 

first EV isolation 

 Total Protein (𝝁𝒈/𝝁𝑳) 
Negative Control 513.8 

Transporter 5™ + EVs 755.8 
EVs + NEP-OFPSpark 914.8 

The size distribution and concentration of EVs was 
assessed using NTA. Overall, for the three different 

conditions and for the different isolations, the distribution of 

sizes follows basically the same pattern (Figure 3). These 
distributions represent the average of all runs obtained from 

each sample. Typically, size distributions are centered 

around 110 nm, independently of the sample origin. 

Populations of EVs with approximate average sizes that 
correspond to 2x (~220 nm), 3x (~330 nm), and 4x (~440 

nm) that of the most common diameter in each sample are 

also consistently found for all samples. These are likely to 
correspond to aggregations of individual EVs. The number 

of very large particles was somewhat different from sample 

to sample, reflecting different levels of aggregation for 
different sample histories. A significant fraction of the 

measured EVs exhibit somewhat larger dimensions than 

40nm-100nm (the size range of exosomes), suggesting that 
the sample contains other classes of EV’s than only 

exosomes. Finally, the concentration of particles appears to 

not be influenced once again by the presence of Transporter 
5TM and OFPSpark, since for each experience, all 

conditions have a concentration of particles in the same 

order of magnitude (Table 2). 

Table 2: Particles concentration +/- SEM (particles/mL) for each 

isolation 

 

Figure 3: Representative NTA curve. Distribution of EVs diameter 

(nm) obtained from NTA of the EVs isolates from cells expressing 

NEP-OFPSpark in the 2nd experience.   

The spectroscopic characterization of the EVs is of 
relevance, as it describes the content of NEP-OFPSpark in 

the EV sample, as well as the properties of EV’s containing 

NEP-OFPSpark. In Figure 4-A the emission spectrum of the 

different EV isolations are shown. Through observation of 
the spectra we can infer that the EVs – NEP-OFPSpark 

sample has indeed NEP-OFPSpark, since its spectrum is 

equal to the spectrum of the recombinant protein 
(OFPSpark), with a clear peak at 570 nm (Figure 4 – B).  

Although NEP-OFPSpark is present in the sample, we 

cannot say from this alone with certainty that the EVs are 
carrying it, as there is the possibility that NEP-OFPSpark is 

present in a soluble form isolated from EV’s. Nonetheless, 

by filtering the EV sample and afterwards repeating the 
spectrum we could confirm the presence of NEP-OFPSpark 

in the EVs. In order to calculate the concentration of NEP-

OFPSpark (Table 3) in the samples, we used a linear 
calibration using samples of known recombinant OFPSpark 

concentration. 

 

Figure 4: A) Fluorescence emission Spectra of EVs obtained from: 

non-transfected cells (Negative Control); cells exposed to 

Transporter 5TM alone (EVs-Tranporter5TM); cells transfected with 

NEP- OFPSpark. B) Fluorescence emission Spectra of OFPSpark. 
 Number of particles ± S.E. 

(x 108 per ml) 
Negative Control 9.20 ± 2.58 

Transporter 5™ + 
EVs 36.5 ± 1.43 

EVs + NEP-
OFPSpark 

30.1 ± 5.91/12.1 ± 2.43/ 8.01 ± 
1.22  
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Table 3: Concentration of NEP-OFPSpark (nM) in the EV samples 

isolated from cells expressing NEP-OFPSpark. 

 

 

 

 

 

 

While NTA allows for the global characterization of EVs in 

the sample, it is unable to offer any information on the 
properties of a given sub-set of vesicles. This is because it 

relies on the light scattering intensity of each sample, which 

cannot be differentiated for a specific population. A 

promising alternative is the use of fluorescence to follow 
only the diffusion behavior of a specific group of vesicles. In 

our case, we are interested on vesicles containing NEP-

OFPSpark. Through detection of fluorescence fluctuations 
of OFPSpark fluorescence in solution while using a confocal 

microscope, it is possible to estimate particle sizes as 

described in the Materials Methods section. 

