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Introduction

Abstract

Objective: To develop an effective and time-saving method using
the latex agglutination technique for the detection of SARS-CoV-2 in
nasopharyngeal swabs.

Method: Rabbits were immunized with inactivated COVID-19
vaccines to generate anti-SARS-CoV-2 antibodies. These antibodies
were coated on 0.8um polystyrene latex beads by adsorption meth-
od. Then, slide agglutination tests were performed using COVID-19
PCR samples which were then further verified with light microscopy
of the agglutinants. Additionally, Digital microscopy and electron
microscopy were used for validation of the results. Furthermore,
convolutional Neural Network (CNN), a machine learning approach
was utilized as well to classify the images as positive and negative
for the assessment of the potential of the agglutination test as a
rapid test for mass screening.

Results: Slide agglutination produced minute aggregates within
4-5 minutes that were further visualized under light and digital mi-
croscope which showed a white patchy pattern and shiny aggregates
respectively. Electron microscopy was done to further confirm the
findings of the assay which revealed a humpy formation or protru-
sions at the places where antigen and antibody binding took place.
Additionally, the CNN model was constructed to predict light mi-
croscopy images as positive or negative thus defining the potential
of agglutination assay as a point-of-care testing assay.

Conclusion: We have developed a simple testing method based
primarily on a microscopic approach for the diagnosis of COVID-19.
This technique can be used as a point-of-care testing method as
well as for screening purposes in a large population where expen-
sive machinery and time-consuming testing techniques cannot be
employed.

Keywords: SARS-CoV-2 detection; Latex agglutination; Slide ag-
glutination; Light microscopy; Digital microscopy; Electron micros-
copy; Agglutination assay; Antibody-conjugation

COVID-19 is a disease caused by a novel coronavirus that
belongs to the genus of betacoronaviruses. Its first case was
reported in the Chinese capital city of Wuhan [1]. It emerged
as a life-threatening disease which was later classified as a pan-
demic by WHO in 2020 [2]. Clinically it is manifested as fever
being one of the first signs, body aches, loss of taste and smell
with pneumonia and acute respiratory distress syndrome in se-
vere case [3]. It is a highly contagious disease which spreads
through respiratory droplets and aerosols which can remain
in the air for an extended period of time especially in places
with inadequate ventilation [4]. So it was a challenge for the

health care system worldwide to combat this deadly disease as
there were no diagnostic and treatment approaches available
at that time. As the pandemic became more severe, need for
the proper diagnostic approaches increased for timely manage-
ment of the disease. RT-PCR was the most commonly used and
a gold standard method to diagnose active infection, but due to
the time constraint and high cost related to this test, demand
for rapid diagnostic devices increased for prompt diagnosis and
mass screening purposes [5,6]. Among the rapid detection ap-
proaches, serological-based techniques for detecting antibod-
ies against COVID-19 disease were employed, including lateral
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flow assays and ELISA [7]. Latex Agglutination-based assays are
also one of the commonest and cheapest methods to attain fast
and accurate results [8]. This technique is based on coupling
antibodies or antigens with the polystyrene latex beads, which
generate clumps when interacting with their corresponding an-
tigens. Many commercially available diagnostic tests are based
on this technique due to its cost-effectiveness and convenience

[9].

In the current study, we also aimed to develop a fast and ac-
curate method based on latex agglutination technique to detect
SARS-CoV-2 in nasal swabs. The advantage of this assay is its
ability to diagnose current infection by detecting viral antigens
rather than past infection which is based on antibody detection.
So, this assay can be used as an inter-dependent method for
the detection of COVID-19 when dealing with a large number of
samples or in patients’ screening.

Methodology
Ethical Approval

Prior to the commencement of the present study, the study
protocol was thoroughly reviewed and approved by the Insti-
tutional Bioethics Committee to ensure ethical soundness and
compliance with local, national, and international guidelines for
animal research.

Animal Immunization

Two groups of rabbits were immunized with four doses of
commercial inactivated COVID-19 vaccines. Doses were given
every week for one month. Subsequently, blood was collected
thrice after the administration of the last dose with an interval
of one week between each bleed. Then, the assessment of im-
mune response was done by employing indirect serum ELISA
and viral neutralization assay (Data not shown).

