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C-reactive protein (CRP) is an important biomarker of infection and inflammation, as CRP is one of the most
prominent acute-phase proteins. CRP is usually detected using anti-CRP antibodies (Abs), where the
intermolecular interactions between CRP and the anti-CRP Ab are largely affected by the pH and ionic strength
of environmental solutions. Therefore, it is important to understand the environmental effects of CRP-anti-CRP
Ab interactions when designing highly sensitive biosensors. Here, we investigated the efficiency of fluorescently
labeled CRP-anti-CRP monoclonal antibody (mAb) interactions at different pHs and ionic strengths. Qur results
indicate that the affinity was insensitive to pH changes in the range of 5.9 to 8.1, while it was significantly sensitive
to ionic strength changes. The binding affinity decreased by 55% at an ionic strength of 1.6 mM, when compared
to that under a physiological condition (~150 mM). Based on the isoelectric focusing results, both the labeled CRP
and anti-CRP mAb were negatively charged in the studied pH range, which rendered the system insensitive to pH
changes, but sensitive to ionic strength changes. The decreased ionic strength led to a significant enhancement of
the repulsive force between CRP and the anti-CRP mAb. Although the versality of the findings is not fully studied
yet, the results provide insights into designing highly sensitive CRP sensors, especially field-effect transistor -based
sensors.
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d Significance W

As C-reactive protein (CRP) is an important biomarker of infection and inflammation, demand exists for highly
sensitive, rapid, and low-cost immunosensors. When designing biosensors, understanding the environmental effects
such as pH and ionic strength change is important, because they significantly affect the binding affinity. The results
of this study are useful for developing CRP sensors.

Introduction

C-reactive protein (CRP) is regarded as a universal biomarker for numerous diseases (including cardiovascular diseases
and disorders) and an early indicator of infectious or inflammatory conditions [1]. In normal healthy individuals, CRP is
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present in the plasma with an average concentration of 0.8 pg/mL (6.8 nM) [2]. CRP levels have been categorized as being
(1) low (< 1.0 pg/mL), (ii) middle range (1.0 to 3.0 pg/mL), and (iii) high (> 3.0 pg/mL) [2]. The CRP concentration
sometimes increases to 500 pg/mL in the acute phase of the diseases [2]. Thus, CRP has emerged as an informative
biomarker in humans for the early detection and accurate implementation of therapeutic interventions.

Conventional CRP-detection assays are based on turbidimetry [3], where latex particles that are covalently coated with
F(ab’), fragments of anti-CRP antibody (Ab) aggregate if CRP is present, resulting in increased turbidity. Subsequently,
lateral flow assays [4,5], enzyme-linked immunosorbent assays [6], and fluorescent assays [7] have been developed as
novel methods. Recently, label-free methods using field-effect transistors (FETs) [8], surface plasmon resonance [9], and
quartz crystal microbalance [10] have been used to detect CRP. In particular, great progress has been made in designing
and fabricating FETs using nanomaterials, including Si nanowires [8,11,12], carbon nanotubes [13], and graphene [14-
16], leading to a sensitive and rapid analysis with miniaturized and integrated sensor platforms [17,18].

However, the performance of FET-based biosensors largely depends on environmental factors, such as the pH and ionic
strength. The pH of a solution drastically changes the signals of FET-based sensors [12] because the sensors respond to
the molecular charges of analytes that are determined by the solution pH and the isoelectric point (plI) of target molecules.
Ionic strength also affects the signal-to-noise ratio. Under physiological salt conditions, where the ionic strength is
approximately 150 mM, the Debye length Ap, (the distance at which a unit charge is screened by 63%) is near 0.8 nm.
Therefore, physiological salt conditions may be suboptimal for detecting target molecules with FET-based sensors, as the
Ap is shorter than the size of an Ab (~15 nm). Indeed, some reports showed that molecules bound to Abs were not detected
under physiological conditions [19,20], although they were detected at a lower ionic strength where the 1p was elongated
[19]. Therefore, the pH and ionic strength should be fine-tuned to improve the signal-to-noise ratios of biosensors,
especially FET-based biosensors.

Environmental factors also affect the binding affinity between antigens and Abs. Such binding is mainly driven by
electrostatic forces, which depend on molecular charges and is thus governed by the pH and ionic strength of
environmental solutions. Some reports have shown that the binding affinity depends on the pH and ionic strength [21,22].
Previous data indicated that molecular interactions are multifactorial, as many factors may modify the binding properties.
Therefore, it is necessary to further define the environmental effects of each antigen—Ab system.

