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Human serum albumin (HSA) is the most abundant protein in plasma and plays an essential
physiological role in the human body. Ethanol precipitation is the most widely used way to obtain
HSA, and pH and ethanol are crucial factors affecting the process. In this study, infrared (IR)
spectroscopy and near-infrared (NIR) spectroscopy in combination with chemometrics were used
to investigate the changes in the secondary structure and hydration of HSA at acidic pH (5.6-3.2)
and isoelectric pH when ethanol concentration was varied from 0% to 40% as a perturbation. IR
spectroscopy combined with the two-dimensional correlation spectroscopy (2DCOS) analysis for
acid pH system proved that the secondary structure of HSA changed significantly when pH was
around 4.5. What’s more, the IR spectroscopy and 2DCOS analysis showed different secondary
structure forms under different ethanol concentrations at the isoelectric pH. For the hydration
effect analysis, NIR spectroscopy combined with the McCabe—Fisher method and aquaphotomics
showed that the free hydrogen-bonded water fluctuates dynamically, with ethanol at 0-20%
enhancing the hydrogen-bonded water clusters, while weak hydrogen-bonded water clusters were
formed when the ethanol concentration increased continuously from 20% to 30%. These
measurements provide new insights into the structural changes and changes in the hydration
behavior of HSA, revealing the dynamic process of protein purification, and providing a
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theoretical basis for the selection of HSA alcoholic precipitation process parameters, as well as for

further studies of complex biological systems.

Keywords: Human serum albumin; hydration; formation; secondary structure; IR spectroscopy;

NIR spectroscopy.

1. Introduction

As the most abundant protein in plasma, human
serum albumin (HSA)' is synthesized and secreted
by the liver and has physiological functions in
transporting hormones, fatty acids, and various
compounds.”* Currently, the most widely large-
scale preparation method for HSA is the cryogenic
ethanol precipitation method created by Cohn in
1946.° The method is based on mixed plasma as raw
material, decreasing the acidity step by step (from
pH 7.0 to pH 4.0), increasing the ethanol concen-
tration (from 0% to 40%), and decreasing the tem-
perature (from 2°C to —2°C) to precipitate HSA
from the solution step by step under different con-
ditions. There is no doubt that pH and ethanol
concentration are the key factors for the separation
and purification of HSA in the ethanol precipitation
process. Previous study® also proposed that the reg-
ulation of ethanol concentration and pH affect the
hydrophobic interaction, electrostatic interaction,
and hydrogen bond between proteins, which leads to
the aggregation and precipitation of proteins. How-
ever, the mechanism of ethanol precipitation of HSA
is not fully understood, which limits the access to
high-quality HSA to some extent. The study of in-
termolecular interactions is one of the important
fundamental works in the ethanol precipitation pro-
cess of HSA, so a clearer understanding of the chan-
ges in intermolecular interactions of HSA caused by
changes in pH and ethanol concentration, including
changes in the secondary structure and hydration of
proteins, is essential to obtain high-quality HSA.
Infrared (IR) spectroscopy (wavenumber in the
range of 4000-500 cm 1) is particularly sensitive to
structural changes in proteins by revealing the IR
spectral vibrations of peptide backbones or side
chains.” Based on reflecting the absorption of
the first overtone and combined frequency of C-H,
O-H, and N-H, near-infrared (NIR) spectroscopy
(wavenumber in the range of 12820-3959 cn~!) has
shown powerful functions in characterizing the
structure and hydration of solution proteins.®’
Vanessa Moll et al. investigated the interaction of

water with different hydrophobic polymers by NIR
spectroscopy, revealing trends related to the chem-
istry of the polymers and their increasing hydro-
philicity.!” A simple NIR model was constructed by
Chen Yu et al. to predict the concentration of eth-
anol in the actual production of immunoglobulin G
online.!! Mengli Fan et al. studied the structural
changes of protein solutions using NIR spectrosco-
py.'? and Li Ma et al. studied the function of water
during protein gelation using NIR spectroscopy.'?
Therefore, IR spectroscopy and NIR spectro-
scopy are important molecular spectroscopic
techniques that can be used to interpret the inter-
action between ethanol and HSA. It is worth men-
tioning that several chemometrics methods are
necessary in spectroscopy analysis. Two-dimen-
sional correlation spectroscopy (2DCOS) was first
applied in the field of nuclear magnetic resonance
(NMR),'* and it has been widely used in protein
research by increasing the spectral resolution and
improving the determination of spectral intensity
order changes.!” Aquaphotomics, proposed by
Professor Tsenkova of Kobe University in Japan in
2005,'0 is a study of using spectroscopic techniques
to detect structural changes in water under different
environments and to reflect the changes in other
substances in the system at the molecular level and
widely used in various aspects such as food,!”:'®
pharmaceuticals,'”?! medical,”*?? industry,>* test-
ing industries,”” and materials.?%->7

