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Abstract
This paper reports the development of colorimetric immunological paper-based assay for exosome
detection. The paper-based device was fabricated with lamination technique for easy handling and create
hydrophilic/hydrophobic region for analytical paper-based devices. Exosome-speci�c antibody was
coated onto the paper-based devices as a biosensing platform to detect exosome sample from the cell
culture media. This assay employed a colorimetric reaction which is followed by reaction between
horseradish peroxidase (HRP) and 3,3’,5,5’-tetramethylbenzidine substrate (TMB). The colorimetric
readout was qualitatively evaluated by naked eyes and was quantitatively assessed by image processing
software. The result indicated that this assay faces many challenges. First, the exosome concentration
may be inadequate to reach detectable range. Second, high background signal due to non-speci�c
binding on the platform results in lack of sensitivity for exosome detection. Therefore, modi�cation on the
paper should promote protein binding for speci�c target and prevent non-speci�c binding to reduce the
high background signal.

1. Introduction
Exosomes secreted as extracellular vesicles from most cell types which are 30 – 150 nm in diameter.[1–
4] Exosomes contain many biomolecules such as proteins, lipids and various types of nucleic acids
playing a role in cell-cell interaction. Generally, exosomes are released by most cell types and circulated in
biological �uids such as saliva, blood, and urine. Recent studies suggested that these exosomes play a
signi�cant role in many pathological processes such as cancers [5], pregnancy complications [6, 7] and
neurodegenerative diseases [8]. Recently, exosomal proteins have served as diagnostic cancer
biomarkers. [9–12] Some cancer-derived exosome can be detection due to speci�c antibody proteins on
exosomal membrane such as CA-125, EpCAM for ovarian cancer [13], or CD24, EDIL3, �bronectin for
breast cancer [10]. Additionally, the number of exosomes in unhealthy samples is signi�cantly higher
than healthy one [7].

Therefore, isolation, puri�cation and analysis of disease-speci�c exosomes have been attracted a great
deal of attentions from many research groups in recent years [14]. Due to the physical and biochemical
properties of exosomes, the effective isolation of exosomes from bodily �uids is still challenging [15].
Conventional methods such as gradient density centrifugation, ultra�ltration or immunological
separation have been performed [16, 17]. However, these centrifugal isolations require a few hours and
expensive equipment which may be unavailable in low-resource settings. In addition to centrifugal
method, commercial isolation kits are also available. These kits avoid time-consuming procedure and
using expensive facilities by precipitating exosome with polyethylene glycol or related chemicals [18].
Nonetheless, the �nal product may be contaminated with chemicals from the kits which may in�uence
the downstream analysis. Alternatively, nanoparticle tracking analysis (NTA) [19, 20], �ow cytometry [21,
22], electrochemical-based approaches [23, 24], Enzyme-linked immunosorbent assay (ELISA) [25, 26]
and are successfully demonstrated to quantify and detect exosome. ELISA is known as a conventional
method to detect and analyse various biomolecules, based on immunological assay between antibodies
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and protein on exosome membranes. However, the standard protocol is time consuming with laborious
sample loading, washing, and incubation step.

Paper-based platform enables a number of micro�uidic sample preparation tasks such as
preconcentration and heating [27, 28]. Recently, paper-based ELISA is promising for diagnostic
application due to low cost, friendly use and small sample need was successfully demonstrated for
detecting antibodies and exosomes application [29–32]. In limited-resource environments, colorimetric
assay is useful and easily observed by naked eyes. One of commonly used colorimetric reactions is
3,3’,5,5’-tetramethylbenzidine substrate and horseradish peroxidase (TMB/HRP). TMB/HRP reaction
produces a colour product in the presence of target biomolecules conjugated with HRP [33]. Therefore,
this study developed paper-based ELISA assay for exosome detection. The target was captured with
exosome-speci�c antibody and formed immunological complex on the paper. The colorimetric readout
relies on TMB/HRP reaction resulting from HRP-conjugated antibody.

