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Introduction

Interaction mode of hydroxypropyl-B-cyclodextrin
with vaccine adjuvant components Tween 80 and
Triton X-100 revealed by fluorescence increasing-
quenching analysisT

Yuya Kurosawa, Satoru Goto,
Hideshi Yokoyama

* Kengo Mitsuya, Yuta Otsuka and

The nonionic surfactants Tween 80 (Tw80) and Triton X-100 (TX100), which are used as components of
adjuvants, were used with bovine serum albumin (BSA) and hydroxfypropyl-f-cyclodextrin (HP-B-CD) as
model antigens. The interaction patterns of Tw80 and TX100 with the hydrophobic cores of the model
antigens were investigated. The fluorescence of 8-anilinonaphthalene-1-sulfonic acid (ANS), a hydrophobic
fluorescent probe, was used to evaluate the effect of surfactants on each model antigen. A Hanes Woolf
plot was used to analyze the adsorption of ANS to BSA, and an activator—inhibitor model was used to ana-
lyze the concentration-dependent increase and decrease of ANS fluorescence intensity. For BSA, TX100
occupies the ANS binding site inside the BSA hydrophobic core, while Tw80 does not contribute to the ANS
binding site in the hydrophobic core. For HP-B-CD, the ANS concentration required for analyzable
fluorescence intensity extended to the range where ANS concentration-dependent quenching was not
negligible. Using the activator inhibitor model, we were able to separate the activators and inhibitors of ANS
fluorescence and evaluate the affinity of ANS for HP-B-CD and surfactants. The results obtained showed
that TX100 provided a hydrophobic environment to the ANS while being encapsulated by HP-B-CD, while
Tw80 did not interact with HP-B-CD and provided a hydrophobic environment to the ANS independently of
each other. The interpretations obtained were corroborated by the determination of the CMC of TX100 and
Tw80, the effect of salt on ANS fluorescence, and H-NMR and ROESY. In summary, the results showed
that the large hydrophilic head of Tween, composed of sorbitan and PEG chains, floated in the aqueous
phase like a balloon, while Triton pierced the hydrophobic core of the antigen like a spear. In both BSA and
HP-B-CD model antigens, TX100 impinged on the hydrophobic core.

many cases.” It has also been reported that Freund’s adjuvant
denatures rabbit sperm antigen and that rabbits immunized

Adjuvants are added to vaccines as components to enhance
immune responses against antigens. However, the detailed
mechanism of this has not been clarified. Therefore, we first
focused on emulsion adjuvants, which have been used since
ancient times. Emulsion adjuvants contain surfactants, com-
ponents that may alter the conformation of antigenic proteins.
In vaccines and other biopharmaceuticals, nonionic surfac-
tants are used because they are generally considered not to
alter the conformation of proteins.' But in fact, denaturation of
proteins by nonionic surfactants has also been reported in
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with Freund’s adjuvant produced antibodies against the dena-
tured antigen, antibodies against the native antigen, and multi-
valent antibodies.> The denaturation of antigens by adjuvant
components should be considered important not only for the
safety of vaccines but also for their efficacy. Related to this
motivation, we have previously reported that sodium deoxycho-
late, used in oral vaccines, locally denatures the conformation
of model antigens.”

In this study, we focused on Tween, Triton, and Span, which
are nonionic surfactants widely used as adjuvant components.
Of these, we used Tween 80 (Tw80), Tween 20 (Tw20), and
Triton X-100 (TX100), whose hydrophilic-lipophilic balance (HLB)
and cloud points are within the range of observable interactions
with the model antigen. Tw80 and Tw20 have three hydrophilic
PEG chains as the hydrophilic head from sorbitan. They are
associated with a balloon-like shape due to the enormous
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hydration volume of multiple PEG chains. TX100 is a surfactant
with a basic skeleton of octylphenol ethoxylate and a spear-like
structure with one hydrophilic head and one hydrophobic tail.

Interactions between surfactants and model antigens were
examined using fluorescence spectroscopy, which is said to be
1000 times more sensitive than UV-vis spectroscopy,” and NMR
spectroscopy, which has a sensitivity comparable to that of
UV-vis spectroscopy. Bovine serum albumin (BSA), whose con-
formation and antigenicity in solution have long been studied
in detail, was selected as the model antigen.®” We also focused
on cyclodextrin (CD) as a universal model for the hydrophobic
core of the antigen, since CD has long been studied as a model
for the substrate binding site of enzymes, starting with the
publication of the book Einschlussverbindunger (Inclusion
compounds) in 1954.% There are examples of utilizing CD
derivatives as models for oxidases and esterases.”'® Recently,
CD derivatives have been reported as models for lipases that
can selectively hydrolyze lysophospholipids in hydrophobic
cavities.'* Thus, CD has been historically recognized as a model
for the substrate binding site of enzymes, which is a typical
example of an interface to external hydrophobic substances,
and exploring how an adjuvant surfactant acts on it is believed
to be an ideal experimental system that universally models the
hydrophobic core of proteins. Using specific proteins such as
BSA, ovalbumin (OVA), and ribonuclease (RNase) as antigen
models does not allow us to escape from their unique
properties,'” and utilizing CD as a model of the hydrophobic
core of the antigen may provide a solution to this problem. In
this study, hydroxypropyl-p-cyclodextrin (HP-B-CD), which has
a well-defined hydrophilic and hydrophobic surface and max-
imizes the fluorescence of the hydrophobic fluorescent probe
(see below), was selected among cyclodextrins. The interaction
between various nonionic surfactants and the model antigens,
BSA and HP-B-CD, was evaluated by evaluating the adsorption
and binding of the hydrophobic fluorescent probe to the
hydrophobic core of the model antigen.

