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ARTICLE INFO ABSTRACT

Keywords: Lateral flow immunoassays (LFIAs) are very popular as diagnostics, especially for point-of-care testing; they use

Gold nanoparticles antibodies as high affinity and specific ligands and therefore suffer from limited stability, batch variability, cross-

Colorimetric sensor ) reactivity, high production costs, limited shelf life, and ethical concerns associated with antibody production.

Immunoglobulins G detection This study addresses these issues by introducing nanosized molecularly imprinted polymers (nanoMIPs) as

Milk y y 8 y 1mp: poly.

LFIA specific ligands to replace antibodies in LFIA. Silica-coated gold nanoparticles (Au@SiO3 NPs) and nanoMIPs that
recognize bovine immunoglobulins G (BIgGs) were synthesized and conjugated to prepare a novel probe with
optical properties and specific binding capabilities. The successful synthesis of this nanosized hybrid material
was confirmed by transmission electron microscopy and dynamic light scattering. The probe was incorporated
into a model LFIA containing a bacterial protein that binds to mammalian immunoglobulins as a reactive test
line. Visual and instrumental detection of BIgG showed detection limits of 0.25 ug/mL and 0.1 pg/mLl, respec-
tively, in 15 minutes, meeting the requirements for rapid testing. The probe demonstrated high selectivity for
IgGs from different animal species, with cross-reactivities of 1.1% and 1.8% for mouse and horse IgGs,
respectively. The potential of the new nanoMIP-based probe was further validated by successfully detecting
BIgGs in whole soy and goat milk samples.

1. Introduction diagnostic tools that have been applied in a variety of analytical fields,

including clinical, veterinary, forensic, food safety and environmental
Since 1960, when the first immunodiagnostic assay was introduced monitoring. The unmatched affinity and selectivity properties of anti-

[1], natural antibodies have been widely used as molecular recognition bodies have determined their absolute dominance as reagents, to the

elements, allowing the development of countless sensitive and specific point that the general term "immunoassay" is used to refer to analytical
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methods based on molecular recognition. However, the high production
costs, batch variability, and ethical concerns associated with antibody
production have opened the way for synthetic alternatives such as
synthetic peptides [2], aptamers [3,4], nanobodies [5] and recombinant
antibodies [6-8]. Among innovative technologies for the preparation of
synthetic materials with molecular recognition properties, molecular
imprinted polymers (MIP) are now widely used in a variety of analytical
techniques such as chromatography, microextraction, and sensing [9,
10] with applications ranging from drug delivery, water and wastewater
purification, and environmental, food, and biomedical fields [11,12]. In
particular, nanosized molecularly imprinted polymers (nanoMIPs) have
recently emerged as promising candidates to replace antibodies in
immunodiagnostic applications [13,14]. Moreover, the introduction of
the solid phase polymerization synthesis (SPPS) approach has revolu-
tionized the preparation of such nanomaterials, providing a rapid,
reproducible, and easy way to obtain them [15,16]. NanoMIPs show
several significant advantages that make them much more suitable than
traditional imprinted polymers for a wide range of critical conditions in
diagnostic applications, such as complete compatibility with the
aqueous environment, good thermal and chemical stability, increased
mass transfer along with binding kinetics, and increased binding affinity
[17]. Despite their considerable potential, there are currently relatively
few examples of the successful practical use of nanoMIPs as antibody
replacements in diagnostic methods, suggesting that there are still
several significant challenges to the development of robust assays for
diagnostic purposes using nanoMIPs [18]. The lateral flow immunoassay
(LFIA) has emerged as a diagnostic tool critical to provide immediate
and specific responses at the point of care [19]. Their rapid expansion is
driven by several advantages, including ease of use, rapid turnaround of
results, cost-effectiveness, and suitability for use in resource-limited
settings. These advantages make LFIA a versatile option for various
healthcare settings, from infectious disease screening to pregnancy
testing, and beyond. A typical LFIA device incorporates specific anti-
bodies as selective reagents and consists of a nitrocellulose membrane
overlayed with pads of various materials that perform different func-
tions. These components help facilitate the migration of the sample
through the device, allowing the detection of target analytes through
specific antibody-antigen interactions. The liquid sample containing the
target analyte is applied onto the sample pad and flows through the
nitrocellulose membrane driven by capillary force. During flow, the
sample is mixed with a specific labelled reagent that interacts with the
analyte and with a second selective reagent immobilized in a spatially
defined zone of the nitrocellulose membrane (test zone or test line). The
excess sample is then collected at the end of the strip using an adsorbent
pad. The signal is generated by micro- / nanoparticles functionalized
with antigens or antibodies, which accumulate in the test zone as a result
of a selective interaction with their counterparts immobilized on the
porous membrane [20]. For example, the most commonly used
sandwich-type LFIA involves the use of two specific antibodies, one
labelled and the other immobilized on the membrane to form the test
line [21].