2. Materials And Methods

2.1 Materials and chemicals
Paper materials used as a platform device in this study were chromatography �lter paper (CHR,
Whatman, UK), and nitrocellulose membrane with laminated backing support (NC, FF180HP, Merck, USA).
Gloss laminate pouch with 80-µm thickness (GBC, Australia) were used to make paper hydrophobic. For
immunological assay, Rabbit monoclonal anti-human CD9 (Rabbit Anti-CD9, ab92726, Abcam, UK), Goat
anti-rabbit IgG (Anti-rabbit IgG, ab6721, Abcam, UK), Mouse monoclonal Anti-human CD63 conjugated
with horseradish peroxidase (Anti-CD63-HRP, NBP2-42225H, Novus, USA) were used for coating and
detecting antibody. HRP-conjugation kit (ab102890, Abcam, UK) was used to conjugate HRP onto an
antibody. For blocking paper-based assay, Bovine Serum Albumin (BSA, A1595, Sigma Aldrich, USA) was
used to block the assay to minimize background signal due to non-speci�c binding. 3,3’,5,5’-
tetramethylbenzidine substrate solution (TMB, 002023, Thermo Fisher Scienti�c, Germany) was used to
employ colorimetric immunological assay, employed by HRP/TMB reaction. For general chemical usage,
phosphate buffer saline solution (PBS) was prepared by dissolving phosphate buffer saline tablet
(10388739, Fisher Scienti�c, USA) in deionized water (DI water, Milli-Q, Merck, USA). Tween-20 (655205,
Merck, USA) as a surfactant was mixed into PBS for preparing PBST (0.05% Tween-20 in PBS).

For exosome preparation, SKOV3 (ovarian cancer cells, ATCC, USA), OVCAR3 (ovarian cancer cells, ATCC,
USA), HEK293 (epithelial human cells, ATCC, USA) and Met5a (epithelial human cells, ATCC, USA) were
used as a cell line to produce exosome. RPMI-1640 media (11875-093, Gibco, Thermo Fisher Scienti�c,
Germany) served as the base medium. Foetal Bovine Serum (FBS, A3160901, Gibco, Thermo Fisher
Scienti�c, Germany) and Exosome-depleted Foetal Bovine Serum (Exosome-free FBS, A25904DG, Gibco,
Thermo Fisher Scienti�c, Germany) were used as a main composition for cell culture medium. To prevent
bacterial and fungal contamination, 1% Penicillin and Streptomycin (PenStrep, 15140-122, Gibco, Thermo
Fisher Scienti�c, Germany) was mixed into the cell culture medium. TrypLE (12604-021, Gibco, Thermo
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Fisher Scienti�c, Germany) was used for trypsinization process for subculturing. General buffer for
washing cells was sterile HBSS (14175-095, Gibco, Thermo Fisher Scienti�c, Germany). After exosome
isolation, exosome sample was puri�ed by using Total Exosome Isolation Kits (4478359, Invitrogen,
Thermo Fisher Scienti�c, Germany). MCF7 standard exosome (MCF7, ab239691, Abcam, UK) was used to
validate the exosome detection assay.

2.2 Paper-based device fabrication
The designed pattern on paper was drawn by CorelDRAW software (CorelDRAW2019, Corel Corporation
Inc, Canada), and then the paper was cut with laser cutting machine (Rayjet 50 Laser Engraver, Rayjet,
Australia). In this study, we fabricated three types of paper devices for different experiments. First, NC
without lamination, a paper platform which is NC only was directly cut by laser cutting machine. Second,
with lamination device (Figure 1), CHR paper were cut with 5-mm diameter piece. A laminated �lm was
cut with the hole of 4-mm diameter. After the paper was aligned into the centre of laminated �lm hole, the
aligned component was fed into a laminator (JL330T, PFEC, Australia) at 130oC and at a speed of 10
mm/s. Finally, the paper device was cut into individual device.

2.3 Exosome sample preparation
SKOV3, OVCAR3, HEK293 and Met5a were cultured with RPMI-1640 containing 10% FBS and 1%
PenStrep. After reaching 80% con�uence, the media was changed to exosome-free media which is RPMI-
1640 consisting of 10% exosome-depleted FBS. After cells were incubated with exosome-free media for
60 hours, the media was collected and centrifuged at 2,000 g for 30 min to remove dead cells and other
debris. The exosome isolation kit was used to precipitate the exosome to increase the exosome
concentration from the collected media. Before obtaining exosome pellet by centrifugation at 10,000 g for
1 hour, the mixture was incubated overnight. After the centrifugation process, the exosome pellet was
acquired by discarding the supernatant, resuspended with PBS and kept in -80oC for long-term storage.