The hydrophobic core environment of BSA and HP-B-CD was
evaluated by the fluorescence of 8-anilinonaphthalene-1-
sulfonic acid (ANS), a hydrophobic fluorescent probe whose
fluorescence is enhanced in hydrophobic environments or
adsorbed in the lipid bilayer of liposomes, in the hydrophobic
core of proteins,’*"” or in the micelles of surfactants.® There-
fore, ANS is used to evaluate the hydrophobic environment
provided by these macromolecules and small molecules. However,
the fluorescence intensity of ANS and other fluorescent molecules
begins to decrease after a certain concentration. This is called
concentration quenching, which is widely known as quenching
due to the internal filter effect."® Other possible quenching
mechanisms include Forster resonance energy transfer (FRET)
and the Dexter mechanism,”®*' which are caused by the
proximity of fluorescent molecules to each other. Regardless
of the mechanism, the quenching caused by the increase in the
number of fluorescent molecules is an obstacle to the evalua-
tion of the hydrophobic environment provided by medium and
macromolecules. To solve this problem, we utilized the activa-
tor-inhibitor model in this study. The patterns on the shells of
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snails and clams contain a pattern with a fixed interval, such as
a pattern that strongly emerges or, conversely, fades. The
activator-inhibitor model is a mathematical model that can
reproduce the increase and quenching of ANS fluorescence.

In summary, in this study, the hydrophobic fluorescent
probe ANS was adsorbed and bound to model antigens such
as BSA and HP-B-CD. There have been many fluorescence
analyses of interactions between ANS and CD,”*** ANS and
surfactants,”»?* and CD and surfactants.”® However, whether
the ANS is provided with a hydrophobic environment by CDs or
surfactants, the fluorescence spectrum of the ANS is not
significantly different between the two, and therefore, a mixture
of the three has not been studied extensively. We would like to
emphasize that the activator-inhibitor model used in this study
was able to clarify the behavior of CD and surfactant in a
mixture of the three by analyzing both enhancement and decay
of fluorescence intensity. The interactions between these sur-
factants and the hydrophobic core of the model antigen were
investigated. The binding mode of the surfactant to the hydro-
phobic core of the antigen depending on the basic structure of
the surfactant revealed in this study is very important for the
optimization of the surfactant as a component of the adjuvant
for the conformation of the antigen.

Experimental

Materials

BSA, HP-B-CD and Tween 20 were purchased from FUJI FILM
Wako Pure Chemical Industries (Osaka, Japan). TX100 was
purchased from NACALAI TESQUE (Kyoto, Japan), and Tw80
was purchased from Sigma-Aldrich (St. Louis, USA). ANS was
purchased from Tokyo Chemical Industries (Tokyo, Japan). All
other reagents were of the highest commercially available
grade. The surfactants TX100, Tw80, and Tw20 were all used
at 0.8 x their respective critical micelle concentration (CMC).
CMC is 240 pM for TX100, 12 uM for Tw80, and 60 uM for Tw20,
respectively.””

Fluorescence measurements

All fluorescence measurements were conducted using a Shimadzu
RF-5300PC spectrofluorophotometer (Shimadzu, Kyoto, Japan).
The excitation and emission slit widths were 5 nm each. The
fluorescence spectrum was measured at an excitation wavelength
of 390 nm. In the measurements, all solvents were 0.01 mol L™*
phosphate buffer (pH 6.8) prepared from potassium dihydrogen
phosphate and natrium hydrogen phosphate.

Fluorescence analysis for adsorption of ANS on BSA

The amount of ANS adsorbed on BSA was evaluated by measur-
ing the ANS fluorescence produced upon binding to BSA.
The method is basically the same as previously described and
is briefly described below.?® Fig. S3A (ESIT) shows the intensity
of ANS fluorescence in the presence of various concentrations
of ANS in BSA. The original fluorescence spectrum is shown in
Fig. S2 (ESIt). This saturation curve was curve-fitted with the
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following equation to obtain the slope I'(0) = B at the origin by
differentiation.

nK'C
- - 1
e 1+KC @)
KK o k12
re =" aat ©)
(1+K'C)
This value of B exhibits the following relationship.

I1=Bl (3)

where I’ is the amount of ANS bound to BSA (nM) and I per 1 M
of BSA is the amount of ANS adsorbed y. This procedure yielded
the adsorption isotherm curve shown in Fig. 1A. The adsorption
isotherm of ANS on BSA has been studied as Langmuir type
adsorption, and we followed the Langmuir type analysis. Fig. 1B
shows the Hanes-Woolf plot according to eqn (4) and Fig. S3B
(ESIt) shows the Scatchard plot according to eqn (5).

Cc 1 1

—=-C+— 4
Yy n +nK )
%:—Ky—i—nl( (5)

Activator-inhibitor model for ANS fluorescence increasing-
quenching analysis

The activator-inhibitor model is shown below.
AUC (C) = A (e H¢ — e %) (6)

The area under the curve (AUC) is the sum of the fluorescence
intensities of the ANS fluorescence spectra from 400-600 nm.
C is the ANS concentration from 0-5000 uM. The k; is the same
for all samples, while A and k, were fitted as values specific to
each sample. The outline is shown in Fig. 2B.

