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ABSTRACT: Nanoprobes have been widely used in biomedical
engineering. However, antibodies are generally conjugated onto
nanoparticles disorderly, which reduces their antigen recognition
ability. The existing antibody orientation approaches are usually
complex. Here, we developed and demonstrated a simple
antibody-oriented strategy for the lateral flow immunoassay of
cardiac troponin I by conjugating antibodies onto polystyrene
nanospheres at the optimal pH. The binding amount and
orientation of antibodies as well as the detection sensitivity were
significantly improved. Although pH regulation is commonly used
to optimize antibody conjugation, this paper illustrates the
mechanism of its antibody orientation enhancement ability for the first time and reveals the important influences of the
density, the charge distribution and hydrophilicity of the antibody, the control of the velocities of physical adsorption and
chemical coupling, and other factors on antibody orientation. It is of great significance to understand and regulate antibody
conjugation on the surface of micro- or nanospheres to construct high-performance probes for in vitro diagnosis applications.

B INTRODUCTION However, the above approaches are not only complicated
but also have risks of decreasing antibody activity.

To find simpler methods for antibody orientation, the
properties of antibodies such as charge distribution and
hydrophilicity were considered.”” The adsorption of antibodies
onto nanoparticles is based on noncovalent forces,”>** which is
not good for the repeatability, bonding strength, and stability.
However, the results of adsorption can be easily regulated by
changing the reaction environments. Emaminejad et al. treated
antibodies as electric dipoles and applied lateral electric field to
orient them, which led to more than 100% signal-to-noise

Nanomaterials and nanoprobes play irreplaceable roles in the
diagnosis of a range of diseases.”” Owing to the demand of
higher sensitivity, fluorescence, chemiluminescence, and
electrochemiluminescence, immunoassays are gradually replac-
ing conventional colloidal gold method and radioimmuno-
assay,”~” which have been widely used in the diagnosis and
prognosis of diseases such as tumors, diabetes, and acute
myocardial infarction.” """ For example, clinical biochemical
analyzers usually employ streptavidin—biotin system to cross-

link magnetic particles and antibodies, converting the enhancement.”” Tt is effective to orient antibodies using
concentration of antigen into chemiluminescence or electro- external electric field on two-dimensional surfaces, but the
chemiluminescence signals. Here, nanomaterials act as both approach is not suitable for nanoparticles. However, for
protein carriers and signal ampliﬁers.11 The immunoactivity of surface-charged nanoparticles, every single particle is homoge-
nanoprobes largely influences the detection sensitivity, which neously covered by charged groups, and thus the surrounding
can be improved by regulating the surface properties of microenvironment can be regarded as a miniature electric field,
nanoparticles and increasing the loading capacity of antibod- which, in turn, affects the interaction between antibodies and
ies."”"® Besides, the importance of antibody orientation has nanoparticles. For example, Puertas et al. oriented antibodies
been realized."* Four major antibody orientations are “tail-on”, on magnetic nanoparticles and carbon nanotube-polystyrenes
“head-on”, “side-on”, and “flat-on”."> Key approaches that have through an ionic or hydrophobic adsorption step before
been proved to be effective are as follows: introducing covalent cross-linking.”® They stated that the conjugation
crystalline fragment (Fc)-specific proteins such as protein A process included an initial pre-adsorption followed by the
(or G); reducing antibodies to obtain thiol groups that anchor

firmly on gold surfaces; oxidizing sugar chains of antibodies to Received: January 15, 2019

obtain aldehyde groups that cross-link with hydrazine surfaces; Revised:  February 27, 2019
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Figure 1. (A) Schematic representation of the preparation of antibody-modified nanoprobes involved in the lateral flow immunoassay. (B) The
structure of the test strip (left), the fluorescent quantitative immunoassay analyzer (middle), and the data analysis interface on the computer

(right).

formation of covalent bonds. In some of the research
investigations, the mechanism of orientation is simplified
such that the positively charged surfaces bind carboxyl groups
at the C-terminal of antibodies and ne%atively charged surfaces
bind amino groups at the N-terminal.””** However, acidic and
alkaline amino acids spread all over the whole antibody
heterogeneously decide the charge distribution of antibodies
and play important roles in the physical adsorption as well as
provide binding sites for the cross-linking of chemical agents. It
is to be noted that the final orientation of the antibodies is
affected by various factors. In this study, antibody-oriented
nanoprobes with higher immunoactivity were generated by a
simple regulation of fewer reaction conditions. Besides, the
mechanism of the influence of noncovalent interactions on
antibody orientation was discussed.