The objective of this study was to obtain infor-
mation on the state of the hydration layer sur-
rounding HSA during ethanol precipitation in the
acidic pH system and the isoelectric point, as well as
the secondary structure of HSA. The three confor-
mation structural forms of HSA in acidic pH system
(pH 5.6-3.2) were studied with the 2DCOS and
the moving window two-dimensional correlation
spectroscopy (MW-2DCOS). The McCabe-Fisher
method combined with aquaphotomics were utilized
to analyze the hydration spectra of HSA and the
molecular structure changes of HSA hydrated
water. This study elucidated the mechanism of
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ethanol precipitation of HSA at acidic and isoelec-
tric point pH from the perspective of molecular
spectroscopy, deepened the understanding of the
structural change characteristics and hydration
behavior changes in the alcoholic precipitation
process of HSA, then provided a key scientific
support for optimizing the production process and
obtaining high-quality plasma protein products.

2. Materials and Methods
2.1.

H;PO, (about 99.9% purity), NaH,PO, - 12 H,O
(about 99.9% purity), Ethanol (about 99.9% puri-
ty), NaOH (about 99.9% purity), and NaH,PO, - 2
H,O (about 99.9% purity) were acquired from
Shanghai-Hushi (China). HSA (purity of more than
96% and Mw 66 kDa) was purchased from Sigma-
Aldrich (Saint Louis, USA, #A9731).

Materials

2.2. Sample preparation

First, 0.2mol/L H3PO, solution and 0.2mol/L
Na,HPO, solutions were prepared separately. Then,
phosphate buffer solutions with pH 5.6-3.2 at
intervals of 0.2 were prepared. The background
solutions were prepared with 0.8 mL of each pH
buffer and water was added to 1 mL each. The HSA
solutions with pH 5.6-3.2 were obtained by adding
0.8mL of each pH buffer and water to a concen-
tration of 30 mg/mL.

Then, solution A (0.2mol/L NaH;PO, solution)
and solution B (0.2mol/L NaOH) were mixed into
pH of 4.49 to obtain solution C. The HSA aqueous
solution was adjusted to 60 mg/mL with solution C
to obtain solution D. 37.5mL of solution C was
measured accurately, and 25 mlL of water was added
and mixed well to obtain HSA-buffer solutions. At
last, the ethanol-buffer solutions were obtained by
adding ethanol to the buffer at successive v/v levels
(0-40% at 10% intervals, 30-33% at 3% intervals,
and 35-38% at 3% intervals). HSA buffer solutions
with pH of 4.60 £+ 0.05 and different ethanol con-
centrations of 30 mg/mL were prepared, and then
ethanol-HSA buffer solutions with the same v /v level
were also prepared.

2.3.

The IR spectra were acquired using an FT-IR
spectrometer (Nicolet 6700, Thermo fisher scientific,

Spectral measurement

USA) in the range of 4000-400cm~! with a scan
number of 64 and a resolution of 4cm™! at 25°C.
The signal-to-noise ratio was increased by collecting
air spectra and subtracting them. Each sample was
measured three times and averaged.

The NIR spectra were obtained using the Four-
ier-transform (FT) NIR spectrometer (Antaris II,
USA) with a tungsten-halogen light source and an
InGaAs detector in transmission mode from 10000—
4000 cm ! using a 1 mm cuvette, a scan number of
64 and a resolution of 4cm~! at 25°C. Each sample
was measured three times and averaged.

2.4. Data processing

The data was processed with Matlab R2019a
(The Math Works Inc., Natick, MA, USA).

