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1. Introduction

Procion red dye chemically bonded PGMA
microspheres towards leakage free

and sensitivity improved lateral flow
immunoassay

Yunpeng Wang,? Xiaoru Dai,® Songle Wang,? Pragati Awasthi, Wenkun Dong,”
Dong Chen,” Shisheng Ling,” Xvsheng Qiao, {2 **“ Zhiyu Wang, (@
Xianping Fan (2 and Guodong Qian (2°

Lateral flow immunoassay strips (LFIAs) are reliable tools for point-of-care testing. However, their
sensitivity is limited by the low extinction coefficient of microspheres with low dye content. To avoid
these flaws, we report here a type of Procion red chemical-bonded amino-decorated poly(glycidyl
methacrylate) (PGMA) microspheres through a three-step process, including a soap-free emulsion
polymerization and carboxyl-functionalization, an amination, and a final colorization process.
Ethylenediamine and Procion red are introduced onto PGMA microspheres with high concentrations of
10.2 N wt% and 39.1 wt%, respectively. Due to such heavy introduction of chemically bonded dyes, the
molar extinction coefficient reached up to 3.28 x 10 L mol™* cm™, which significantly exceeds that of
commercially used colloidal gold nanoparticles (9.44 x 10° L mol™* cm™). Based on the colored PGMA
microspheres, we propose a drop casting and photo scanning protocol to find the minimum detectable
particle density of the microspheres. As a result, the Procion red bonded PGMA microspheres could be
easily identified with a density as low as 4.43 x 10% particles per mm?. Finally, when applied to
COVID-19 antigen detection, the microspheres achieved a sensitivity of 0.025 ng mL™ and exhibited
broad pH (3-11) and long-term (7 months) stability and high specificity. They are better or comparable
to other typical bio-label materials, such as colloidal gold nanoparticles and dye-composite polystyrene
(PS) microspheres. The Procion red bonded PGMA microspheres offer several advantages for diagnosing
major sudden and high-incidence diseases, facilitating rapid screening while maintaining high bio-
detection sensitivity and stability without modifying the test format.

gold-based traditional LFIAs are one of the most frequently
employed techniques; however, they continue to be plagued by
the low molar extinction coefficient and low detection sensi-

Immunoassays, such as lateral flow immunoassays (LFIAs),
have become increasingly popular in point-of-care diagnostics
due to their ease of use, rapid results, low cost, and
portability."* The high sensitivity is predominantly related to
the colorimetric biomarker signal® with high molar extinction
coefficients (MECs) and low limits of detection (LOD). Colloidal
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tivity of Au microspheres. There have been numerous endea-
vors to improve the molar extinction coefficient of colloidal
gold’s test lines by increasing the size of colloidal gold
particles® or employing a secondary addition of reagents
strategy,””® to enhance the molar extinction coefficient of
colloidal gold’s test lines. However, there are always side
effects,” which bring higher background noise, since the
large-sized and high-density Au microspheres exhibit weak
Brownian motion, which impedes particle sedimentation.’"°
The development of latex microspheres has provided an alter-
native approach, where microspheres are composed of dyes to
achieve high molar extinction coefficients."'™® Latex micro-
spheres have a lower density (<2 g cm™*) compared to Au
nanoparticles (19.32 g cm?). Consequently, the sedimentation
speed of latex microspheres of the same weight is reduced.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In comparison to Au nanoparticles (19.32 g cm ™), latex micro-
spheres have a lower density (<2 g cm™®). Consequently, the
sedimentation speed of the same weight of latex microspheres
is lower.'” Usually, the size of the latex microspheres may range
up to 300-500 nm while maintaining low background
151819 The swelling method, the most prevalent approach
to synthesizing latex microspheres, usually involves the intro-
duction of dye molecules into the microspheres via a swelling
agent, followed by agent removal, thereby entrapping the dye
inside the inner microspheres. However, dye incorporation is
limited by its solubility in polymers, typically yielding dye
contents below 5% and swelling-method-derived dye composite
microspheres often exhibit dye leakage during storage or label-
ing. However, dye incorporation is limited by its solubility in
polymers, typically yielding dye contents below 5%."* Swelling-
method-derived dye-composite microspheres often exhibit dye
leakage during storage or labeling. The latter results from physical
or chemical adsorption on the particle surface, compromising the
final detection stability in point-of-care diagnostic cases.