2.4 Colorimetric assay for exosome detection
In this study, we employed sandwich ELISA assay on a paper-based platform using TMB/HRP
colorimetric reactions. Brie�y, the primary antibody speci�c to tetraspanin family on exosome membrane
e.g. CD9 or CD63 was �rstly immobilized onto the paper. Then, the paper was blocked by BSA or NFM to
minimize non-speci�c binding. Subsequently, exosome sample was loaded and incubated onto the paper
to allow to be captured by primary antibody using a�nity between primary antibody and speci�c protein
on exosome membrane. Subsequently, the secondary antibody which is tagged with HRP was loaded to
attach onto exosome membrane. Next, TMB substrate will be added onto the paper to employ TMB/HRP
reaction. In the presence of HRP, TMB was oxidized by the HRP and generated blue colour from colourless
solution. On the other hand, in the absence of HRP, TMB was inert and left solution to be colourless.

2.5 Equipment setup and data acquisition
As the experimental results are evaluated based on colour change from TMB/HRP reaction, the paper
device was observed under 1.3 megapixels TOUPCAM camera (UCMOS01300KPA, Touptek, China) with
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1/3” Aptina CMOS sensor attached with 6.2 mm focal lens (58428, Edmund Optics Inc, USA) for image
acquisition (Figure 2) under LED strip box made from PMMA for light control. Camera setup was
connected via USB and controlled by Toupview software (Version 4.8, Touptek, China). Image processing
was quanti�ed with programming code in computing software (MATLAB R2018b, The MatkWorks Inc,
USA)

2.6 Experimental design and assay optimization

2.6.1 Blocking e�ciency test
Most colorimetric assays involve with enzyme incubation, so blocking and washing are important steps
to prevent non-speci�c binding. We evaluated the blocking capability by coating different BSA
concentrations. A volume of 5 µL of blocking solution was added to incubate for 10 min and
subsequently dry for 10 min. Next, we dropped Anti-CD63-HRP for 3 minutes onto the paper and washed
it subsequently. Finally, we incubated TMB substrate and observed colour change over time. It is
anticipated that the best condition for blocking could result in the lowest intensity of blue colour change.
The �rst con�guration is to incubate NC paper without lamination into different BSA concentrations from
1–10% for 30 min in dipping con�guration. In this case, we used only NC paper because we take
advantage of high protein binding of NC materials. Moreover, we also evaluated the blocking capability
by dropping and incubating BSA onto laminated CHR paper with wash-through con�guration.

After getting optimal blocking condition, we investigated antibody binding capability. We dropped 5 µL of
0.1 mg/mL rabbit anti-human CD9 on a laminated paper and incubate for 10 minutes, then dry at 37oC
for 10 minutes. Next, coated antibody laminated paper was blocked with BSA. In the presence of rabbit
anti-human CD9, we expected that after loading goat anti-rabbit IgG conjugated with HRP, TMB could
change from colourless to blue colour due to in the presence of rabbit anti-human CD9 on paper.
However, In the absence of rabbit anti-human CD9, TMB could remain colourless as there is no binding of
goat anti-rabbit IgG conjugated with HRP.

2.6.2 Analytical performance assay
After obtaining optimal condition for blocking and paper type for the paper-based device, we carried out
the analytical performance assay. Assay preparation including antibody concentration and operation
procedure were adapted from the previous study (Figure 3a). [31] We dropped 5 µL of 0.1 mg/mL rabbit
anti-human CD9 on a laminated paper and incubate for 10 min, then drird at 37oC for 10 minutes. Next,
we dropped 5 µL of 2% BSA on the laminated paper. Subsequently, we incubated exosome sample on the
paper for 10 minutes. In the absence of exosomes in the sample, PBS was used as control. Subsequently,
we loaded 3 µL of 1 µg/mL Anti-CD63-HRP for 3 min. Finally, we added TMB substrate and placed under
the camera and captured photos at 1st, 3rd, 5th, 10th, 15th, and 20th minute.

