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ABSTRACT 

Most of the current exosome analysis strategies are time-consuming and largely dependent on 

commercial extraction kit based pre-isolation step, which requires extensive sample 

manipulations, costly isolation kits, reagents, tedious procedures, and sophisticated equipment, 

and is prone to bias/artifacts. Herein we introduce a simple method for direct isolation and 

subsequent detection of a specific population of exosomes using an engineered 

superparamagnetic material with multi-functional properties, namely gold-loaded ferric oxide 

nanocubes (Au-NPFe2O3NC). In this method, the Au-NPFe2O3NC were initially functionalized 

with a generic tetraspanin (exosomes associated) antibody (i.e., CD63) and dispersed in sample 

fluids where they work as ‘dispersible nanocarriers’ to capture the bulk population of 

exosomes. After magnetic collection and purification, Au-NPFe2O3NC-bound exosomes were 

transferred to the tissue-specific antibody-modified screen-printed electrode. As a proof of 

principle, we used a specific placental marker, placenta alkaline phosphatase (PLAP), to detect 

exosomes secreted from placental cells. The peroxidase-like activity of Au-NPFe2O3NC was 

then used to accomplish an ELISA-based sensing protocol for naked-eye observation along 

with UV-visible and electrochemical detection of PLAP-specific exosomes present in placental 

cell-conditioned media. We demonstrated excellent agreement in analytical performance for 

the detection of placental cell-derived exosomes (i.e., linear dynamic range, 103-107 

exosomes/mL; limit of detection, 103 exosomes/mL; relative standard deviation (%RSD) of < 

5.5 % for n=3) using with and without commercial “total exosome isolation kit” based pre-

isolation step. We envisage that this highly sensitive, rapid and inexpensive assay could be 

useful in quantifying specific populations of exosomes for various clinical applications, 

focusing on pregnancy complications. 
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INTRODUCTION 

Exosomes are nanosized (30-150 nm) extracellular membrane vesicles of endocytic origin 

which are secreted by most cells in culture.1 By carrying a unique set of DNA, RNAs, proteins 

and transmitting themselves from cell of origin to a recipient cell, exosomes present the latest 

mode of cell-to-cell communication.2 Their availability in a broad range of biological fluids 

such as blood, urine, and saliva,  makes exosomes as a highly potential candidate for being a 

minimally invasive source of biomarker for a variety of diseases.3 Exosomes are actively 

secreted by both healthy and cancerous cells in vitro and recent studies indicate that higher 

levels of circulating exosomes are associated with cancer or other  pathologies.4 Thus, accurate 

isolation and detection of disease-specific exosomes has become a focus of interest for many 

researchers.  

Due to the low buoyant density and small size of exosomes, their isolation from bodily 

fluids with subsequent detection is still challenging and effort-consuming.5,6 Current available 

technologies for exosome isolation, for example, differential centrifugation and commercial 

isolation kits, usually require multiple preparation steps including a series of ultracentrifugation 

and incubation, ranging from several hours to overnight.7-10 Unlike centrifugation-based 

techniques, other exosome extraction techniques such as ultrafiltration methods are much 

simpler and faster and do not require specialized and expensive equipment. Nevertheless, the 

use of filter membranes often leads to loss of exosome population due to a trap of vesicles in 

the filter’s pores.11 Polymer-based precipitation offers relatively simple isolation by avoiding 

ultracentrifugation or filtration. However, it requires optimized overnight incubation and 

suffers from low specificity resulted from the co-isolation of contaminants and polymer 

molecules. Recently, immunoaffinity isolation methods have been employed as an effective 

tool for isolating exosomes of a specific origin.12 However, the efficiency of this method mostly 

relies on the proper screening of exosome membrane marker, subsequent antibody-exosome 



interaction and finally conditioning of elution buffer (pH, the presence of reducing agent or 

detergents might disrupt exosome membrane permeability).  

Over the past several decades, plenty of methods have been used to detect exosomes in 

biological fluids.12-16 In recent years, several electrochemistry-based sensors have been 

developed for exosome detection. For instance, Doldan et al. developed an electrochemical 

sandwich immunosensor for exosomes determination.18 They have utilized α-CD9 antibodies 

pre-coated gold electrodes for exosome capture with a further HRP-conjugated α-mouse IgG 

antibody. Recently, we have developed an electrochemical approach to quantify exosomes 

using quantum dot (QD)-functionalized disease-specific antibodies.19 Although these 

approaches are relatively sensitive, most of them are largely limited by the use of expensive 

commercial kit based exosome isolation, complex surface chemistries for sensor fabrication, 

and requirement of the target labeling for signal generation and amplification. Therefore, the 

development of single-step isolation and subsequent detection of exosomes would be 

transformative in current exosome research. 