Various detection strategies have been developed over the years to
identify target analytes, including visual detection using gold nano-
particles or coloured latex beads, fluorescent labels such as dyes and
quantum dots, chemiluminescent substrates often coupled to enzymes,
and electrochemical detection using conductive nanomaterials. Each
method offers distinct advantages in terms of sensitivity, specificity, and
quantification capabilities [22]. To date, very few studies have been
reported incorporating MIPs into the lateral flow assay platform
[23-25]. In some approaches, MIPs have been used as capture ligands
and applied to the porous membrane by an electrospinning method.
Direct competition between the labelled probe and the target analyte
was established for the molecularly imprinted binding sites and thus the
observed signal was inversely correlated with the presence and amount
of analyte [23,24]. The reliance on electrospinning to prepare the
MIP-LFIA device and, most importantly, the limitation to a competitive
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assay format limited the attractiveness of the approach. Another method
has been proposed for the detection of metallothioneins based on the
reaction of sulfhydryl groups with gold nanoparticles (AuNPs) [25].
Again, MIP was applied to the nitrocellulose membrane and AuNPs were
mixed with the sample. After the mixture reacts with the AuNPs, any
metallothioneins present were captured by the MIP and revealed by the
colour of the AuNPs. Although interesting, this approach was limited to
sulphur-containing analytes, and its practical application was limited by
the presence of nontarget sulphurated compounds. The use of MIP as
recognition elements to fabricate probes for colorimetric (visual) LFIA
had not been reported before. The absence of effective methodologies
for coupling MIPs with AuNPs has constituted the primary obstacle to
the advancement of MIP-based LFIA.

This study aims to demonstrate that nanoMIPs can effectively replace
antibodies as recognition elements in LFIA platforms. This strategy
combines the molecular recognition capabilities of nanoMIPs with the
optical properties of colloidal AuNPs, which are the gold standard for
optical detection in LFIA [26]. To achieve this, we synthesized a nano-
MIP specific for bovine immunoglobulin G (BIgG) through SPPS, and its
binding properties were characterized by equilibrium partitioning.
Subsequently, the nanoMIP was covalently attached to silica-coated
AuNPs (Au@SiOy NPs) synthesized by wet chemical methods. The
resulting nanocomposite Au@SiOz-nanoMIP (hereafter plasmonic
nanoMIP) was characterized using different spectroscopies and mi-
croscopies and finally tested on an LFIA dipstick platform. As shown in
Fig. 1, the plasmonic nanoMIPs were incubated with the BIgG sample
and subsequently run on the test nitrocellulose membrane strip previ-
ously coated with staphylococcal protein A (SpA). SpA is produced by
Staphylococcus aureus and can bind with high affinity to immuno-
globulin G of several animal species, including BIgG [27]. The native IgG
molecule was employed as a model template for the fabrication of the
novel plasmonic nanoMIP. It should be noted that this approach may
have some limitations due to the generation of non-oriented binding
sites with affinity towards random regions of the protein, which could
potentially interfere with subsequent binding to the SpA. However, SpA
has been demonstrated to exhibit affinity for disparate regions of the IgG
molecule [8-29]. Consequently, it was deemed an optimal capturing
ligand, specifically to ensure the capture of IgG, irrespective of the
simultaneous formation of the complex with the plasmonic nanoMIP.
Nevertheless, with a view to a more general application of plasmonic
nanoMIP as LFIA probes, the use of the epitope imprinting approach [30,
31] may be considered as a means of enhancing assay performance.

The selective binding of the plasmonic nanoMIP to BIgG was
revealed by the appearance of a visible red line resulting from the for-
mation of the "plasmonic nanoMIP-BIgG-SpA" complex at the test line.
The ability of nanoMIPs to replace natural antibodies in LFIA platforms
was investigated. Finally, the practical applicability of plasmonic
nanoMIPs as innovative and sustainable LFIA probes was demonstrated
by applying the plasmonic nanoMIP-based device for the detection of
BIgG in milk.

