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ARTICLE INFO ABSTRACT
Keywords: Magnetic nanoparticles (MNPs) can be used as antibody carriers in a wide range of immunosensing applications.
Iron oxide nanoparticles The conjugation chemistry for preparing antibody-MNP bionanohybrids should assure the nanoparticle’s

Dextran-coated nanoparticles

colloidal dispersity, directional conformation and high biofunctionality retention of attached antibodies. In this
Antibody orientation

work, peroxidase (HRP) was selected as model target analyte, and stable antibody-MNP conjugates were pre-

[mmunosensors pared using polyaldehyde-dextrans as multivalent linkers, also to prevent nanoparticles agglomeration and steric
shielding of non-specific proteins. Under the manipulation of the oxidation variables, MNP-conjugated antibody
showed the highest Fab accessibility, of 1.32 pmol analyte per pmol antibody, corresponding to 139 pmol
aldehyde per gram of nanocarrier (5 mM NalOy4, 4 h). Demonstrating anti-interference advantage up to 10%
serum, colorimetric immunoassay gave a detection limit (LOD) of 300 ng mL ™, while electrochemical trans-
duction led to a considerable (680 times) improvement, with a LOD of 0.44 ng mL . In addition, polyaldehyde-
dextran showed priority over polycarboxylated-dextran as the multivalent antibody crosslinker for MNPs in
terms of sensitivity and LOD value, while immunosensors constructed with carboxylated magnetic microbeads
(HOOC-MBs) outperformed MNPs-based immunoplatforms. This work sheds light on the importance of surface
chemistry (type and density of functional groups) and the dimension (nanosize vs micrometer) of magnetic
carriers to conjugate antibodies with better directional orientation and improve the analytical performance of the
resulting immunosensors.

CRediT author statement 1. Introduction

Shipeng Gao: Conceptualization, Methodology, Investigation, Immunosensors using antibodies as bioreceptors to selectively

Writing - original draft, review & editing. Rebeca M. Torrente-Rodri- recognize analytes have garnered tremendous attention from clinical

guez: Investigation, Writing - review & editing. Maria Pedrero: Su- diagnosis to environmental monitoring [1,2]. Nanomaterials are

pervision, Writing - review & editing, Funding acquisition. José M. growing as potential biomolecules (such as antibodies, Abs) carriers due

Pingarron: Writing - review & editing. Susana Campuzano: Concep- to their large surface-to-volume ratio and highly controllable

tualization, Methodology, Supervision, Resources, Writing - review & morphology [3]. By just needing a portable magnet, iron oxide magnetic

editing, Funding acquisition. Javier Rocha-Martin: Conceptualization, nanoparticles (MNPs) are especially interesting nanocarriers to simplify

Resources, Writing - review & editing. José M. Guisan: Conceptuali- the washing steps and analytes purification, as opposed to other tedious,

zation, Methodology, Supervision, Resources, Writing - review & edit- time-consuming, and equipment-required options (e.g., centrifugation)

ing, Funding acquisition. [4]. In addition, this directional magnetic-driven virtue ensures the

localized enrichment of immunoconjugates onto the working surface of

* Corresponding author.
** Corresponding author.
**% Corresponding author.
E-mail addresses: susanacr@quim.ucm.es (S. Campuzano), javrocha@ucm.es (J. Rocha-Martin), jmguisan@icp.csic.es (J.M. Guisan).

https://doi.org/10.1016/j.talanta.2022.123549

Received 21 March 2022; Received in revised form 10 May 2022; Accepted 12 May 2022

Available online 16 May 2022

0039-9140/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:susanacr@quim.ucm.es
mailto:javrocha@ucm.es
mailto:jmguisan@icp.csic.es
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2022.123549
https://doi.org/10.1016/j.talanta.2022.123549
https://doi.org/10.1016/j.talanta.2022.123549
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2022.123549&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Gao et al.

screen-printed electrodes by a customized collection tool to perform
electrochemical transduction [5]. Accordingly, surface functionalization
with dextran, a natural polysaccharide-based neutral polymer, is a
useful and well-documented strategy that provides multiple advantages
to the nanocarriers [4], including stabilization to avoid
self-agglomeration of neighboring nanoparticles [6], antifouling ability
against interference proteins [7], and tailored-made surface function-
ality to immobilize Abs [8]. In addition, despite different dextran de-
rivatives have been developed as multivalent crosslinkers to obtain
stable Ab-NPs bioconjugates, including carboxylated- [6], aminated-
[9], maleimide activated- [10] and polyaldehyde- [11] dextran, the
antibody bioconjugation chemistry should be taken into careful
consideration as it directly affects both bioreceptor orientation and
functionality [12]. Regardless the transduction technique employed
(chemiluminescence, fluorescence, immunochromatography, colorim-
etry, electrochemical, etc), better immunosensing performance can be
expected if the carrier irreversibly binds the Abs well arranged accord-
ing to the orientation and surface coverage perspectives [13-16].

Primary amines (-NHj) are appealing candidates for antibody
coupling considering their abundant accessible sites to enable high
coverage density [17]. However, for the immunoassays using the
full-length antibody (immunoglobulin G, IgG), site-directed manipula-
tion of the spatial orientation of antibody-modified NPs, and hence
biofunctionality, poses great challenge given the heterogeneous distri-
bution of lysine residues [18]. Efforts have been undertaken to improve
the antibody spatial orientation on carriers bearing the NH-targeted
functionality (glyoxyl groups, epoxy groups and carboxylic groups)
[19-21], yet no conjugation chemistry out-performs all others.

Aldehyde moieties, which exhibit advantages over carbodiimide
chemistry and ring-open conjugation in terms of simplicity and time-
efficiency, can form Schiff bases with NHy omitting the pre-activation
step [22]. Although glutaraldehyde is a classical aldehyde-bearing
linker to attach antibodies on aminated carriers, Abs are subjected to
biofunctionality loss after immobilization [23]. The mechanism has
been well explained by Gajos et al. [24], showing that glutaraldehyde
coupled antibody prefers a “head-on” orientation mainly due to a-NHj of
N-terminus showed much higher reactivity than protonated e-NH; of Lys
residues at neutral pH, although the latter has absolute dominance in
terms of numbers. Meantime, glyoxyl groups (short aliphatic aldehyde
groups) were reported as efficient multivalent ligands to attach Abs
within the Lys-rich regions via multiple-point interaction [25]. Thus, the
relatively larger Lys density on the Fc portion results in the “flat-on”
directional conjugation, also favorable to preserve their biological
functionality compared to random orientation [19].

Motivated by the promising applications of polyaldehyde chemistry
to control the spatial orientation of antibodies coupled to NPs, MNPs
with polyaldehyde functionality were chosen as the antibody nano-
carriers in this work. The dextran layer, source of polyaldehyde moieties
prepared by controllable periodate-induced oxidation, not only acts as a
colloidal stabilizer and steric effector of MNPs [7] but also as a multi-
valent cross-linker to anchor biomolecules on their surface. The supply
of numerous NH,-binding sites, attributed to its long hydrophilic arm, of
a high Ab loading capacity [26], a tunable Ab/NP ratio [8] and
co-immobilization of specific antibodies against different target analytes
[27], were reported using such polyaldehyde dextran nanocarriers, thus
demonstrating their promising nanoprobes functionality as well as their
multiplexed capabilities. However, to the best of our knowledge, efforts
have not been endeavored yet to investigate the effect of polyaldehyde
density on the biofunctionality of antibody-carrier.

