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Abstract: Antibody conjugates with gold nanoparticles (GNPs) are widely used in modern diagnostics
and theranostics. Therefore, information on these conjugates' composition and functional activity is
extremely important. The characterization of antibody complexes with GNPs is typically limited to a
qualitative comparison of the concentration dependences for antigen binding. The task of this study was
to supplement the existing approaches with quantitative assessments. The number of antibodies
absorbed on the surface of GNPs and the percentage of those retaining the antigen-binding ability after
immobilization was estimated. The investigation was carried out for 6-carboxyfluorescein as a low
molecular weight antigen. Special calculation methods based on the detection of fluorescence of both
antibodies and the antigen were proposed. For GNPs with an average diameter of 13 nm, the saturating
concentration for antibodies upon monolayer immobilization was established. It was demonstrated that
up to 88.8% of antibody binding sites lost their immunochemical activity upon adsorption. Although
this value may vary for different antigens, the inactivation factor is significant and should be overcome
to obtain highly effective conjugates.
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1. Introduction

Antibodies conjugated with gold nanoparticles (GNPs) have been used as analytical
probes [1-5] and theranostic reactants [6-8] for many years. The importance of efficient binding
and detection of these conjugates causes interest in studying their composition and reactivity
[9-11]. However, recent studies demonstrated that immobilization of immunoglobulin
molecules on the surface of GNPs could significantly worsen their antigen-binding ability; the
difference sometimes reaches an order of magnitude [12-15]. The reasons for such a sharp
deterioration remain unclear. This may be because of the inefficient orientation of immobilized
molecules, steric or electrostatic limitations for contact with an antigen, and other factors
postulated in various studies [16-19]. However, the contribution of these factors was not
compared.

Existing publications are limited to the comparison of free and bound antibodies.
However, the antibodies are not guaranteed full functionality before their conjugation. It is
known that antibodies undergo significant structural changes during storage up to their partial
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disintegration into fragments [20, 21]. The inactivation of immunoglobulins in solutions
depends on many factors related to the medium composition and storage conditions [20, 22,
23] and the immunoglobulins' structure [24-26]. Even mechanical actions such as shaking or
mixing can significantly influence the state of immunoglobulins [27].

In this investigation, the antigen-binding ability of antibodies (both free and adsorbed
on the surface of GNPs) was studied using 6-carboxyfluorescein (FAM) as an antigen and anti-
FAM monoclonal antibodies (mAbs). The strong fluorescence of the chosen antigen allows for
determining its concentration in solution with high accuracy. The binding of FAM with specific
mADbs almost completely suppresses its fluorescence [28, 29]. Due to this, the antigen-antibody
complex formation can be detected in real-time conditions without additional stages of
isolation or treatment by extra reagents. These reasons make the chosen pair a very perspective
model system to study the influence of GNPs on the properties of mAbs adsorbed on their
surface.

2. Materials and Methods

2.1. Materials.

MADbs against fluorescein from HyTest (Moscow, Russia) were used. FAM, gold (I11)
chloride hydrate (HAuCl4), Tris, and sodium citrate were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Monofunctional poly(ethylene glycol) with reactive free thiol groups
(MPEG-SH; m.w. 5 kDa) was purchased from Creative PEGWorks (Durham, NC, USA). All
other reagents were purchased from Khimmed (Moscow, Russia). Deionized water produced
by Milli-Q (Millipore; Burlington, MA, USA) was used to prepare solutions.

2.2. Obtaining and characterization of GNPs.

Spherical GNPs with an average diameter of 13 nm were synthesized by the citrate
method of Turkevich-Frens [30]. For this, HAuCls (1 mL of 1% solution) was added to
deionized water (96.5 mL) and brought to boiling. Then, sodium citrate (2.5 mL of 1% solution)
was added under stirring. After 15-min incubation, the mixture was cooled to room temperature
and stored at 4°C.

To perform transmission electron microscopy (TEM), GNPs were applied to grids (300
mesh) covered by a film of polyvinyl formal dissolved in chloroform. TEM images were
obtained on a JEM CX-100 electron microscope (Jeol, Tokyo, Japan) at an accelerating voltage
of 80 kV and a magnification of 3,300,000. The digital microphotographs were analyzed using
Image Tool software (University of Texas Health Science Center, San Antonio, TX, USA).
The absorption spectra of GNPs were registered on a Libra S80 spectrophotometer (Biochrom,
Cambridge, UK) in the wavelength range of 400—700 nm.