Purification of Covid-19 Polyclonal Antibodies

Sera with the potent immune response were selected for the
purification of antibodies using the Protein A column to purify
the polyclonal antibodies. Afterward, SDS-PAGE of purified an-
tibody fractions was performed to confirm and analyze purified
IgG followed by dialysis against PBS for 5 days at 4 C. After dialy-
sis, all the antibodies were concentrated using a concentrator of
30kDa. To characterize and confirm the purity of antibodies in
concentrate, the SDS-PAGE was run again in both reducing and
non-reducing conditions. The concentration of total proteins in
the concentrated fractions was estimated using the Bradford
method and antibody characterization was done by western
blot analysis (Data not shown).

Coating of Antibodies on Latex Beads

Antibodies were coated on deep-blue dyed polystyrene latex
beads of size 0.8um by employing the adsorption technique. For
this, the microsphere-to-protein ratio to achieve surface satura-
tion was calculated by following Bang’s laboratories’ adsorption
to microsphere protocol [10]. In the first step, latex beads sus-
pended in borate buffer were added to the calculated amount
of SARS-COV-2 polyclonal antibodies followed by overnight in-
cubation at 4°C. Then, blocking was done with 0.5% BSA and
PBS along with for 2 hours after washing the sensitized beads
twice with 0.05% BSA with coat buffer by centrifugation at 8000
rpm for 5 minutes. Lastly, antibody-coated beads were stored in
PBS and 1% glycerol at 4 degrees till further use.

Slide Agglutination Assay with Live Samples

SARS-COV-2 positive patients’ nasopharyngeal swab samples
detected by RT-PCR were assessed to visualize the agglutination
with antibody-sensitized latex beads. For this purpose, conju-
gated beads were added to the swab sample i.e. 10ul of SARS-
CoV-2 positive sample added to a clean glass slide followed by
the addition of 10l of latex beads and mixing using a sterile
disposable wire loop and let the reaction proceed for 3-5 min-
utes. A blank reaction without the addition of a sample was also
performed on the same slide to detect false positive results. All
the safety measures were adapted to carry out the reactions
under BSC-II.

Light Microscopy of Agglutination

To observe the viral agglutination under a microscope for
better visualization and understanding of the formed aggluti-
nants, light microscopy under a 100X lens was performed after
allowing the slides to be air-dried. It was seen that the air-dried
slides showed a complex pattern of networking in patients’
samples, so further analysis was done under the microscope.

Digital Microscopy

As light microscopy requires expertise and experienced per-
sonnel to handle the microscope due to its sophistication and
expensiveness, we switched to a digital microscope which is
cheap and easy to use to further visualize and confirm our find-
ings and to make this method more approachable. For this, Air-
dried slides were seen through a digital microscope by placing
them over the lens. Visualization was done using a computer
screen which has the software already installed for the micro-
scope.

Electron Microscopy

In order to validate and further confirm our results from digi-
tal and light microscopes, electron microscopy was done to vi-
sualize the aggregates. Samples were prepared on a small piece
of glass slide in a 1:1 ratio with conjugated beads. The slide sec-
tions were allowed to air-dry inside the biosafety cabinet and
then further processed for the microscopic analysis.

Construction of Neural Network

The dataset generated from the light microscopy was used
to train the Convolutional Neural Network (CNN). CNN is widely
used in machine vision and medical image analysis. The dataset
comprises of 73 instances which include 57 images of agglutina-
tion reaction between virus and antibodies and 16 images of
negative agglutination reaction and split into train, test and vali-
dation. Since the data size is limited, new instances have been
generated using Open CV and Keras image preprocessing mod-
ule. Dataset augmentation is usually carried out to enhance the
performance of CNN and decrease the chances of overfitting.
Therefore, the images present in the train dataset were aug-
mented to significant numbers by incorporating different steps
which include rotation of images to 40 degrees, brightness ad-
justment, zooming and flipping of images using Keras Image
Data Generator library. Furthermore, calculated Weights have
been assigned to positive and negative instances to balance the
data [11].