Determination of stability constants for HP-§-CD of ANS

Fluorescence measurements applied to the determination of
stability constants are based on the proportionality of fluores-
cence intensity to fluorophore concentration, F = k., where & is
the proportionality constant, which incorporates the quantum
yield and the absorptivity. Deviations from this linear relation-
ship are common at higher concentrations as a consequence of
the self-quenching phenomenon. In this study, consider the
formation of the 1:1 complex SL between substrate (guest,
ANS) S and ligand (host, HP-B-CD) L, with stability constant
Ky, = [SL]/[S][L]. Since HP-B-CD are nonfluorescent, the fluores-
cence intensity F is given by eqn (7).

F = k[S] + ki [SL] )
In the absence of CD, the fluorescence intensity is:
Fo = k3S: (8)

where S = [S] + [SL]. The proportionality constants ks and k>
may in general be different. A combination of the above (7) and
(8) relationships give eqn (9), which provides the basis for most
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of the fluorometric methods of stability constant estimation.”®

E _ ks/k(: + (kll/kE)KH[L} (9)
Fy o 1+K|][L}

H NMR and ROESY measurements

'"H NMR and Rotating frame nuclear Overhauser Effect Spectro-
scopY (ROESY) measurements were conducted using a JNM-
ECZ400S FT-NMR (FU]JI FILM Wako Pure Chemical Industries,
Osaka, Japan). The powder or liquid sample to be measured
was dissolved in D,O to a total of 20 mg.

Results and discussion

TX100 penetrates the BSA hydrophobic core, while Tw80 gently
envelops the BSA hydrophobic core

Considering the interaction between surfactants and antigens
in vivo, surfactants must exist in vivo at dilute concentrations
that do not form micelles. First, we verified the concentration
that can provide maximum hydrophobic tails to ANS and
antigens at concentrations less than the CMC, and the results
are shown in Fig. S1 (ESIf). Fig. S1A (ESIt) shows the ANS
fluorescence spectra in the presence of various concentrations
of TX100, and Fig. S1B (ESIt) shows the fluorescence intensity
plotted against TX100 concentration, which is known as the
determination of CMC by a fluorescence method.*° The CMC of
TX100 calculated from the intersection of the two approximate
straight lines in Fig. S1B (ESIt) was 247 pM, which is in close
agreement with the literature value. The CMC of Tw80 calcu-
lated from the intersection of two approximate straight lines in
Fig. S1D (ESIf) was 10.6 puM, which is roughly in agreement
with the literature value. In this study, TX100 and Tw80 were
used at 192 uM and 9.6 pM, respectively, and the results so far
indicated that both surfactants interact most effectively with
ANS and increase the fluorescence intensity at these concentra-
tions, which do not reach CMC.

Since nonionic surfactants interact with hydrophobic
regions of proteins, we first followed the effect of nonionic
surfactants on the fluorescence of ANS caused by binding to the
hydrophobic regions of BSA in the presence of various surfac-
tants. Although ANS has been reported to induce FRET with
BSA, its binding to BSA has been studied in depth, and it has
high affinity with other host molecules used as model antigens.
Furthermore, unlike pyrene and DPH, ANS was used because
it has a single fluorescent band that is easy to analyze. Fluores-
cence spectra of BSA alone and in the presence of Tw80 or TX100
and increasing ANS concentration are shown in Fig. S2A-C
(ESIt). Only in the presence of BSA, the fluorescence at
470 nm was intensified with increasing ANS concentration. In
addition, Fig. S2D and E (ESIt) show that surfactant alone hardly
increases the fluorescence intensity of the ANS in the 0-800 nM
range. A graph showing the amount of ANS adsorption to BSA on
the vertical axis and the ANS concentration on the horizontal
axis is shown in Fig. 1A. Since saturation curve-like results were
obtained for all samples, a Hanes Woolf plot was created as
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Fig. 1 TX100 obviously reduced the number of ANS bonds to BSA. (A) ANS adsorption amount with respect to the ANS initial concentration. (B) Hanes
Woolf plot from (A) showing that the plot in (A) exists on the saturation curve. [BSA] = 100 nM, [Tw80] = 9.6 uM, [TX100] = 192 uM. The concentration of
these surfactants is 0.8 times that of the respective CMC.
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Fig. 2 Separation of fluorescence intensity increasing factor from fluorescence intensity decreasing factor by an activator inhibitor model. (A) ANS
concentration-dependent generation of quenched ANS molecules in the presence of HP-B-CD, TX100, or both. (B) Outline of activator inhibitor model.
ka shows an increase in ANS incorporated into the hydrophobic region of HP-B-CD and surfactants, and an increase in the concentration of unquenched
free ANS. k; indicates aggregate formation of ANS. (C) ANS concentration-dependent generation of quenched ANS molecules in the presence of HP-B-
CD, various non-ionic surfactants, or both. The plots are experimental values, and the decay curves are curve-fitted by the activator—inhibitor model. (D
and E) The effects of nonionic surfactants on ANS fluorescence and HP-B-CD differ depending on their basic framework and hydrophobicity. k,, ki and A
are values calculated from the activator inhibitor model. (D) k, shows an increase in ANS incorporated into the hydrophobic region of HP-B-CD and
surfactants, and an increase in the concentration of unquenched free ANS. k; indicates aggregate formation of ANS. (E) A indicates the magnitude of AUC
calculated from ANS fluorescence spectrum in the presence of HP-B-CD, various non-ionic surfactants, or both. [HP-B-CD] = 20 pM, [TX100] = 192 pM,