Despite innumerous studies that reported on antibody
orientation, there is still lack of maturity and methods of
universal characterization. Technologies such as time-of-flight
secondary ion mass spectrometry and spectroscopic ellipsom-
etry show high resolution with reliable data and are thus
frequently used to infer the direction of antibodies via
measuring the changes of surface topography and thickness
of protein layer.””*° However, these methods are more suitable
only for two-dimensional materials compared to nanomateri-
als.”’ For nanoparticles, the characterization based on
antigen—antibody binding seems to be more feasible and
convincing, as it directly reflects the bioactivity of immobilized
antibodies.”* Antigens that can generate optical signals by
themselves or through catalytic reactions are often employed
to facilitate the detection and analysis; for instance, horseradish
peroxidase can be used both as an antigen and a catalyst.*”
Even with a careful selection of model antigens and antibodies,
the feasibility of the strategy of orientation does not completely
reflect the clinical performance. In this study, cardiac troponin
I (cTnl) was used to verify the practicality of the proposed
method. As the gold standard for the in vitro diagnosis of acute
myocardial infarction, the highly sensitive detection of c¢Tnl is
crucial for the exclusion and early diagnosis. Antibody
orientation was determined using anti-mouse Fc antibodies
(anti-Fc) and further confirmed by lateral flow immunoassay
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(LFIA), which is the most representative point-of-care testing
method widely used in clinical diagnosis in recent years. There
is a large market demand for LFIA because it is fast, cheap, and
easy to operate. Its application in detecting low-concentration
samples, however, has always been limited by low sensitivity.
Antibody orientation is expected to improve the detection
sensitivity of LFIA. The basic principles and processes of LFIA
are shown in Figure S1. Figure 1A shows the preparation and
steps in the immunoassay of nanoprobes, and Figure 1B
indicates the structure of the test strip, the appearance of the
detecting instrument, and the data analysis interface used in
this study.

B EXPERIMENTAL SECTION

Materials. The following reagents were used in the experiments:
240 nm-sized carboxylated polystyrene nanospheres (CNs) (JSR,
Japan); bovine serum albumin (Yeasen, China); Alexa Fluor 647 N-
hydroxysulfosuccinimide (NHS) ester (F647) (Thermo Fisher
Scientific); N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride crystalline (EDC); N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS), tris base, glycine (Sigma-Aldrich); human cardiac
troponin I-T-C complex (Hytest, Finland); mouse anti-cTnl
monoclonal antibodies (clone 3H9 and clone TP110) (OriGene,
China), goat anti-mouse antibody, rabbit anti-mouse Fc antibody
(anti-Fc) (Bioss, China); sample pad, conjugate pad, water-adsorbing
pad, PVC plates (Kinbio, China); nitrocellulose membrane (NC
membrane) (Merck, Germany); sucrose, sodium dodecyl sulfate
(SDS) (Sinopharm, China); and 2-morpholineethanesulfonic acid
(MES), Tween 20 and Triton X-100 (Biosharp, China).

Apparatus. The following are the main apparatus used in the
experiments: A T-MS thermostatic oscillator (Topscien, China); a
H18SO0R high speed centrifuge (Xiangyi, China); an ultraplus
scanning electron microscope (SEM) (Zeiss, German); a UV1780
ultraviolet and visible spectrophotometer (Shimadzu, Japan); and a
Nanoeasy1700 fluorescent quantitative immunoassay analyzer (Nano-
east, China).