To address the above-mentioned challenges for latex micro-
spheres, a novel strategy, swelling-bonding methodology, has
been developed, wherein dye molecules are seamlessly inte-
grated into microspheres via a synergistic swelling-bonding
paradigm, yielding an exceptionally high dye content of up to
180 mg g~ *."> This innovative approach leverages styrene as the
primary constituent and vinyl-benzyl as a functional bonding
moiety, which, despite dye content limitations, can be signifi-
cantly improved by the availability of functional units for
bonding. Surface covalent bonding has successfully immobi-
lized dye molecules on particles, reducing dye leakage and
maintaining the mono-dispersity of microspheres. Among var-
ious latex microspheres, poly(glycidyl methacrylate) (PGMA)
microspheres exhibit superior performance in post-modi-
fication techniques due to their high density of functionaliza-
tion groups, surpassing copolymer polystyrene (PS) in terms of
functional monomers. Each PGMA monomer unit provides an
active site, facilitating efficient surface amine modification
through rapid nucleophilic reaction between epoxy groups
and amino monomers. This enables robust covalent attach-
ment of dyes via nucleophilic substitution, resulting in highly
stable dye conjugation. The covalent PGMA-dye bonds confer
exceptional stability, resisting detachment and pH changes,
while achieving dye loading capacities above 70%.

This study utilized soap-free emulsion polymerization to
synthesize PGMA microspheres, serving as adaptable templates
for functionalization. Amino functionalization was achieved
using small-molecular-weight ethylenediamine (EDA), resulting
in elevated amino content. Subsequent dye loading yielded
microspheres with enhanced molar extinction coefficients,
which were rigorously characterized using an ultraviolet-
visible spectrophotometer and elemental analysis. Subsequent
dye loading yielded microspheres with enhanced molar extinc-
tion coefficients, which were rigorously characterized using
ultraviolet-visible spectrophotometry and elemental analysis.
The synthesized dye-loaded PGMA microspheres exhibit a dye
content of 39.1 wt%, with a molar extinction coefficient of

noise.
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approximately 1 to 2 orders of magnitude greater than gold
microspheres. This enhances detection sensitivity by one to two
orders of magnitude compared to traditional gold nanoparticle-
based assays and several times higher than polymer micro-
spheres prepared by swelling methods. Ultimately, these micro-
spheres exhibit desirable stability over time, across varying
pH levels, and in different salt concentrations, with excellent
sensitivity (0.025 ng mL™") in sandwich-format LFIAs for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) testing.

2. Materials and methods

2.1. Experiments

2.1.1. Dye-PGMA bio-marker-preparation process. Dye-
PGMA microspheres were synthesized through a three steps
process. Firstly, PGMA microspheres were prepared through
soap-free emulsion polymerization from GMA monomers. Sub-
sequently, surface carboxyl-functionalized PGMA microspheres
were obtained by surface polymerization with sodium acrylate.
Secondly, ethylenediamine modification of PGMA micro-
spheres (EDA-PGMA) was carried out by reacting ethylenedia-
mine with PGMA microspheres. Finally, Procion red dye-loaded
PGMA (Dye-PGMA) microspheres were prepared by reacting
EDA-PGMA microspheres with Procion red. By adjusting the
temperature, controlling the pH of the system, and regulating
the reaction time, the dye was allowed to fully react with the
amine groups on the EDA-PGMA microspheres. Reagents used
in the preparation process and detailed preparation steps
including condition control steps, sample collection and pur-
ification steps can be found in the ESLt in the ‘Chemical
reagents and detailed methods’ section.

2.1.2. LFIA application conjugation and test strip making
process. Dye-PGMA-protein conjugates were prepared using a
two-step method. Firstly, the carboxyl groups on the surface of
Dye-PGMA were activated using EDC and NHS. Then, the
particles were antibody-labeled by adding different concentra-
tions of SARS-CoV-2 (mAb1) antibody. After that, Dye-PGMA-
protein conjugates were sprayed onto the conjugation pad of
the strips by a continuous gold-dotting machine. The test line
and control line were sprayed with amounts of anti-rotavirus
antibody and anti-virus antibody two on the nitrocellulose (NC)
membrane and then dried. Finally, the LFIA components were
assembled to obtain the LFIA strip. For the reagents used and
detailed steps please refer to the ESI, ‘Chemical reagents and
detailed methods’ section.

2.1.3. Dye-PGMA carboxyl group titration procedure. A
precise amount of 1 g of the dried Dye-PGMA microsphere
powder was then dispersed in 50 mL of deionized water and
stirred at room temperature for 12 hours. The pH of the
solution was subsequently adjusted to 11 by adding 0.1 mol L™*
NaOH solution. Then a fixed volume of 50 uL of 0.02 mol L™*
HCI solution was incrementally added using a micropipette,
and the stabilized conductivity readings were recorded by a
conductivity meter after each addition. The carboxyl content of
the Dye-PGMA microspheres was determined from the plateau
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region of the titration curve, with detailed calculations available
in the ESL.}

2.1.4. Drop-casting and scanning method. Deposit 0.7 pL
of Dye-PGMA microsphere latex onto a nitrocellulose mem-
brane at different concentrations. Subsequently, the nitrocellu-
lose membrane was dried at 40 °C for 20 minutes. The patterns
on the membrane were then scanned using an Epson Perfec-
tion V700 scanner. Finally, the scanned pattern color saturation
data were obtained using Photoshop in the RGB channels.