In the case of CRP, it was previously reported that CRP pH-dependently bound to proteins in a buffer with an ionic
strength of approximately 150 mM [23]. However, CRP—anti-CRP Ab interactions have not been fully studied; thus, more
fundamental studies are required to design highly sensitive assay systems. Here, we investigated the effects of pH and
ionic strength on the binding affinity between CRP and an anti-CRP monoclonal Ab (mAb). CRP was fluorescently
labeled and incubated at various pHs and ionic strengths with an anti-CRP mAb immobilized onto 96-well polystyrene
(PS) plates. After a wash step, the remaining fluorescence intensity was measured to evaluate the binding affinity. The
results indicate that the affinity was insensitive to pH, but sensitive to ionic strength. Our study provides insights that are
important for designing highly sensitive biosensors for CRP detection.

Materials and Methods

CRP, Anti-CRP Ab, and Solution Preparation

Human recombinant C-reactive protein (FUJIFILM Wako) and an anti-human CRP mAb (304-51283, clone 12D-2C-36,
FUIJIFILM Wako) were used in this study. Both CRP and anti-CRP mAb were commercially available. CRP was
fluorescently labeled using Alexa Fluor 488 NHS Ester (Thermo Fisher Scientific).

Solutions at different pHs and ionic strengths were prepared as indicated in Table 1. The pH was tuned by mixing
Na,HPO4-12 H,O (Wako) with KH,PO4 (Wako), and the ionic strength was tuned by adding NaCl (Wako) and KCl
(Wako) in deionized water. After the preparation, the pH was measured using a pH meter (D-55, Horiba). The ionic
strengths were calculated using the pH and pKa values. Phosphoric acid has three pKa values of 2.16, 7.21, and 12.32,
and a pKa value of 7.21 was used for the ionic strength calculation. Solution (So/.) 9 and 11 exhibited no buffer capacity;
thus, their ionic strengths were calculated assuming that their pH values were 7. Although the pH values for Sol. 9 and
Sol. 11 might be lower than 7 due to carbon dioxide, the ionic strengths do not significantly change (< 10%). The calculated
ionic strengths are presented in Table 1.

The Ap was calculated based on equation (1) [24]:

_ |&r&okBT
Ap = \/ 2N ge21 )
where [ is the ionic strength of the electrolyte (mol/m?), & is the permittivity of free space, & is the relative permittivity

of water (& = 78), kg is the Boltzmann constant, 7 is 300 K, Na is Avogadro’s number, and e is the elementary charge.
The calculated Ap values are presented in Table 1.
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Table 1 Preparing solutions with different pHs and ionic strengths

Sol. 1 Sol.2 Sol.3 Sol.4 Sol5 Sol.6 Sol.7 Sol8 Sol.9 Sol 10 Sol 11

[NaCl] + [KCI]

M) 140 140 140 1383 140 140 14 14 14 1.4 1.4
[K[Ejf,%f ]O(ﬂl ltfl) 0 10 10 10 96 5 5 10 1 5 0.1

pH 59 74 81 65 75 14 713 74 - 7.4 -
Ionifni;r/le)“gth 150.7 159.1 1632 1396 158.6 149.6 23.1 21.1 155  11.0 1.6
Jp (nm) 078 076 075 026 076 079 20 21 24 2.9 7.7

Sol. 1-Sol. 3 were used for the study of pH-dependence, and Sol. 4 — Sol. 11 were used for the study of ionic strength
dependence

Binding-Affinity Assays in 96-Well PS Plates

Figure 1 illustrates the experimental procedure used to analyze binding affinities. Anti-CRP mAb (768 nM) was
immobilized overnight in each well of PS plates at 4°C. In addition, an anti-influenza A virus nucleoprotein mAb (Bio
Matrix Research) was immobilized in different wells as a negative control. After Ab immobilization, each well was rinsed
three times with 0.05% polyoxyethylene sorbitan monolaurate (Tween 20, Tokyo Chemical Industry) in Dulbecco’s
phosphate-buffered saline (D-PBS(-), Nacalai Tesque). After rinsing, the wells were incubated for 1 h with a blocking
buffer containing 1% bovine serum albumin (BSA, Sigma-Aldrich) and 0.05% Tween 20 in D-PBS(-) to prevent non-
specific adsorption, after which the wells were rinsed again. Fluorescently labeled CRP was diluted to different
concentrations (ranging from 0.5 to 100 nM) with different pHs and ionic strengths, according to Table 1. The prepared
CRP solutions were incubated in each well for 1 h and then rinsed four times with 0.05% Tween 20 in D-PBS(-). Two or
four test wells were used for each condition. The binding affinity was estimated by measuring the fluorescence from
labeled CRP, based on the assumption that the intensity correlates linearly with the number of bound CRP molecules. The
fluorescence intensity was measured using a multimode plate reader (Infinite 200 PRO M Plex, excitation wavelength:
490 nm, emission wavelength: 525 nm, Tecan).