A sequential model of CNN network was constructed by in-
corporating 3 convolutional layers, 2 max-pooling layers, and 2
fully connected layers. The input size of the image was set to
128x128 pixels and ReLU was used as an activation function.
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Finally, a sigmoid layer containing 2 neurons was applied to clas-
sify the images into two different classes i.e. positive and nega-
tive. Meanwhile, a sequential CNN model based on transfer
learning was also implied using pre-trained models i.e. VGG-16,
ResNet, and Xception on imageNet dataset as it is mentioned in
literature that transfer learning with ImageNet dataset which is
a non-medical images dataset works best with medical dataset
as well [12].

Validation of the Assay

The above established immunodiagnostic assay was vali-
dated using 18 PCR negative and 20 PCR positive samples to
see any discrepancy in the results. Samples were obtained from
commercial diagnostic laboratories with their reports to remove
any source of doubt so that validation can be justified. Positive
Samples with the Cycle Threshold (Ct) value ranging from 19-
34 were chosen for the validation purpose, then sensitivity and
specificity was calculated using mathematical formulae given
below:

Sensitivity = True positive/ True positive + false negative
Specificity = True negative/ True negative + false positive
Results

Sds-Page Analysis of Purified Antibodies

To determine the purity of I1gG antibodies after affinity col-
umn purification, SDS PAGE was performed with the results
represented in Figure A showing a band size between 180-
245kDa in non-reducing conditions corresponding to the pres-
ence of intact antibodies without the breakage of di-sulphide
bonds while in reducing conditions bands at 48 and 25kDa are
observed which indicates the presence of IgG heavy and light
chains respectively.

Performance of Latex Agglutination Assay

When sensitized beads were added to the sample and mixed
followed by continuous rotation of the slide, agglutination was
observed after 6-10 minutes approximately in the positive sam-
ples while t it was seen that there was clear background with
the absence of any sort of agglutination in the blank as well as
in PCR negative samples.
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Figure 1: SDS-PAGE of purified antibodies in reducing and non-
reducing condition.
Lane 1 & 3: Antibodies under non-reducing cond.
Lane 2 & 4: Antibodies under reducing cond.
Lane 5: protein marker (MOLEQULE-ON)

Figure 2: Reaction of conjugated beads with PCR-negative samples
and blank. a, c and e): Blanks- Borate buffer with sensitized beads.
b, d and f): Negative samples with sensitized beads.
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Figure 3: Reaction of conjugated beads with blanks and PCR-posi-
tive samples of different Ct values. a,c,e,g,| and k): Blanks- Borafe

buffer with sensitized beads. No granules or network formation.
b) Small sized clumps or aggregates in sample with Ct-value 19 d)
formation of granular network in sample with Ct-value 22. f) forma-
tion of very small aggregates in sample with Ct-value 24. h) very
minute sized granular formation in sample with Ct-value 26. j) few
aggregates at discrete places in sample with Ct-value 28. |) undefin-
able or insignificant aggregation in sample with Ct-value 30.
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Figure 4: “Blank” samples seen under light microscope at 100x
magnification.

Figure 5: “Negative” samples seen under light microscope at 100x
magnification.

Microscopic Analysis of Agglutinants

As the size of the clumps was very small, so microscopic anal-
ysis was done for better visualization and confirmation of the
results. Air-dried slides were observed under the 100x lens of
light microscope which gave a white patchy appearance under a
microscope corresponding to the agglutination while there was
no such color change or white-patches formation in blank and
negative samples.
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Figure 6: “Positive” samples with different Ct-values seen under
light microscope at 100x magnification appearing as white patches
formation.

Digital Microscopy

After light microscopy, to further make this detection tech-
nique more user-friendly and testing its capability to be modi-
fied as an easy-to-handle and rapid diagnostic test, a digital mi-
croscope was used which has a magnification of 1600x.