2.2. Characterization

X-ray diffraction (XRD) measurements were conducted using a
Shimadzu XRD-6000 X-ray diffractometer with Cu Ka radiation
(A = 1.5406 A). X-ray photoelectron spectroscopy (XPS) was
performed using an ZETIUM XPS spectrometer with a mono-
chromatic Al Ko X-ray source. A scanning electron microscope
(SEM, S4800, Japan) was employed to analyze the samples’
surface structure and morphology. The dynamic light scattering
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(DLS) of the microspheres was determined to ascertain the
samples’ microsphere size distribution, polydispersity index
(PDI) and Zeta potential using the Zeta-sizer Nano-ZS
(0.3-10 000 nm). UV-Vis absorption spectra were recorded using
a Hitachi U4100 UV-Vis spectrophotometer. Fourier transform
infrared spectra were obtained with a Shimadzu FTIR-8900
spectrometer. The samples’ elemental composition was deter-
mined using an Elementar Vario EL elemental analyzer (EA).

3. Results and discussion

The Dye-PGMA microspheres with carboxyl groups were syn-
thesized through a three-step process (Fig. 1a). Firstly, a soap-
free emulsion polymerization method was applied to synthesize
the PGMA microspheres (Fig. 1a: reaction step 1). Secondly, the
PGMA microspheres as a template are reacted with excess
ethylenediamine to acquire EDA-PGMA (Fig. 1a: reaction step 2).
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Fig. 1

(a) The synthesis steps scheme of Dye—PGMA microspheres. (b)—(g) Morphology, size, zeta potential and extinction spectra characterizations.

(b)—(d) SEM images of PGMA, EDA-PGMA, and Dye—PGMA microspheres, respectively. (e) Hydrodynamic diameter distribution of PGMA, EDA-PGMA,
and Dye—PGMA microspheres. (f) Zeta potential and (g) optical extinction spectra of PGMA, EDA-PGMA, and Dye—-PGMA microsphere suspension.
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Finally, EDA-PGMA was treated with a coloration process to obtain
the Dye-PGMA (Fig. 1a: reaction step 3).

The SEM images in Fig. 1b-d exhibit the morphology and
size of PGMA, EDA-PGMA, and Dye-PGMA microspheres, with
the magnification image of the selected microspheres shown
in the upper-right corner of each SEM image. These micro-
spheres are well separated, with a very narrow size distribution,
as observed in the SEM images and DLS data in Fig. 1e. This
method resulted in Dye-PGMA microspheres with a normalized
standard deviation of less than 10%. The statistical results from
the SEM images and DLS data show a successive increase in
microsphere size from 310 nm to 360 nm during the three-step
synthesis process. This may result from the EDA and dye
penetrating the microspheres and reacting with the epoxy
and amino groups, increasing particle size.

As shown in the {-potential analysis (Fig. 1f), the absolute
{-potential values of these three types of microspheres are all
above 50 mV, showing a positive-negative-positive flip trend.
The first flip is likely due to the decorated amino group on the
EDA-PGMA microspheres, which can readily bind with protons
(H") in aqueous solutions to form positively charged ammo-
nium groups (-NH;"). The second flip is probably due to the
microspheres attaching the Procion red dye colorant through
the consumption of the amino groups, leading the micro-
spheres to have a negatively charged surface. The synthesized
Dye-PGMA had a sharp absorbance peak at about 562 nm with
much higher absorbance than that of PGMA and EDA-PGMA
microspheres at the same concentration (0.1 mg mL ). This
indicates that the Procion red dye was attached to the micro-
spheres. Further validation will be provided in the next part of
the structural analysis.

View Article Online
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The structural and chemical bonding analysis, as shown in
Fig. 2, further indicated that the dye was successfully covalently
bonded to the microsphere surface via the nucleophilic sub-
stitution reaction between the dichlorotriazine group of the
Procion red dye and the amino groups on the PGMA micro-
spheres. As shown in Fig. 2(a), the XRD pattern of the reactive
red 2 dye exhibited several firm diffraction peaks, indicative of
its crystalline nature. However, the synthesized microspheres,
including PGMA, EDA-PGMA, and Dye-PGMA, only displayed
broad amorphous humps without distinct crystalline peaks.
This suggested that the dye was non-crystalline, confirming
the successful incorporation of the dye in the microspheres.
In Fig. 2(b), the FTIR spectra showed the disappearance of the
epoxy characteristic peaks at 906 cm™ ' and 847 ecm ™! after
amination with EDA. This indicated the successful bonding
between EDA and the epoxy group from PGMA. In addition, the
extinction spectra in Fig. 2(c) exhibited a red shift in the
absorption peak, along with new FTIR peaks associated with
the sulfonic acid group at 1068 cm™ ' in Dye-PGMA micro-
spheres. The Procion red dye exhibits two absorption peaks in
the visible light region, with absorption peaks at 512 nm and
538 nm corresponding to the n-n* transitions of the anthra-
quinone group and the azo group, respectively. After chemically
bonding and complexing with microspheres, a red shift in the
dye’s absorption peaks occurs, and the absorption baseline
increases. The overall red shift of the absorption peaks is attrib-
uted to the effect of the electron-withdrawing amino group of the
PGMA microspheres on the chromophores, while the increase in
the absorption baseline is due to the scattering caused by the
PGMA microspheres themselves. This amino electrophilic group of
the EDA-PGMA reacts with the dichlorotriazinyl group in the
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(a) XRD patterns of the dried powders of PGMA, EDA-PGMA, Dye—PGMA, and Procion red colorant (Dye); (b) FT-IR spectra of the dried KBr