Magnetic nanomaterials with nanoporous architectures have gained enormous interest 

in developing devices and methods for biomedical applications due to their relative dimension 

to biomolecules and biocompatibility along with their superior electrical, optical, and magnetic 

properties.20-25 In recent years, it has been demonstrated that superparamagnetic iron oxide 

nanomaterials and their composites possess an intrinsic horseradish peroxidase (HRP)-

mimicking activity toward the oxidation of common chromogenic substances such as 3,3′,5,5′-

tetramethylbenzidine (TMB, which have widely been utilized in biosensor application of many 

targets).26-29 Using the concept of porous architectures, recently we synthesized a new class of 

highly porous, superparamagnetic gold-loaded ferric oxide nanocubes (hereafter referred to as 

Au-NPFe2O3NC) and have used these particles as (i) dispersible capture agents, (ii) 

electrocatalysts, and (iii) nanoenzymes for the detection of autoantibodies, and microRNA in 



biological samples.23,27,30-31  The gold loaded on the porous framework allows the direct 

attachment of a larger number of biorecognition probes via gold-biomolecules affinity 

interactions and significantly enhances the capture efficiency.32-34 Their magnetic activity 

allows magnetic mixing, separation, and purification which can improve assay performance by 

reducing the matrix effects of the biological samples, as non-target species can be removed via 

magnetic isolation and purification steps. Additionally, highly porous structure (i.e., large 

surface area) of these particles could be useful for immobilizing a large number of capture-

antibodies onto their surface.35 These intrinsic properties of Au-NPFe2O3NC could be highly 

beneficial for developing an exosome analysis method where they could be used as (a) 

dispersible capture agents for direct isolation and magnetic collection, and (b) nanoenzymes 

for enzyme-linked immunosorbent assay (ELISA)-based detection of isolated exosomes.  

Herein we report direct exosome isolation and subsequent naked-eye, colorimetric and 

electrochemical detection method that avoids the use of commercial “total exosome isolation 

kit” based pre-isolation step commonly used in existing exosome analysis methods. The Au-

NPFe2O3NC were initially functionalized with CD9 or CD63 antibody and used as dispersible 

capture agent in BeWo (choriocarcinoma) cell-culture media for isolating bulk exosomes 

populations. After magnetic collection and purification, exosomes-bound Au-NPFe2O3NCs 

were transferred to the surface of the PLAP antibody-modified screen-printed electrode. The 

peroxidase-like activity of Au-NPFe2O3NC was then used to catalyze the oxidation of TMB in 

the presence of H2O2 indicating the presence of the PLAP-specific exosomes in the Au-

NPFe2O3NC/CD9/exosomes/PLAP immunocomplexes. We have also analyzed the exosome 

samples using a commercial “total exosome isolation kit” based pre-isolation step and 

compared the data with those obtained without the use of commercial extraction kit (direct 

isolation).   

 



EXPERIMENTAL SECTION 

Preparation of CD63/Au-NPFe2O3NC. CD63/Au-NPFe2O3NC was prepared following a 

published protocol with minor modifications.11 Briefly, 40 µL of nanocubes (1.0 mg/mL) and 

100 μL of CD-63 antibody (100ng/mL) antibody were mixed thoroughly for 2 min by pipetting. 

4.0 μL of 0.5% polyethylene glycol (PEG) was then added to the mixture and stirred in a 

microtube mixer for 30 min at room temperature. To remove the excess (unbound or loosely 

bound) CD63 antibody, the mixture was centrifuged at 13000×RPM for 1 h. After the 

centrifugation, the liquid was accurately discarded without touching the nanocatalysts on the 

bottom of the tube. Subsequently, 50 μL PBS solution was then added to the residue and the 

sample was placed on a magnetic separation rack and CD63/Au-NPFe2O3NC nanocatalysts 

was magnetically separated. This washing was repeated for three times. The CD63/Au-

NPFe2O3NC nanocatalysts were finally resuspended in 50 μL PBS buffer containing 1.5 μL of 

1% PEG. The conjugated nanocatalysts were stored at 4 oC for further experimental steps.  