3. Results and Discussion

3.1. The pH-induced second structure of
HSA
3.1.1. The MIR and the difference spectra of

HSA at pH 5.6-3.2

To illustrate the effect of pH on the structure of
HSA, the IR spectra of buffer solution and HSA
buffer solution at different pH at 4000-500 cm ! are
shown in Fig. 1(a). A significant broad absorption
peak at 3200cm ! could be observed in the spec-
trogram, which primarily attributed to the
stretching vibrational absorption of O-H and N-H
groups,’®? while a significant narrow absorption
peak at 1640 cm~! was primarily associated with
the absorption of bending vibration of the O-H
group and stretching vibration of the C=0 group of
HSA.?° In conventional IR spectral analysis, the
spectral difference subtraction (difference spectrum)
method is often used to reduce or even eliminate the
interference of useless matrix substances and am-
plify the useful information. In this paper, in order
to eliminate the interference caused by the strong
absorption of the O—H group, the original spectrum
was processed using the difference spectrum meth-
od. The HSA buffer solution spectrum minus the
buffered solvent spectrum is shown in Fig. 1(b). The
absorption peak located at 1652cm~! mainly
aroused by the vibrational absorption of the HSA
amide I region® could be observed. 1750-1580 cm !
is close to the amide I band of the protein (1700
1600 cm~1!). While the amide I band is sensitive to

2250040-3



H. Zhang et al.

0.6 T T T T T T

Buffer solution
— HSA-buffer
solution

5
kN
T

Absorbance
=
w
T

=
[
T

0 L
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)

(a)
Fig. 1.

Absorbance
9'sHd- 7°¢ Hd

1740 1720 1700 1680 1660 1640 1620 1600 1580
Wavenumber (cm'l)

(b)

(a) IR spectra in the 4000-500 cm ~! region of HSA in buffer solution (30 mg/mL) (red) and buffer solution (blue) of pH 5.6—

3.2 with a step of pH 0.2. The inset is an enlarged view of the 1750-1580 cm ! region. (b) The IR difference spectra of HSA buffer
solution (30 mg/mL). The wavenumber range is 1750-1580cm~! and the pH is 5.6-3.2 with an interval of 0.2. The difference
spectrum was calculated as the IR spectrum of the HSA buffer solution minus the IR spectrum of the buffer solution corresponding

to the pH.

the C=0 stretching vibration of the peptide group,
it is the result of the overlap of C=0O bond
absorption in different secondary structures and
contains information about the secondary structure
of the protein such as a-helix, 8-sheet, G-turn, and
random coil.*!

3.1.2. The MW-2DCOS analysis in

the 1750-1580 cm~! region

To visualize the changing characteristics of the
spectral intensity during the perturbation process
and determine the location of the characteristic
peaks, the MW-2DCOS?*?>%? was applied on the
difference spectra in the region 1750-1580 cm ! and
displayed in Fig. 2. It could be found that as the pH
decreased, the most prominent variations of the
absorption peaks were found at 1656 cm ™! and
1633 cm !, which belonged to the a-helix and in-
termolecular (3-sheet structure of HSA, respectively.*’
In addition, relatively weak intensity changes
appeared at 1750-1690cm~!, 1602cm~!, and
1598 cm 1. According to the previous study,** the
absorption peaks at 1750-1690cm~' may be
regarded as the absorption resulting from stretching
vibration of carboxyl groups with different hydro-
gen bonding strengths of the acidic residues glu-
tamic acid (Glu) and aspartic acid (Asp) in the HSA
side chain. The absorption peak at 1600 cm ! could
be assigned to the COO-antisymmetric stretching
vibration mode of Glu and Asp residues in HSA.*?
It could be seen from Fig. 2 that when the pH
dropped to around 4.6, the energy absorption of the
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Fig. 2. Moving window two-dimensional plots with auto-
correlations calculated from the difference IR spectra in the
1750-1580 cm ! region of HSA in buffer solutions (30mg/
mL). The window size is 5 and the contour level is 8. Red
shading indicates that the peak increases with increasing
ethanol concentration, while blue shading indicates that the
peak intensity decreases with increasing ethanol concentra-
tion. As shown on the scale (relative units), the darker the red
or blue shading, the tighter the profile, and the greater the
change in intensity.

synchronous spectrum at 1690-1580 cm ! changed
from negative to positive, which meant that around
pH 4.6, the secondary structure of HSA was having
relatively significant changes. This is consistent
with the previous studies which reported that HSA
transitions from N to F was confirmed at a pH of
around 4.5.37737

To further explore the pH-induced changes in the
secondary structure and side chain groups of HSA, a
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segmental analysis was performed according to the
results in Fig. 2. Three conformational states of
HSA were analyzed by generalized two-dimensional
correlation spectroscopy, namely N conformation
(normal formation, pH 5.6-4.4), N-F conformation
(normal formation-fast migrating formation, pH
4.6-3.8), and F conformation (fast migrating for-
mation, pH 4.0-3.2).”