Activation of Carboxylated Nanospheres. One milligram of
240 nm sized CNs was dispersed in 1 mL of 20 mM MES (pH S.5)
and incubated with 120 yg EDC and 120 ug sulfo-NHS at 37 °C for
40 min. Then, the mixture was centrifuged for 10 min at the speed of
20 000g. The obtained supernatant was discarded and the activated
product was used immediately.
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Details on Immobilization and Elution of TP110. Immobi-
lization of Clone TP110 at Different pH. One milligram of activated
product was resuspended in 350 uL of 10 mM phosphate buffer (pH
5.8, 6.8, or 7.8) and incubated with TP110 (50 or 200 ug) at 37 °C
for 1 h. Then, the mixture was centrifuged for 10 min at the speed of
20000g. The supernatant was collected and the CNs—TPI110
conjugates were resuspended in 400 yL of 10 mM phosphate buffer
(pH 6.8). The centrifugation steps were repeated twice and the
products were stored at 4 °C until further use.

Immobilization and Elution of TP110 at Different Incubation
Times. One milligrams of activated product was resuspended in 350
uL of 10 mM phosphate buffer (pH 5.8, 6.8, or 7.8) and incubated
with 200 pg of TP110 at 37 °C for S, 10, 20, 40, or 60 min. Then, the
mixture was divided into two equal parts immediately. One part was
centrifuged for 10 min at the speed of 20 000g and the supernatant
was collected. Another part was incubated with 200 uL of SDS (2%
w/v) in 100 mM of Tris (pH 7.5) at 37 °C for 30 min. It was then
centrifuged for 10 min and the supernatant was collected. The SDS
could fully elute the physically adsorbed antibodies without breaking
any covalent bonds (Figure S2).

Specific Binding of Anti-Fc to TP110. A mixture of 200 uL of
CNs—TP110 and S0 pg of anti-Fc was incubated at 25 °C for 1S min
and centrifuged for 10 min at the speed of 20000g, and the
supernatant was collected.

Quantification of TP110 and Anti-Fc. Amounts of total
binding, physical adsorption, and chemical cross-linking of TP110
as well as the binding amount of anti-Fc were all quantified by
bicinchoninic acid protein quantitation kit. Each sample was diluted
into 1 mL using pure water and incubated with 1 mL of working
buffer at 60 °C for 60 min. The absorbance at 562 nm was then
measured to determine the amount of protein based on the standard
curves.

Conjugation of Fluorescent Molecules. Ten micrograms of
F647 was incubated with 200 yL of CNs—TP110 at 25 °C for 60 min.
Then, the mixture was purified by centrifuging three times. The
nanoprobes were stored in 50 mM glycine buffer (pH 8.2) containing
bovine serum albumin and sucrose as stabilizing agents at 4 °C until
further use.

Preparation of Test Strips of Lateral Flow Immunoassay.
Clone 3H9 was fixed in the test line area (2 mg/mL, 0.8 L/cm) and
goat anti-mouse antibody was fixed in the control line area (0.5 mg/
mL, 0.8 uL/cm) of NC membrane. Nanoprobes were then evenly
sprayed on the conjugate pad and air dried at 25 °C for 24 h. All
membranes were then assembled orderly, cut into 4 mm wide test
strips, and kept in plastic enclosures.

Procedure of Lateral Flow Immunoassay. One hundred
microliters of ¢Tnl sample was dropped onto the sample pad of a
test strip. After 15 min, it was subjected to read by a fluorescent
quantitative immunoassay analyzer. The performance of lateral flow
immunoassay was then evaluated, which included linearity, repeat-
ability, and limit of detection.

B RESULTS AND DISCUSSION

Structural Characterization of Nanoprobes. Figure 2A
shows the uniform dispersion of carboxylated polystyrene
nanospheres (CNs). After conjugating with TP110, the size of
CNs increased slightly. After Alexa Fluor 647 NHS ester
(F647) labeling, a characteristic peak at 651 nm could be
observed in the UV—vis absorption spectra (Figure 2B).
Meanwhile, strong fluorescent signals were produced when the
nanoprobes were dropped onto NC membrane and excited by
light at 610 nm (Figure 2C).