2. Methods
2.1. Chemicals and materials

Glass beads (Spheriglass-2429 70-100 pm mean particle size Potters,
UK) were aminated as previously reported [32]. 3-aminopropyltriethox-
ysilane (APTES), succinic anhydride, 4-(N,N-dimethylamino)pyridine
(DMAP), bovine IgG (BIgG), N-hydroxysuccinimide (NHS), N,
N'-diisopropylcarbodiimide (DIC), acrylic acid (AA), N-tert-butyl acryl-
amide (TBAM), N,N-methylene-bis-acrylamide (BIS), ammonium per-
sulfate (APS), N,N,N’,N'-tetramethylethylendiamine (TEMED), gold
chloride trihydrate (ACS Reagent), Staphylococcal Protein A (SpA),
bovine serum albumin (BSA), sodium citrate tribasic dihydrate, hex-
amethyldisilane (HMDS), triethylamine, avidin, hydrochloric acid
(HCI), sodium bicarbonate, sodium phosphate monobasic, sodium
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Fig. 1. Schematic of the LFIA device utilizing plasmonic nanoMIPs for BIgG detection. Initially, plasmonic nanoMIPs were incubated with the analyte (BIgG) in a
microplate well. Following incubation, an LFIA strip, containing SpA as the capture reagent on the test line, is dipped into the solution, allowing capillary flow for
10 min. The SpA on the test line captures the resulting plasmonic nanoMIP-BIgG complexes, resulting in a visible red colour line.

phosphate dibasic, and polyethylene glycol 10000 (PEG) were pur-
chased from Merck Millipore (Milan, Italy). Acetic acid was purchased
from Carlo Erba Reagents S.r.l. (Milan, Italy). Tween 20, tetrahydro-
furan (THF) and acetonitrile (ACN) were purchased from VWR Inter-
national (Milan, Italy). Nitrocellulose membranes (CNPC-SS12) with
cellulose adsorbent pad were purchased from MDI membrane technol-
ogies (Ambala, India). Glass fiber conjugate pads were purchased from
Merck Millipore (Billerica, MA, USA). All solvents were HPLC grade,
while all chemicals were analytical grade. The water used was ultra
purified using a Purelab Prima system from Elga (Marlow, UK). Biotin
was purchased from Molecular Probes (Eugene, OR, USA).

2.2. Characterization of nanomaterials

The optical characterization of the colloids was performed using a
Cary 60 UV-vis absorption spectrophotometer (Varian, Salt Lake City,
UT, USA). TEM images were acquired with a JEOL JEM 1010 TEM in-
strument operating at an acceleration voltage of 100 kV. Negative
staining of the nanoMIP and plasmonic nanoMIP hybrids was performed
as follows; a drop of the colloid was naturally desiccated on the TEM
grid, followed by the application of a drop of 2 % uranyl acetate in
ethanol solution (previously filtered) on the copper grid for approxi-
mately 60 s. The excess droplet was then removed, and the grid was
dried prior to TEM observation. Photon correlation spectroscopy (PCS)
was carried out on a Zetasizer Nano S instrument (Malvern Instruments,
Malvern UK) using a detection angle of 173°. The Nano S used a 4 mW
He-Ne laser operating at a wavelength of 633 nm. The intensity-
averaged particle diameter and polydispersity index values (an esti-
mate of the distribution width) were calculated from cumulant-type
analysis. To characterize the optical density of the control and test
lines, photographs of the strips were obtained using a Plustek OpticSlim
550 scanner and analysed with QuantiScan software.

2.3. Synthesis of nanoMIPs

A prepolymerization mixture (total monomer concentration:
9.8 mmol/L, molar ratio BIS: AA: TBAM = 1: 24: 24) was prepared by
mixing 0.005 mmol of BIS (crosslinker), 0.12 mmol of AA (functional
monomer), and 0.12 mmol of TBAM (comonomer) in 25 mL of ultrapure
water. Then 10 mL of the mixture was introduced into 50 mL poly-
propylene SPE cartridges filled with 5 g of aminated glass beads cova-
lently grafted with BIgG as previously reported (see Supplementary
Information). The cartridges were deoxygenated by sparging with ni-
trogen for 5 min, after which 6 pL of TEMED and 200 pL of 30 mg/mL
aqueous solution of APS were added to the sealed cartridges using a
syringe. Polymerization was allowed to proceed at room temperature for
60 min in a roller-equipped incubator. The supernatant was removed by

vacuum aspiration, and low affinity nanoMIPs and polymerization by-
products were washed with 10 x 2 mL of water. High affinity nano-
MIPs were recovered by eluting the cartridges with 6 x 2 mL of 1 mM
aqueous HCl. The eluates were dried using a rotary evaporator, weighed,
and stored at room temperature. Before use, the nanoMIPs were resus-
pended in acetonitrile at a concentration of 1 mg/mL with gentle
sonication

2.4. Binding properties of NanoMIPs

NanoMIPs were covalently grafted onto aminated glass beads as
previously reported [28]. Briefly, 40 mg of grafted glass beads were
accurately weighed into 2 mL SPE cartridges, followed by the addition
of 0.25mL of phosphate buffer (20 mmol/L, pH 7.4) containing
increasing concentrations of BIgG, ranging from 5 to 120 pg/mL. The
mixture was incubated for 2 h at room temperature. After incubation,
the supernatant was filtered and the amount of unbound BIgG was
quantified using the Bradford assay [33]. Each experimental point was
evaluated as the average of 3 repeated measurements. The binding pa-
rameters were then obtained using the Sips binding isotherm model
[34]:

Brax  (kegF)"

R W

where F is the free (unbound) fraction of BIgGs, B is the bound fraction
(calculated by subtracting the free fraction from the total amount
added), K,q is the apparent binding equilibrium constant, By, repre-
sents the binding site density and n is the heterogeneity index. The
experimental data were fitted with TableCurve 2D 5.0 (Systat Software
Inc., Richmond, CA, USA) using a robust non-linear least-squares fitting
method based on the Levenburg-Marquardt algorithm with Pearson VII
limit minimization. To avoid convergence to local minima, the fitting
was performed several times using different initial values for the binding
parameters.