mixtures of PGMA, EDA-PGMA, Dye-PGMA, and Dye; (c) optical extinction spectra of Dye, Dyed-PGMA, and EDA-PGMA at a concentration of
0.1 mg mL™% (d) wide-scan XPS of PGMA, EDA-PGMA, Dye—PGMA, and Dye; high-resolution XPS spectra of C1s for (e) PGMA and (f) EDA-PGMA.
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Procion red molecule. The introduction of the electron-with-
drawing group amino may enhance the conjugated system, extend
the m-electron cloud within the molecule, and stabilize the excited
state, thereby reducing the HOMO-LUMO energy gap and low-
ering the energy required for electron transitions. As a result, the
absorption spectrum of the dye molecule undergoes a red shift,
with the absorption wavelength moving towards longer wave-
lengths. This type of red shift, coupled with the emergence of
these peaks, suggested successful chemical bonding between the
dye and the EDA-PGMA microspheres.

Additionally, the XPS spectra in Fig. 2(d) show the presence
of nitrogen in EDA-PGMA microspheres, and the absence of
nitrogen in pure PGMA. This was also confirmed by the
presence and absence of the C-N bond for EDA-PGMA and
pure PGMA in the high-resolution XPS C, spectra, as shown in
Fig. 2(e and f). These findings further prove the successful
chemical bonding between EDA and PGMA.

In order to obtain deeply colorized Dye-PGMA micro-
spheres, the prerequisite was achieving maximum amination
of PGMA through the grafting of EDA onto the epoxy groups.
The typical open-ring addition reaction of epoxy groups with
amino groups is illustrated in Fig. 3(a). Under alkaline condi-
tions, the nucleophilicity of the amino group is relatively
strong. The lone pair of electrons on the amino group of EDA
attacks the electrophilic carbon atom in the epoxy group of
PGMA microspheres. Concurrently, the strain in the three-
membered ring is relieved, and the C-O bond ruptures, form-
ing a new carbon-nitrogen bond and a hydroxyl group (-OH).
By changing the temperature from 40 °C to 100 °C, the grafting
amination content varied from less than 7.0 wt% to a maximum
of 9.2 wt%, and then declined to less than 7.0 wt%, as shown in
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Fig. S1 (ESIf). The optimal temperature for the amination
grafting was revealed to be 80 °C, due to the competing reaction
of water and EDA with the epoxy group on PGMA microspheres.
At low temperatures, epoxy groups exhibited strong stability
in the presence of water, where the reaction rate between
epoxy groups and EDA was also very low. As the temperature
increases, the reaction rate between EDA and epoxy groups
accelerates, and water molecules surrounding the epoxy groups
are gradually displaced, facilitating the penetration of EDA into
PGMA microspheres. Temperature increases initially enhance
amination due to increased ethylenediamine-epoxy group reac-
tivity. However, excessive temperature increases promote epoxy
group hydrolysis, impeding the comprehensive EDA reaction
and reducing the final degree of amination. In this case, the
maximum amination grafting ratio is 80 vol%, as evaluated
with the nitrogen elemental analysis data in Fig. 3(b). Subse-
quently, by continuously adding EDA at 80 °C, the maximum
grafting of amination reached up to 10.2 N wt%, as displayed
in Fig. 3(b).