Determination of Orientation of TP110 on Nano-
spheres. The isoelectric point (pI) of TP110 was about 6.8.
To investigate the influences of pH on the adsorption, cross-
linking, and orientation of antibodies, the reactions were
carried out at pH 5.8, 6.8, and 7.8, which were below, equal to,
and above the pl.
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Figure 2. (A) SEM images of nanospheres before (left) and after
(right) conjugating with antibodies. (B) UV—vis absorption spectra of
nanoprobes. (C) Fluorescent signals of nanoprobes on the NC
membrane.

TP110 Loading Capacity of CNs. As shown in Figure 3A,
when the feeding amount of TP110 was low (50 pg), the
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Figure 3. (A) Effect of pH and feeding amounts of TP110 on the
binding amounts of TP110 on nanospheres. (B) Effect of pH and
feeding amounts of TP110 on the molar ratio of anti-Fc to TP110.

binding amounts were high and almost the same at different
pH. After increasing the feeding amount (200 pg), the binding
amounts of antibody increased too. Obviously, a lower reaction
pH led to a higher increase in the binding amounts of
antibody. Hence, CNs had the maximum antibody loading
capacity at pH 5.8.

Exposure of Fc Region of TP110. Anti-Fc specifically
targeted the exposed Fc region of TP110. After it was
incubated with CNs—TP110, the molar ratio of anti-Fc to
TP110 was calculated. When the feeding amount of TP110
was 200 g, less than one fifth of an anti-Fc was combined on
each TP110. The lower the pH, the less the anti-Fc binding

DOI: 10.1021/acs.langmuir.9b00150
Langmuir 2019, 35, 4860—-4867


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00150/suppl_file/la9b00150_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.9b00150

Langmuir

amount, indicating that more Fc terminals of TP110 were
toward the surface of CNs at pH 5.8 (Figure 3B). In other
words, more antigen-binding fragments (Fab) were accessible
for antigens. However, when the feeding amount of TP110 was
50 ug, the regularity was completely different. Nearly one anti-
Fc was combined with each TP110, and the anti-Fc-to-TP110
ratio varied slightly with pH. The accessibility of the Fc region
to TP110 was very similar, and thus the antibody orientations
at different pH were unlikely to be determined only based on
this experiment. Blank control (the feeding amount of TP110
was 0 pg) was also tested, which indicated that there was no
nonspecific adsorption between anti-Fc and bare nanospheres.

Immunoactivity of Nanoprobes. The immunoactivities of
nanoprobes prepared at different pH were examined with
lateral flow immunoassay. Nanoprobes flow and react in the
pores of NC membrane (Figure S3). For all groups, there was
a positive correlation between the detection value and the
concentration of ¢Tnl (Figure 4A,B). The detection sensitivity
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Figure 4. Lateral flow immunoassay results of ¢Tnl using conjugates
prepared with different feeding amounts of antibody: (A) SO ug and
(B) 200 ug. (C) The three dimensions of antibody.

increased as the pH decreased at both high (200 ug) and low
(50 pg) feeding amounts of antibody. Since the same feeding
amount of TP110 (200 ug) resulted in different binding
amounts at different pH, and also had certain influence on the
detection sensitivity, the feeding amount of TP110 was
changed slightly (200 ug at pH 5.8, 240 ug at pH 6.8, and
280 ug at pH 7.8) to make the binding amount of TP110
uniform at different pH. The obtained results show that the
detection sensitivity was still the highest at pH 5.8 (Figure S4).

It is to be noted that when the feeding amount of antibody
was low (50 pg), the binding amounts of antibody and the
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degree of exposure of the Fc region at different pH were
similar, but the antigen-binding activities of the Fab region
were quite different, resulting in different sensitivities. Thus,
TP110 orientation was the best at pH 5.8 in spite of the same
exposure of the Fc region at pH 5.8, 6.8, and 7.8.