In this work, we first evaluate the antigen-binding performance (Fab
accessibility) of immobilized Abs on polyaldehyde dextran functional-
ized MNPs with different aldehyde densities. Horseradish peroxidase
(HRP) that develops an absorbance or amperometric response upon the
presence of the corresponding substrate was selected as model target
analyte. Upon the optimal oxidation condition of DexMNPs to maintain
antibody-MNPs functionality, the analytical performance of antibody-

Talanta 247 (2022) 123549

MNPs immunoplatforms was evaluated and exhaustively compared by
means of colorimetric and electrochemical techniques. Finally, the
immunosensing performance of antibody carriers with different surface
chemistries and particle sizes were electrochemically evaluated.

2. Materials and methods
2.1. Apparatus and electrodes

Colorimetric determination of enzyme activity was made using a
Jasco V-730 UV-Visible spectrophotometer (Tsukuba, Japan). Protein
concentrations were estimated with a Epoch 2 microplate spectropho-
tometer (BioTek, Winooski, VT, USA). Amperometric responses were
recorded with a CHI1140A (CH Instruments, Austin, TX, USA) poten-
tiostat controlled by the CHI1140A software. Screen-printed carbon
electrodes (SPCEs, DRP-110, 4 mm (J) and DRP-CAC connecting cable
were from Metrohm-DropSens S.L. (Oviedo, Spain). A magnetic sepa-
rator (DynaMag®2) from Invitrogen-Thermo Fisher Scientific was also
used.

Other equipment used for NPs characterization include an induc-
tively coupled plasma optical emission spectrometer (ICP-OES, ICP
PERKIN ELMER mod. OPTIMA 2100 DV, Waltham, MA, USA), a trans-
mission electron microscope (TEM, JEOL JEM 1010, Peabody, MA,
USA), a Zeta Potential Analyzer (Malvern, Zetasizer Nano ZS, Worces-
tershire, UK), a thermogravimetric analyzer (TA Instruments TGA Q500
Thermobalance, Madrid, Spain), a Bruker IFS66V FTIR Spectrometer
(Waltham, MA, USA), and a vibrating sample magnetometer
(MagLabVSM, Oxford Instrument, Abingdon, UK). A Jasco V-730
UV-Visible spectrophotometer (Tsukuba, Japan) was also used.

2.2. Reagents

Commercially available carboxylated magnetic microbeads (MBs,
2.8 ym @, 10 mg mL~}, Dynabeads M—280, cat. No. 14305D) were
purchased from Invitrogen-Thermo Fisher. Iron chloride (III) hexahy-
drate (FeCl3-6H20, > 98%), iron chloride (II) tetrahydrate (FeCly-4H50,
> 99%), ethanol, ammonium hydroxide (NH4OH, 30%), sodium boro-
hydride (NaBHg4), 2,2'-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic
acid) (ABTS), nitric acid (HNO3), sodium bicarbonate (NaHCOs3),
epichlorohydrin, dextran from Leuconostoc spp. (40 kDa), sodium peri-
odate (NalOy), potassium bromide (KBr), horseradish peroxidase (HRP),
anti-horseradish peroxidase antibody (anti-HRP, Catalog N°. P7899),
human serum (from male AB clotted whole blood, Catalog N°. H6914),
hydroquinone (HQ), ethanolamine, N-ethyl-N'-(3-(dimethylamino)pro-
pyDcarbodiimide (EDC), and N-hydroxysulfosuccinimide (sulfo-NHS)
were obtained from Sigma Aldrich (St. Louis, USA). Hydrogen peroxide
(H202, 30%), sodium hydroxide (NaOH) and potassium iodide (KI) were
purchased from PanReac AppliChem (Barcelona, Spain). Sodium chlo-
ride (NaCl), potassium chloride (KCl), sodium di-hydrogen phosphate
(NaH2POy4), di-sodium hydrogen phosphate (NapoHPO4), and tris-
hydroxymethyl-aminomethane-HCl (Tris-HCl) were brought from
Scharlab (Barcelona, Spain). 2-Morpholinoethanesulfonic acid (MES)
was purchased from Gerbu. Pierce™ Coomassie Protein Assay Kit
(Bradford method, Catalog N°. 23,200) was purchased from Thermo
Fisher Scientific Inc. (Rockford, USA). All other reagents were of
analytical grade.

2.3. Synthesis of dextran functionalized MNPs (DexMNPs)

Bare MNPs were prepared by co-precipitation of iron salts in a based
solution [28]. Briefly, a volume of 445 mL iron salts solution (0.09 mol
Fe>' and 0.054 mol Fe?* in total) was gently added into 75 mL NH4OH
solution (30%) with vigorous magnetic stirring. Change from a clear
yellow solution to a black suspension was observed upon the mixture
with the alkaline solution. The obtained NPs were further heated up to
90 °C to promote the increment of particle size. After cooling down to
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room temperature, the NPs were washed with ethanol and deionized
water, successively. Fe concentration of the NPs suspension was deter-
mined by ICP-OES, after digesting with HNO3 at 90 °C for overnight
incubation and diluting 1000 times with deionized H»O.

The dextran coating onto the nanoparticles was performed via
physical adsorption [29]. To do so, 400 mg dextran was first well
dispersed in 2.5 mL NaOH solution (0.5 M) via thorough sonication for 5
min. Under vigorous mechanical stirring, 50 mg MNPs dispersed in
NaOH solution (1.6 mL, 0.8 M) were added into the above dextran so-
lution drop-by-drop. The mixture solution was continuously stirred for
24 h until a colloidal brown dispersion was obtained.

Although the bare MNPs were aggregated upon the addition to the
NaOH solution, a colloidal solution resulted after sufficient coating of
dextran layers. The dextran-coated NPs were dialyzed against deionized
H0 for 24 h using a dialysis membrane (12-14 kDa), and then the
modified NPs were magnetically collected and resuspended to obtain an
homogeneous suspension with a final concentration of 10 mg mL ™.