The above amination grafting protocol allows for manipula-
tion of the dye content and color saturation in subsequent
amino-dye loading processes. The particle size increased from
314.4 nm to 359.8 nm as a result of the dye molecules
penetrating and expanding the microsphere, as illustrated in
Fig. 1(b-d) in conjunction with the amination and dye incor-
poration processes. As the amination grafting ratio increases,
as shown in Fig. 3(c), the incorporated dye reaches its max-
imum of 39.1 wt% at the amination ratio of 80 vol% EDA.
Optical extinction results in Fig. 3(d) confirmed that high EDA
content amination led to high EDA-decorated PGMA, resulting
in a high extinction value due to the high Procion red bonding
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Fig. 3 Optical extinction spectra of Dye—PGMA microspheres. (a) Schematic representation of ethylenediamine (EDA) amination PGMA microspheres
and later dying principle. (b) Nitrogen content of EDA-PGMA with different volume ratios of EDA. (c) Procion red dye content in Dye colored EDA-PGMA
with different nitrogen contents. (d) Optical extinction spectra of Dye—PGMA microspheres in DI water (0.1 mg mL™). (e) Long term stability of the Dye—
PGMA coloration in aqueous solutions. (f) PH and NaCl concentration dependent coloration stability of the Dye—PGMA in aqueous solutions.
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content, where the intense blue-green extinction caused the
displayed supplementary color of deep red. Based on the optimal
coloration performance of the dye-loaded microspheres, we tested
the Dye-PGMA extinction stability over time, pH, and NaCl
concentration variations.

The results in Fig. 3(e) showed that the optical extinction
remained almost unchanged at ~1.80 cm ' (>95%) over 7
months. With a pH variation test and a NaCl salt concentration
variation test, as shown in Fig. 3(f), the optical extinction
exhibited a slight increase to ~1.80 cm ' and a decrease to
1.25 cm™ ', respectively. These results evidenced that the Dye-
PGMA microspheres exhibited excellent chemical stability with-
out obvious dye leaching. The covalent bonding mechanism
offers substantial advantages over adsorption and encapsulation
strategies to load dye onto microspheres. Firstly, covalent bond-
ing forms stable chemical bonds, firmly anchoring the dye to the
interior or surface of the microspheres. This bond is less affected
by environmental factors such as solvent, pH, or ionic strength,
ensuring higher stability. In contrast, the encapsulation strategy
relies on hydrophobic interactions and the physical structure
of the microspheres. The adsorption strategy depends on weak
forces such as van der Waals interactions, hydrogen bonds,
or electrostatic attraction. Both approaches suffer from weaker
binding forces, leading to leakage or desorption. Secondly,
covalent bonding enables precise control over the dye’s binding
sites, ensuring a uniform distribution and preventing dye accu-
mulation or non-uniformity caused by physical diffusion or
electrostatic interactions. In contrast, dye distribution in encap-
sulation is influenced by the swelling and diffusion of the
microspheres, which may lead to higher concentrations at the
outer layers and lower concentrations within the core. Similarly,
the adsorption method is more susceptible to local rearrange-
ment or uneven dye distribution due to fluctuations in the
solvent environment. Thirdly, dyes covalently bonded to micro-
spheres exhibit exceptional environmental tolerance, maintain-
ing stability even under extreme pH or high salt conditions.
Encapsulation and adsorption strategies are more prone to dye
release or detachment under prolonged use or harsh conditions.
Covalent bonding, in addition to guaranteeing superior dye
fixation stability, also enables the precise regulation of the dye
release rate, thereby providing a broader range of applications in
areas such as fluorescent labeling, biological detection, and
durable coatings. Compared to preparing PS composite micro-
spheres via the swelling method, the interaction between oil-
soluble molecules and PS primarily involves van der Waals
forces. For instance, as reported in the literature, the interaction
energy between Nile red and PS ranges from 100 to 200 kJ mol *.2°
In our study, besides the van der Waals interactions between
the dye molecules and PGMA, there are also C-N chemical
bonds between the dye molecules and PGMA microspheres,
with a bond energy of 274.5 k] mol . As a result, it is complex
for the dye molecules to dissociate from the particles in an
aqueous solution due to the thermal vibrations of water mole-
cules (kBT ~26 meV). This results in stronger binding between
the dye and the microspheres. As a result, the Procion red dye
on the surface of the particles is less likely to detach, leading to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dye-composite PGMA microspheres exhibiting better resistance
to desorption and enhanced stability.