Blank and negative samples under digital microscope: A
blank sample containing a coating buffer and sensitized beads
was visualized under the digital microscope which was seen as a
dark blue area only (Figure 7). On the other hand, negative sam-
ples were also seen as a deep blue area corresponding to the
presence of blue latex beads only and indicating the absence of
viral antigens (Figure 8).

o
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Figure 9: “Positive samples” seen under digital microscope.

Positive samples under digital microscope: Aggregation or
clump formation in positive samples were seen like bright and
shiny crystals spread all over the surface. There was a signifi-
cant different between the boundaries of positive and negative
samples as the latter had plain or empty boundaries while the
former had those clumpy areas at that place (Figure 9).

Electron Microscopy

To validate the findings of light microscopy and digital mi-
croscope, electron microscopy was performed for negative and
positive samples. Under an electron microscope, negative sam-
ples were seen as antibody-conjugated beads only, there was no
indication of clumping or aggregation while protrusions of ag-
gregations were seen in positive samples indicating the clump
formation by antigen and antibody interactions (Figure10).

Application of Artificial Intelligence (Al) on Image Classifica-
tion

The CNN sequential models having different convolutional
layers and number of nodes were generated to classify the
light microscopy images. The images were augmented using

OpenCV and Keras image preprocessing module of keras deep
learning library. A total of 5 models trained with high accuracy

c D

Figure 10: “Negative” (A & B) and “Positive samples” (C & D) seen
under Electron microscope. A: scale- 2um, Mag-30,000x, B: Scale
- 3um, Mag- 25000x. C: Scale- 2um, Mag: 30,000x. D: Scale- 5um,
Mag: 10,000x.
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Figure 11: Confusion Matrix of selected models.
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were selected. The models were implied on validation dataset
comprises of 20 positive and 16 negative instances which also
include blank samples i.e., antibody coated beads with media
as well. Model E that has been trained with augmented images
using keras library of image augmentation works well both in
terms of specificity and sensitivity and has been selected for
future implementation. While models i.e., Model B, Model C,
Model D trained on pretrained models like Xception and VGG-
16 and VGG-16 without applying weightage to imbalance data-
set respectively, model B and model D also work well in terms
of positive sample prediction but have very low specificity while
model C has low sensitivity. The confusion matrix of all models
is provided in Figure 11. The performance metrics of all models
are given in Table 1. The limitation factor of model is the size of
test and train dataset.

The formulae used to calculate Precision, Recall, Specificity
and F1 score is provided as Equation 1, Equation 2, and Equa-
tion3 and Equation 4 respectively.

Precision (P)= TP/(TP+FP) ... Equation 1
Recall (R)=TP/(TP+FN) ... Equation 2
Specificity= TN/(TN+FP) ... Equation 3
F-Score =2*P*R/(P+R) ... Equation 4
Assay Senstivity and Specificity

As we processed 20 positive samples with different Ct values
and 18 negative samples, it was observed that from 20 samples,
17 samples produced positive results while 3 samples gave neg-
ative results in our assay. On the other hand, 18 PCR negative
samples were also processed for the validation of the in-house
developed assay, from which 16 samples showed true negative
while 2 samples showed false positive results. So, the sensitivity
and specificity of the assay was calculated to be 85% and 88%
respectively. Final results were evaluated using light microscopy
and digital microscopy images.

Discussion

Since the beginning of the pandemic, it was paramount to
develop rapid testing methods to detect COVID-19 so that con-
tainment measures could be taken and timely diagnosis and
treatment of the infection could be done. One of those rapid
testing approaches is latex agglutination to detect either anti-
bodies or antigens for the diagnosis of COVID-19. In this study,
we developed an immunological method to detect SARS-COV-2
based on its binding with the antibodies which are affinity-pu-
rified and passively adsorbed onto the polystyrene latex beads.
We used PCR-positive samples to assess the working of our as-
say. During the study, we observed that the patients’ samples
revealed a distinct band pattern with homogenous agglutina-
tion as seen in the recent pilot study conducted in 2021 [13]
while the negative samples and blank did not show any type of
agglutination.