2.5. Synthesis of aminated silica-coated AuNPs

AuNPs were synthesized according to the Turkevich-Frens method
[35]. Briefly, 100 mL of a boiling 0.01 % gold chloride trihydrate so-
lution was vigorously stirred and 1.5 mL of a 1 % sodium citrate solution
was added. After 5 minutes, the colour of the solution changed from
light yellow to blue and then stabilized to red purple, indicating the
formation of citrate-coated gold nanoparticles. Next, 9 mL of the syn-
thesized AuNP was centrifuged at 12,000 g for 12 minutes at 25 ° C and
the pellet was redispersed in 4.5 mL of ultrapure water. For the silica
coating, 16.362 mL of ethanol, 0.323 mL of ultrapure water and 4.5 mL
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of redispersed AuNP were mixed in a 25 mL beaker. To this solution,
2.948 mL of TEOS in ethanol (4.2 mM) and 0.0125 mL of NaOH (1 M)
were added. Then, 0.875 mL of APTES in ethanol (2 mM) was added in
five portions (0.175 mL each) at 15-minute intervals. The reaction was
allowed to proceed for 24 hours at room temperature with vigorous
stirring. The reaction mixture was then heated to 50 ° C for 1 hour and
sonicated. The resulting Au@SiO2 NPs were washed by multiple
centrifugation steps at 12,000 g for 10 minutes each at 25°C, with
resuspension of the pellet in ultrapure water [36].

2.6. Grafting of nanoMIPs to silica-coated AuNPs (plasmonic nanoMIPs)

In a 4 mL vial, 15 mg NHS (0.13 mmol) and 15 mg DIC (0.12 mmol)
were added to 1 mL of the 1 mg/mL nanoMIP suspension in acetonitrile
and incubated at room temperature for 2 hours. To determine the
optimal ratio of nanoMIPs to Au@SiOy NP, various concentrations of
nanoMIPs ranging from 0.1 to 1 mg/mL nanoMIP were incubated with
aminated Au@SiO NP, the amount being fixed at 1 optical density unit
(OD) at 527 nm (maximum of the localized surface plasmon resonance
band). The mixture was allowed to react overnight at room temperature
on a shaker. To cover the unreacted amino groups on the surface of
Au@SiO2 NP, 10 pL acetic acid was added. The resulting plasmonic
nanoMIP was washed as follows. PEG 10,000 was added to the solution
to reach 0.1 % (w/v), in order to stabilize the nanomaterial during
centrifugation steps [37,38]. The solution was centrifuged twice (5 min
at 25° Cat 12,000 g). Finally, the pellet was recovered and resuspended
in ultrapure water. To determine the optimal mass ratio between
nanoMIP and Au@SiO, NP, the conjugates were diluted to a final OD of
0.3.

2.7. Production of the LFIA devices

The nitrocellulose membrane used to assess the new hybrid material
had a single reactive line, created by depositing SpA as a capture reagent
deposited at 0.2 mg/mL. The reagents were deposed at a rate of 1 uL per
cm using a Biodot XYZ3050 platform (Irvine, CA, USA), equipped with a
BioJetQuanti TM 3000 dispenser for noncontact deposition. After re-
agent deposition, the nitrocellulose membranes were dried under vac-
uum at 37°C for 60 minutes. A cellulose adsorbent pad and a glass fibre
conjugate pad were superimposed on the nitrocellulose membrane,
ensuring an overlap of 1-2 mm. The membranes were then cut into
3 mm wide strips using a Biodot CM4000 guillotine (Irvine, CA, USA)
and stored in plastic bags at room temperature until further use.