Dye-PGMA color depth was characterized by a drop-casting
and scanning method. Fig. 4(a) illustrates the experimental
scheme, where 0.7 pL of the samples were spotted on the
nitrocellulose (NC) membrane with a micropipette. After dry-
ing, the Dye-PGMA microsphere patterns on NC membranes
were scanned and identified in the images in Fig. 4(b) with
rose-red colors. As a result, the patterns showed a series of
gradually deepened colors either with increasing Dye-PGMA
microsphere number density (0.019-2.480 million particles per
mm? from bottom to top) or with increasing the dye (Procion
red) content (10-80 vol% from left to right). The Dye-PGMA
microspheres displayed an apparent power function (y = x")
relationship, as shown in Fig. 4(c), where the vertical y stands
for RGB intensity and x stands for the Dye-PGMA microspheres
concentration per square millimeter. This facilitates the estab-
lishment of a correlation between the density of Dye-PGMA
microspheres, the RGB intensity, and the LOD (Fig. 4(d)). This
investigation focuses on latex particle material construction
over controlling these variables. The positive correlation between
number densities and spot colors can be developed as a quanti-
tative law to predict the limit of detection (i.e. sensitivity) for
precise strip tests in colorimetric LFIAs. For this purpose, we
directly employ the RGB mode, widely utilized in most computer
or cell phone systems, to obtain the RGB intensities of the
scanned spots. Red, green and blue intensities are determined
from the difference between the computer R/G/B channel values
and the blank reference NC membranes without any micro-
spheres drop-cast. Since Dye-PGMA has extinction bands
between 510-570 nm, the blue channel (B) intensity shows the
best linear correlation with the Dye-PGMA microsphere number
density. For simplicity, the B channel intensity is finally used to
represent the spot RGB intensity. In Fig. 5(c), we plot the RGB
intensities as a function of the microsphere number densities in
a double-logarithmic coordinate, where the plots demonstrate a
strong linear dependence on the particle number density, Np.
A detailed analysis is included in the ESIf in Fig. S2 and
Table S1. Theoretically, the spot RGB intensity, Iy, is propor-
tional to the number density, Np, and the dye content C through
the relationship of Iz = kC*-Np, where k is a proportional
coefficient. It thus helps us to determine the minimum of
microsphere number density, Npyn = 3-(kC*) ™", by setting the
LOD as an RGB intensity of 3 (the dashed-dot line labeled
in Fig. 4(c)).

A linear fit was obtained, under vertical logarithmic coordi-
nates, between dye content and LOD, as shown in Fig. 5(d). The
fitting slope o is —0.5, where such a linear relationship would
be helpful in the practical LFIA applications. With increasing
dye content from 6.0% to 39.1%, the required Dye-PGMA
microsphere particle density (LOD values) could be reduced
from 0.116 million particles per mm? to 0.443 million particles
per mm?. The light extinction performance is directly related to
the absorption cross-section of individual Dye-PGMA micro-
spheres. The higher the dye content, the larger the absorption
cross-section of the Dye-PGMA microspheres. When particles

Mater. Adv., 2025, 6, 4016-4026 | 4021
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of a particular concentration are placed on an NC membrane,
the stronger the microspheres’ light absorption capacity, and
the greater the light absorption in the areas where the micro-
sphere is present. This results in a higher contrast between the
particle and blank regions, enhancing the color display effect.
Therefore, the higher the dye loading on the particles, the lower
the LOD exhibited by the microspheres. The sample with the
highest dye content exhibits the lowest LOD of 0.044 million
particles per mm?. Although the colorimetric capability of the
drop casting particles can be well related to particle density and
reflected in the LOD, the homogeneous particle distribution
during drop casting should be strictly controlled to fulfill the
prerequisites for smooth flow (within 180 s) through a nitro-
cellulose (NC) membrane. On the one hand, a much larger pore
size or thicker NC membrane will significantly diminish the
light absorption of embedded particles, resulting in an absorp-
tion shielding effect and deteriorating LODs. If the NC
membrane thickness is increased, this shielding effect inten-
sifies, requiring a higher particle concentration to achieve the
minimum distinguishable color intensity, thereby deteriorating
the LOD. If the pore sizes of the NC membrane are increased,
it will provide larger void space, weaken overall light scattering
and deteriorate LOD values. On the other hand, the dispersion
uniformity of particles on NC membranes also seriously influ-
ences LODs. Given that the particle size is approximately
360 nm, as described by Mie scattering theory, light scattering
will lead to a lower LOD when non-uniform distribution occurs.
Additionally, capillary action or Brownian motion drives parti-
cle movement to form a circular deposition pattern, such as

4022 | Mater. Adv., 2025, 6, 4016-4026

with a Poisson distribution. This will lead to inhomogeneous
dispersion of PGMA microspheres. Therefore, in this work, to
ensure colorimetric capability, the NC membranes should be
standardized with a defined pore size (15-20 pm) and a thick-
ness of 100 um, while particle uniformity should be obtained
through ultrasonic treatment before use and a low sample
volume (0.7 pL) was applied to minimize diffusion. These
optimized approaches eventually promise us a more accurate
estimation of the LOD. We thus established the dye content
adjustment method and the relationship between dye content
in Dye-PGMA microspheres and its coloration performance on
the NC membrane. It supports the strip with the highest dye
content and eventually achieves high sensitivity.

The Dye-PGMA microspheres were carbonylated with
sodium acrylate and coupled to mAb1 to fulfill the final LFIA
application requirements. Fig. 5(a) shows the titration test
curve, obtained using the HCI conductivity titration method,*"
to evaluate the carboxyl content of the microspheres. The titra-
tion platform in the image, marked by a red background,
represents the carboxyl group reaction signal.