Measuring pI Values by Isoelectric Focusing (IEF)

An IEF gel (Novex pH 3-10 IEF Protein Gels, Thermo Fisher Scientific) was set in an electrophoresis device (XCell
SureLock Mini-Cell, Thermo Fisher Scientific), and IEF running buffers (Novex IEF pH 3-10 Cathode Buffer and Novex
IEF Anode Buffer, Thermo Fisher Scientific) were loaded. The samples, including CRP, labeled CRP, anti-CRP mAb,
and BSA, as well as the IEF marker (IEF marker 3-10, Thermo Fisher Scientific) were diluted with a sample buffer (Novex
IEF Sample Buffer pH 3-10, Thermo Fisher Scientific) and loaded onto the gel. IEF was performed under the following
sequential conditions: (i) 100 V constant for 1 h, (ii) 200 V constant for 1 h, and (iii) 500 V constant for 0.5 h. After the
run, the samples were fixed for 1 h with a 12% trichloroacetic acid solution (Hayashi Pure Chemical). Subsequently, the
gel was rinsed with deionized water and stained for 1 h with Coomassie Brilliant Blue (EzStain AQua, ATTO) and finally
destained with deionized water.

Anti-CRP mAb [elnl BxfEf = 24
1% BSA + 0.05% Tween 20 lonic strength: 1.6 - 1396 mM

Fluorescence

” Labeld RP

Anti-CRP mAb

e 2 2

96-well PS plate

Figure 1 Schematic illustration of the binding-affinity assay, performed at different pHs and ionic strengths.
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Evaluating the Antigen—Ab Binding Kinetics Via Biolayer Interferometry (BLI)

Binding kinetics were measured by performing BLI (BLItz, Sartorius). First, an anti-CRP mAb (768 nM) was
immobilized on sensor chips (Anti-Murine IgG Quantitation, AMQ, Sartorius) and then the sensor chips were dipped into
CRP in D-PBS(-) with an ionic strength of 150 mM and a pH of 7.4. The binding kinetics were measured at CRP (labeled
CRP) concentrations of 25, 50, and 100 nM, respectively.

Results and Discussion

We first investigated the pH dependence of the binding affinity, while varying the pH from 5.9 to 8.1, and holding the
ionic strength constant at approximately 155 mM (Sol. /-3, Table 1. Figure 2(A) shows the fluorescence intensity as a
function of the labeled CRP concentration at different pH values. The reference line (horizontal line) represents the
average intensity of the negative control (100 nM CRP plus an anti-influenza mAb), showing that non-specific adsorption
was suppressed. To evaluate the affinity quantitatively, the plots were fitted using equation (2) [24]:

_ 1 Max[CRP ]

- Kp+[CRP] + Ibase (2)
where I, [CRP], Kp, Ivax, and Iuse are the fluorescence intensity, concentration of labeled CRP, dissociation constant,
maximum, and baseline fluorescence intensity, respectively. Figure 2(B) and (C) show the Kp and /max values as a function
of pH, respectively. The results indicate that both Kp and /v were nearly constant over this range. Thus, it can be
concluded that the binding affinity was unaffected by changing the pH within the studied range.

Z
—

o9
=

(©

600
> 800 pHBA 10
‘G 7004 pH74
é vpH59 e 3 81 500 ¢ v
‘= 600 ’ —
.; E 6 -
8 500 = 5 400-
3 400 A . =
4 5 e °* 3004
5 3007 L4 Reference line
S S ———— 0 T T T 200 T . .
0.1 1 10 100 1000 50 60 70 80 90 50 60 70 80 90
Labeled CRP concentration [nM] pH pH

Figure 2 (A) Fluorescence intensity as a function of the labeled CRP concentration at different pH values, ranging from
5.9 to 8.1. The error bar represents the standard deviation. The plots were fitted with equation (2). The horizontal dashed
line represents the reference line which was calculated from the negative-control sample (100 nM CRP plus an anti-
influenza mAb. (B) pH dependence of Kp. (C) pH dependence of Iyax.