2.8. Plasmonic nanoMIPs as probe in LFIA

The probe, consisting of Au@SiO, NP functionalized with nanoMIP
(plasmonic nanoMIP) at a concentration of 1 mg/mL (OD:1 at 527 nm),
was incubated with BIgG at 37° C for 15 min into the wells of a micro-
titer plate to promote the formation of the plasmonic nanoMIP-BIgG
complex in running buffer (phosphate buffer 20 mM pH 7.4, 1 % BSA
w/v, 1 % Tween 20 w/v). The LFIA strips were then immersed in the
wells, allowing the plasmonic nanoMIP-BIgG complex to flow by
capillarity through the nitrocellulose strip. This resulted in the forma-
tion of a reddish line at the reactive line. The intensity of the colori-
metric signal observed at the reactive line was measured using a Plustek
OpticSlim 550 scanner with integrated QuantiScan software (Taipei,
Taiwan). Binding kinetic studies were performed by fixing the concen-
tration of BIgGs at 10 ug/mL and the probe concentration at OD = 1, and
varying the incubation times from 5 to 60 minutes at 37° C. The data
were fitted to a Lagergren pseudo-first order adsorption kinetic model,

as follows:
S =Smx (1—6€) 2)

where S is the colour intensity on the test line at time t, Syqy is the
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maximum colour intensity under pseudo-equilibrium conditions, and k
(min 1) is the apparent association rate constant for the formation of the
plasmonic nanoMIP-BIgG complex [39].

The specific binding of the plasmonic nanoMIP probe to BIgG was
investigated by plotting the signal observed in the reactive zone as a
function of analyte concentration. The experimental data were fitted
with the four-parameter logistic equation (4PL).

(b-a

L) ! (3)

y=a+

where y is the signal intensity at the test line and x is the BIgG con-
centration; a and b are the values of the lower and upper asymptotes,
respectively, d is the slope at the inflection point and ¢ corresponds to
the analyte concentration that provides 50 % of the maximum signal.

The limit of detection (LOD) was determined as the minimum
detectable concentration of BIgGs, calculated as the signal three times
the standard deviation above the background noise of the blank (back-
ground+3 SD). In addition, the visual limit of detection (vLOD) was
determined as the lowest BIgG concentration that produced a visibly
detectable colour in the reaction line. The linear range, defined as the
interval of BIgG concentrations where the logistic model shows a pro-
portional response to concentration variation, was also estimated from
the logistic curve.

The selectivity of the plasmonic nanoMIP was evaluated by calcu-
lating the cross-reactivity (CR) to IgG proteins from other animal species
(mouse and horse) as follows. Mouse (MIgG) and horse (HIgG) IgGs were
tested at concentrations of 10 and 100 pg/mL, and the observed signals
were interpolated by the standard curve generated using BIgG. The
percentage of CR was calculated as the ratio of the estimated protein
concentration of the curve divided by the actual concentration, multi-
plied by 100.

CR% = Estimated/True x 100 @

2.9. Detection of BIgGs in milk samples

Whole soy and goat milk samples were purchased from a local su-
permarket. The samples were centrifuged at 25° C for 10 minutes at
20000 g and the upper fat layer was discarded. Milk serum was fortified
with two levels of BIgG (2x vLOD and 10x vLOD, corresponding to 0.5
and 2.5 pug/mL, respectively). Both unfortified and fortified milk sam-
ples were diluted 1: 1000 in running buffer and analyzed using plas-
monic nanoMIP on the LFIA platform. The recovery percentage was
determined by comparing the concentration of BIgG obtained in the
control buffer solution with the concentration calculated for the diluted
milk samples.

3. Results and discussion
3.1. Synthesis and characterization of the plasmonic nanoMIP probe

For the fabrication of plasmonic nanoMIPs, nanoMIPs against BIgGs
were first synthesized using the well-known solid phase polymerization
synthesis [17], employing acrylic acid (AA), tert-butyl acrylate (TBAM),
and bis-acrylamide (BIS) as functional monomer, comonomer and
cross-linker, respectively. The BIS serves to establish the
three-dimensional structure of the nanoMIP, while the specific in-
teractions between the functional groups of the template molecule and
the polymer are provided by the functional monomers and comonomers
(AA and TBAM). AA contains charged groups that facilitate electrostatic
interactions within the pre-polymerization mixture, thereby increasing
the hydrophilicity of the resulting materials. In addition, the aliphatic
segments of TBAM reduce the polarity of the mixture and also create
hydrophobic interactions within the prepolymerization systems.
Furthermore, the externally exposed COOH groups provided by AA offer
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potential for post-synthesis surface functionalization of nanoMIPs
[40-42].The gravimetric yield of the nanoMIP production was found to
be 3.8 + 0.2 mg (corresponding to ~ 15 % of the mass of monomers and
crosslinker).