First, the method was tested using liposomes of known 
sizes loaded with fluorescent labeled phospholipids. The 

results obtained from this sample clearly confirmed a peak 

in the size histogram for liposomes with a diameter of 100 ± 
20 nm, confirming the validity of the approach (Figure 5). 

However, at low illumination intensity, results were 

somewhat biased to lower vesicle sizes, due to difficulties in 
establishing the initial and endpoints of each diffusion event 

at low signal to noise ratio’s. A large number of events are 

still detected for larger vesicles and these are likely to 
correspond to aggregating or adsorbed vesicles, which 

exhibit considerably slowed down diffusion. 

Figure 5: A) LUVs diameter sizes calculated from the diffusion 

times, in nm, vs fluorescence intensity of each diffusion event, 

represented in a 2D contour map. B) Histogram of liposome 

diameters calculated from (A). 

Next, we analyzed with the same methodology the EVs that 
were isolated from cells transfected with NEP-OFPSpark. In 

figure 5a it is possible to observe that the detected 

dimensions of EVs range from ~10nm to ~60nm, which is 
dramatically lower than recovered values from NTA, where 

peak sizes of 110 were recovered (Figure 6). It should be 

noted that the average fluorescence intensity of the FFS 

experiment with EVs was significantly lower than the one for 
liposomes. As a result, and given our observations from 

liposomes at lower intensity, it seems likely that the diffusion 

times for EVs are likely to be underestimated due to very 
low signal/noise ratio. Further experiments carried out at 

different illumination intensities are necessary to obtain a 

clearer picture regarding NEP occupation numbers in 
vesicles and their dimensions. 

Figure 6: Size diameter of EVs obtained from the diffusion times in 

a FFS experiment. Size diameter in nm of the particles in the 

sample containing EVs isolated from cells expressing NEP-

OFPSpark.  

Activity assays with ECE-1 substrate. ECE-1 substrate is a 
internally quenched fluorogenic substrate that can be 

cleaved by NEP and IDE 24,25.  This peptide contains a 

fluorophore (MCA; FRET donor) that has an emission 
spectrum that overlaps with the absorbance spectrum of a 

quencher (DNP; FRET acceptor), also contained in the 

peptide, resulting in a transference of energy between the 
fluorophore and the quencher that quenches the 

fluorescence – Förster Resonance Energy Transfer (FRET). 

When the peptide is cleaved at any position, the separation 

of fluorophore and FRET quencher eliminates FRET, and an 
increase in the donor signal is observed 26. In this way, 

monitoring the fluorescence intensity of this peptide, allows 

for an evaluation of the activity of a protease. The maximum 
fluorescence intensity is reached when there is no more 

substrate for the enzyme.  

 NEP-OFPSpark 
Concentration (nM) 

Isolation 
#1 13.78 

Isolation 
#2 9.05 

Isolation 
#3 8.90 
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As predicted, MCA fluorescence intensity increases with 

time, confirming that NEP has indeed activity against ECE-

1 substrate (Figure 7).  At 37 ºC, we observed that the 

reaction rate is faster for higher NEP concentration. 10 µM 

of peptide are cleaved by 5 and 10nM of NEP in 

approximately 1,5 and 1 h respectively.  When EDTA is 

added to the reaction mixture, a clear drop in NEP activity 
is observed. NEP is a zinc dependent peptidase and EDTA 

is able to remove zinc from the enzyme 27, thus affecting its 

ability to cleave ECE-1 substrate, i.e.,  gradually inactivating 
NEP and therefore diminishing the final cleaved ECE-1 

substrate concentration in solution which results in a lower 

value of MCA fluorescence intensity (Figure 7). 