2.3. Conjugation of GNPs with mAbs.

Initially, mAbs were dialyzed against 1,000-fold excess of 10 mM Tris-HCI buffer, pH
9.0, for 2 h at 4-6°C. Potassium carbonate solution (0.1 M) was added to the GNPs solution
(optical density at 520 nm (ODs20) = 1.0) until pH 9.0 was reached. After this, GNPs were
added to mAbs and incubated for 30 min at room temperature with stirring. Then, an aqueous
solution of PEG-SH was added to a final concentration of 0.25%. The obtained mAb-GNP
conjugates were twice centrifuged on an Allegra 64R centrifuge (Beckman Coulter, Brea, CA,
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USA) at 25,000 g and 4°C for 15 min. The supernatants and the pellets were collected. The
latter containing GNP—mAb conjugates were diluted with 50 mM phosphate buffer, pH 7.4,
containing 0.1 M NaCl (PBS) with 0.25% PEG-SH to ODsy = 5.0.

2.4. Determination of mAbs binding capacity.

2.4.1. Method 1.

Wells of a white microplate (Nunc MaxiSorp, Roskilde, Denmark) were filled with PBS
(100 pL). A FAM solution (2 pg/mL, 100 pL) was added to the first row of wells. Then, a
series of FAM dilutions were obtained by a sequential transfer of its solutions (100 pL) to the
next rows. Then, mAbs (15 pg/mL, 100 pL) were added to half of the microplate and PBS (100
ML) — to the other half. The mixtures were incubated for 10 min at room temperature, and the
fluorescence was measured (see Section 2.7). Signal values registered for antibody-free
solutions were used to construct a calibration curve. Signal values for solutions containing both
FAM and mAbs were used to calculate the amount of the bound antigen based on the difference
in fluorescence measured in the calibration solutions.

2.4.2. Method 2.

Wells of a white microplate were filled with PBS (100 pL). A solution of mAbs (150
pg/mL, 100 pL) was added to the first row of wells. Then, a series of mAbs dilutions were
obtained by a sequential transfer of their solutions (100 pL) to the next rows. Then a FAM
solution (100 ng/mL, 100 pL) was added to the wells and incubated for 10 min at room
temperature. After fluorescence measurements, the amount of the bound and free antigen was
calculated (see Results and Discussion).

2.5. Determination of the amount of mAbs bound to GNPs.

The composition of the mAb—GNP conjugate was determined using the earlier
developed protocol [15, 31]. The supernatants obtained after the centrifugation were divided
into 2 equal parts. MADbs were added to the first part (to reach the final concentration of 3.15
ug/mL) to obtain calibration solutions; nothing was added to the second part. The resulting
solutions were poured into 96-well microplates (200 uL per well, 2 repetitions for each
solution), and the fluorescence was measured. The difference in fluorescence for solutions
containing mAbs and without them corresponds to the fluorescence of mAbs at a concentration
of 3.15 pg/mL. This value was used to calculate the concentration of mADbs in the supernatant
(ng/mL) by the formula:

FxC/(Fc—F) 1)
where F is the fluorescence of the supernatant, Fc is the fluorescence of the supernatant with
the added mADbs, and C is the concentration of the added mAbs (3.15 pg/mL).

The difference between the concentration mAbs added to the reaction solution, and the
concentration of mAbs in the supernatant corresponds to the mAbs content in the corresponding
conjugate with GNPs.

2.6. Determination of the amount of active mAbs on the GNP surface.

Mab—GNP conjugates (ODszo = 5.0) were divided into 7 parts of 1.5 mL each. FAM
solutions were added to 6 parts to reach 2-125 ng/mL final concentrations. The seventh part
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contained no FAM. The mixtures were incubated for 30 min at room temperature with stirring
and then centrifuged twice at the aforementioned regime. The supernatants were collected to
determine bound and unbound antigens in the same way as it was described above for bound
and unbound mADbs.