Determination of Total Binding, Physical Adsorption,
and Chemical Cross-Linking Velocities of TP110. During
the preparation of CNs—TP110 conjugates, first TP110 was
physically adsorbed onto nanospheres followed by chemical
cross-linking at the adsorption sites. Physical adsorption
occurred rapidly, and thus the binding amounts of antibody
at three pH were nearly saturated in S min (Figure SA).
However, with a decrease in the reaction pH, the cross-linking
velocity of antibody was reduced (Figure SB), since a higher
protonation weakened the reactivity of amino groups. More
than 96% of the adsorbed antibodies were cross-linked onto
CNs at pH 7.8 in S min. At pH $5.8, the percentage was only
79. At pH 7.8, although the reaction of N-hydroxysulfosucci-
nimide sodium (sulfo-NHS) activated carboxyls with primary
amines was highly efficient, the hydrolysis of sulfo-NHS ester
was rapid too. The velocities of both cross-linking and
hydrolysis decreased with a decrease in pH. As a result, at
first, the window time between adsorption and cross-linking
was prolonged, providing TP110 enough time to adjust the
orientation under the influence of the microenvironment of the
surface of nanosphere. Second, a slower hydrolysis ensures
more activated carboxyl groups for the subsequent cross-
linking reaction. Moreover, when the reaction pH was lower
than pl, the net charge of the whole antibody was positive,
opposed to negatively charged CNs, which also enhanced the
electrostatic attraction and increased the binding amounts of
antibody.

Effects of Density of Antibodies on the Performance
of Nanoprobes. The density of antibodies on the surface of
nanospheres affected steric hindrance, which is also critical for
the orientation of antibodies.””** At pH 5.8, when the feeding
amount of TP110 was 50 ug, its binding amount was about
45.4 pg. Each antibody occupied an average area of 135 nm?,
which was about the area for one antibody lying in flat-on
direction (Figure 4D). Therefore, during the preparation and
preservation, the antibodies would turn spontaneously into a
more stable state of low energy, and finally orient horizontally
on the surface. When the feeding amount of TP110 was 200
ug, its binding amount was about 160.5 ug. Each antibody
occupied an area of 40 nm?* which was exactly for one
antibody to immobilize in tail-on direction, indicating a
compact and perpendicular arrangement of antibodies to the
surface. This not only makes antibodies to be more in order
and stable but also reduces nonspecific adsorption and
misleading positive results caused by uncovered nanospheres
or disordered distribution of protein. As a result, although a
higher steric hindrance led to increased inactivation of
antibody, the total number of immunoactive sites of probes
was still larger and the detection sensitivity was higher than
probes with low density of antibodies. When the reaction pH
increased, the loading capacity of the antibodies of nano-
spheres decreased, which might be because the randomness of
antibody orientation increased and each antibody required a
large area on an average.

Based on the above results, in lateral flow immunoassay,
optimized probes were used (the feeding amount of TP110
was 200 pg and the pH of conjugation was 5.8) to evaluate the
performance. A good linear correlation between the concen-
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tration of ¢Tnl and the intensity of fluorescence within the
tested concentration of 0.1—50 ng/mL could be noted (Figure
SC). Each of three representative concentrations of cTnl (0.5,
2, and 8 ng/mL) was tested 10 times and the calculated CV
was 6.1, 8.0, and 9.7, respectively, showing a good
reproducibility. A sample free from cTnl was tested 20
times, and the mean detection value (M) and standard
deviation (SD) were calculated. The results of M + 2SD were
lower than the mean detection value of 0.1 ng/mL of sample
(mean of three replicates), thus the limit of detection was
lower than 0.1 ng/mL (Figure SD).

Discussion on the Mechanism of Orientation Based
on the Physicochemical Properties of Antibodies.
TP110 is one of the murine IgGl monoclonal antibodies.
There is only a small difference in the sequence of amido acid
in the variable region among mouse IgGl antibodies. The
structure of a representative mouse IgG1 antibody (PDB ID:
1IGY) was analyzed.”> According to its charge distribution
(Figure 6A), due to the existence of acidic and alkaline amino
acids, as well as carboxyl and amino groups at the end of both
heavy and light chains, positive and negative charges were
unevenly distributed over the antibody, which determines the
pl of whole antibody (Fab), and Fc fragments. The pI of
(Fab), fragment was usually the largest and that of the Fc
fragment the smallest,'® differing by approximately 1—2. The
number of alkaline amino acids was much more than acidic
ones in the (Fab), fragment, whereas the two were almost
equal in the Fc fragment (Figure 6B). According to the
Henderson—Hasselbalch equation, pH = pK, + lg([A7]/
[HA]), the net charges of both (Fab), and Fc fragments at
different pH were calculated (Figure 6C). From pH 5.8 to 7.8,
the absolute value of the net charge of the (Fab), fragment was
larger than that of the Fc fragment. Even when the net charge
of the whole antibody was negative in an alkaline environment,
the (Fab), fragment was positively charged and affected the
adsorption of antibody. Therefore, electrostatic attraction
played a dominant role on the interaction between the
positively charged (Fab), fragment and the negatively charged
nanosphere. In contrast, the Fc fragment was less charged and