We next studied how the binding affinity depended on the ionic strength, which was varied from 1.6 to 1396 mM
(Sol. 4-11, Table 1). Figure 3(A) shows the fluorescence intensity as a function of the labeled CRP concentration at
different ionic strengths. The reference line (horizontal dashed line) represents the average intensity of the negative
control (20 nM CRP plus an anti-influenza mAb), showing that non-specific adsorption was suppressed. The plots were
fitted with equation (2) in the same manner. Kp and /vax are plotted as functions of the ionic strength in Fig. 3(B) and (C),
respectively. The trend was visualized by applying Gaussian process regression (GPR) [25], which is a nonlinear and
nonparametric regression tool and infers a continuous function from a set of individual data points. The mean prediction
of the GPR is also plotted in Fig. 3(B) and (C). In contrast to the pH dependence, the Kp and /vax values varied with
changes in the ionic strength. As the average CRP concentration in normal healthy individuals is 6.8 nM [2], highly
sensitive CRP sensors should be designed to detect such a low concentration. Thus, we focused on the ionic strength
dependence at a CRP concentration of 5 nM. Each / at a CRP concentration of 5 nM (Jcrp=snm) Was normalized by Icrp=snm
at an ionic strength of 159 mM (near the physiological concentration) and plotted against the ionic strength (Fig. 3(D)).

The trend was also visualized by applying GPR in the same manner as shown in Fig. 3(B) and (C). The plot clearly
indicates that the binding affinity was strong under the physiological condition, while became weaker at lower and higher
ionic strengths. The relative binding affinity at 1.6 mM decreased by 55%, compared with that under the physiological
condition (~150 mM).

190003 4



Oka et al.: Ionic strength-sensitive interactions

(A) (B)
600 10
_ ® 1396 mM L
3 159 mM
< 500 150 M 8
2 23 mM
2 21 mM
2 400 16 mM g 67
£ ¢ 11 mM = . e
bt & 1.6 mM <
§ 300 o4 o°® ®
g e ® e
_g 200 ;“’ ) Reference line 2 -
[N
0.01 0.1 1 10 100 100 10! 102 103 104
Labeled CRP concentration [nM] lonic strength [mM]
© 600 ©) 120
sE
£s 100 o O
500 & £ " N
;% 80 - o0
£ [T
® - o /
2 400+ L &S 604
- ,».’ "\\‘ = g‘) .
o E o ®
. 55 40 -
- o w
300 ® 2
55 20 1
& c
vs 0
100 100 102 10t 100 100100 102 10° 104

lonic strength [mM] lonic strength [mM]

Figure 3 (A) Fluorescence intensity as a function of the labeled CRP concentration at different ionic strengths, ranging
from 1.6 to 1396 mM. The error bar represents the standard deviation. The plots were fitted with equation (2). The
horizontal dashed line represents the average intensity of the negative control (20 nM CRP plus an anti-influenza mAb).
(B) Ionic strength-dependence of Kp. (C) Ionic strength-dependence of /max. (D) The relative binding affinity plotted
against the ionic strength, where 7 at a CRP concentration of 5 nM (Icrp=snm) Was normalized by Icrp=snm at an ionic
strength of 159 mM. GPR was applied for the plots shown in (B)-(D). In each case, the mean GPR prediction is shown
with a dashed line.

To understand why the CRP—anti-CRP mAb system was insensitive to pH changes, but sensitive to ionic strength
changes, the pl of CRP, labeled CRP, and anti-CRP mAb were measured using IEF. The pl of BSA was measured as a
control sample. The results are shown in Table 2. The pls of CRP and BSA agreed with previous findings [26,27],
indicating that the IEF was performed properly, although the plI of the anti-CRP mAb was slightly lower than that of other
IgG antibodies (pI=6.1-9.4) [28]. The pl of labeled CRP was smaller than that of native CRP, probably because of the
fluorescence tag. Based on the absorption spectrum (data not shown), the average number of fluorescence tags per
molecule was estimated to be 8.1. The fluorescent tag was reacted with primary amines (-NH») on CRP; thus, the pl
decrease possibly resulted from the conjugation. In addition, variations of the pl (pI=5.3-5.9) may be attributed to
variations in the number of tags per molecule.