 

Direct Exosome Isolation Using Au-NPFe2O3NC. 5.0 μL of freshly prepared CD63/Au-

NPFe2O3NC were mixed with 100 µL of cell culture media (from BeWo cells) and incubated 

for 1 h at room temperature. The nanocube captured exosome were then washed with 2× 

binding and washing (B&W) buffer (10 mM Tris-HCl, pH 7.5; 1 mM EDTA; 2 M NaCl) to 

remove cell debris and other contaminants. After the magnetic washing, the Au-

NPFe2O3NC/CD63/exosome conjugates were transferred to PLAP-modified SPCE electrode 

for colorimetric, UV-visible, and electrochemical readouts.  

 

Colorimetric, UV-visible and Electrochemical Detection of Exosomes. 5.0 μL (100 ng/mL) 

biotinylated PLAP antibody was first incubated on to an extravidin-modified SPCE (SPCE-



XTR) surface for 40 min. After the incubation, the electrode surface was washed with PBS 

buffer three times to remove loosely attached or un-attached PLAP antibody. In order to avoid 

non-specific binding of exosomes or any other biomolecules, the electrode surface was then 

incubated with 2% BSA solution (blocking agent) for 15 min. 5.0 μL of isolated Au-

NPFe2O3NC/CD63/exosome conjugates were then added to the SPCE-XTR surface and 

incubated for 50 min. Finally, 50 μL of freshly prepared TMB substrate solution (800 µM 

TMB, 700 mM H2O2 in 0.2 M NaAc buffer, pH-3.5) was added and incubated for another 30 

min in dark to conduct Au-NPFe2O3NC catalyzed TMB oxidation reaction. The color change 

was monitored through naked-eye observation. For quantitative measurements of the amount 

of oxidized TMB, 2.0 μL of stop solution (2.0 M HCl) was added and absorbance was recorded 

at 452 nm with the SpectraMax spectrophotometer. For the electrochemical detection, 30 μL 

of the oxidized TMB solution was pipetted onto another freshly-cleaned screen-printed gold 

electrode (SPE-Au), and amperometric response (i-t) were measured at 150 mV over 120 s. At 

least three replicates were measured for each standard/sample. All measurements were 

performed at room temperature. 

 

RESULTS AND DISCUSSIONS 

Assay principles. In this study, we selected BeWo cell-derived exosomes as a model 

biomarker for the placental choriocarcinoma detection. Despite being a rare disease, which 

occurs during the pregnancy, choriocarcinoma can be treated with a better outcome if detected 

early.36 Figure 1 schematically represents the steps involved in the assay. The assay involves 

two main steps. First, direct isolation of pool of exosomes from placental choriocarcinoma cell 

(BeWo) culture media using magnetic Au-Fe2O3NC. For achieving this isolation, Au-

NPFe2O3NC nanocubes were functionalized with the generic antibody CD63 followed by 



dispersion into the cell culture media. The synthesis and detailed characterization of nanocubes 

have been reported earlier.30 The tetraspanin biomarker CD63 is a generic exosomal membrane 

marker, which is expressed in exosomes released by almost all cell types (including both 

healthy and cancerous cells).37 Thus, CD63 antibody functionalized nanocubes could capture 

total bulk exosome populations present in the media. The Au-NPFe2O3NC/CD63/exosomes 

conjugates were then isolated, separated and purified using a standard magnetic based 

procedure. Second, the extravidin-coated electrodes (SPCE-XTR) were functionalized with 

biotinylated PLAP antibody via following standard biotin-avidin coupling chemistry. We used 

PLAP antibody to specifically recognize the placenta-derived exosomes within the captured 

bulk exosome population.38 The SPCE-XTR-PLAP electrodes were then incubated with BSA 

solution to block the unreacted surface. Then, Au-NPFe2O3NC/CD63/exosomes were 

incubated with the PLAP modified-SPCE XTR to specifically bind the PLAP specific 

exosomes. A set of experiments was performed to visualize and confirm the successful 

sequential attachment of antibody, target, and nanocatalyst onto the sensor surface.  This has 

been achieved using atomic force microscopy (AFM) (Figure 2) topography of three 

subsequent steps. First, SPCE-XTR electrode was functionalized with a biotinylated generic 

antibody CD63 through biotin-extravidin interactions. After that, the modified (CD63-SPCE-