Further cross-linking treatment was performed to prevent the
possible dissociation of dextran layers from NPs surfaces. For this pur-
pose, 1 mL nanoparticle suspension (10 mg mL™") was mixed with 1 M
NaOH, and sonicated for 10 min to get better dispersion. Then, 1.5 mL
epichlorohydrin were added into the solution drop-by-drop under
vigorous stirring, and the crosslinking was continued for 24 h. After
dialysis against deionized Hy0 using a dialysis membrane (12-14 kDa),
DexMNPs were magnetically recovered and resuspended to obtain an
homogeneous suspension with a final concentration of 10 mg mL ™1,

2.4. NPs characterization

The morphology and size of the NPs were measured by TEM under
100.0 keV, and the average size and distribution of bare MNPs were
calculated using the Image J digital software. The hydrodynamic size of
bare MNPs and DexMNPs diluted with deionized H,O were determined
by dynamic light scattering (DLS). The structure and magnetic proper-
ties of NPs coated with dextran were characterized using thermogravi-
metric analysis (TGA), Fourier transform infrared spectroscopy (FTIR)
and a vibrating sample magnetometer (VSM). To study the effective
adsorption of dextran polysaccharide on the NPs surface, TGA and FTIR
measurements were performed with dried samples, prepared by
magnetically decanting and drying in an oven for 48 h. To reveal the
weight loss after dextran coating, TGA thermograms were measured in
the 25-800 °C temperature range under a nitrogen atmosphere at a
heating rate of 10 °C min . FTIR measurements of dehydrated NPs were
recorded within the 4000-400 cm™! wavenumber range after being
mixed with KBr and pressed into a pellet (with a NPs to KBr mass ratio of
1:99). The magnetization curves for TGA analysis were obtained at room
temperature to investigate the magnetic properties of the samples after
applying a field of +5 T. Briefly, 50 pL of suspension was pipetted into a
cotton pellet and dried in an oven for overnight heating before being
tightly packed in a holder, and the corresponding magnetization values
were normalized to the added total nanoparticles amount.

2.5. Periodate oxidation of DexMNPs and determination of polyaldehyde
density

First, 10 mg DexMNPs were magnetically decanted, resuspended into
2 mL periodate solution with different concentrations (2 mM, 5 mM and
10 mM), and sonicated for 1 min to obtain a well-dispersed suspension.
The oxidation was carried out under ambient temperature with gentle
rotation and protected from light by covering with aluminum foil. After
reaction for certain periods (0.5-5 h), DexMNPs were magnetically
separated, and the remaining periodate in the supernatant was
measured to estimate the aldehyde density [30]. The oxidized NPs
suspension (Alde-DexMNPs) was magnetically decanted for 5 min, fol-
lowed by 5 min of high-speed centrifugation to eliminate the absorbance
interference. A mixture of 1 mL saturated NaHCOj3 solution and 1 mL KI
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solution (10%, w/v) was used as reaction solution, and the absorbance
at 450 nm was monitored spectrophotometrically upon the addition of
100 pL stock NalOy4 solution or resultant supernatant. The oxidation
level of dextran was in equimolar ratio with the consumed amount of
periodate after reaction.

2.6. Quantification of the antigen-recognition capacity of the immobilized
antibody onto polyaldehyde dextran coated MNPs (Alde-DexMNPs)

Anti-HRP antibodies were bound on the nanocarriers via the imide
bonds. Unless otherwise stated, all steps involved in the preparation of
anti-HRP@MNP bioconjugates were performed at 25 °C under gentle
rotation. To do so, a 100 pL aliquot of Alde-DexMNPs suspension was
pipetted into a 1.5 mL Eppendorf tube and washed twice with 50 pL
NaHCOs solution (10 mM, pH 10), and 3 min magnetic collection was
carried out after each washing step to remove the supernatant. There-
after, 50 pL of 200 pg mL ™! anti-HRP solution (in 10 mM NaHCOs, pH
10) was utilized to suspend the nanocarriers, and the immobilization
was performed for 60 min. The bound antibody amount was quantified
using the Coomassie Protein Assay Kit. Then, a freshly prepared NaBH4
solution in ice-cold NaHCO3 (10 mM, pH 10) was added to the sus-
pension with 1 mg mL ™! final concentration and incubated for 30 min to
stabilize the imide bonds. Two washings were performed with phos-
phate buffer (PB) (10 mM, pH 7.0) to remove unbound antibodies, and
the anti-HRP-MNP bioconjugates were resuspended in 50 pL of the same
buffer and stored at 4 °C until further use.

To quantify the Fab accessibility of immobilized antibodies, 50 pL
anti-HRP-MNP bioconjugates aliquots were incubated with 1 mL of 0.4
mg mL~! HRP (> 20 times saturated concentration) prepared in PB (10
mM, pH 7.0) for 60 min. After the capture of the target analyte, adequate
washing steps with PB were performed and HRP-anti-HRP-MNP
immunocomplexes were suspended in 20 pL of the same buffered me-
dium for further quantification.

The amount of captured HRP was quantified from the enzymatic
activity of HRP-anti-HRP-MNPs immunoconjugates [19]. In brief, 20 uL
of the immunocomplex solution were added to 1.96 mL PB (50 mM, pH
6.0) containing 1 mM ABTS (molar extinction coefficient of ABTS™ is 36,
000 M~? cm_l), and 20 pL of HyO2 (100 mM) to initiate the real-time
absorbance increase that was monitored at 420 nm and 25 °C. One
unit of enzyme activity (EA) was defined as the hydrolysis of 1 pmol
ABTS per minute by HRP following the parameters stated earlier. Each
set of experiments was performed in triplicate to calculate the mean
data. The equation of Fab accessibility (capture capacity of immobilized
antibodies, equation [1]) is given in the Supporting Information (SI).

2.7. Preparation of immunoassays for colorimetric determination

DexMNPs oxidized under optimal conditions (5 mM 10z for 4 h)
were selected as the anti-HRP carriers, and the experimental variables
were optimized before carrying out the immunoassays. Conjugation of
anti-HRP Abs onto Alde-DexMNPs was performed following the protocol
described in Section 2.5.

To carry out the immunoassay, anti-HRP-DexMNPs bioconjugates
were incubated in 50 pL of HRP solution (prepared in PB 10 mM, pH 7.0)
for 10 min (37 °C with water bath). Next, the HRP-anti-HRP-DexMNPs
immunocomplexes were washed twice with 50 pL of PB and resus-
pended in 20 pL of the same buffer. The colorimetric measurements were
recorded following the same protocol as for HRP activity quantification
stated in Section 2.5.

2.8. Preparation of immunoassay for electrochemical determination

All steps involved in the preparation of HRP-anti-HRP-MBs and HRP-
anti-HRP-MNPs immunoconjugates were performed at 25 °C and 950
rpm, and after each washing-incubation step, 3 min magnetic collection
was carried out to remove the supernatant.
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2.8.1. Alde-DexMNPs as nanocarriers

A 25 pL-aliquot of the Alde-DexMNPs suspension (10 mg mL_l) was
pipetted into a 1.5 mL Eppendorf tube and washed twice with 100 pL of
NaHCOs buffer (10 mM, pH 10). Then, the washed Alde-DexMNPs were
resuspended in 100 pL 7.5 pg mL~! anti-HRP solution prepared in 10
mM NaHCOs buffer, pH 10, and the mixture was incubated for 30 min.
Freshly prepared NaBH4 solution (ice-cold 10 mM NaHCOs, pH 10) was
added to the anti-HRP-Alde-DexMNPs suspension to obtain an inert
surface. After 30 min reduction of residual polyaldehyde groups, the
anti-HRP-nanocarriers were washed twice with PB and stored at 4 °C
until their use or resuspended in 200 pL PB (10 mM, pH 7.0) to perform
the immunoassay.