The obtained nanoMIPs were characterized by dynamic light scat-
tering (photon correlation spectroscopy, PCS), revealing a hydrody-
namic diameter of 159.6 + 0.6 nm with a polydispersity index (pDI) of
0.13 + 0.01, indicating discrete monodispersed nanoparticles in solu-
tion. The zeta potential ({) of nanoMIPs was —22.3 + 2.1 mV, consistent
with the incorporation of AA into the nanopolymer, which ensures the
dispersibility of the nanomaterial with water. Furthermore, TEM anal-
ysis shows that the nanoMIPs presented a roughly spherical shape
(Fig. 2a) with a mean diameter of 205 + 50 nm (Figure S1), consistent
with the size obtained from PCS analysis. Subsequently, the binding
affinity of nanoMIP was determined by measuring the binding isotherms
of nanoMIP covalently grafted onto aminated glass beads as previously
reported [32]. An equilibrium binding constant, Keq of 6.4 + 0.9 10°
M™! was estimated from equilibrium partitioning experiments
(Figure S2), which was considered high enough to incorporate the
nanoMIPs into the LFIA.

In the meantime, citrate-stabilized AuNPs obtained by chemical
reduction [35] were coated with a silica shell using a modified Stober
method [43] where 3-aminopropyltrimethoxysilane (APTES) was added
during the silica coating process to provide the silica shell with amine
functionalities for its conjugation with nanoMIPs. To promote the for-
mation of a silica shell on AuNP surface rather than free silica particles,
AuNPs were concentrated and a limited amount of TEOS was added.
[36]. Fig. 2b shows a representative TEM image of Au@SiO2 NPs that
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confirms the formation of the silica shell. Particle diameter increased
from 22.7 + 5.5 nm for bare AuNPs to 74.7 + 13.9 nm for Au@SiO,
NPs, with an estimated silica shell thickness of 26.0 & 5.8 nm
(Figure S3). The surface coating of AuNPs with silica was accompanied
by a red shift of the localized surface plasmon resonance (LSPR) from
527 to 535 nm (Fig. 2c¢), in agreement with the literature [44,45]. The
hydrodynamic dimension of Au@SiO:z NPs, as determined by PCS, were
consistent with the dimensions calculated by TEM (Table S1). The
availability of amine functionalities on the Au@SiOy NPs was verified by
reacting them with the carboxyl group of biotin using carbodiimide
chemistry. The resulting Au@SiO»-biotin NP was applied to an LFIA
strip functionalized with avidin as the specific test line and IgG as an
additional nonspecific reactive line (Figure S3). The visible red lines that
appeared in correspondence to the avidin line confirmed the capillary
flow of Au@SiO,-biotin NPs along the strip and verified the successful
conjugation of biotin to the silica shell. Furthermore, the absence of
nonspecific absorption of Au@SiO, NPs on non-specific protein sub-
strates was verified, as no colour appeared in the second reactive line
(Figure S4). After confirming the successful amination and mobility
across LFIA materials, the aminated Au@SiO, NPs were grafted onto the
nanoMIP IgG through the carboxylic functionalities present on the
nanoMIP surface (through carbodiimide chemistry), resulting in the
preparation of the plasmonic nanoMIPs. Fig. 2d and S5 show represen-
tative TEM images of the plasmonic nanoMIPs, revealing roughly
spherical assemblies consisting of the nanoMIP covered with several
AuNPs@SiO2 and identifying a distribution pattern of pseudo circular
clusters of nanoparticles. The hydrodynamic diameter of the plasmonic
nanoMIP was found to be 366.3 + 2.8 nm (Table S1), which was

d 200.0 nm ‘

Fig. 2. (a) Representative TEM image of nanoMIP after negative staining with uranyl acetate.(b) Representative TEM image of Au@SiO, NPs, (c) Normalized
extinction spectra of AuNP, Au@SiO, NPs and Au@SiO,-nanoMIP showing a red shift of the localized plasmon resonance band from 530 nm to 553 nm. (d) TEM
image of nanoMIPs grafted with Au@SiO» NPs (plasmonic nanoMIP), the nanoMIP particles is visible as a light grey zone surrounded by Au@SiO, particles, which

showed a grey coloured shell (silica) and a black core (Au),.
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consistent with the hypothesis that the nanoMIP was decorated by
several Au@SiO,. Based on the assumption of a single nanoMIP particle
(~ 200 nm) surrounded by two Au@SiO5 nanoparticles (~ 75 nm each),
the calculated diameter of the plasmonic nanoMIPs was approximately
350 nm. The zeta potential of the plasmonic nanoMIP was found to be
—18.9 + 0.6 mV, which is negative, similar to the nanoMIP but to a
lesser extent. This difference can be attributed to the reaction of the
carboxylic groups with the amine groups on the Au@SiO: surface,
further supporting the successful binding between the nanoMIP and
Au@SiO: to form the plasmonic nanoMIP.