2.7 Data processing and quanti�cation
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After adding TMB onto the paper device, the assay was placed under the camera. Qualitative data were
observed as the change in colour due to the TMB/HRP reaction. For quantitative data, all images were
quanti�ed and processed with MATLAB. Brie�y, the individual image was imported by MATLAB. The area
of interest was de�ned by cropping the image. The original RGB colour image was split into R, G and B
channels as grayscale images.

Next, the mean grey value ΔRGB was estimated for each channel as:

1
,

where R, G and B are the mean grey value from arbitrary images of red, green, blue channel respectively.
The mean grey values R0, G0 and B0 are of the red, green, blue channels of the control sample,
respectively. To make sure that the colour change only results from the assay, the RGB value reported in
this study was subtracted by background signal from negative samples as:

2

where ΔRGB is the mean grey value of the sample and ΔRGBneg is the mean grey value of the negative
sample, calculated from Eq. (1). All experiments were performed with at least a sample number of n = 3.
The error bars were determined by the standard deviation.

3. Result And Discussion

3.1 Consistency of image quality observed by the system
As photo quality and image acquisition method are important for colorimetric assay, we also investigated
the quality of the image according to our experiment setup. We evaluated the mean grey value of all
green, red, blue channels from 14 different CHR paper samples (Figure 4) as well as the system was
switch on and off for taking every photo. This system showed that the average value of mean grey values
of 14 samples with small standard deviation (less than 1% of the average value). small variation from
quantitative data. Therefore, this equipment setup for image acquisition is consistent to get the same
image quality by having small variation of mean grey value.

3.2 Evaluation of blocking capability
Blocking is an important step to prevent non-speci�c absorption. Blue colour development results from
the reaction between TMB and sequential antibody conjugated with HRP. For dipping con�guration of NC

ΔRGB = √(R − R0)
2

+ (G − G0)
2

+ (B − B0)
2

RGBvalue = ΔRGB − ΔRGBneg
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paper, the blue colour was developed overtime for 1 - 10% BSA concentrations. However, the quantitative
data quanti�ed by MATLAB showed that 2% BSA provided the lowest ΔRGB which corresponds to the
lowest amount of Anti-human CD63-HRP left on the paper (Figure 5). Nevertheless, the background signal
was still high because NC has high protein binding capacity. [34–36] Moreover, washing method for
dipping con�guration could be another factor that sequential antibody was still on the paper. Dipping a
paper device into PBS in 96-well plate may just only diluted the antibody on the paper or surface tension
acting between NC surface and PBS in the 96-well plate may not enough to remove non-binding antibody
and may still be on the paper. For these reasons, NC paper may not be appropriate for colorimetric
immunological paper-based assay because sequential antibody was able to absorb non-speci�cally and
di�cult to be removed from the paper. Thus, we redesigned the paper platform by making wash-through
con�guration so that non-adherent molecules could be wash out. Unfavourably, NC paper in this study
was back-laminated, so NC cannot make wash-through con�guration. Nonetheless, 2% BSA was selected
to be used for further studies because it provided the smallest background signal generated from non-
speci�c binding.

3.3 Evaluation of antibody binding e�ciency
Even though NC paper acquires high protein binding capacity, it produced high background signal due to
non-speci�c binding. Thus, we also reevaluated antibody binding capacity and blocking performance for
CHR paper. In the presence of rabbit anti-human CD9, goat anti-rabbit IgG-HRP was captured by primary
antibody and reacted with TMB solution to generate blue colour from colourless. In the absence of goat
rabbit anti-human CD9, anti-rabbit IgG-HRP was washed away as there is no speci�c binding between
primary and secondary antibodies. Laminated CHR paper (L-CHR) in the absence of rabbit anti-human
CD9 had lighter blue colour than L-CHR in the presence of rabbit anti-human CD9. It represented that
blocking with 2% BSA on L-CHR could prevent non-speci�c binding. Additionally, 0.1 mg/mL rabbit anti-
human CD9 was well immobilised on the paper resulting in blue colour generation from reaction between
Anti-rabbit IgG-HRP and TMB.