2.7. Fluorescence measurement.

Fluorescence spectra were recorded in white microplates using a Perkin Elmer EnSpire
2300 microplate reader (Waltham, MA, USA). For mAbs and FAM, the excitation
wavelength/the emission wavelength ranges were 280/290-500 nm and 502/522-600 nm,
respectively.

3. Results and Discussion

3.1. Study of fluorescence quenching of FAM by mAbs.

The strong influence of the nearest environment of a fluorophore on its fluorescence is
well known [32-34]. It can be manifested either in the complete quenching of the fluorescence
or its amplification. The quenching of FAM fluorescence in its complexes with mAbs was
observed in our previous experiments [29]. Figure 1 demonstrates the fluorescence spectra of
FAM in PBS and mixtures with excessive concentrations of mAbs. According to the obtained
data, the fluorescence is almost completely quenched (>96%). For each solution, the spectra
were recorded twice at 10-min intervals. The first and the second measurements completely
coincided, which indicated equilibrium reaching.
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Figure. 1. Fluorescence spectra of FAM and FAM —mAb complex. 1. — FAM 100 ng/mL; 2. — FAM 100 ng/mL
after 10 min; 3. — FAM 100 ng/mL + mAbs 75 pg/mL; 4. — FAM 100 ng/mL + mAbs 75 pg/mL after 10 min; 5.
—PBS; 6. —PBS after 10 min.

3.2. Interaction of FAM with mADbs.

The effect of quenching was applied to register the binding of FAM with mAbs in the
solution. Two methods were used to improve reliability.

3.2.1. Method 1.

Two rows of FAM solutions with concentrations of 0.4-500 ng/mL were prepared. The
first row also contained mAbs (7.5 pg/mL). The second row without mAbs was used for
calibration. According to Figure 2a, the calibration dependence was almost linear up to FAM
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concentrations of about 60 ng/mL. The dependence of the fluorescence on the fluorophore
concentration for solutions containing mAbs (Figure 2b) was more complex. At FAM
concentrations of less than 15 ng/mL, the fluorescence was almost completely quenched by the
excess of mAbs and practically did not differ from the background. With an increase in the
FAM concentration, the binding centers of mAbs became occupied, and the concentration of
free FAM grew, which was accompanied by the fluorescence increase. The point separating
these regions accorded to the equimolar antigen/antibody ratio (Figure 2b).
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Figure 2. Fluorescence at 522 nm of (a) 1. — mixtures of different concentrations of FAM with 7.5 pg/mL of
antibodies and 2. — FAM calibration solutions; (b) the initial section of the curve (a).

The free and antibody-bound FAM concentrations were calculated based on the
obtained data using the following reasoning. The total fluorescence minus the background (F)
is the sum of the fluorescence of free and bound FAM. The maximum fluorescence is observed
at 522 nm. At a given wavelength, the fluorescence of bound FAM is 4% of the fluorescence
of free FAM in the same concentration (Figure 1). The fluorescence is also equal to the
fluorescence of the unit concentration of the fluorophore (F1) multiplied by its concentration.
Therefore:

F = Fix Cs+ 0.04 x F1-x Cp, (2)
where Cr and Cy, are the concentrations of free and bound FAM, respectively. Considering that
Cs + Cp is the total added concentration of FAM:

Ci=(F/F1-0.04 xC)/0.96 3)

The dependence of the concentration of bound FAM on its initially added concentration
(Figure 3) showed saturation of mAbs' antigen-binding sites.
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Figure 3. Dependence of antibody-bound FAM concentration on the total FAM concentration in the solution.
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Based on these results and the known concentration of bivalent mAbs
(immunoglobulins of G class, 19gG), the percentage of active antigen-binding centers was
calculated. The calculation was performed for three FAM concentrations: 112.5, 56.3, and 28.1
ng/mL. At lower concentrations, the saturation of all active sites of mAbs was not achieved,
whereas higher concentrations deviated from a linear dependence increasing the measurement
error. According to the obtained results (Table 1), 58-61% of the antigen-binding centers
retained their ability to bind FAM.