3.2. Plasmonic nanoMIPs as probe in LFIA

To obtain an efficient LFIA probe with an intense red colour and
strong molecular recognition capabilities, the composition of the plas-
monic nanoMIP was optimized. Specifically, different plasmonic nano-
MIPs were obtained by varying the amount of nanoMIP added per
optical density unit of Au@SiO2 NPs (from 100 to 1000 pg of nanoMIP
per 1 mL of Au@SiO; at OD 1). The various plasmonic nanoMIPs were
then incubated with a fixed concentration of BIgG (100 pg/mL) and
applied to a nitrocellulose membrane with SpA as a test line. As shown in
Fig. 3a, the signal increased almost linearly with the increase in the
quantity of nanoMIP grafted to the Au@SiO; NPs. Moreover, the
decrease in colour intensity in the test line was correlated with increased
deposition of the plasmonic nanoMIP in the vicinity of the conjugate pad
(Fig. 3a). This phenomenon indicated that nanomaterials characterized
by a lower ratio of AuNP@SiO5 to nanoMIP had difficulty flowing, while
increasing the amount of nanoMIP per unit of OD of Au@SiO NP
improved compatibility with the membrane material, allowing better
flow across the nitrocellulose. Consequently, the higher ratio of 1000 pg
of nanoMIP per 1 mL of Au@SiO, at OD 1 was selected for subsequent
experiments. The aggregation propension and the consequent limited
flow properties of the Au@SiO, were in agreement with the results of the
PCS and zeta potential in water. The grafting of negatively charged
nanoMIP improved water dispersibility of the probe and decreased the
aggregation tendency, so improving also its flow properties.

To confirm the suitability of the probe for rapid assays, the time
required to form the plasmonic nanoMIP-BIgG complex was investi-
gated. The composite material was incubated with the analyte (BIgG) for
different times and then applied to the strip. Fig. 3b inset shows the
strips obtained by flowing the complex formed after incubation of the
plasmonic nanoMIP with BIgG for 0, 5, 15, 30 and 60 minutes, along
with the corresponding variation of the colour intensity at the test line
with time. The intensity of the test line increased during the first
15 minutes and then stabilized.

The observed k value obtained for the plasmonic nanoMIP is 0.15
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+0.06 min~!, with a calculated half-life of approximately 5 min
(Fig. 3b). Therefore, it was concluded that an incubation time of
15 minutes could be optimal for both obtaining robust signals and
meeting the requirements for rapid diagnostic systems.

After the synthesis conditions of the plasmonic nanoMIP were opti-
mized for the best colorimetric response and the optimal time for the
formation of the plasmonic nanoMIP-BIgG complex were established,
the analytical performance of the new plasmonic nanoMIP was inves-
tigated. Fig. 4a shows the variation of the test line colour intensity versus
different BIgG concentrations from 0.25 ug/mL to 100 pg/mL. As ex-
pected, the signal variation follows a sigmoidal curve similar to that of
an antibody-based system, confirming the equivalence of artificial
nanoMIPs and natural antibodies in terms of binding behaviour. This
behaviour can be described by the four-parameter logistic regression
(Eq. 3) commonly used in immunoassays [46]. The best fit of the 4PL
equation to the experimental data produced the red curve in Fig. 4a and
the following values for the parameters: a= 4.4 + 8.6, b= 278 + 14, c=
(3.1 + 0.6) pg/mL, and d= 0.86 + 0.12, ¥ = 0.996.

To estimate the limit of detection (LOD) of the 4PL model, three
times the standard deviation of the background noise was added to the
mean signal of the blank control, which yields an estimated LOD of
0.1 pg/mL. Furthermore, the method provided a dynamic range for
quantifying BIgG in a concentration range of approximately 0.25-10 pg/
mL. The visual limit of detection (vLOD), defined as the minimum
concentration of BIgG that produces a perceptible red coloration at the
reactive line to the naked eye, was observed at 0.25 ug/mL of BIgG (see
the inset in Fig. 4a).

The selectivity of nanoMIP to BIgG, previously observed for a similar
nanoimprinted material [32] was further investigated for the plasmonic
nanoMIP probe by evaluating its cross-reactivity to immunoglobulins of
different animal species (mouse and horse). These proteins were chosen
on the basis of their reactivity toward the capture protein (SpA) on the
test line, as both species are recognized by SpA similarly to BIgG. Mouse
and horse IgG concentrations of 10 and 100 pg/mL were tested to
represent moderate and high levels of analyte, respectively, according to
the standard curve. The recorded signals (Figure S6) were interpolated
from the BIgG standard curve to calculate the estimated concentration of
nonspecific IgGs. The results showed negligible detection of nonspecific
IgG even at the highest level (100 pg/mL), with calculated concentra-
tions of 1.8 pg/mL and 1.1 pg/mL, and cross-reactivity percentages of
1.1 % and 1.8 % for mouse and horse IgG, respectively. Undetectable
results were obtained with the lowest concentration of horse and mouse
IgGs.