2.8.2. MBs as microcarriers

3.0 pL-aliquots of the HOOC-MBs suspension were pipetted into 1.5
mL Eppendorf tubes and washed twice with 50 pL of MES buffer (25 mM,
pH 5.0) for 10 min. Subsequently, carboxylic groups bearing the MBs
were activated by incubating with 25 pL of freshly prepared EDC/Sulfo-
NHS mixture solution (50 mg mL~! each) in MES buffer (25 mM, pH 5.0)
for 30 min. After two washing steps with MES buffer, activated MBs
were incubated for 30 min in 25 pL of 7.5 pg mL~! anti-HRP solution
prepared in same buffered medium and after two washings with MES
buffer, the remained activated carboxylic groups were blocked with 25
pL of 1 M ethanolamine solution prepared in PB (100 mM, pH 8.0) for
60 min. Next, anti-HRP-MBs were washed once with 50 pL of Tris-HCl
(100 mM, pH 7.2) and twice with 50 pL of PBS (100 mM, pH 7.4) and
stored in 25 pL PBS at 4 °C until their use.

2.8.3. HOOC-DexMNPs as nanocarriers

Anti-HRP-modified carboxylated nanocarriers were prepared
following a similar procedure than that described for MBs but in a one-
pot manner. Briefly, a 25 pL-aliquot HOOC-DexMNPs suspension (10
mg mL™!) was pipetted into a 1.5 mL Eppendorf tube and washed twice
with 100 pL of MES buffer (25 mM, pH 5.0). As described above, 50 pL of
EDC/Sulfo-NHS mixture solution (50 mg mL 1) was used to activate the
carboxylic groups, and after twice washing steps with MES buffer, 100
pL of 7.5 pg mL™! anti-HRP solution was incubated for 30 min. Sus-
pension of anti-HRP-HOOC-DexMNPs bioconjugates was treated with
the same blocking and triple washing steps as previously described for
MBs carriers and resuspended in 200 pL PB (10 mM, pH 7.0).

To perform the immunoassay experiments, the resulting anti-HRP-
MBs or 20 pL-aliquot of anti-HRP-DexMNPs (either carboxylic or poly-
aldehyde functionalized) bioconjugates were incubated with 25 pL. HRP
solution prepared in PB (10 mM, pH 7.0) for 30 min. Three washing
steps with 50 pL of same buffer were carried out to remove the unbound
HRP, and HRP-anti-HRP-MBs/DexMNPs were resuspended in 50 pL PB
and stored at 4 °C until the amperometric detection was performed.

2.9. Amperometric detection

Despite the antibody carriers, amperometric detection was per-
formed following the same protocol. Briefly, 50 pL of HRP-anti-HRP-
MNPs/MBs immunoconjugates were magnetically concentrated onto
the surface of the SPCE working electrode, previously inserted in a
homemade polymethylmethacrylate (PMMA) casing encapsulating a
neodymium magnet. The assembled immunoconjugates/SPCE/casing
was immersed into the electrochemical cell containing 1 mM HQ sup-
plemented in 10 mL of PB (50 mM, pH 6.0) and amperometric readings
were carried out by applying a constant potential of —200 mV vs. the Ag
pseudoreference electrode. Upon the stabilization of the background
current, 50 pL of freshly prepared Hy0; solution (100 mM) in PB were
added into the cell to initiate the amperometric detection until the
steady state was reached. Triple amperometric measurements were
performed to estimate the mean values and their corresponding stan-
dard deviation.
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3. Results and discussion

3.1. Characterization of dextran-coated iron oxide nanoparticles
(DexMNPs)

As DexMNPs were selected as the antibody carriers, a narrow size
distribution and good dispersity are crucial parameters for reproducible
antibody loading. High-resolution TEM revealed the spherical shape of
bare MNPs with an average core size of (14 + 2) nm (n = 200)
(Fig. S1A). Dextran functionalization and epichlorohydrin crosslinking
did not alter their morphology (Fig. 1A), but the hydrodynamic size
increased to 204 nm with a lower polydispersity index (0.165 vs. 0.034),
indicating a narrower particle size distribution due to the dextran
coating (Fig. 1B).

The efficient dextran functionalization was tested by VSM, TGA and
FTIR analysis. VSM tests showed that the NPs exhibit the super-
paramagnetic behavior at 300 K with no hysteresis (Fig. S1B), and the
saturation magnetization of bare NPs decreased from 84 to 46 emu gga
upon the dextran grafting. This reduction confirms the presence of
dextran (non-magnetic material), the partial oxidation of magnetite to
maghemite in the coating process (accounts for a reduction in saturation
magnetization of ~ 10%) and also some surface spin disorder at the
nanoparticles magnetic surface [31] (Fig. 1C). The first phase of weight
loss (< 200 °C) observed by TGA was attributed to the evaporated water
and organic solvent on the MNP surface. The following polymer
decomposition and phase transformations caused by the thermal
oxidation provoked a further weight decrease [32] (Fig. 1D), resulting in
a total 18.7% mass loss. Moreover, the FTIR spectrum revealed the
typical Fe—O band of magnetite at 580 cm ' (Fig. S1C) with a small
shoulder at 562 cm™?, revealing partial oxidation to maghemite. As well
as the characteristic adsorption bands at 3600-3200 em™' and
1150-1085 cm ™! corresponding to O-H and C-O-C stretching of dextran
polymer [33], respectively, thus indicating the successful dextran
coating of the NPs.

The magnetic separation ability of uncoated MNPs and DexMNPs
dispersed in DI HpO was checked with a handheld magnet (Fig. 1Ea,b).
Randomly directed Brownian forces are more decisive than directed
magnetic forces for MNPs with a core size smaller than 20 nm [34], so
single nanoparticles prone to be inseparable. Upon the applied magnetic
field, bare MNPs were hardly recovered from water, while DexMNPs can
be easily separated by the external magnet, with a clear supernatant
observed after 2 min of magnetic field application. Combining with the
enlarged hydrodynamic size from the DLS, the efficient magnetic sepa-
ration of DexMNPs evidences the presence of small nanoparticle clusters
during dextran coating. To probe whether DexMNPs are suitable for the
antibody coupling, a buffered solution was utilized to check the stability
after dextran coating. The results showed that DexMNPs were well
dispersed in alkaline buffer leading to an stable suspension without
sediment (Fig. 1Ed), and mild oxidation of dextran backbones main-
tained its colloidal stability. In contrast, although a homogeneous sus-
pension not prone to sedimentation was visualized with uncoated MNPs
when dispersed in DI H,0, they were aggregated in a short time and fully
sedimented at the bottom of the vial (< 60 min) in alkaline medium
(Fig. 1Ec). When using a diluted serum solution (containing the HRP
target) as the resuspension media, the irreversible adsorption of the
protein corona on the MNPs surface was observed after a five-cycle
washing treatment, and the typical colorimetric reaction was observed
with bare MNPs (ABTS as the substrate of HRP enzymes), while the
steric hindrance of the dextran polymers prevented the unspecific
adsorption of interference proteins onto the NPs surface (Fig. 1Ee,f).