We also performed the microscopic analysis of the slides at
100X magnification, contrary to the study in which visualization
was done on 4X magnification which revealed dark blue dots
in positive samples [14] while in our study, microscopic investi-
gations showed a white discrete patchy appearance in positive
samples corresponding to the presence of virus and its interac-
tion with the antibodies on the beads. Moreover, it was also
seen that the discrete white patches were seen in larger quan-
tities in samples with high Ct-values indicating high viral load

while the opposite was observed in low Ct-value samples and
in negative samples.

Furthermore, we diluted the positive samples initially with
three dilutions i.e. 1:1, 1:2 and 1:10 in which we evaluated that
1:10 dilution did not show any results while 1:1 and 1:2 showed
satisfactory results with patchy appearance, so we further
proceeded with the two dilutions only which showed prompt
outcomes with respective to Ct-values of the samples. It was
interpreted from these findings that antibodies onto the beads
must be saturated with an adequate number of antigens in the
sample to produce distinct and differentiable results. To further
make this technique handier, the digital microscope was used
which is comparatively cheap and easy to access as compared to
the light microscope having a magnification of 1600X. Positive
samples were seen to have a bright, shiny crystal-like appear-
ance which was interpreted as the agglutinated area where the
binding of viral antigens with antibodies took place while there
was no such thing seen in negative samples and blank as they
just gave a dark blue hollow appearance indicating the presence
of dark blue dyed latex beads without any presence of antigen.

To validate the findings on light and digital microscope, an-
other microscopic analysis was done i.e. Electron microscopy in
which agglutination in positive samples was seen as protrusions
or hump formation. Beads were aggregated so compactly that
it gave an appearance similar to a hump which was absent in
negative samples. In negative samples, only beads with conju-
gated antibodies on their surface were seen under an electron
microscope.

Furthermore, to give the broad application of the developed
assay an application of artificial intelligence is implied to images
obtained from Light microscopy to make the tool usable to even
those that have little knowledge of interpreting Light micros-
copy images. A convolutional Neural Network (CNN) has been
constructed to classify the images as positive and negative.
CNN is considered as successful machine-learning approach in
terms of image classification. The concept of the CNN network
is driven by animal neural cortex [15]. To date, CNN has been
successfully applied for bio-medical image classification like in
cancer histology sample analysis and in microscopic image clas-
sification of different cell types [11,16]. Model E performs well
as compared to other models and has been shortlisted. Never-
theless, this is the first step towards incorporation of Al in ag-
glutination reaction which will be further enhanced in terms of
specificity and sensitivity by increasing the sample size for both
training and testing dataset.

Added to that, we further aim to refine this rapid test by
creating a digital microscope image library of SARS-COV-2 posi-
tive and negative latex agglutination tests and using different
Artificial Intelligence (Al) tools to create the software. The com-
bination of a latex agglutination test, a digital microscope, and
Al-based software in a smartphone device may be utilized as a
futuristic approach to accurately detect the SARS-COV-2 infec-
tion in diseased patients.

This assay has some limitations which include the size of the
agglutinates and the number of samples tested. As the clumps
are very small, it is hard to observe them from the naked eye
so, further studies can be done to improve this phenomenon by
attaching either a chromophore or a fluorophore to the beads
or by using functionalized latex beads for antibody conjugation
which can promote better visualization by producing stabilized
protein complex with the beads. Another limitation is the re-
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stricted number of samples which can be increased for further
quality control and validation studies in the future.

Conclusion

In this study, we have developed a convenient testing meth-
od based primarily on a microscopic approach for the diagnosis
of COVID-19 by employing the latex beads agglutination tech-
nique. We found that the interaction between the whole virus
with its corresponding antibodies results in the formation of
discrete-white patches and crystal-like shiny aggregates which
can be easily seen through a light microscope as well as a digi-
tal microscope on which clumping of beads was seen in posi-
tive samples indicating the binding of antibodies to the virus.
Furthermore, a CNN model based on light microscopy images
processing was constructed to amplify the agglutination test as
the point of care testing assay. To the best of our knowledge,
this is the first ever study demonstrating the potential of a latex
agglutination assay as a rapid diagnostic test by coupling it with
a hand-held digital microscope and an Al tool for the detection
of SARS-COV-2.
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