3.1.3. Study on the N conformation of HSA

The two-dimensional correlated synchronous (a)
and asynchronous (b) spectra of HSA buffer solu-
tions at pH 5.6-4.4 within the scope of 1750—
1580 cm ! are shown in Fig. 3. A broad autocorre-
lation peak was formed at 1639 cm~! in the syn-
chronous spectrum, which may include other
secondary structure changes due to the broadness of
this peak. One negative cross peak (1694cm™!,
1656 cm~!) and two positive cross peaks
(1718 cm~!, 1620 cm '), (1656 cm !, 1620 cm 1) in
the asynchronous spectrum could be resolved. To
determine the sequence order of each secondary
structure transition of HSA under different pH in-
duction, it was judged according to Noda’s law,*® as
shown in Table 1. From the positive and negative
values of the different cross peaks in Table 1, it
could be seen that the sequence of changes in the
peak intensity of the subpeaks of HSA in N con-
formation induced by different pH was
1718 cm~! > 1656 cm~! > 1694/1620 cm !, that is,
the corresponding weakly hydrogen-bonded COOH
group (1718 cm~!) was the first to change under
acidic pH induction, followed by the a-helix struc-
ture (absorption peak at low wavenumber
1656 cm~!), and lastly the (-sheet structure (ab-
sorption peak at high wave number 1694 cm~! and
low wave number 1620 cm~!). In consequence, the
asynchronous spectrum of the N conformation of
HSA suggested that the change in secondary
structure was later than the change of the side chain
group and the protonation of the COO- group, and
the carboxyl group protonation may be the trigger
of the secondary structure change.

3.1.4. Study on the N-F conformation of HSA

The two-dimensional correlated synchronous (c)
and asynchronous (d) spectra of HSA buffer differ-
ence IR spectra within the scope of 1750-1580 cm !
for pH 4.6-3.8 are shown in Fig. 3. The synchronous

spectrum formed a broad autocorrelation peak near
1639 cm~! and a negative crossover peak at
1706 cm~! and 1641 cm~!. The absorption peak at
1706 cm ! could be referred to as the absorption of
hydrogen-bonded COOH group of moderate inten-
sity, while the absorption peak at 1641 cm~! was
considered to be related to the absorption of a-helix
structure,3%34 both forming synchronous negative
crossover peaks, which indicated that the hydrogen-
bonded COOH group and the a-helix structure
changed in opposite directions of intensity during
the N-F conformational change. Three positive
cross peaks (1670cm~!, 1641cm™1), (1745cm~t,
1700-1600cm '), (1700cm~!, 1700-1600cm~!)
and one negative cross peak (1641 cm~!, 1618 cm 1)
in the asynchronous spectrum could be distinguished.
The presence of more absorption peaks in the N-F
conformational change compared to the asynchronous
spectrum of the N conformation suggested that sev-
eral secondary structures of HSA were involved in the
change at this stage. One of the absorption peaks at
1745 cm~! was related to the absorption of the free
COOH group, which may arise from the unfolding of
the HSA structural domain IIT.%*

To determine the sequence order of each sec-
ondary structure transition of HSA under different
pH induction, it was judged according to Noda’s
rule.?® From Table 2, it could be observed that the
sequence order of pH-induced peak intensity chan-
ges of subpeaks of HSA in N-F conformation was
1745/1700 cm ! > 1618cm ~! > 1670cm ~! >
1630 cm~! > 1641 cm~!. Therefore, asynchronous
spectroscopy studies suggested that carboxyl pro-
tonation occurred first in the N-F conformational
change of proteins, which then triggered the for-
mation of intermolecular (-sheet structures, which
may be an important process in the intermolecular
aggregation of proteins. The change in the inter-
molecular (-sheet structure further induced a se-
quential change in the g-turn, G-strand, and a-helix
structures. This order of change was similar to that
of HSA in N conformation, but the order of change
of (B-sheet and [-turn structure and a-helix struc-
ture was different, probably because HSA was more
inclined to undergo intermolecular aggregation in a
relatively low isoelectric point pH environment.