4864

thus its hydration shell was thinner and hydrophobicity was
stronger. At pH 7.8, both adsorption and cross-linking
reactions were unfavorable for tail-on orientation of antibody.
First, the (Fab), fragment was positively charged, whereas the
Fc fragment was negatively charged, so that the former was
preferentially adsorbed onto nanospheres. Second, the
deprotonation of the primary amino groups of Fab terminals
was much more complete than that of lysine side chains and
these primary amino groups were easier to be conjugated to
carboxyl groups.

At pH 5.8, both the (Fab), and Fc fragments were positively
charged, thereby weakening the former’s advantage of charge
attraction. Also, most of the amino groups of Fab terminals
were also protonated and thus their cross-linking priority was
reduced. Besides, the hydrophobicity of the Fc region became
stronger due to their rather small net charge, which more likely
assisted in binding to nanospheres through hydrophobic
interaction. Finally, the reduced cross-linking velocity provided
a window time for the adsorbed antibodies to fully adjust their
orientation before the formation of covalent bonds.

At pH 5.8—7.8, almost every carboxyl group on the surface
of nanosphere was completely deprotonated and negatively
charged. Compared with NHS, sulfo-NHS-activated nano-
spheres would not become neutralized, keeping the necessary
surface charge density.’

In summary, the conjugation of CNs—TP110 began with
physical adsorption under the influence of electrostatic and
hydrophobic interactions. Essentially, the direction of antibod-
ies was formed at this stage and then the covalent bonds were
developed at the adsorbed sites. If the space between two
antibodies was large enough, antibodies would continue to
evolve into flat-on orientation. Finally, different amounts and
orientations of antibodies were immobilized on nanospheres,
which demonstrated different performances of anti-Fc and
antigen recognition (Figure 7). In particular, when the feeding
amount of TP110 was 50 ug, it was well oriented at pH 5.8
(Figure 7B) but random at pH 7.8 (Figure 7D), whereas the
antibody densities were both low enough to fully expose the Fc
region. This visually explains the results in Figures 3B and 4A
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Figure 6. (A) Three-dimensional crystalline structure of IgG1 mouse
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so the charge distributions were not entirely consistent with the
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that the binding amounts of anti-Fc were similar but the
detection sensitivities were different for these two probes.

B CONCLUSIONS

To achieve better detection sensitivity, high-performance
fluorescent nanoprobes were constructed by adjusting the
conjugation pH of CNs—TP110. The mechanism of pH-
induced antibody orientation and the effects of pH on the
charge distribution, hydrophilicity, and adsorption/cross-link-
ing velocity of antibodies were studied for the first time. When
the pH reduced to 5.8, on the one hand, the distribution of
charge and hydrophobic area of the antibodies facilitated their
tail-on orientation, and on the other hand, the cross-linking
velocity reduced, providing longer time for antibodies to fully
adjust their direction under the influence of the microenviron-
ment of the surface of nanospheres. Besides, the antibody-
loading capacity of nanospheres significantly increased at pH
5.8. The density of antibody also had an important influence
on the orientation of the final antibody. When the density was
high enough, antibodies were closely aligned perpendicularly
to the surface, which showed more order and stability. Probes
were applied to the rapid detection of cTnl and the detection
sensitivity was improved considerably. Overall, the optimized
preparation strategy of probe that has been developed in this
investigation is convenient and applicable to a wide range of
antibodies and thus has potential application in in vitro
diagnosis, especially for point-of-care testing.
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