To further illustrate the applicability of the plasmonic nanoMIP, the
LFIA based on the new probe was used to detect BIgG in milk. Immu-
noglobulin G is the primary immune component in bovine colostrum

300

Time (min)

Fig. 3. (a) Images and colour measurements in the LFIA strip test line run with different nanoMIP ratios (in pg) per AUNP@SiO; at OD 1. The strips contained SpA as
the capture agent (test line), BIgG as the target, and the plasmonic nanoMIP as the probe; the aggregated fraction of plasmonic nanoMIP, which was unable to flow, is
visible as a red-purple band in correspondence of the overlapping between the glass fibre pad and the nitrocellulose membrane (blue arrow). (b) Kinetic binding
curve for the formation of the plasmonic nanoMIP-BIgG complex, with the inset showing corresponding photos of the LFIA strips. The red line represents the best fit

to a Lagergren pseudo-first order adsorption kinetic model.
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Fig. 4. (a) Variation of the test line intensity signal with increasing BIgG concentration. The red line represents the best fit using a four-parameter logistic regression
model (see the text for details). The inset shows an image of the strip at the visual limit of detection (vLOD) of BIgG (0.25 ug/mL). (b) Evaluation of LFIA based on
plasmonic nanoMIP in soy and goat milk samples, which were defatted, diluted 1:1000 and fortified with BIgG at concentrations of 2x vLOD (0.5 pg/mL) and 10x

vLOD (2.5 pg/mL). Non-fortified milk samples were used as negative controls.

and milk. During the transition from colostrum to mature milk, BIgG
levels decrease dramatically within the first five days after delivery,
dropping from approximately 32 to 212 mg/mL in colostrum to
0.72 mg/mL in mature milk [47]. Cow’s milk is listed as one of the
“eight big food” causing allergy in Europe [48]. There is currently no
treatment for allergy, so allergy sufferers must avoid consuming aller-
gens to prevent serious and sometimes fatal consequences. Therefore,
affordable devices to test for the possible presence or contamination of
allergens in apparently safe food are in high demand [49]. To demon-
strate the practicality of the plasmonic nanoMIP-based LFIA, two
different types of milk (soy and goat) were analysed. The defatted milk
samples were diluted 1:1000 to match the expected level of IgGs with
the linear range of the LFIA using plasmonic nanoMIP as a probe and
then fortified with BIgGs at concentrations of 2x vLOD and 10x vLOD
(corresponding to 0.5 and 2.5 ug/mL, respectively). Unfortified samples
were judged by the naked eyes as negative, while fortified samples
exhibited a clearly visible coloration at the test line, with a stronger
intensity for the 10x vLOD fortified sample compared to the 2x vLOD
sample (Fig. 4b). The colorimetric signal was measured and compared to
the same amount of BIgG diluted in buffer. At fortification levels of 2x
vLOD, recoveries were 145 % and 127 % for goat and soy milk,
respectively. The observed slight overestimation can be ascribed to the
fortification level being close to the LOD, which was considered
acceptable. At 10x vLOD fortification levels, recoveries were 96 % and
101 % for goat and soy milk, respectively. These results highlight the
robustness and reliability of using the plasmonic nanoMIP to replace
antibodies in the LFIA development, even when applied to biomarker
detection in highly complex biological matrices.

4. Conclusions

This study introduces a groundbreaking advancement in immuno-
assay diagnostics by using MIPs as credible alternative receptors in
lateral flow assays (LFIAs), challenging the conventional reliance on
antibodies as gold standard bioreceptors. The SSPS preparation of
nanosized MIPs provides a simpler, more sustainable, cost-effective, and
ethical alternative to traditional animal-based antibody production and
stands out as the first to combine nanoMIPs with gold nanoparticles in
an optical LFIA format. Plasmonic nanoMIP demonstrated rapid com-
plex formation within 15 minutes, selectivity towards the target analyte,
and complete compatibility with complex matrices. Its binding perfor-
mance in an LFIA format was validated by detecting bovine immuno-
globulin G (BIgG) with high specificity. These characteristics are closely

aligned with those of conventional antibody-based lateral flow devices,
preserving ease of use while showcasing the robustness and reliability of
the probe for effective and accurate lateral flow assays. The developed
approach can be adapted to virtually any analyte with at least two
binding sites ("epitopes"), similar to traditional sandwich-type immu-
noassay. Specifically, by using a nanoMIP selective for the target com-
pound, a corresponding plasmonic nanoMIP can be prepared and
directly incorporated into the LFIA, where a suitable capturing ligand
replaces the SpA. Therefore, beyond BIgG detection, the utility of the
probe can extend to various diagnostic applications, opening new ave-
nues for advancements in different fields beyond healthcare. While
further research is needed to fully replace antibody-based LFIA with
MIP-based LFIA, this study not only pioneers a novel approach to
immunoassay diagnostics but also lays the foundation for future in-
novations in diagnostic technologies.
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