XTR) electrodes were incubated with exosomes extracted from BeWo cell line. As can be seen 

in Fig. 2B, the morphology (topography) of the electrode surface changes in comparison with 

the bare electrode. This could be explained by successful exosome capture onto the electrode 

surface. Finally, the SPCE-XTR/CD63/exosomes complex was incubated with PLAP- 

functionalized nanocubes. (Fig 2C). We observed a further change in the surface topography 

when nanocatalyst have been added to the immunocomplex. For generating target exosome 

specific signals (colorimetric readout), a freshly prepared TMB/H2O2 solution was added onto 

the electrode surface. The presence of Au-NPFe2O3NC catalyzes the oxidation of TMB and 



produces a blue colored charge-transfer complex (see below for details), which upon the 

addition of stop solution, converted to a stable, electroactive yellow-colored (diimine) product. 

The naked-eye visualization of the generation of colored solution (blue) demonstrated the 

presence of PLAP-specific exosomes present on the electrode surface. The intensity (i.e., semi-

quantitative UV-visible measurement) of the colored (both blue and yellow) solution is directly 

linked to the amount of surface-bound Au-NPFe2O3NC, and hence the amount of PLAP-

specific exosomes. The electrochemical quantification was carried out using the electroactive 

diimine (yellow solution) product through chronoamperometry. 

 

Peroxidase-Mimicking Activity of Au-NPFe2O3NC. To assess the peroxidase mimicking 

activity of Au-NPFe2O3NC, we performed a set of control experiments. In the positive test 

sample, Au-NPFe2O3NC were incubated with the freshly prepared TMB substrate solution, 

while negative control does not possess Au-NPFe2O3NC. Both samples were incubated in the 

dark for 10 minutes. We observed a clear blue-colored solution for the positive sample, while 

the negative sample was colorless. As shown in Figure S1 (B) (Supporting Information) the 

absorbance value for the positive sample is approximately eighteen-times higher than that of 

the negative control (0.95 versus 0.057). After the addition of the stop solution, the blue-

colored complex turned yellow, resulting in a stable electroactive product. In order to obtain 

the suitably applied potential for amperometric quantifications, the cyclic voltammetric studies 

of electrochemically oxidized TMB were conducted. Figure S2 (Supporting Information) 

shows the cyclic voltammograms of yellow colored diimine product, where well-defined 

reversible signals with a formal potential of 0.401mV (vs. Ag/AgCl) and a peak separation of 

31 mV were displayed.  This peak separation supports the very well-known two-electron 

reversible process of TMB oxidation provided earlier via polarographic studies. nanoparticle 

tracking analysis,40 This study clearly indicates that TMB oxidation occurs over +350mV. 



Herein, we have chosen +150mV for our chronoamperometric studies. This is because, at this 

low potential, no substrate oxidation occurs and the background current is almost zero, which 

would be a high potential for measuring sensitively even a tiny amount of resultant TMBox in 

presence of high concentration of unreacted substrate. The amperometric quantification (at 

+150mV) of the resultant solution gave a very similar trend like colorimetry. As can be seen 

in Figure S1 (A) (Supporting Information), the amperometric signals for the positive and 

negative sample were 87.61 μA cm−2 and 5.02 μA cm−2 respectively. However, after the 

immobilization of CD63 antibody on to Au-NPFe2O3NC, the mimetic activity is reduced by 

approximately 32 % (Figure S3; Supporting Information). This is probably due to the coverage 

of reaction sites (catalytic atoms) of nanocube through the immobilization of CD63 antibody 

onto the nanocube surface.  

In order to achieve the optimal peroxidase-like activity, we have optimized the amount 

of Au-NPFe2O3NC and pH of sodium acetate buffer solution. Our results suggest that among 

the investigated pH values, the highest responses both in colorimetry and amperometric 

readouts are obtained at pH 2.5 (Figure S4i and S4ii; Supporting Information). As the iron 

could be leached from the Au-NPFe2O3NC in the solution pH <3.0 we selected pH 3.5 as the 

optimal pH for our further experiments. As can be seen in Figure. S4 (iii, and iv) (Supporting 

Information), 5, 10, and 20 μg amount of nanocubes produced almost similar responses both 

in colorimetry and amperometric readouts, and therefore we have chosen 5 μg as the optimal 

nanocube amount for our subsequent experiments.  