The ensured colloidal stability under alkaline pH, fast response to a
portable magnet and inert surface to steric repelling non-specific pro-
teins make DexMNPs ideal immunocarriers for the preparation of
immunosensors.
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coating on the bare MNPs (D). Colloidal stability and antifouling characteristics of DexMNPs nanocarriers (E): (a) bare MNPs were a stable suspension in DI H,O not
attracted by a portable magnet, while (c) immediate aggregated and sedimented when exposed into alkaline buffer, and (e) achieved irreversible HRP corona when
exposed into the serum (develops blue color after ABTS oxidation); DexMNPs (b) can be magnetically separated facilely and reversible transformed to colloidal status
in DI H,0, and (d) maintain colloidal stability when suspended in alkaline condition, (f) showing dextran polymer steric repulsion to the interaction with nonspecific
proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.2. Controlled oxidation of dextran polymer to provide polyaldehyde
groups

To impart abundant functional groups on DexMNPs as the efficient
coupling sites with antibodies, a feasible yet highly controllable meth-
odology is desired. The dextran gentle oxidation (a catalyst-free reaction
with high controllability) generating multivalent polyaldehyde groups
via breaking the vicinal diols between C3-C4 or C3-Cy suits this

requirement (Fig. 2) [35]. The grafted aldehyde functionalities are
reactive toward N-nucleophiles, among which amine moieties are the
most interesting targets for biomolecule immobilization [35]. While the
coated dextran layers onto DexMNPs are crucial to providing stability in
buffered media (Fig. 1E), strong oxidation conditions may break the
dextran chains and cause the dextran layers to be detached from the
nanoparticle surface. Therefore, the oxidation degree of the dextran
polymer should be carefully regulated.
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Fig. 2. Schematic illustration of the preparation of polyaldehyde-dextran-modified MNPs as antibody carriers. Intact dextran polymers were marked as green color,
while oxidized dextran chains carrying the aldehyde groups were marked as brown color. The generated polyaldehyde dextran will immobilize the antibodies via the
multiple imide bonds and be reduced to an inert surface after sodium borohydride reduction. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

Two main parameters (periodate concentration and oxidation time)
were tested to manage and quantify the aldehyde density onto the NP
surface. Fig. S2A shows that, in general, the grafted aldehyde func-
tionalities onto DexMNPs increased with stronger oxidation, with the
104 concentration playing a more dominant role in contributing poly-
aldehyde density than oxidation time. A medium concentration of 104
(5 mM) for 30 min endows the aldehyde density with 109 pmol g~*
nanoparticles which is 1.6-fold larger than that observed with a low 104
concentration (2 mM) for 5 h. A larger 104 concentration (10 mM)
provided a higher density of functional groups, as 1 h oxidation yielded
142.6 pmol aldehyde groups g~! nanoparticles, close to the aldehyde
density achieved with 5 mM IO4 oxidation for 5 h. Moreover, an about
2-fold lower aldehyde density was observed for DexMNPs prepared with
8-times lower dextran coating concentration (Fig. S2B), indicating that
the grafted dextran is another important factor determining the alde-
hyde density on the DexMNPs.

3.3. Immobilization of antibodies onto Alde-DexMNPs nanocarriers and
evaluation of their recognition capacity of target analyte

To investigate the influence of the oxidation variables on the
nanoparticle-coupled antibody, its surface coverage and the corre-
sponding biofunctionality were evaluated. It is worth mentioning that
although the epoxy groups also have reactivity towards NH; at alkaline
pH, they have much lower reactivity than aldehyde groups [19]. For
non-oxidized DexMNPs and using the antibody immobilization protocol
described in the “Materials and methods” section, the attachment of
antibody via epoxy ring-open attacking was negligible.

The effect of polyaldehyde density on the antibody coverage and
immobilization rate was studied (Fig. S3). The multipoint aldehyde-Lys
interaction promotes the fast coupling of antibodies. Over 18 pg mL ™
anti-HRP fully covered the activated carriers in 3 h for high and medium
104 concentrations. Upon observing that immobilization time instead of
polyaldehyde density was the decisive factor for antibody coverage, 60
min with ~ 65% surface coverage was selected for the coupling reaction
to prevent the steric hindrance caused by the overcrowded antibody.

While a larger 104 concentration promoted a higher anti-HRP
coverage (Fig. S4A), the lowest tested 104 concentration yielded about

3-times larger amount of tethered anti-HRP when the longest oxidation
time was applied. Medium and high 104 concentrations provided a not
too significant increase of bound antibody in the tested oxidation period
range (1-5 h).

The biofunctionality capacity of anti-HRP-DexMNPs was further
quantified (Fig. S4B). The polyaldehyde density has an apparent impact
on the antigen-binding capacity of bound antibodies. When the lowest
tested 104 concentration was used, although a growing number of
aldehyde groups significantly improved the anti-HRP-DexMNPs recog-
nition capacity (2.3-fold larger), the bound anti-HRP were only able to
capture 1.15 pmol HRP per pmol DexMNP-coupled anti-HRP employing
5 h 104 oxidation time. Blocked biofunctionality due to incorrect
orientation and limited antibody loading onto nanoparticles (< 40% of
density with respect to other 104 concentrations) was obvious for this
low 104 concentration, which probably provoked less sensitivity [12,
36]. As can be seen in Fig. S4B, the improvement of the bound anti-HRP
biofunctionality with the oxidation time was less measurable for higher
104 concentrations and similar for the other two assayed concentrations.
Prolonged oxidation time also caused a gradual reduction of antibody
biofunctionality due to their conformation changes and the increased
shielding effect of adjacent binding sites [36].

Considering these results, 5 mM 104 and an oxidation time of 4 h
were used for further work.

3.4. Optimization of experimental variables and analytical characteristics
achieved with the Alde-DexMNPs based immunoassay using colorimetric
detection

A direct format immunosensor using the oxidized DexMNPs as the
antibody carrier and HRP as the target model analyte was prepared and
its analytical characteristics were evaluated. As described in the “Ma-
terials and methods” section, the enzyme kinetics calculated by moni-
toring the absorbance increase during a given period of time was used to
quantify the analyte concentration instead of optical density after color
development. Therefore, blank samples and samples with an ultralow
HRP concentration could not be detected although blue color (ABTS™)
maybe developed after long reaction times.