Figure 7: Hydrolysis of ECE-1 substrate by different concentrations 

of purified porcine NEP with or without EDTA, at 37ºC. Data 

expressed as Mean+/- SEM (n=2 with triplicates). 

Using the EVs obtained from the 2nd isolation we evaluated 

their proteolytic activity using ECE-1 (Figure 8). 

Surprisingly, breakdown of the peptide is clearly visible in 

the presence of highly concentrated EVs obtained from non-
transfected cells, confirming that residual proteolytic activity 

from enzymes in the EV sample is constitutively present. 

Proteolytic activity of these vesicles is comparable to that of 
10nM purified porcine NEP (Figure 8).  Nevertheless, 

proteolytic activity is considerably higher in samples with 

EVs isolated from cells expressing NEP-OFPSpark. In fact, 
for both EV concentrations used in Figure 8, ECE-1 

substrate breakdown is almost instantaneous, as seen from 

the dramatic increase in MCA fluorescence (Figure 8). The 
concentrations of NEP-OFPSpark in these samples was 9 

and 0.9nM. The proteolytic activity of both these samples is 

much larger than the proteolytic activity of 10 nM purified 
porcine NEP, confirming that the activity of the human NEP 

in the isolated EV samples is orders of magnitude higher 

than the one measured for purified porcine NEP. 

 

Figure 8 – Proteolytic activity of the EVs (obtained from the 2nd 
isolation) against ECE-1 substrate. Fluorescence intensity of ECE-
1 substrate: in the absence of purified enzyme or isolated EVs 
(green); in the presence of EVs from non-transfected cells ([EVs-
NC] = 9.20x108 particles/mL (blue); in the presence of 10nM 
purified porcine NEP (yellow); in the presence of [EVs loaded with 
NEP] =1.21x109 particles/mL at [NEP-OFPSpark] = 9 nM (purple) 
and in the presence of [EVs loaded with NEP]=1.21x108 

particles/mL [NEP-OFPSpark] = 0.9 nM (red).T = 37 ºC. 

Ab 1-42 fibrillation assays. After proving that the isolated 

EVs have activity against a control peptide we wanted to 

prove that they also have activity against Ab in vitro. For that 

we used ThT assay to monitor the formation of Ab fibrils. 

ThT has negligible fluorescence in its soluble free form and 

upon binding to the surface of cross-β structures within 
amyloid fibrils,  there is a dramatic increase of fluorescence 

and  fibril formation can be easily monitored in a microplate 

reader 29,30.The kinetics of Ab 1-42 fibrillation was studied 

using different concentrations – 1µM, 2.5µM and 5µM of Ab 

peptide. Peptide stock solutions were prepared with great 

care to ensure minimal oligomerization in the stored 

samples, as this greatly accelerates fibrillation and reduces 

reproducibility of measurements. The effect of temperature 
in fibril formation was also investigated at 37ºC and 45ºC. In 

Figure 9, it is possible to see the dependence of amyloid 

fibrillation on temperature and the concentration of Ab 1-42 

monomers. The maximal value of fluorescence increases 

with the concentration of Ab 1-42, since a larger number of 

monomers allows the formation of more fibril content 

(Figure 9-A and 9-B).  In fact, this increase in the number 
of fibrils formed is almost linear, as previously observed31, 

32. Regarding the effect of temperature on the formation of 

Ab 1-42 fibrils, we can see that for the same concentration, 

at 45ºC, total fibrillation is reached more rapidly than at 
37ºC. We also observed that the kinetics of amyloid 

fibrillation follows a sigmoidal behavior, as already observed 

by other authors 32. Three different phases can be 
distinguished in the formation of fibrils. A first one, where 
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there is no increase of fluorescence, and therefore there is 

formation of fibrils, a second one where there is an increase 
of fluorescence due to the formation of fibrils and binding of 

ThT, and finally a third one where there is no increase in 

ThT fluorescence due to complete incorporation of  Ab in 

fibrils. The first phase is called lag-phase, where we have 
the primary nucleation of oligomers from monomers. At a 

given point oligomeric Ab is converted into profibrils with b-

sheet secondary structure, and this gives rise to fibrillation. 