The steady-state kinetics of peroxidase mimetics was studied by varying the 

concentrations of TMB (0.01-1.0 mM) and H2O2 (0.01 – 1.1 M) at a constant concentration of 

H2O2 (700 mM) and TMB (800 µM) respectively.  The Km and Vmax were estimated using 

Lineweaver−Burk and Michaelis−Menten equations. As shown in the Figure S5 (Supporting 

Information), the Km value for TMB and H2O2 were found to be 0.0429 and 138.5 mM 



respectively, which are much better than those found for the recently reported nanoparticles 

(see in Table S1).  

 

Assay Specificity. To check the assay specificity and functionality of our assay, we have 

conducted a set of control experiments. In positive control experiments, CD63-functionalized 

Au-NPFe2O3 were initially incubated in the cell culture media collected from BeWo cell 

culture, and then subsequently sub-populated by PLAP antibody immobilized onto the 

extravidin-modified electrode (SPCE-XTR). As shown in Figure 3A significant amount of 

amperometric current (35 µA cm-2) was obtained for the placental choriocarcinoma-derived 

exosomes. In a negative control, the cell culture media was replaced with the media obtained 

from MND (motor neuron disease) cell line. Since PLAP is a placental antibody and not 

specific to the motor neuron disease, we obtained a negligible amperometric response (1.65 

versus 36 µA cm-2) in comparison with the positive control. In another control experiments, 

no-target (NoT) control experiment was performed by using PBS buffer instead of BeWo-

derived cell culture media. As expected, a low current response (1.2 µA cm-2) was obtained for 

the no-target control experiment. A control experiment without CD63/Au-NPFe2O3NC 

nanocatalysts (No CD63/NC) resulted in a negligible amperometric response (1.0 µA cm-2). 

Due to the absence of nanocatalysts in the system, TMB oxidation reaction did not happen, 

therefore a negligible amperometric response was observed. Besides, an additional experiment 

was also conducted where the electrode surface was not functionalized with PLAP antibody. 

As shown in Figure 3A, an insignificant amount (1.73 µA cm-2) of the signal was generated, 

probably due to either physisorption of a tiny amount of exosomes or nano-electrocatalyst. 

Interestingly, very similar trends have been observed for colorimetric evaluation of the control 

studies. As shown in Figure 3B, the positive sample gave an intense blue color, while all four 



negative controls remained colorless. A 25-times higher absorbance value was observed for the 

positive sample in a comparison with the four negative controls.  

 

Assay Sensitivity. Recent studies revealed that cancer cells secrete a higher number of 

exosomes compare to the healthy cells. Additionally, the number of exosomes may vary 

according to the stage of cancer. At the early stages of the disease, the number of disease-

specific cells, and thus the number of exosomes could be significantly low. These challenges 

clearly indicate that a sensitive and specific method is required. To determine the sensitivity of 

our method, a designated concentration of exosomes (103 – 107 equivalent to 8×106 - 8×1010 

vesicles per million cells per 24h) of placental choriocarcinoma (BeWo) cell line samples were 

prepared by serial dilution. The isolated exosome were quantified by using both tunable resistive 

pulse sensing (TRPS) and nanoparticle tracking analysis (NTA) (see Supporting Information). The steps 

involve in the isolation and subsequent quantification by NTA are also depicted in Figure S6 (see 

Supporting Information). As shown in Figure 4, the current densities were increased with the 

increasing concentration of target exosomes. As the higher amount of target exosomes 

attributed to the higher amount of Au-NPFe2O3NC present on the electrode surface which could 

increase the Au-NPFe2O3NC-mediated oxidation of TMB resulting in enhanced current 

densities. The linear regression equation was found to be y (µA cm-2) =7.765x - 2.225, with the 

correlation coefficient (R2) of   0.98. A similar concentration-absorbance relationship resulted 

in the colorimetric readout based experiments. As shown in Figure 4, the absorbance value 

increased linearly with increasing the concentration of exosomes, and the linear regression 

equation was found to be y =0.094x + 0.002 with the correlation coefficient (R2) of 0.97. The 

relative standard deviation (% RSD) of three independent measurements for both 

electrochemical and colorimetric readouts was observed as < 6.0%, suggesting the good 

reproducibility of our platform. Importantly, the developed biosensor achieved high sensitivity 



and was able to detect 8×106 vesicles per million cells per 24h. This detection limit is 104-fold 

better in comparison with the conventional techniques such as ELISA (103 exo/mL versus 107 

exo/mL, which is equivalent to 8×106 versus 8×109 vesicles per million cells per 24h). 