Experimental variables were evaluated in terms of the recognition
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rate and HRP binding capacity of anti-HRP@DexMNP immunoconju-
gates. The incubation temperature did not significantly affect the
immunorecognition capacity of the bioconjugates, but when incubation
was performed at 37 °C, 98% of the maximum HRP binding was reached
in 10 min, while it took about 30 min at 25 °C (Fig. S5A). Antibody
coverage was regulated by the immobilization time, with 60 min
showing to be adequate to reach the largest binding capacity (Fig. S5B).
The concentration of the antibody-coupled nanoparticles showed a sig-
nificant effect on the binding capacity of the bioconjugates. HRP
immobilization up to saturation was obtained with the largest tested
concentration (20 mg mL’l) (Fig. S5C). The influence of the buffer
composition on the obtained responses showed 5% (v/v) PEG 600
caused a delayed antigen-binding rate due to its high viscosity, while
Tween 20 and BSA did not have a negative effect on the immunosensing
rate or capacity (Fig. S5D). The densely packed amphiphilic dextran
layers provide physical space and steric protection for DexMNPs against
non-target proteins, allowing the use of phosphate buffer rather than
more complex blocking buffers for immunorecognition.

Under the optimized experimental variables, the calibration plot for
the colorimetric anti-HRP@DexMNP-assisted immunoassay (prepared
according to the scheme depicted in Fig. 3A) for HRP was constructed.
Stock HRP solution was serially diluted to different concentrations until
the colorimetric reaction was no longer monitorable. Importantly,
DexMNPs (after NaBH4 reduction) without antibody did not show cat-
alytic reaction after the incubation with HRP due to the protective
dextran layer. Fig. 3B displays as the enzyme activity (EA) of HRP-anti-
HRP@DexMNPs immunoconjugates increased with HRP concentration
over the 0.3-7.5 pg mL™! range (R? = 0.995), fitting the equation
EAimmunoconjugates (Iu gfl) = (94 £ 3) [HRP] (IU g mL pg 71) +(8.1+
0.9) (IU g’l). The limit of detection (LOD) for the colorimetric immu-
noassay was 0.3 pg mL~! since lower HRP concentrations could not be
monitored.

A relative standard deviation (RSD) value of 5.8% (n = 3) was
calculated for the quantification of 5 pg mL~! HRP. In addition, the
accuracy of the results provided by the colorimetric anti-
HRP@DexMNPs immunoplatform was evaluated by performing
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recovery studies with 1 and 10% human serum diluted in PB and spiked
with three different HRP concentrations. No matrix effect was observed
for the spiked serum samples using both dilution factors. Therefore, the
HRP concentrations in the spiked samples were quantified by interpo-
lation of the measurements into the calibration plot constructed in
buffered solutions. The average recovery value ranged from 99.1 to
105.8% and from 93.9% to 106.4% for 1 and 10% diluted serum,
respectively. In addition, RSD values within the 1.2-10.1% range for the
different serum concentrations proved the robustness and acceptable
accuracy of the developed colorimetric immunoassay.

3.5. Optimization of experimental variables and analytical characteristics
achieved with the Alde-DexMNPs based immunoplatform using
amperometric detection

Quantification of HRP was additionally performed using electro-
chemical transduction. As illustrated in Fig. 4A, HRP-anti-HRP@Alde-
DexMNPs immunoconjugates were magnetically captured on the
working electrode surface of disposable SPCEs and amperometric
detection was carried out using the HQ/H30- system.

Blank signals from anti-HRP@Alde-DexMNPs in the absence of HRP
are due to the intrinsic peroxidase-like activity of iron oxide nano-
particles [37], which although undetectable by colorimetric trans-
duction, can be amperometrically detected. In this case, the
experimental variables (summarized in Table S1) were selected ac-
cording to the larger ratio obtained between the amperometric re-
sponses obtained in the presence (signal, S) of 100 ng mL~! HRP and in
its absence (blank, B), S/B ratio (Fig. S6).

The antibody loading density on the Alde-DexMNPs is a key variable
affecting the sensitivity of the assay. Larger S/B ratio was obtained for
7.5 1g mL ! anti-HRP incubated for 30 min (Fig. S6A and B). Moreover,
25 pg Alde-DexMNPs nanocarrier was selected to fabricate the immu-
noplatforms (Fig. S6C).

Using these mentioned experimental variables, the corresponding
HRP calibration plot (Fig. 4B) exhibited a linear response from 1.47 ng
mL ! to 30 ng mL -1 (R2 = 0.997), fitting the equation -i, nA = (65 + 2)

Colorimetric determination
(Real-time absorbance @420 nm monitoring)

e

H,0, ABTS
Js T T { 2
" — V3
HRE H,0, ABTSox

Ab-modified DexMNPs

Fig. 3. Schematic illustration of the preparation of Alde-DexMNPs based immunosensors for the colorimetric determination of HRP using ABTS and H,0, as the
substrates (A). Calibration plot obtained with the Alde-DexMNPs based immunosensors for the colorimetric analysis of HRP (B).



S. Gao et al.

Talanta 247 (2022) 123549

A) Amperometric determination ~ H:0: H.0
(Eapp = -0.2V vs. Ag pseudoreference electrode)
HRP,, HRP,,
Q@
NalO, oxidati ¥ m ) A
& alo, oxidation K CHO E\kkh ,,,’//)/,3 )
) - NaBH, reduction =~ == h‘;
5
<E
DexMNPs Polyaldehyde-DexMNPs Ab-modified DexMNPs =
=
i \Magnet
B)
2,500
2,000
0 ng mL?
1,500
‘é 30 ng mL?
" 1,000 -
CHO
500 iy cro| |>°™
= 2 “«—>
S — 10s
0 T T T T T T T
0 5 10 15 20 25 30 35

[HRP], ng mL"

Fig. 4. Schematic illustration of the amperometric determination of HRP using Alde-DexMNPs as the nanocarriers (A). Calibration plot obtained with the Alde-
DexMNPs based immunosensors for the amperometric detection of HRP, and display of the amperometric responses of the corresponding HRP concentrations (B).

nA mL~! ng [HRP] + (73 + 23) nA. LOD and limit of quantification
(LOQ) values were 0.44 ng mL ! and 1.47 ng mL ! HRP, calculated
according to the 3 x sp/m and 10 x sp/m criteria (sp is the standard
deviation of amperometric signals obtained from 10 blank samples, and
m is the slope value of the constructed calibration plot), respectively.
When the immunosensors were prepared with a 4-fold larger amount of
nanocarriers (100 pg instead of 25 pg), a 1.45-fold lower sensitivity
(slope values comparison) was obtained, while the linear range
extended between 1.95 and 100 ng mL~! (Fig. S7). Importantly,
amperometric responses of the HRP-anti-HRP@Alde-DexMNPs immu-
noconjugates can be measured in the absence of mediator (HQ) (Fig. S8).
However, as expected, the presence of HQ significantly enhanced the
catalytic process, provoking a 19-times larger sensitivity (44.7 vs. 2.3
nA mL~! ng [HRP] slope values of the corresponding calibration plot in
the presence and in the absence of HQ).

These results clearly show that electrochemical immunosensing is a
more sensitive strategy to determine HRP than the colorimetric one
achieving a 680-fold lower LOD value. Nevertheless, the influence of
size and surface functionality of the magnetic carriers on the electro-
chemical response is non-negligible [38,39].