[Tw80] = 9.6 uM. [Tw20] = 48 puM. The concentration of these surfactants

shown in Fig. 1B. The adsorption of Langmuir-type ANS to BSA
was analyzed using a Hanes Woolf plot. Fig. S3B (ESIt) shows a
Scatchard plot. The assumption of the Scatchard plot that the
multiple sites are independent of each other cannot be guaran-
teed for BSA, a soft host whose conformation changes upon
binding of small molecules. In addition, the Scatchard plot,

6206 | Phys. Chem. Chem. Phys., 2023, 25, 6203-6213

is 0.8 times that of the respective CMC.

which emphasizes the variability of the experimental values,*" is
effective when there is a host-guest relationship where chemi-
sorption and physisorption are compatible, but as can be seen
from the plots, this is not the case in the present study. The
reliability of the parameters obtained from the Scatchard plot for
Fig. S3B (ESIT), where the coefficient of determination is lower, is
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Table 1 Number of binding sites n for BSA of ANS and association
constant K obtained from the Hanes—Woolf plot in Fig. 1B

n K/10° Mt
BSA alone 4.23 1.63
Tw80 4.62 2.00
TX100 3.56 1.97

low. Therefore, the Hanes Woolf plot with a higher coefficient of
determination was used in this study. Table 1 shows the calcu-
lated number of ANS binding sites on BSA and the binding
constants of ANS to BSA. Tw80 and TX100 increased the binding
constant K by a factor of around 1.2. The number of binding sites
n was significantly decreased for TX100, while it was almost
unchanged for Tw80.

The increase in the binding constant K of ANS to BSA
may be due to the increase in hydrophobicity of the hydro-
phobic core of BSA by Tw80 and TX100, creating a state in
which ANS is more easily adsorbed. The decrease in the
number of binding sites of ANS was caused by the addition of
TX100, indicating that TX100 occupied some of the binding
sites of ANS. Tw80 did not interfere with ANS access to the
binding sites, suggesting that it increased the hydrophobicity of
the BSA hydrophobic core by covering BSA. The results so far
indicate that TX100 interacts with the hydrophobic core of BSA in
a piercing manner in contrast to the bulky Tw80, indicating that
the effect of nonionic surfactants on the hydrophobic core of
antigen proteins is dependent on their basic backbone.

In a study on the binding of ANS to BSA, it was shown that
there are about five binding sites for ANS in BSA.>” The present
results show that TX100 clearly occupies one of the ANS
binding sites to BSA. Since the driving force of the interaction
between the nonionic surfactant and the protein is a hydro-
phobic interaction, it can be inferred that this is the binding
site of the ANS in the hydrophobic core of BSA. A study on the
fluorescence of Trp residues intrinsic to BSA reported that Trp
residues in the BSA hydrophobic pocket are buried by TX100
and Tw80.**7> It was also shown that TX100 acts only on
Trp213 in the hydrophobic core of BSA,*® while Tw80 acts only
on Trp134 on the outside of BSA.>* The burial of Trp residues
was consistent with our interpretation of the increase in ANS
association constant K, and the binding selectivity of TX100
and Tw80 for BSA was consistent with our interpretation that
only TX100 reduced the number of ANS binding sites n. For
more information, the study of the Forster distance between
BSA intrinsic Trp residues and ANS revealed that the majority of
ANS binding sites are localized around Trp213 of BSA.' 1t is
also reported that the structure of Tw80 is so bulky that it can
only partially form hydrogen bonds with the amino acid
residues of BSA.>* The less bulky and linear conformation of
TX100 is assumed to be impinging on the hydrophobic core
of BSA like a spear.

It is difficult to follow the hydrophobic core of the model
antigen in detail in the experiments using the protein as
the model antigen. Therefore, HP-B-CD was used as a model
antigen.

This journal is © the Owner Societies 2023
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Activator Inhibitor model showed TX100 is banded with HP-f§-
CD, while Tw80 is independent of HP-B-CD

Fig. 2A shows the fluorescence spectra of ANS at various
concentrations in the presence of HP-B-CD, in the presence of
HP-B-CD and TX100, and in the presence of TX100. As shown in
Fig. S4 (ESIt), regardless of the presence of HP-B-CD and
various surfactants, ANS showed a concentration-dependent
fluorescence enhancement up to 250 uM and quenching at
higher concentrations. To separate the factors that attenuate
and enhance the fluorescence intensity, we applied the
activator-inhibitor model, eqn (6), as outlined in Fig. 2B. The
activator-inhibitor model, which has been used in studies of
feather morphogenesis,”” models the interaction of an activator
and an inhibitor for a given event. It had been historically
expressed as a linear differential equation whose solution is the
sum of the exponential functions.?® This is shown in eqn (6).
The area under the curve (AUC) of various fluorescence spectra
at 400-600 nm is expressed as a function of ANS concentration,
as shown in Fig. 2A and Fig. S4 (ESIt). The addition of Tw80,
Tw20, and TX100 increased the AUC. The AUCs of Tw80 and
Tw20 were further increased by the addition of HP-B-CD, while
the AUC of TX100 was almost unchanged. The parameters k,
and A obtained by fitting are shown in Fig. 2D and E, respec-
tively. k, is a constant reflecting the gradient of ANS fluores-
cence increase with ANS concentration, and A is the simple AUC
increase, i.e., the fluorescence quantum yield of ANS molecules,
equalized by the ANS concentration. The addition of Tw80 and
Tw20 increased k,. The addition of TX100 decreased k,, and the
coexistence of HP-B-CD did not change k,. Compared with ANS
alone, A, which corresponds to the fluorescence quantum yield,
increased when HP-B-CD, Tw80, Tw20, and TX100 were added
in coexistence. The A of Tw80 and Tw20 increased with the
coexistence of HP-B-CD, while that of TX100 increased with the
coexistence of HP-B-CD. On the other hand, the A value of
TX100 was almost constant regardless of the presence or
absence of HP-B-CD.