Furthermore, this assay showed almost ten times higher sensitivity (8×106 versus 8.7×107 

vesicles per million cells per 24h) than nanoparticle tracking analysis (NTA) operating at 

fluorescence mode (Figure S6, Supporting Information).  Moreover, our approach is 

significantly sensitive compared to previously reported electrochemical platforms for exosome 

detection. Previously we published a sensitive QD-based electrochemical approach for 

sensitive exosome detection in a cancer serum sample, however, the sensitivity of the current 

assay is 105-fold higher (102 exo/µL versus 103 exo/mL) in comparison with our previous 

assay.30 Our current assay also has better sensitivity in comparison with the electrochemical 

method for the exosome quantification from cell culture media published by Yadav et.al 

(4.7×105 exo/µL) and Doldan et al. (2×102 exo/µL).14,18 Importantly, the LOD of our assay is 

also higher than recently published surface plasmon resonance (SPR) and microfluidics-based 

exosome analysis methods.15,16 For example, the LOD of our current method is also 

approximately 2000-times better than those reported in the SPC- and tunable alternating current 

electrohydrodynamic-based microfluidic devices.15,16 Our assay is also 103-fold more sensitive 

than the ExoSearch microfluidic chip.17 Notably, the sensitivity of our method is also much 

better than those reported in conventional techniques such as NTA (nanoparticle tracking 

analysis) or qNano (103 exo/mL versus 100 exo/µL).12 

 

Direct Isolation and Subsequent Detection of Exosomes. We then challenged our assay for 

direct isolation of specific exosomes from cell culture media avoiding ‘total exosome isolation 

kit’ based exosome pre-isolation step. In this set of experiments, CD-63-functionalised Au-

NPFe2O3NCs were initially dispersed into the placental choriocarcinoma cell culture media to 



directly isolate and magnetically collect total bulk exosome populations, which were further 

recognized via placental antibody (PLAP). One of the important parameters that affect the 

performances of the assay is the interaction time between CD-63-functionalised Au-

NPFe2O3NCs and dispersed exosomes.  To maximize this interaction (i.e., to achieve enhanced 

capture efficiency), we performed our direct isolation assay maintaining the incubation of CD-

63-functionalised Au-NPFe2O3NCs in exosome samples at various incubation time (20 min, 

30 min, 45 min, 1 h, 4 h). As can be seen in Figure 5, a gradual increase in the current densities 

was observed with increasing the incubation time in the range between 20 min and 4h. 

However, a slight difference in the current densities was found for the incubation time of 1 and 

4 h (34 versus 39 µA cm-2). In order to reduce the overall assay time, we have selected 1h as 

an optimal incubation time in our assay (Figure 5). 

 

Comparison between Direct and ‘Total Exosome Isolation Kit’ based Isolation Method.   

Under optimal assay conditions, we performed a set of experiments to compare the 

performance of our direct isolation method with that of the commercially available ‘total 

exosome isolation kit’ based isolation method. In the latter case, the exosomes were initially 

extracted using a ‘total exosome isolation kit’. These pre-extracted bulk exosome populations 

were further isolated using CD-63-functionalised Au-NPFe2O3NCs. In both the cases, the 

PLAP specific exosomes within these bulk exosomes were then recognized via TMB/H2O2 

based detection method described above. Figure 6 shows the comparison of these two sets of 

data. Notably, a non-significant difference (i.e., approximately 6%) in amperometric current 

densities (33 versus 35 µA cm -2) and UV-visible absorbance was obtained for both sets of 

experiments. Additionally, the data obtained for the negative and no-target control samples as 

well as for the assays without CD-63/Au-NPFe2O3NCs resulted in almost identical 

amperometric and UV-visible responses.  In the commercial kit-based exosome isolation, 



several laborious and time-consuming steps are involved, such as centrifugation, polymer-

based preconcentration, overnight incubation followed by further low-temperature 

centrifugation. The kit is itself expensive. In contrast, Au-NPFe2O3NCs based direct isolation 

method required much less time and avoids the use of expensive commercial isolation kit.  