Therefore, we have compared the amperometric measurements ob-
tained with two immunoplatforms differing in the particle size of the
antibody carriers. Carboxylated nanoparticles (HOOC-DexMNPs) were
derived from Alde-DexMNPs nanoparticles by transforming poly-
aldehyde groups to carboxyl groups upon imide formation with nitri-
lotriacetic acid. FTIR confirmed the presence of carboxyl groups after
such reaction (Fig. S1C). The behavior of the resulting immunoplatform
was compared to that prepared with commercial carboxylated magnetic
microbeads (MBs) (2.8 pm in diameter). Both of them can facilely attach
anti-HRP via carbodiimide-succinimide chemistry.

The analytical characteristics of the carboxylated MNPs/MBs-based
immunoplatforms were evaluated after the construction of calibration
plots for HRP solutions (Fig. 5A and B). A LOD of 0.78 ng mL ™! was
calculated using the anti-HRP@HOOC-DexMNPs immunoconjugates
according to the 3 x sp/m criteria. Although a slightly larger LOD was
obtained than that achieved with Alde-DexMNPs carriers (0.44 ng
mL™1), the use of HOOC-DexMNPs carriers broaded the linear response
over the 2.59 ng mL ™! to 50 ng mL ™! range with an R? value of 0.995. An

even wider linear range (0.46 ng mL ™! to 50 ng mL ') with a lower LOD
(0.14 ng mL™) were found when HOOC-MBs were employed as the
carrier. It reached 2.4 and 1.7 times higher sensitivity (slope values
comparison) over carboxylated and polyaldehyde-carrying nano-
particles, respectively. The analytical characteristics of the immuno-
platforms fabricated using different antibody carriers (nanoparticles or
microparticles) for the amperometric detection of target HRP are sum-
marized in Table 1.

An acceptable reproducibility for intra-day amperometric responses
(ten different immunosensing assays) was achieved using the three
magnetic particle carriers, yielding RSD values of 8.8 %, 6.6 % and 5.1 %
for Alde-DexMNPs, HOOC-DexMNPs and HOOC-MBs, respectively. The
storage stability of the fabricated immunoplatforms was evaluated
(Fig. S9A, B, C) by measuring the amperometric responses of anti-
HRP@carriers (at the nano or micro size), stored at 4 °C in sterilized
PB (10 mM, pH 7.0), in the absence and in the presence of HRP (at the
concentration indicated in the Figure caption). Antibodies coupled on
the three nanoparticle/microparticle carriers showed good stability as
no apparent changes in the amperometric responses provided by the
resulting immunoplatforms were observed after 26 days of the carriers
preparation.

4. Discussion

Comprehensive consideration of the physiochemical properties of
nanocarriers (surface chemistry and dimension) is relevant for immu-
nosensing using nanoparticles as the antibody carrier. This, together
with antibody immobilization methodology (coverage and orientation),
contribute both to the enhanced sensitivity and obtaining reproducible
and reliable results [13,38]. A ligand that simultaneously demonstrates
the following synergistic advantages is considered as an ideal one for
nanocarriers, including providing anchoring sites for the bioreceptors,
ensuring antifouling properties against non-specific proteins (speci-
ficity), and entitling well dispersity of Ab—NP bioconjugates [40].

Instead of multifunctional ligands composed of several reactive
moieties that play distinct roles [41], polyaldehyde dextran fulfills the
above requirements to enable bioreceptors with increased flexibility and
accessibility toward relevant targets. Moreover, the simple physical
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Fig. 5. Calibration plot and amperometric responses obtained with the carboxylated carriers-based immunosensors for the amperometric detection of HRP. Poly-
carboxylated nanocarriers (HOOC-DexMNPs) (A) and microparticles carriers (magnetic beads) (B) were used.

Table 1
Analytical characteristics for the amperometric determination of HRP using
different magnetic carriers (nanoparticles and microparticles).

Parameters Antibody carrier
Alde-DexMNPs HOOC-DexMNPs  HOOC-MBs
25 pg® 100 pg*

Linear range, ng mL ™’ 1.47-30 1.95-100 2.59-50 0.46-50

r 0.997 0.997 0.995 0.998

Slope, nA ng ™' mL 65+ 2 45+1 41+1 110 + 2
Intercept, nA 73 +£ 23 118 + 61 97 + 23 94 + 57
LOD", ng mL™! 0.44 0.59 0.78 0.14
LOQ", ng mL~! 1.47 1.95 2.59 0.46

# The amount of Alde-DexMNPs nanocarriers per sample for the amperometric
determination.

> 10D and LOQ were estimated by the 3 x s,/m and 10 x sp/m criterion,
respectively, where m was the slope of the fabricated calibration plot, and s, was
the standard deviation of 10 amperometric responses obtained with the absence
of HRP.

coating along with other surface functionalization protocols show
cost-effective and less time-consuming advantages [42-44]. The grafted
dextran amount has a significant influence on the activated

polyaldehyde density (Fig. S2), molecular weight constituting another
variable to contribute to different functionality densities and antibody
coupling efficiency [6].

In this work, the directional conformation of Alde-DexMNPs-
conjugated Abs with high Fab accessibility was explored. Duan et al.
[11] revealed that mild oxidation of DexMNPs (5 mM 104 for 6 h) is
beneficial to achieve the highest bacteria immunorecognition due to the
optimal antibody density, while the oxidation level on the antibody
biofunctionality was not discussed. Based on the analysis of antibody
coverage and biofunctionality on the Alde-DexMNP nanocarriers, we
make a hypothesis about the effect of 104 concentration and poly-
aldehyde density on the Fab accessibility of Ab-NPs (Fig. 6). At the
considered concentrations, the extension of the oxidation time promotes
noticeable higher polyaldehyde density, but does not continuous in-
crease the antibody coverage. It is needed to mention that prolonging
the immobilization time not only directly decides the protein anchoring
amount, but also favors higher intensity of protein-carrier interaction
that is not always advantageous [45]. At low IO4 concentration
(Fig. 6A), antibody coverage largely depends upon the polyaldehyde
density and Ab-nanocarriers density did not reach the saturated mono-
layer coverage. The multiple interactions occur at this lower Ab coating
cause high rigidity and, therefore, denaturation of the immobilized Abs
and result in poorer antigen recognition efficiency [36]. As the aldehyde
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Fig. 6. Illustration of the possible mechanism of antibody orientations on Alde-DexMNP nanocarriers at low (A), medium (B) and high (C) aldehyde densities.

density increases, increasing antibody coverage seems more favored
than achieving stronger multiple Ab-NPs interaction, thus weaker co-
valent linkages are likely to provide a higher degree of Abs motion that
contributes to higher Fab accessibility. At medium and high 104 con-
centration (Fig. 6B and C), aldehyde density is not the limiting factor of
Ab coverage after reaching 125 pmol g~! nanocarriers. Significantly
improved Ab density would promote the higher proportion of Ab with
active (side and flat) orientation [21], thus higher Fab availability until
the threshold concentration of monolayer Ab coverage is reached.
Further increased Ab density can promote the increase of
HRP-Ab-nanocarriers colorimetric signal, while a lower fraction of
active Ab may be attributed to the steric shielding of neighboring Abs
[36].