Table 1. Concentrations of the total, free, and antibody-bound FAM and the percentage of mAbs' active

valences.
FAM concentration, | Fluorescence Concentration Concentration Active antibody
ng/mL (nM) at 522 nm of bound FAM, nM of free FAM, nM valence (%)
112.5(299.2) 356485 59.0 240.2 59
56.3 (149.6) 158927 61.0 88.6 61
28.1(74.8) 35464 58.0 16.8 58

3.2.2. Method 2.

According to the second method, mAbs at concentrations of 0.04—37.5 pg/mL were
added to the solution of FAM at a fixed concentration (50 ng/mL). After 10-min incubation,
the fluorescence was measured. The observed dependence of fluorescence on mAbs
concentrations was characterized by the region of mAbs excess (where the fluorescence was
almost completely quenched) and that of FAM excess (where the fluorescence increased with
a decrease in mAbs concentration) (Figure 4). The intersection of these regions roughly
corresponded to the equivalence zone. For an accurate calculation of active antigen-binding
sites, the mAbs excess region is unsuitable because the fluorescence is completely quenched.
It should be noted that the lower the concentration of mAbs, the smaller the difference between
the fluorescence of the solution and at zero point (without mAbs), and the higher the error. For
mADbs concentrations less than 1 pg/mL, errors exceed the fluorescence difference at the
adjacent points. Therefore, these values were not used for calculations.
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Figure 4. Dependence of the fluorescence (at 522 nm) of mAbs-containing FAM solutions on mAbs
concentrations.

For the remaining four concentrations of mAbs, the concentrations of antigen-binding
sites were calculated using formula (2), taking into account the bivalence of 1gG. According to
the data obtained (Table 2), 55-59% of the antigen-binding sites of mAbs in solution retained

https://biointerfaceresearch.com/ 6 of 12


https://doi.org/10.33263/BRIAC136.550
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.550

their binding ability. We consider that 59% is a more reliable value because here, the
fluorescence has the greatest difference from the zero point, and the influence of the
measurement errors is minimal. According to the results of the two methods, the activity of

mADbs was 55-61% (the mean value is 58%).

Table 2. Concentrations of mAbs and antibody-bound FAM.

Concentration Concentration - Fluorescence Concentration .

of mAbs, pg/mL o_f antigen-binding at 522 nm of bound FAM, nM Active valences (%)
(nM) sites, nM

9.4 (62.5) 125 109520 73.4 59

4.7 (31.3) 62.5 174712 346 55

2.3 (15.6) 31.3 203584 17.4 56

1.2 (7.8) 15.6 218351 8.61 55

3.3. Characterization of GNPs.

The size and homogeneity of GNPs used in the study were controlled using TEM, as
described earlier [35]. According to the data obtained, the average diameter of GNPs was 13 £
2 nm. The synthesized GNPs were also characterized spectrophotometrically. Generally, GNPs
have a typical absorption peak at 515-540 nm, which is associated with surface plasmon
resonance (the resonance between the frequency of collective oscillations of free electrons on
the GNP surface and the frequency of the light wave) [36]. The synthesized GNPs had an
absorption maximum of 517.5 nm. According to the dependence between the GNP size and the
absorption maximum described in [15], it corresponded to GNPs with the given diameter.

3.4. Obtaining mAb-GNP conjugates and determination of their composition.

The synthesized GNPs were mixed with mAbs to their final concentration of 13.4
pg/mL. This concentration was selected so that one 1gG molecule would occupy 25 nm? of the
GNP surface area. Taking into account the dimensions of the IgG molecule, this concentration
ensured a formation of a monolayer of mAbs [31]. The calculated concentration of GNPs in
the solution was 22.2 x 10*2 particles/mL.

The number of IgG molecules adsorbed on a GNP was determined using the technique
proposed in our previous studies [15, 31]. This method is based on measuring the fluorescence
of tryptophan residues in IgG molecules. The amount of bound antibodies is calculated by
comparing the initial fluorescence of the calibration solutions (Fo) and the residual fluorescence
of the reaction solutions after separating the synthesized conjugates by centrifugation (F). The
difference between these two values (AF) corresponds to the content of protein in the conjugate:

Ck= Co-x AF / Fo, 4)
where Co is the concentration of the added protein and Cx is the protein concentration in the
conjugate solution. Based on the measured fluorescence values, 12.9 ug/mL of mAbs were
bound to the GNPs. Taking into account that the concentration of the added mAbs was 13.4
pg/mL, almost all the added antibodies become adsorbed on GNPs.