The little difference between the k, values of ANS alone and
HP-B-CD may be due to the excess concentration of ANS, and
does not indicate that HP-B-CD does not encapsulate ANS. In
fact, the Jobs plot shown in Fig. S6 (ESIf) indicates the
formation of a 1:1 complex between HP--CD and ANS, sug-
gesting that HP-B-CD provides a hydrophobic environment for
ANS, and that the difference in A between ANS alone and in the
presence of HP--CD was more than 2-fold. Or Tw80 and Tw20
may be encapsulated by HP-B-CD, and ANS may lose the
opportunity to be provided with a hydrophobic environment.
The A of Tw80 and Tw20 is about one-half of that of HP-B-CD. A
indicates the difference in polarity of the hydrophobic environ-
ment provided to ANS. This result indicates that HP-B-CD
deprives the ANS of Tw80 or Tw20 and that HP-B-CD and
Tw80 or Tw20 independently provide a hydrophobic environ-
ment for the ANS without interacting with each other. On the
other hand, the k, of TX100 was hardly changed by the addition
of HP-B-CD. This result suggests that TX100 provides a hydro-
phobic environment to the ANS by its alkyl chains in the
presence of HP-B-CD as well as in the absence of HP-B-CD.
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Alternatively, TX100 and HP-B-CD may provide a hydrophobic
environment for the ANS separately, without TX100 delivering
the ANS to HP-B-CD. Here, the A value of TX100 was indepen-
dent of the presence of HP-B-CD, suggesting that it is TX100
that provides the hydrophobic environment to the ANS even in
the presence of HP-B-CD. This result strongly supports the
former phenomenon. The application of the activator-inhibitor
model to the fluorescence spectra provided a lot of information
not only about the simple hydrophobicity around the ANS but
also about the interaction mode between the nonionic surfac-
tant and HP-B-CD.

From Fig. 2D and E, the height of k, TX100 < Tw80 < Tw20,
and the height of A is shown as Tw80 < Tw20 < TX100. The
HLB of Tw20 and Tw80 is 15.0 and 16.7, respectively, and the
HLB of TX100 is 13.5.%° Here, the magnitude of k, corresponds
to the magnitude of HLB, i.e., the hydrophilicity of the surfac-
tant. The larger the percentage of PEG chains in the surfactant
molecule, the greater the k, affinity with ANS due to hydrogen
bonding with secondary amines of ANS. Comparing Fig. S1B
and D (ESIt) shows that the slope of the approximate curve
before micelle aggregation is about 70 times higher for Tw80
than for TX100. The slope of this line is considered to indicate
the magnitude of affinity between the monomer surfactant and
the fluorescent probe,® and it can be seen that Tw80 has a
higher slope, or affinity for ANS, than TX100. As shown above,
k, is more than five times larger for Tw80 than for TX100. This
agreement also supports that k, is a parameter that indicates
affinity of ANS. The spear-like shape of TX100 is thought to
provide a more densely hydrophobic environment for the ANS
than the bulkier Tw80 and Tw20, leading to a larger A. The
hydrophobic tail of Tw80 is longer than that of Tw20 by 6 ethyl
groups and contains one double bond. The hydrophobic tail of
Twa80 is six ethyl groups longer than that of Tw20 and contains
one double bond. These two features indicate that Tw80
provides a sparser hydrophobic environment for the ANS than
Tw20. Therefore, A, which would correspond to the quantum
yield of ANS, would be determined by the sparsity of the
hydrophobic environment provided to ANS. In this case, we
assume a concentration where the surfactant is present as a
monomer or incomplete aggregate and does not form micelles,
but basically based on the idea of a critical filling parameter,
which is a geometric model of the filling factor of the hydro-
phobic region of a micelle.*

In addition, the activator inhibitor model was applied to
quantitatively observe the increase in ANS fluorescence intensity,
which is derived from the peak intensity of the ANS fluorescence
spectrum, which is subject to concentration quenching. The
quenching can also be caused by internal filtering effects, FRET
and Dexter mechanism, and the application of the activator
inhibitor model can remove this quenching as k;. There is a
report that a method to correct the self-quenching of fluorescent
molecules has been achieved by acquiring absorbance and
fluorometer internal structure data.’’ The activator inhibitor
model in this study is distinct in that it can accomplish this by
simply measuring the fluorescence spectrum and there are no
other parameters required. Also, the activator inhibitor model
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simplified the interpretation of complex fluorescence spectra
that is difficult to interpret.