Meanwhile, aside from the effect of oxidation degrees on Abs bio-
functionality, another concern is the possible dissociation of dextran
layers from MNPs surface resulting from harsh oxidation levels, since
iron core and polymer shell bonds are formed via noncovalent interac-
tion. However, epichlorohydrin crosslinking performed in our study to
connect “floating” backbone chains to encage the MNP cores into the
polymer-based random coil structure is a well-accepted strategy to
reinforce their strong interaction [46]. Due to about 100 times lower 104
concentrations was used for DexMNPs oxidation compared with soluble
dextran (2-10 mM vs 154-1230 mM) [35], the colloidal stability of
Alde-DexMNPs nanocarriers was not obviously affected under the
oxidation conditions used in this study (unpublished data), yielding
homogeneous and non-aggregated Alde-DexMNP suspension for over 3
months (stored in DI HyO at 4 °C). Therefore, our optimal oxidation
parameters have an unnoticeable deterioration effect concerning
DexMNP’s stability. On the other hand, Gholipour et al. [47] reported
that only a =~ 1% weight loss of non-crosslinked DexMNPs was caused by
a mild oxidation treatment (3.6 mM I0%, 24 h), leading us to believe that
our shorter oxidation treatment applied to the strengthened
dextran-MNP upon epichlorohydrin crosslinking would not cause
considerable polymer detachment. However, intensive oxidation extents
are suggested to be avoided.

Being the same aldehyde multivalent linkers, polyaldehyde linkers
show larger biofunctionality retention than short glyoxyl linkers [19],
due to the better flexibility of anchored Abs grafted by its long spacer,
and Abs can stay away from the nanocarrier surface to prevent steric
hindrance. It would be interesting to explore the variation of dextran
molecular weight in the future to see if Abs would adopt to their sub-
optimal configuration with excessive longer linker. Further, poly-
carboxylated dextran was evaluated as an alternative multivalent linker
for the coupling reaction. It shares several common characteristics with
polyaldehyde dextran crosslinker, including NH, targeting, multi-
valency functionality and strong covalent interaction. Compared with
polyaldehyde-dextran, polycarboxylated dextran exhibits higher
coupling efficiency with Abs, while suffers lower Ab bioactivity ascribed
to the electrostatic repulsion of carboxylic groups against antigens in

10

specific cases [48]. In addition, random conformations upon carbodii-
mide chemistry render less accessible Fab fragment and < 4% of total
Abs maintain active after carbodiimide anchoring [36]. Due to the lower
sensitivity and detection limit, polyaldehyde-dextran seems to be more
appropriate as the antibody crosslinker in the nanocarriers compared to
polycarboxylated-dextran (Figs. 4 and 5A).

Higher sensitivity and lower detection limit using microparticles
carriers over nanocarriers were also confirmed, yet there is no general
conclusion about the size-related effects of magnetic particles-based
immunosensing on analytical performance. The analytical characteris-
tics of the resulting immunosensors can be varied regarding the different
carriers (surface chemistry and particle size), analyte sizes and
complexity of the matrix solution. Although providing close detection
limits, MBs carriers allow a 3.7-fold larger sensitivity than MNPs carriers
for soluble AXL immunosensing, while suffering a shorter range of
linearity [49]. However, MNPs-based immunosensors have been re-
ported to have better analytical performance than MBs-based immuno-
sensors for histidine-rich protein 2 (HRP2) in terms of detection limit
and sensitivity [39], as well as to capture pathogen cells with better
sensitivity and recovery efficiency [50,51]. When using nanoparticles as
antibody carriers, particle agglomeration, longer magnetic separation
time and a possible increased influence of the matrix effect are other
main concerns to be taken into account [39,50]. Thus, 100 nm
antibody-coupled MNPs were reported to achieve a better selectivity
than when using MBs carriers (0.5 pm and 1 pm in diameters) against
cells spiked in complicated matrices [51]. In addition, an adequate
dilution, yet still within the linear range of the immunosensing assay,
allows minimization or even elimination of matrix effects [49]. On the
other hand, Alde-DexMNPs are better immunocarriers than carboxyl-
ated MBs when considering the operation simplicity, time-saving and
cost-effectiveness since nanoparticles are prepared by simple
co-precipitation method, have minimal cost, and polyaldehyde chem-
istry omits prior activation procedure and shortness block-
ing/stabilization treatment. In addition, nanocarriers can maintain
much longer colloidal status and tortuous trajectories to increase the
higher possibility to interact with analytes while microparticles tend to
sediment due to gravity attraction even under continuous stirring.

The characteristic of the immunosensing protocols reported in this
work have been compared with other immunosensors reported so far for
the determination of HRP (Table S2). Directional oriented antibody via
Fc-binding domain contributed to a 10-fold higher sensitivity than that
obtained through adsorption interaction reaching a LOD of 0.1 ng mL ™!
HRP, while tedious surface functionalization of the microtiter plate is
necessary [16]. The change of colorimetric reader (absorbance in-
tensity) from a spectrophotometer to a portable smartphone camera also
results in good LOD [52], but purification of analytes is not facile for
microplates. Microfluidic paper-based devices can give straightforward
visible results within a short time providing high portability and
simplicity, although power-free fluid transport limits the sensitivity
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[53]. Similarly, lateral flow immunoassay revealed over 3 orders of
detection linearity, while the detection limit was obviously lower than
that achieved with other fabricated immunoplatforms even with
chemiluminescence signal amplification [54]. Recently, novel quantifi-
cation techniques have further improved the detection limit to a great
extent, including electrochemical [12] and surface-enhanced Raman
scattering (SERS) [55], showing the importance of analytical methods.

5. Conclusion

Exploring novel NH,-directed conjugation with antibodies, which is
convenient, efficient and cost-effective, and also has better control over
the reaction sites, is a highlighted common interest for immunosensing
applications. In this study, versatile Alde-DexMNPs have been proven as
promising “ideal” antibody nanocarriers, the assembled Ab—-MNPs bio-
conjugates showing good robustness, sensitivity and selectivity toward
HRP analyte upon the evaluation of four different variables on the
immunosensing performance. Better directional conformation and high
Fab accessibility of coupled antibodies were obtained via the tunable
regulation of polyaldehyde density on the nanocarriers surface, and the
constructed immunosensors exhibited satisfying analytes recovery from
10% diluted serum with colorimetric immunoassay, while the ampero-
metric assay (HQ/H202 system) significantly improved 670 times the
LOD. Despite carboxylated MBs outperform the nanocarriers and show
lower detection limit and wider linearity, still nanocarriers may be
considered as an interesting alternative to microparticles in terms of
cost-effectiveness and simplicity. Further, our homemade DexMNP
nanocarrier is easily transferable as suitable support for the interroga-
tion of other biomacromolecules based on distinct configuration for-
mats, therefore holding a great application prospect in both colorimetric
and electrochemical immunoassays.
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