Table 2 pls of an anti-CRP mAbD, labeled CRP, CRP, and BSA

Anti-CRP Labeled
mAb CRP CRP BSA
pl 5.3 5.3-5.9 6.2 4.7
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The IEF results indicate that both labeled CRP and the anti-CRP mAb were negatively charged when the pH was higher
than 5.9. Therefore, the sign of surface charge did not change during the pH change from 5.9 to 8.1, resulting in the
system being insensitive to pH changes. Although the sign of the charge did not change within the pH range, the
intermolecular force between CRP and anti-CRP mAb can depend significantly on the ionic strength. The electric double-
layer force (which acts as a repulsive force) increases as the ionic strength decreases, that is, the Ap increases [29].
Therefore, the repulsive force may be responsible for the system being markedly sensitive to changes in the ionic strength.
Moreover, changes in ionic strength may also affect the stability of biomolecules. A previous report showed that the
conformation of biomolecules was altered at an extreme ionic strength [30], which may also occur in our system.

Finally, since the CRP used in our study was fluorescently labeled, we investigated whether the labeling may have
affected the binding affinity. To test this possibility, Kp values of native CRP and labeled CRP were compared. Figure
4(A) and (B) show the binding kinetics between an immobilized anti-CRP mAb and CRP (labeled CRP) at different
concentrations. In Fig. 4(A), a negative control, which measured the binding kinetics for CRP (80 nM) in the absence of
an anti-CRP mAb, is also shown as a black line. The binding kinetics were fitted with equations (3) and (4), where a
linear slope component, corresponding to baseline drift, was added to the fitting function described previously [31]:

S= 50{1 - exp(—kappt)} + Yot 3)
kapp = koff + kon[CRP] (4)
(A) CRP / anti-CRP mAb (B) Labeled CRP/anti-CRP mAb {C)S
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Figure 4 (A) Binding kinetics of immobilized anti-CRP mAb and CRP at concentrations of 25, 50, and 100 nM, with
an ionic strength of 150 mM and a pH of 7.4. The black line represents the binding kinetics of negative control. (B)
Binding kinetics for immobilized anti-CRP mAb and labeled CRP at concentrations of 25, 50, and 100 nM, with an ionic

strength of 150 mM and a pH of 7.4. (C) kapp at different CRP concentrations. The ko, and korr values were calculated,
based on the fitting.

where S, So, kapp, kon, kott, [CRP], 1o, and ¢ are the binding intensity, maximum binding intensity, apparent on-rate constant,
on-rate constant, off-rate constant, concentration of CRP or labeled CRP, baseline-drift coefficient, and elapsed time,
respectively. By measuring the binding kinetics at different CRP concentrations, the ko and kor were fitted, as shown in
Fig. 4(C). The fitting results are summarized in Table 3. Herein, the Kp values (Kp = kott/kon) Were calculated for CRP
and labeled CRP, respectively (Table 3). Table 3 indicates that labeling affected the ko value, but not the ko, value,
resulting in a decrease in the Kp. As the Kp was changed, it was inferred that some labels may be close to the interaction
sites. Although the Kp was slightly different, the observed pH dependence and ionic dependence should be qualitatively
consistent between labeled or unlabeled CRP and the anti-CRP mAb when the pH was above 6.3, because both CRP and
labeled CRP were negatively charged in that pH range.

Table 3 kon, kofr, and Kp values for CRP/Anti-CRP mAb and labeled CRP/Anti-CRP
CRP/Anti-CRP Labeled CRP/Anti-

mAb CRP mAb

kon [-M1] 3.9 % 10° 33 % 10°
kot [57'] 0.011 0.0037
Kp [nM] 27 11
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Conclusion

In conclusion, we investigated pH and ionic strength dependences of the binding affinity between fluorescently labeled
CRP and an anti-CRP mAb. Our results clearly demonstrate that the affinity was insensitive to pH changes, but was
sensitive to ionic strength changes. The binding affinity at an ionic strength of 1.6 mM significantly decreased by 55%,
when compared to that under physiological conditions. The IFE results indicate that both labeled CRP and anti-CRP mAb
were negatively charged in the pH range of 5.9 to 8.1. The surface charge was likely responsible for the ionic strength
dependence, as the repulsive force between CRP and anti-CRP mAb was enhanced at lower ionic strengths. Our
experiments were conducted in phosphate-based solutions, and the results might be different if buffers contain different
ion species, as some reports have shown specific protein-ion interactions [32,33]. Although lowering the ionic strength is
a common strategy to overcome the Debye screening in FET-based biosensors, our results imply that diluting the buffer
may not be an effective solution for enhancing the signal-to-noise ratio in the case of CRP detection, because there is a
tradeoff between the binding affinity and Ap. Although the versality of the findings is not fully studied yet, which will be
addressed in the future, the results provide insights into designing highly sensitive CRP sensors, especially FET-based
sensors. Furthermore, since the pH and ionic dependence may be different for each antigen—Ab system, our approach
should pave the way for developing other antigen—Ab systems.
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