As can be seen in Fig. 2A and Fig. S4 (ESIf), the ANS
fluorescence spectra show complex peak shifts with the concen-
tration. Aggregation or interaction with CD or surfactants were
considered as the cause of the shift of ANS fluorescence.
We thought that aggregation of ANS with a long diameter of
more than 1 nm** in monomers would be confirmed by DLS.
However, since the presence of aggregates could not be con-
firmed by Dynamic Light Scattering (DLS) measurements, it
was assumed that ANS behaved in the latter way. In Fig. S4
(ESIT), when only ANS was present, no ANS concentration-
dependent wavelength shift was observed, and the peak wave-
length was always 520 nm, indicating that the environment in
which ANS was present did not depend on its concentration. In
Fig. 2A, the peak wavelength of HP--CD was 485 nm at 25 uM
ANS, and then shifted to 510 nm as the fluorescence intensity
decreased. This indicates that the amount of free ANS is
predominant over that provided by the hydrophobic environ-
ment. The peak wavelength was always maintained around
508 nm with HP-B-CD + TX100. The decrease in fluorescence
intensity and the red shift caused by the addition of TX100 to
HP-B-CD indicate that ANS was driven out of the HP-B-CD
lumen and transferred to a more hydrophilic environment. In
other words, HP-B-CD was considered to encapsulate TX100. In
a study of B-CD mixed with anionic surfactant octylsulfate and
ANS, quenching was observed when octylsulfate was added to a
fixed concentration of -CD and ANS. It is claimed that ANS and
octylsulfate compete with each other for B-CD.** We hypothe-
sized that the same thing is happening with HP-B-CD + TX100.
In the presence of TX100 alone, the peak wavelength shifted to
508 nm at 25 pM ANS and to 517 nm at concentrations up to
250 uM. At higher concentrations, the peak wavelength shifted
to 508 nm. This characteristic shift in peak wavelength was
considered to be related to the affinity of TX100 for ANS. Here,
when the ANS concentration was 25 pM, the addition of HP-B-
CD to TX100 did not significantly change the fluorescence
intensity and wavelength. This suggests that TX100 provides a
hydrophobic environment for ANS in both systems, and that in
the case of HP-B-CD + TX100, TX100 provides a hydrophobic
environment for ANS in the HP-B-CD-incorporated state. Note
that the addition of Tw80 to the HP-B-CD showed a slight
redshift from 485 nm to 488 nm at a concentration of 25 uM
ANS, while the addition of Tw80 to HP-B-CD increased the
intensity of ANS fluorescence compared to HP-B-CD alone. The
addition of Tw80 also increased the fluorescence intensity of
ANS more than HP-B-CD alone. The wavelength shift indicated
an increase in the polarity of the environment in which some
ANS were present. In addition to this, the increase in fluores-
cence intensity suggests that the amount of ANS provided with
a hydrophobic environment is increasing, i.e., both Tw80 and
HP-f-CD may be independently providing a hydrophobic
environment for ANS. In the presence of Tw80 alone, the peak
wavelength was 491 nm and the fluorescence intensity was
more than twice that of HP-B-CD alone at an ANS concentration
of 25 uM, and a slight increase in fluorescence intensity from
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491 nm to 488 nm was observed in Tw80. The wavelength shift
indicates that some ANS have migrated to a less polar environ-
ment, and the increase in fluorescence intensity indicates an
increase in the amount of ANS being provided with a hydro-
phobic environment. Overall, it appears that both Tw80 and
HP-B-CD independently provide a hydrophobic environment
for ANS. The same trend was observed for Tw20.

The discussion on the fluorescence spectrum itself shows
that even considering a single ANS concentration of 25 uM, the
amount of information is so huge that the usefulness of the
activator-inhibitor model, which provides concise information
after adapting to all concentrations, can be better understood.
To further solidify the interpretation of these results, we will
now delve deeper into the factors that increase the fluorescence
intensity of the ANS associated with k,.

NaCl concentration-dependent increase in the uptake of ANS
molecules by HP--CD and various nonionic surfactants

To clarify the phenomenon reflected by k,, which shows a
gradient of increase in ANS fluorescence with ANS concen-
tration, we determined the ratio of ANS to HP-B-CD to deter-
mine how many times more intense ANS fluorescence was

View Article Online
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produced against HP-B-CD concentration than in the absence
of HP-B-CD, as shown in Fig. 3A. The raw data of Fig. 3A shown
in Fig. S5 (ESI{) confirm the concentration-dependent blueshift
of the peak wavelength of HP-B-CD, indicating that ANS is
indeed migrating inside the hydrophobic core of HP-B-CD.
In Fig. 3A, the plots showed linearity regardless of the NaCl
concentration. The slope increased with increasing NaCl
concentration. The stability constants of ANS for HP-B-CD were
calculated from these results and are shown in Fig. 3B. The
stability constant K;; showed a linear increase with NaCl
concentration. Next, we plotted the ANS fluorescence intensity
against NaCl concentration in the presence of HP-B-CD, various
nonionic surfactants, or both in the presence of ANS, as shown
in Fig. 3C. Here, as shown in Fig. S7 (ESIt) which is the raw data
of Fig. 3C, the fluorescence intensity may exceed the measure-
ment limit in the presence of 0.8 M NaCl, and Fig. 3C. shows
only HP-B-CD, Tw80 in the plot for 0.8 M NaCl. The slope of the
graph, dFI/d[NaCL], which indicates the sensitivity of each
sample to NaCl concentration, is shown on the vertical axis in
Fig. 3D. The sensitivity of Tw80 to NaCl was increased by the
addition of HP-B-CD, whereas that of TX100 was halved by the
addition of HP-B-CD.
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Fig. 3 Providing a hydrophobic environment to ANS in a NaCl concentration-dependent manner by HP-B-CD, Tw80 and TX100. (A) Linear increase
of ANS fluorescence dependent on HP-B-CD concentration. The vertical axis is the fluorescence intensity at the peak top of the fluorescence spectrum.
(a—e) 0, 0.1, 0.2, 0.4, 0.8 M NaCl, respectively. (B) NaCl concentration dependent linear increase in the stability constant of the HP-B-CD-ANS complex.
[ANS] = 75 uM. Stability constants were calculated using eqn 9. For details, see experimental Section 4.3. (C and D) Response of ANS fluorescence to NaCl
concentration in the presence of HP-B-CD, in the presence of surfactant, or in the presence of both. (C) The vertical axis is the fluorescence intensity of
the fluorescence peak. [ANS] = 75 uM, [HP-B-CD] = 20 uM, [TX100] = 192 uM, [Tw80] = 9.6 uM. (D) The vertical axis is the slope of the change in
fluorescence intensity in each sample against NaCl concentration: the slope of regression line in (A). Error bars indicate the standard deviation of the