The left (green background) portion of the curve illustrates
the decrease in conductivity that results from the neutralization
reaction between H' and OH ™, whereas the right (green back-
ground) portion of the curve is the result of the accumulation of
H' in the solution after all carboxyl groups have already been
used up. Then, a carboxyl content of 102 pmol g ' was
determined, which was deduced from the amount of HCI used
during the platform stage (a detailed calculation process is
supplied in the ESL{ in Fig. S3). This carboxyl concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mADbl is charactered on the Dye—PGMA microsphere after the coupling process and shows a dependence with the nominal SARS-Cov-2 mAbl
concentration. (c) Schematic diagrams to show how the Dye—80 vol% EDA-PGMA microsphere is applied as SARS-Cov-2 antigen LFIA test strips.

is reasonable and similar to the level of approximately
100 umol g~* in commercial PS, making it suitable for use as
an LFIA bio-labeling material in Dye-PGMA microspheres.
Next, the carboxyl groups on the microspheres were activated
using EDC/NHS, and then coupled to mAb1. Using the bicinch-
oninic acid (BCA) protein assay, the Dye-PGMA microspheres
exhibited good protein coupling performance, as shown in
Fig. 5(b), where the mAb1 coupled to Dye-PGMA microspheres
increased approximately linearly with the addition of mAb1 up
to 300 pg mL ™', and the coupled mAb1 reached its maximum
when the mAb1 concentration increased to 500 pg mL ™. The
maximum mAb1 conjugation rate is approximately 10 wt% of
dye-microspheres. The good conjugation results indicate EDC/
NHS successfully activated the carbonyl group to form the
active ester, which is easier to react with the amino group on
the mAb1. This could support Dye-PGMA microspheres in
achieving good performance for LFIA in vitro diagnostic
applications.

Subsequently, we fabricated an LFIA strip by incorporating the
39.1 wt% dye-loaded PGMA microspheres for SARS-CoV-2 in vitro
diagnostic applications. According to the double-antibody

© 2025 The Author(s). Published by the Royal Society of Chemistry

sandwich LFIA scheme depicted in Fig. 5(c), the LFIA device
consists of several overlapping components, including the sample
pad, NC membrane, conjugate pad, and absorbent pad. mAb1-
coupled Dye-PGMA microspheres are pre-immobilized on the
conjugate pad, the second monoclonal antibody (mAb2) is pre-
immobilized on the T (“Test”) line of the NC membrane, and the
goat-anti-mouse antibody is pre-immobilized on the C (“Control”)
line of the NC membrane. The analyte can be captured between
the two complementary antibodies (capture antibody (mAb1) and
detector antibody (mAb2)) resulting in a detectable signal at the T
line that shows red. There are also some microspheres without
capturing analytes, which can reach the C line to show a red color.
Two red lines thus indicate a positive result. In contrast, a negative
result would only display a single red C line, since the absence of
the analyte makes the mAb1 unable to capture the Dye-PGMA
microspheres, but the goat-anti-mouse antibody on the C line can
still bind to them.

According to the above LFIA strip fabrication protocol, we
demonstrated in vitro detection of SARS-CoV-2 with good
sensitivity and specificity. It took 15 minutes to complete the
entire detection procedure. As shown in Fig. 6(a), where the

Mater. Adv,, 2025, 6, 4016-4026 | 4023
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T lines and the C lines are located at the top and bottom of the
strip, the visible detection sensitivity is 0.1 ng mL ™. With the
aforementioned RGB intensity method (Fig. 4(a)), the precise
T/C intensity ratio was determined as shown in Fig. 6(b), where
the SARS-CoV-2 antigen sensitivity is 0.025 ng mL™"' (three
times the background noise signal). Fig. 6(c) shows the results
of detecting nine types of other mycotoxins (HAMA, RF, Id,
FSH, LH, HCG, TSH, HbsAg, HBeAg, and Rota). The figure
shows that the T lines showed no red color, indicating no cross-
reaction of the employed mAb1 and mAb2 for SARS-Cov-2 with
the nine other mycotoxins. Fig. 6(d) shows the T/C bar chart,
where the T/C RGB intensity ratio of detecting SARS-CoV-2
antigens reaches as high as 1.2. That is far higher than those
of other mycotoxins (<0.2). Therefore, the fabricated strip with
the Dye-PGMA microspheres exhibits promising in vitro detec-
tion specificity. The reliability was evaluated for inter-sample
and intra-sample Dye-PGMA microsphere sample sets, as
shown in Fig. S4 and Table S2 (ESIt). All sensitivity results
were less than 0.1 ng mL ™" and the coefficient of variation (Cy)
values for inter-samples’ T/C was 3.3%, while those for the
intra-samples T/C was 2.8%. These results indicate that the
Dye-PGMA-based LFIA possesses high reliability. Furthermore,
the detection accuracy was evaluated by assessing 10 positive
serum samples at different concentrations, as shown in Fig. S6
and Table S3 (ESIt) (1000-fold). At a dilution factor much
higher than the actual usage dilution, the positive detection
rate reached 100%. Ultimately, we contrasted the proposed

4024 | Mater. Adv, 2025, 6, 4016-4026

Dye-PGMA-based LFIA with the widely utilized colloid-based
LFIA. By comparing detection sensitivity, specificity, detection
limit, background noise, and reaction time, it was found that
the Dye-PGMA microsphere-based LFIA exhibits either a con-
siderable or much better performance than the commonly used
colloidal Au method.