 

Conclusions  

In conclusion, we have developed a new platform for direct isolation and subsequent detection 

of exosomes from the complex cell culture media using Au-NPFe2O3NCs. The multifunctional 

properties of Au-NPFe2O3NCs (i.e., superparamagnetic property, highly porous frameworks, 

peroxidase-like activity, etc.) are the key to functionality and simplicity of our assay design 

and performances, where they were used for isolating exosomes directly in complex sample 

media. Our method achieved an excellent analytical performance and enabled to detect 103 

exosomes/mL (i.e., one exosome per microliter sample) with a relative standard deviation 

(RSD) of < 5.5 % (n=3). In comparison with the many existing approaches, our assay has 

offered several crucial improvements for the analysis of exosomes. First, our assay is free from 

the use of highly expensive ‘total exosome isolation kit’ based time-consuming and laborious 

pre-isolation step. Second, it replaces the natural peroxidase (i.e., HRP) for TMB oxidation, and 

thus reduces the cost, handling, and storage facilities generally required for natural peroxidases. 

Additionally, Au-NPFe2O3NCs nanozyme based naked-eye (colorimetric) readout requires 

minimal equipment facilities and thus enables the inexpensive detection in non-laboratory 

settings. Third, the electrochemical method employs the disposable and inexpensive screen-

printed electrodes thereby offering a portable tool for the analysis of exosomes. Fourth, our 

assay is highly sensitive. Considering the potential benefits of quick onsite analysis and cost-

effectiveness along with the sensitivity and simplicity of our colorimetric and amperometric 



methods, we believe that this assay platform will translate towards the development of a simple 

but high-performance screening tool in point-of-care setup. 
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FIGURE CAPTIONS 

Figure 1. Schematic representation of the assay for direct exosome isolation and detection from 

cell culture media. In this method, the Au-NPFe2O3NC were initially functionalized with a 

generic antibody (CD63) and dispersed in sample fluids (cell culture media) to capture bulk 

exosomes. After magnetic capture and purification, exosomes-bound Au-NPFe2O3NC have 

transferred to PLAP antibody-modified screen-printed electrodes. The peroxidase-like activity 

of Au-NPFe2O3NC was then used to achieve naked-eye detection along with UV-visible and 

electrochemical quantification of PLAP-specific exosomes present in the cell culture media. 

Figure 2. Corresponding AFM 3D images of (A) SPCE-XTR, (B) SPCE-

XTR/CD63/exosomes complex; (C) SPCE-XTR/CD63/exosomes/PLAP-Au-NPFe2O3NC 

conjugated complex. 

Figure 3. Mean responses of (A) current density and (B) absorbance obtained from one 

positive (presence of disease-specific exosome in the cell culture media) and four 

different control samples (No target represents PBS buffer instead of relevant cell 

culture media; negative control represents the usage of non-PLAP specific cell (MND) 

culture media; No CD/NC represents no CD63/Au-NPFe2O3NC nanoelectrocatalyst  

were employed for exosome isolation, and No PLAP abs represent the PLAP antibody 

were not functionalized onto the SPCE_XTR surface). Insets, corresponding photos for 

(A) i-t curves and (B) the naked eye evaluation. 

Figure 4. (A) Current density and (B) absorbance for the designated concentration of 

exosomes extracted from choriocarcinoma (BeWo) cell line. The concentration varies 



between 103 and 107 particles/mL; equivalent to 8×106 versus 8×109 vesicles per million 

cells per 24h. The inset shows the corresponding linear regression curves. 

Figure 5. Optimization of the exosome capture step. Four different incubation times 

have been evaluated for successful exosome binding to the nanocubes surface: 20 min, 

30 min, 45 min, 1h, 4h. (A) Current density and (B) absorbance at designated incubation 

time. Error bars represent the standard deviation of measurements (% RSD = < 5%, for 

n = 3).  

Figure 6. Comparison of our assay for direct exosome isolation and detection with 

commercial exosome isolation kit based method. Mean responses of (A) current density 

and (B) absorbance obtained for the assay with one positive (presence of disease-

specific exosome in the cell culture media) with three negative control samples (no 

target represents PBS instead of relevant cell culture media; negative control represents 

the usage of non-PLAP specific cell culture media, and no abs represents no CD63/Au-

NPFe2O3NC.  
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