3.1.5. Study on the F conformation of HSA

The two-dimensional correlated synchronous (e)
and asynchronous (f) spectra of HSA buffer IR
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two-dimensional IR correlation spectrum in the 17501580 cm ! region constructed from pH-dependent (pH 5.6-4.4), (pH 4.6-3.8),
and (pH 4.0-3.2) spectral variation of the HSA solutions, respectively. The contour level is 8. The blue dotted lines indicate a

negative sign and the red solid lines indicate a positive sign.

spectra within the scope of 1750-1580 cm ! at pH
4.0-3.2 are shown in Fig. 3. The formation of a
significant synchronous autocorrelation peak at
1656 cm ! could be observed in Fig. 3, which indi-
cated that the change in the a-helical structure was
dominant during the F conformational change. In
the asynchronous spectrum, more absorption peaks
were distinguished, including positive cross peaks

(1656 cm !, 1596 cm 1), (1656 cm !, 1639 cm™1),
(1618 cm !, 1596 cm ') and negative cross peaks
(1725cm 1, 1656 cm 1), (1725cm !, 1618 cm™1).
Among them, the absorption peak at 1639 cm ~! was
caused by the [-strand structure, while the ab-
sorption peak at 1725cm~' could be attributed
to the COOH group bound by moderately strong
hydrogen bonds.*’
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Table 1. The signs of the cross peaks in synchronous and
asynchronous correlation spectra and “sequential order” analysis
of HSA induced by different pH (pH 5.6—4.4).

© ) Order
(vi, vy, cm™1)  (synchronous) (asynchronous) (cm™1)
(1718, 1620) + + 1718 > 1620
(1656, 1620) + + 1656 > 1620
(1694, 1656) + - 1656 > 1694

Table 2. The signs of the cross peaks in synchronous and
asynchronous correlation spectra and “sequential order” analysis
of HSA induced by different pH (pH 4.6-3.8).

® ) Order
(v1, vy, cm™1)  (synchronous) (asynchronous) (cm™1)
(1700, 1630) + + 1700 > 1630
(1745, 1641) + + 1745 > 1641
(1670, 1641) + + 1670 > 1641
(1641, 1618) + - 1618 > 1641

Table 3. The signs of the cross peaks in synchronous and
asynchronous correlation spectra and “sequential order” analysis
of HSA induced by different pH (pH 4.0-3.2).

¥ ¥ Order
(v1, vy, cm™1)  (synchronous) (asynchronous) (cm~1)
(1725, 1656) + - 1656 > 1725
(1725, 1618) + - 1618 > 1725
(1656, 1639) + + 1656 > 1639
(1639, 1618) + - 1618 > 1639

To determine the sequence order of each secondary
structure transition of HSA under different pH in-
duction, a determination was made according to
Noda’s law.?® From Table 3, it could be judged that
the sequence of pH-induced changes in subpeak
peak intensities of HSA in the F conformation was
1618 cm ! > 1656 cm ! > 1639 cm ! > 1725cm 1.
Therefore, the increase of intermolecular [G-sheet
structure in the F' conformation further caused the
unfolding of HSA, followed by changes in the (-strand
structure and the side chain carboxyl group.

3.2. Study of the effect of ethanol
on structural changes of at the
isoelectric point

The above study showed that different pH affect

the secondary structure of albumin and that a
significant change starts to occur around pH=4.5,

which is also its isoelectric point. Therefore, in this
part of the study, ethanol precipitation was per-
formed at the isoelectric point with reference to the
characteristics of the production process to observe
the pattern of its secondary structure and hydration.

To demonstrate the effect of ethanol on the
structure of HSA, the original IR spectra of ethanol-
water buffer solution and ethanol-HSA buffer so-
lution are shown in Fig. 4(a). Three distinct ab-
sorption peaks around 3300cm~!, 1640 cm !, and
1100 cm ™! could be observed in Fig. 4(a). The ob-
vious and broad absorption peak from 3500 cm ! to
3000cm~! was due to the stretching vibrational
absorption of O—H and N-H groups since water,
ethanol, and proteins are all rich in O-H groups.?®
In addition, the absorption peak that appeared at
1640 cm ! was mainly associated with the flexural
vibration of the O-H group of HSA and the
stretching vibration of the C=0 group.?® Further-
more, it could also be seen from the enlarged image
of the 1750-1580 cm ~! region that with the increase
of ethanol concentration, the absorption peak shif-
ted to higher numbers, which indicated a change in
the hydrogen bonding network.

To eliminate the interference caused by strong
background absorption and obtain more informa-
tion about HSA, a difference spectrum was obtained
by the spectra of ethanol-HSA buffer solution and
the corresponding ethanol-water buffer solution.
Previous studies had shown that the absorption
bands of proteins in IR spectra included many
characteristic absorption bands, among which the
amide I region was associated with the C=0
stretching vibrations.*! Therefore, the difference
spectra of HSA buffer (30 mg/mL) with different
ethanol concentration at 1750-1580 cm ™! is shown
in Fig. 4(b), where the absorption peak near
1652cm~! was attributed to the vibrational ab-
sorption in the amide I region. It could also be noted
that the peak intensities caused by different ethanol
concentrations are inconsistent, indicating that
ethanol affects the amide I region differently.