3.5. Study of the antigen-binding ability of mAbs conjugated with GNPs.

Similar to free mAbs, conjugated antibodies also suppress the fluorescence of FAM.
However, because the solution of GNPs is colored, the fluorescence value is affected by the
interaction with mAbs and the GNP-based reabsorption of FAM fluorescence. As a result,
when mAb-GNP conjugate is added to the FAM solution, the fluorescence decreases by more
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than an order of magnitude, even for excess concentrations of FAM. To determine the
quenching of FAM by mAbs, two stages of antigen addition were considered. At the first stage,
FAM was added to the mAb—GNP conjugate (ODs = 1.6) to final concentrations of 2—-125
ng/mL, and then, the fluorescence was measured. As in the case of unlabeled antibodies, the
obtained dependence demonstrates a region with completely suppressed fluorescence (at the
excess of mAbs) and a region of linear fluorescence growth with increasing antigen
concentration (at the excess of FAM) (Figure 5).

Additional FAM portions were added to solutions containing excessive FAM
concentrations to obtain a final FAM concentration of 7.5 ng/mL. These FAM portions do not
bind with mAbs. Therefore, the difference in fluorescence before and after the addition
corresponds to the fluorescence of the added FAM. This value can be used for the calibration
because the reabsorption by GNPs is the same for both series of solutions. Based on the
resulting dependencies (Figure 5), the concentration of free FAM (C, ng/mL) in each sample
was calculated using the formula:

C=Fx75/(Fc.—F) (5)
where F is the sample's fluorescence, Fc is the fluorescence of calibration solutions, and 7.5 is
the concentration of an additional portion of FAM (ng/mL).
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Figure 5. 1. — Dependence of fluorescence at 522 nm for FAM solutions with GNP-antibody conjugates on the
concentration of the added antigen; 2. — Calibration curve.

By subtracting the calculated concentration of free FAM from the initial concentration
of FAM, the concentration of FAM bound to GNP-labeled mAbs can be obtained. The
dependence of the bound FAM on the initially added one demonstrates the saturation of
antigen-binding sites of the labeled mAbs upon increasing the FAM concentration (Figure 6).
The maximum concentration of the bound FAM was 7.9 ng/mL (21 nM).

8

Antigen bound (ng/ml)
B

Antigen added (ng/ml)

Figure. 6. Binding of FAM to mAb-GNP conjugates with increasing concentration of the added FAM.
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Overall, 12.9 pg/mL (85.9 nM) of mAbs were bound to GNPs. After centrifugation, the
conjugate was concentrated 5.8 times, and after mixing with FAM, it was diluted 3.2 times.
Thus, after all manipulations, the conjugate was concentrated 1.8 times and contained 155.7
nM of mADbs. Taking into account the 1gG bivalence, 311.4 nM of antigen-binding centers was
obtained, which bound 21 nM of FAM. This means that after conjugation with GNPs, only
6.7% of the antigen-binding sites remain active. Given that about 60% of the antigen-binding
centers in the original mAbs preparation are active, only 11.2% retained their binding capacity
after conjugation, i.e., the inactivation degree was 88.8%.

4. Conclusions

The obtained results demonstrate a significant loss of antigen-binding activity by mAbs
upon adsorption on the surface of GNPs. Although the present case study covers a single
antigen, which individual properties may contribute to the inactivation, the discussed problem
still has a general character. Thus, in studies with protein antigens, the residual binding capacity
of immobilized antibodies was approximately 17-34% [12-15]. Furthermore, our data
demonstrate that in the case of low molecular weight antigens, for which steric obstacles to the
occupation of all binding sites are excluded, the residual antigen-binding activity of antibodies
can be even lower. Therefore, to ensure the high efficiency of antibody-nanoparticle
complexes, standard protocols for mAbs immobilization at concentrations selected based on
the flocculation curve or calculated monolayer [37-40] require improvements. In this regard,
approaches based on the increased reactivity of the obtained conjugates are promising. They
include oriented covalent immobilization with the modification of gold surface [41-43], the use
of immunoglobulin-binding proteins [44, 45], and the optimal non-saturating loading of
antibodies on the surface of nanoparticles [46, 47].
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