This marks the onset of the second phase (elongation 
phase), where predominantly monomers are added to 

aggregates contributing to its growth, and finally we have 

the plateau phase 33.  The kinetics of fibrillation can be 
described by the empirical Equation 1, describing the time-

dependence of ThT fluorescence (I): 

𝐼 = 𝐼( +	𝑚, × 𝑡 +	
/01	23×4

51	6
7(979:)

<
 ,                   Eq. 1 

where t0 represents the time for which half of the maximal 

value of intensity is reached (𝐼=) and 𝜏 is the inverse of the 

fibrillation rate K (K = 𝜏?5). 𝐼( is the intensity at time 0, while 
m0 and mf are empirical parameters describing the rates of 

change of I during the lag and plateau phase.  Moreover, 

the lag time for fibril formation can be calculated from 

Equation 2:  

𝐿𝑎𝑔	𝑡𝑖𝑚𝑒 =	 𝑡( − 2𝜏 ,                        Eq.2 

Both lag time and the fibrillation rate were calculated for 

each condition (Figure 9-C and 9-D). As expected by the 
analysis of the curves in Figure 9-A and 9-B, when 

decreasing the initial Ab 1-42 concentration we observe an 

increase of the lag time, for both temperatures, since more 

time is needed for the fiber’s formation (Figure 9-C). 
Furthermore, at 45ºC the lag time calculated for a given 

concentration considerably decreases when comparing with 

the lag times obtained at 37ºC. Concerning the rate for fibril 
growth, the rate increases with peptide concentration, i.e., a 

higher initial peptide concentration allows for fibers to grow 

more rapidly and a decrease of the time between the final 

of the lag-phase and the beginning of the plateau-phase 
(Figure 9-D). Temperature also has an effect on this rate, 

as fibers are formed more rapidly at a higher temperature.  

After optimizing the conditions for Ab 1-42 aggregation, 

purified porcine NEP activity was tested against Ab 1-42. 

Using an Ab initial concentration of 5µM, at 37ºC, we 

Figure 9: Ab1-42 fibrillation was monitored by the increase of ThT fluorescence with initial Ab1-42 concentrations of 5µM, 2.5µM and 
1µM. (A) Effect of concentration at 37ºC and (B) at 45ºC. (C) Variation of Lag time with temperature and concentration of Ab monomer. 
(D) Effect of Ab concentration and temperature on the rate of fibrillation. Data expressed as Mean +/- SEM. For each condition the 
average of the samples was fitted with Equation 1 and is represented by the lines.  analysis was performed using two-way ANOVA 
with Turkey’s multiple comparison test: * p<0.05, **p<0.01, *** p<0.001 and **** p<0.0001. 
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compared the effect of NEP for different enzyme 

concentrations: 5nM, 10nM, 20nM, 40nM. The results show 

that the enzyme has indeed activity against Ab. While 40 nM 

of NEP completely inhibited Ab fibrillation, the 

measurements carried out with 5nM, 10nM and 20 nM of 
the enzyme, resulted in a significant decrease of final ThT 

fluorescence values, confirming partial inhibition of 

incorporation of Ab into fibrils. Figure 10 shows that the 

increase of NEP concentration has a dramatic impact on the 
final fibril content. After 8h, 5nM of NEP inhibited fibril 

formation by about 40%, while 10 and 20 nM NEP induced 

70 and 95% inhibition of fibrillation, respectively. For 40 nM 
NEP, complete inhibition of fibrillation is achieved.  

Figure 10: (A)ThT fibrillation assay for 5 µM Ab 1-42 at 37ºC in the 

presence of different concentrations of purified porcine NEP. (B) % 

of monomer in amyloid fibrils after 8 hours according to NEP 

concentrations. Data expressed as Mean+/-SEM (n=3).  