LFIA strips based on Procion red chemically bonded PGMA
microspheres demonstrated comparable or superior in vitro
detection performance to those based on colloidal gold nano-
particles or dye-swollen PS microspheres, especially with better
color depths and detection sensitivities. The use of Procion red
reactive red dyes enabled PGMA to achieve a dye loading
capacity of up to 39.1 wt%, 4 to 5 times higher than that of
dye composite PS microspheres through swelling methods.
This is mainly attributed to the EDA (up to 10.2 wt% by N%)
highly functionalized PGMA microspheres as an aminated
template. The molar extinction coefficient of Procion red
chemically bonded PGMA microspheres reached 3.28 X
10" L mol ! em™?, which is 34.75 times that of 40 nm colloidal
gold (9.44 x 10° L mol ™" em ™). This is mainly attributed to the
high dye-loading capacity of the reactive red dye on PGMA,
which reaches 39.1 wt%, and the high absorption cross-section
of 1.25 x 10~° em?® of the microspheres. This high concen-
tration of reactive red dye loading allowed the PGMA micro-
sphere particle density to be minimized to as low as 4.43 x 10*
particles per mm?® when applied to nitrocellulose membranes.
It is two orders of magnitude more sensitive than commercial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of dye concentration (Cpye). molar extinction coefficient, particle density limitation of detection (LOD), and bio-detection
sensitivity (the SARS-CoV-2 antigen) among the microspheres in this work and other typical bio-markers of LFIA

Covye Sensitivity
Material (mmol g71) ¢(Lmol ' em ™) LOD (particles per mm?) (ng mL ") Ref.
Colloidal gold NPs — 9.44 x 10° 3.78 x 10° 62.5 9,15
PDA NPs — 2.88 x 10" — 1.51 22,23
Dye-PS microspheres 0.44 3.47 x 10" — 0.415 15
Dye-PGMA microspheres 1.59 3.28 x 10M 4.43 x 10" 0.025 This work

gold colloids. When applied to sandwich-type bio-detection
strips for SARS-CoV-2, the detection sensitivity was less than
0.1 ng mL ™", approximately two orders of magnitude higher
than that of colloidal gold markers.

Additionally, Procion red chemically bonded PGMA micro-
spheres exhibited superior stability compared to colloidal gold
and dye-swollen PS microspheres, retaining over 95% of the
extinction performance after 7 months. The binding energy of
the C-N chemical bond between the reactive red dye and PGMA
microspheres is stronger than the van der Waals interactions
between dye and microspheres with the swelling method. This
directly induces superior dye leakage resistance and stable
extinction performance of the chemically bonded PGMA micro-
spheres. Eventually, Procion red chemically bonded PGMA
microspheres are excellent in vitro detection marker materials
with their outstanding color depth, detection sensitivity, and
stability. They provide promising new material for developing
high-sensitivity LFIA strips with low detection limits and will
promote significant advances of immunoassay testing (Table 1).

4. Conclusion

In summary, a three-step method was developed to synthesize
stable and high dye-content composite PGMA microspheres
and apply them to the sandwich-form LFIA as the biomarker.
Carboxyl groups were grafted onto the surface of PGMA micro-
spheres through a soap-free emulsion polymerization method,
achieving carboxyl functionalization (102 pumol g~ '). Amino
functionalization was then performed by reacting the epoxy
groups in PGMA with an excess of ethylenediamine, resulting in
a high nitrogen content of up to 10.2 wt%. Using a chemical
bonding method, Procion red dye was incorporated into highly
amino-functionalized PGMA microspheres with a high loading
ratio (39.1 wt%) to show a high extinction coefficient (3.28 x
10" L mol " em™") and excellent chemical stability. The quanti-
tative measurement of the RGB color depth was proposed for the
PGMA microspheres using a drop-casting and photo-scanning
method. The results showed that the Procion red bonded PGMA
microspheres could be well identified with a density as low
as 4.43 x 10" particles per mm”. On this basis, an LFIA for the
qualitative detection of the SARS-CoV-2 antigen was demon-
strated to achieve a low detection limit of 0.025 ng mL " and a
reasonable bio-detection specificity. This study thus provides
a new polymer composite microsphere bonded with a high
content of dye molecules offering several biotesting advantages.
The dye-loaded microspheres prepared by this method can also
be extended to applications for diagnosing major sudden and

© 2025 The Author(s). Published by the Royal Society of Chemistry

high-incidence diseases, to achieve highly sensitive clinical
point-of-care testing.
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