3.4 Analytical performance of the assay
Colorimetric immunological assay for exosome detection by employed TMB/HRP reaction. The presence
of detecting antibody conjugated with HRP in the assay enables the oxidation of TMB and generates
blue-colour complex. To validate exosome colorimetric immunological detection assay, we performed the
assay with a sample containing exosomes harvested from cell culture media (positive control), while a
negative control sample without exosomes was PBS only (see Figure 7). However, there is no signi�cant
difference between positive and negative control for MCF standard exosome, OVCAR3, SKOV3, Met5a
and HEK293 exosome samples in unmodi�ed L-CHR. This result could originate from several issues.
First, the concentration of exosome sample may be inadequate to reach detectable range. The exosome
samples collected from cell culture media were quanti�ed using NanoSight NS300 (NanoSight Ltd.,
Amesbury, UK) to determine the concentration in the range 108-109 exosome/mL. (See in supplementary
information section S.1) Nevertheless, limit of detection for exosome detection with colorimetric assay
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referring to previous studies was in the range of 108 exosome/mL [32]. Second, high background signal
was also found in paper-based ELISA assay [30–32]. As a result, the blue-colour generation from negative
control coming from non-speci�c binding is similar or higher than positive control. Protein binding
enhancement to provide more speci�c detection and prevent non-speci�c binding could be one of
possible ways to strengthen protein a�nity between paper-based matrix and antibodies. Thus, we
proposed physical and chemical modi�cation on paper to validate the colorimetric exosome detection
assay.

4. Conclusion
We have developed and studied an inexpensive colorimetric paper-based assay for exosome detection.
Colorimetric readout facilitates naked-eye observation and can be quanti�ed by image processing. With
the proof-of-concept, we encountered various challenges in assay optimization and development to
detect exosomes. First, exosome concentration from cell culture may be inadequate for colorimetric
paper-based assay. Due to recent study by Lee et al (2020), the limit of detection was also in the similar
range to the concentration collected from the cell culture media [32]. Second, the background signal from
non-speci�c binding was high, as the paper is a three-dimensional structure that possibly promote HRP-
conjugated antibody left over in the matrix after washing. Therefore, we may need to engineer the paper
physically or chemically to both strengthen detecting antibody binding on paper matrix and prevent non-
speci�c binding to reduce background signal. Physical modi�cation such as casting nanomaterials may
promote the strength of detecting antibody to be bound on the paper platform to allow the assay to be
more speci�c to the samples [37, 38]. On the other hand, chemical modi�cation may add more functional
group to promote protein binding such as EDC/NHS or APTES treatment [39–41]. However, antibody and
protein conjugation to nanomaterials as well as applicability to detect low concentration of exosomes
require a huge batch of optimization work.
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Figures

Figure 1

Schematic diagram of paper fabrication with lamination for colorimetric immunological paper-based
assay.
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Figure 2

(a) Experimental setup and data acquisition system containing LED Strip box and camera to observe
colour change on colorimetric immunological paper-based device (b) Images obtained from the camera
were imported into MATLAB and processed before quanti�cation inside dash box lines which were an
area of interest.
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Figure 3

Schematic Diagram of preparation process of paper-based device for exosome detection. The paper was
coated with anti-human CD9 to capture exosomes. HRP/TMB reaction was employed to validate
colorimetric assay.

Figure 4

The consistency of image quality taken by the experimental setup was reported by mean grey value from
14 different CHR samples.



Page 14/16

Figure 5

The sequential images of 1% to 10% BSA blocking on NC paper over time. The bar diagram for ∆RGB
observed in 1st, 2nd, 3rd, 4th, 5th, 10th, and 15th min from various blocking BSA concentration.
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Figure 6

The comparison of images recorded after 20 minutes of incubation with TMB in between in the absence
of Rabbit anti-human CD9 (left) and in the presence of Rabbit anti-human CD9 (right)

Figure 7
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Analytical performance of the assay (a) colorimetric assay images observed at 15th min of MCF
standard from a known concentration of 106 to 1010 exosome/mL (b) colorimetric assay images
observed at 15th min of exosomes harvested from Met5a, HEK293, SKOV3 and OVCAR3. Both MCF
standard and cell culture samples was compared between positive sample containing exosomes and
negative control which was PBS. There is no signi�cant difference between negative and positive case.
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