slope obtained from the multiple regression analysis. [ANS] = 75 uM.
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In Fig. 3A, there was a linear relationship between the
concentration of HP-B-CD and the increase in fluorescence
intensity of ANS with HP-B-CD (F/F,), indicating a 1:1 complex
between ANS and cyclodextrin.?® The 1: 1 complex between ANS
and HP-B-CD is also evident from the Job’s plot shown in Fig. S6
(ESIt). The increase in the slope of the NaCl concentration-
dependent line in Fig. 3A suggests an increase in the stability
constant Ky; in an NaCl concentration-dependent manner. The
increase in NaCl concentration is a driving force for the aggrega-
tion of ANS, and the decrease in the solvent affinity of ANS due to
the increase in the bulk polarizability is considered to have
promoted the inclusion of ANS into HP-B-CD. In other words, it
indicates that ANS salting out is inhibited by HP-B-CD. In Fig. 3C,
the increase in the fluorescence intensity of ANS with increasing
NaCl concentration in each sample is consistent with that of
HP-B-CD. The increase in NaCl concentration may also promote
aggregate formation of Tw80 and TX100,** which may provide a
hydrophobic environment for the ANS and increase the fluores-
cence intensity of the ANS. For nonionic surfactants, the slope
of Fig. 3C, i.e., dFI/d[NaCl], reflects the degree of enhancement of
aggregation by NaCl concentration; this value increased when
HP-B-CD was added to Tw80 and decreased when HP-B-CD was
added to TX100. The results for Tw80 indicate that the inclusion
of ANS by HP-B-CD and the aggregation of Tw80 occur indepen-
dently. The dFI/d[NaCl] values of HP-B-CD and Tw80 were
summed up to 412, and the value of dFI/d[NaCl] for HP-B-CD +
Tw80 was 427, indicating that additivity was established between
the two. On the other hand, in the results of TX100, it was
considered that this “collar” became a steric hindrance by inclu-
sion of TX100 by HP-B-CD, and that the aggregation of TX100 was
inhibited. It has been reported that B-CD increases the CMC of
TX100, and clearly the present results reflect inhibition of TX100
aggregation.*® In Fig. 3D, dFI/d[NaCl] is 2.3 times larger for HP-B-
CD and Tw80, and 12.4 times larger for HP-B-CD and TX100.
It is considered that dFI/d[NaCl] reflects two phenomena: the
phenomenon that ANS cannot withstand the polarizability of the
bulk and moves to the hydrophobic region, escaping from salting
out, and the phenomenon that the hydrophobic region increases
by the promotion of aggregation of nonionic surfactant. The dFI/
d[NaCl] values for HP-B-CD reflect only the former, which is
reflected in the dFI/d [NaCl] being small for HP-B-CD.

Fluorescence analysis with increasing NaCl concentration
was able to strengthen the interpretation obtained by the
activator-inhibitor model. However, it is only a hypothesis that
TX100 is actually included in HP-B-CD and that Tw80 is not
included in HP-B-CD. Therefore, the interaction between non-
ionic surfactant and HP-B-CD was verified more directly
through evaluation of chemical shift value by one dimensional
proton NMR measurement and observation of NOE by ROESY
measurement.

TX100 places alkyl chains inside the hydrophobic core of HP-f-
CD and PEG chains close to the HP groups of HP-B-CD

In order to clarify the interaction between TX100 and HP-B-CD
and between Tw80 and HP-B-CD from a different point of view,
one-dimensional proton NMR was first measured by changing
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the molar ratio of the two compounds. Fig. S8 (ESI{) shows the
chemical shifts of the protons in the benzene ring of TX100 at
6.81 ppm and 7.18 ppm observed in TX100 alone, depending on
the increase in the molar ratio of HP-B-CD. Fig. 4A shows the
chemical shifts of each proton with respect to the molar ratio of
HP-B-CD. Fig. 4A and B show the chemical shifts of the protons
in the alkyl chain of TX100, which are 0.68 ppm, 1.26 ppm, and
1.63 ppm, respectively. Fig. S9 (ESIT) showed that no significant
peak shift of the proton of Tw80 was observed depending on
the molar ratio of HP-B-CD. Next, ROESY was measured to
observe the proton proximity using the nuclear Overhauser
effect (NOE). The results of the mixed sample of HP-3-CD and
TX100 are shown in Fig. 4D, and those of the mixed sample of
HP-B-CD and Tw80 are shown in Fig. 4E. From Fig. 4D, the
coupling of the broad peak of the PEG chain of TX100 appearing
at 3.4 to 4.0 ppm and the peak derived from —-CH; of HP group of
HP-B-CD appearing at 1.1 ppm was observed. In addition, the
broad peak of the PEG chain of TX100 was observed to be
coupled with the peak derived from H1’ and H1 existing outside
the hydrophobic core of HP-B-CD appearing at 4.9 ppm and 5.1
ppm, respectively. From Fig. 4E, the coupling of the peak derived
from H1’ existing outside the hydrophobic core of HP-B-CD
appearing at 4.9 ppm and the peak derived from H4 of HP-B-
CD appearing at 3.4 to 3.5 ppm was observed. In addition, the
proximity of the protons of Tw80 and HP--CD and the inter-
action between them could not be observed here.