Finally, the fibrillation inhibiting activity of the samples of 

EVs obtained from HEK293T cells transfected with NEP-
OFPSpark, in isolation number 3, was tested (Figure 11). 

Using a concentration of 5µM of Ab 1-42 monomers, at 37 

ºC, we observed that there is a decrease in the maximal 

value of ThT fluorescence, indicating that these samples of 
EVs are able to prevent the formation of fibrils to some 

extent.  The inhibition of fibrillation for an EV sample with 

human NEP-OFPSpark at 0.9nM is comparable to the one 
observed in the presence of 5nM of recombinant porcine 

NEP (Figure 11).  

Figure 11: Comparison between the inhibitory activity of purified 

porcine NEP and NEP-OFPSpark within EVs on Ab 1-42 fibrillation. 

Fibrillation was monitored through ThT fluorescence. T= 37 ºC. 

Measurements are shown for the fibrillation experiment in the 

absence of NEP (orange) and in the presence of EVs with NEP-

OFPSpark (pink). [NEP-OFPSpark] = 0.9 nM. Results are also 

shown in the presence of purified porcine NEP at 5 (yellow) and 10 

nM(green). [Ab1-42]=5 µM. Data expressed as Mean+/-SEM (n=1).  

Conclusions 

HEK293T cells were transfected with IDE and NEP and we 

verified that the two enzymes were being expressed by the 
cells. Importantly, while IDE could be found in the cytoplasm 

and mitochondria, NEP was located almost exclusively in 

the plasmatic membrane. For this reason, we chose to 
proceed our studies using NEP, as facilitated incorporation 

of the enzyme in the exosomes is expected in these 

conditions. Cell transfection was also optimized by using a 
PEI-based transfection vehicle, Transporter 5TM, and 

approximately 60% of the cells were successfully 

transfected. HEK293T were transfected with NEP-
OFPSpark, and exosomes were purified by precipitation 

using the Total Exosome Isolation commercial kit. Through 

NTA, it was possible to observe that the average size of EVs 
was consistently found to be approximately 110 nm, for 

different isolations and independently of the presence of 

NEP-OFPSpark or transfection vehicle. Since exosomes 

are generally found to be smaller than 100 nm, it is clear 
that the population of recovered vesicles is not uniquely 

comprised of these vesicles and additional types of EVs are 

present. Exosome yield was around ~109 particles/mL. 
Moreover, we verified that these samples contained NEP-

OFPSpark through spectroscopic methods.  Porcine NEP 

activity was tested, in vitro, using the peptide ECE-1 
substrate. When exosomes loaded with NEP-OFPSpark 

were used, the activity of human NEP-OFPSpark was 

shown to be much higher than the purified porcine enzyme, 
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confirming the potential of NEP-loaded EVs for 

therapeutical applications requiring increased proteolytic 

activity.   Porcine NEP activity was then tested against Ab, 

after verifying that fibrillation of Ab 1-42 depends on higher 

concentrations of the monomer and higher temperatures, by 
using ThT, a probe that is only fluorescent when binding to 

amyloid fibrils.  A decrease of the final value of ThT 

fluorescence for the same initial concentration of Ab 1-42 

confirms that purified porcine NEP is capable of preventing 

the formation of Ab fibers. Moreover, NEP is able to both 

partially inhibit and delay substantially the formation of the 

fibers, since its presence corresponds to longer lag phases 

and lower intensities of ThT. Finally, the activity of the 
vesicles isolated from cells expressing NEP-OFPSpark was 

also tested against Ab1-42. Once again, and similarly to 

what occurred with porcine NEP, there was a decrease in 
the final value of ThT fluorescence, hence human NEP 

within EVs is also shown to inhibit Ab 1-42 fibrillation to a 

significant extent.  
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