One-dimensional proton NMR measurements show that the
down-field shift of the chemical shift values of the protons of
TX100 depending on the mole fraction of HP-B-CD indicates an
increase in hydrophobicity around the benzene ring and alkyl
chains of TX100.** The lack of change in the chemical shift
values of Tw80 as a function of the mole fraction of HP-B-CD
confirms the absence of inclusion of Tw80 in HP-B-CD. The
ROESY results indicated that not only the hydrophobic group of
TX100 but also the hydrophilic PEG chain of TX100 interacted
with the HP group of HP-B-CD, and that the PEG chain of TX100
wrapped around the HP group of HP-B-CD. The ROESY spec-
trum also shows that the PEG chains of TX100 interact with the
outer H1’ and H1 of the hydrophobic core of HP-B-CD, suggesting
that TX100 forms a stable complex with HP-B-CD through the
interaction with both the inner and outer of the hydrophobic core
of HP-B-CD. Fig. 4A and B show that the polarity around the
protons of the alkyl chain and benzene ring of TX100 is reduced
by the cavities in HP-3-CD. However, in the ROESY spectra shown
in Fig. 4D, no NOEs were observed between the protons inside the
HP-B-CD and the protons of these hydrophobic groups in TX100.
This phenomenon has also been reported in studies on the
inclusion of polyvinylpyrrolidone in y-CD,*® and given that NOEs
are generally only detected when the distance between the protons
is less than 4.5 A, the alkyl chains and benzene rings of TX100 are
not able to fit into the HP-B-CD cavity. CD, it is considered that
TX100 wears HP-B-CD like a collar. The ROESY spectrum of Tw80
was evaluated at the depth where the coupling between the outer
H1’ and H4 was more clearly observed, but the coupling between
the protons from Tw80 and HP-B-CD was not confirmed, suggest-
ing that HP-B-CD does not form a complex with Tw80.
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ROESY spectra at various concentrations of HP-B-CD and TX100 (D) or Tw80 (E).

The results of both fluorescence and NMR analyses sug-
gested the model shown in Fig. 4C, in which TX100 bound to
BSA and HP-B-CD in a piercing manner, while Tw80 bound
loosely and did not show active proximity. The bulkiness and
the stickiness of TX100 and Tw80 can be easily imagined from
the molecular model shown in Scheme S1 listed in the ESL.{

Conclusions

In the adsorption of ANS to BSA, TX100 and Tw80 both increased
the affinity of ANS for BSA, while only TX100 took away the number
of ANS binding sites. This was found to be due to TX100 impinging
on ANS binding sites around the hydrophobic core where Trp213 of
BSA resides. However, there is no guarantee that the relationship
between multiple binding sites is independent for a soft host such
as BSA, and the unique nature of BSA cannot be ignored. Therefore,
we focused on the interaction of HP-B-CD with TX100 and Tw80 as
a universal model of the hydrophobic pocket of the protein. In HP-
B-CD, the concentration of ANS at which sufficient fluorescence
was obtained was tens of times higher than that of BSA.
The problem was the self-quenching of ANS at high concentrations.
We utilized the activator-inhibitor model to separate the concen-
tration-dependent ANS self-quenching from the enhancement of
ANS fluorescence by HP-B-CD and surfactants as an activator and
inhibitor. The fluorescence spectra themselves were very difficult
to understand because the systems containing HP-B-CD and

This journal is © the Owner Societies 2023

surfactants showed complex peak shifts with ANS concentrations.
However, the parameter k, calculated from the activator-inhibitor
model, which was applied to all concentrations, made it easy to
understand that TX100 penetrates HP-B-CD and Tw80 is indepen-
dent of HP-3-CD. Each parameter and the interpretations obtained
from them were corroborated by the determination of the CMC of
TX100 and Tws0, the effect of salt on ANS fluorescence, "H-NMR
and ROESY. As a result, HP--CD, which was chosen as the
universal model, showed that only TX100 impinged on the hydro-
phobic core, as did BSA.

The use of HP-B-CD as a universal model of the hydrophobic
pocket of antigenic proteins may contribute to accelerated
optimization of the basic framework of surfactants used in
adjuvants. The activator-inhibitor model can also simplify infor-
mation in complex environments with multiple hosts, even when
fluorescent molecules are required at concentrations high
enough to cause self-quenching. This procedure would be
expected to play an active role in the pharmaceutical field, where
multiple macromolecules such as liposomes, micelles, and anti-
bodies are intermingled, and to provide new insights.
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