As an effective way to directly observe the
spectral intensity change under the disturbance,
MW-2DCOS* was adopted to gain more insights
into the protein structure correlation under the
perturbation of ethanol. The MW-2DCOS plots
with auto-correlations and its power spectrum cal-
culated from the difference spectrum within the
scope of 1750-1580 cm ! for different ethanol con-
centrations of HSA buffer solution (30 mg/mL) are
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displayed in Fig. 5. The most pronounced variation
in the intensity of the absorption peaks at
1656 cm ! and 1621 cm~! could be observed in the
figure, which was attributed to the a-helix and

intermolecular (-sheet structure of HSA, respec-
tively.?” Furthermore, the weak absorption peaks
formed in the range of 1750-1690 cm~! were mainly
associated with the absorption of the side chain
carboxyl groups. The peak intensity rate of change
of 1656cm~! and 1621cm~! absorption peaks
reached the maximum at an ethanol concentration
of 20% indicating a maximum second structure
change rate. It could be seen from the peak inten-
sities that the main change in this process was the
formation of the intermolecular (-sheet structure.
The intensity of the absorption peak corresponding
to the a-helix structure kept a positive value when
the ethanol concentration was lower than 30%, in-
dicating the enhancement of a-helix structure sta-
bility with ethanol. When the ethanol concentration
was lower than 40%, the absorption peak intensity
corresponding to the [-sheet structure became
negative, which means that the intermolecular
(B-sheet structure increased and was exposed to the
solvent. As the ethanol concentration was higher
than 30%, the absorption peak at 1656 cm~! chan-
ged from a positive value to a negative value, while
the absorption peak value at 1621 cm™!' changed
from negative to positive, and these may be corre-
lated with the protein precipitation phenomenon
observed in the experiment. It could be deduced
that the excessive addition of ethanol may cause the
destruction of the structure of HSA, exposing the
a-helix structure to the solvent. The formation of
intermolecular (-sheet structure was also consid-
ered to be an essential reason for protein aggrega-
tion and precipitation.

To eliminate the effect of noise, 2DCOS analysis
was performed on the difference IR spectra of HSA
solution (30 mg/ml) in the region of 1750-1580 cm 1.
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Table 4. The signs of the cross peaks and “sequential order”

analysis of HSA induced by different ethanol concentrations.

® ) Order
(v1, v9, cm ™) (synchronous) (asynchronous)  (cm™!)
(1656, 1621) - + 1621 > 1656
(1729, 1656) — - 1729 > 1656
(1729, 1621) + + 1729 > 1621

The synchronous (c) and asynchronous (d) of 2DCOS
are displayed in Fig. 5. There were two autocorrela-
tion peaks in the simultaneous spectra of Fig. 5(c),
1656 cm~! and 1621 cm ™!, respectively, where the
latter was significantly stronger in intensity than the
former, indicating that the main change in the system
was the formation of intermolecular S-sheet. The two
negative  cross-peaks formed at (1656cm~!,
1621cm™!) and (1656cm™!, 1729c¢m~!) indicated
that the changing direction of a-helix and 3-sheet and
side chain structures were opposite. A positive cross-
peak was formed at (1729 cm~! and 1621 cm™!), in-
dicating that the two corresponding structures had
changed in the same direction, and there was a strong
synergy between them. The peak at 1729 cm ™! could
be assigned to the absorption of weakly hydrogen-
bonded carboxyl groups.*’

In the asynchronous spectra of Fig. 5(d),
1656 cm ! formed a negative cross-peak with 1750~
1654cm ™!, and a positive cross-peak with 1656—
1580 cm !, indicating that 1656 cm~! was closely
related to other secondary structures and side chain
groups were heterogeneously cross-correlated.
According to Noda law,?® the sequential order was

2.5

0%
2F —10%

20%
30%
35% ]

40%

Absorbance
.
— n
<

=
n

0= =

8000 6000
Wavenumber (cm'l)

(a)

10000 4000

Fig. 6.

1729cm~! > 1621 cm ™! > 1656 cm ™' as seen in
Table 4. The COOH groups with varying degrees of
hydrogen bonds continuously changed with in-
creasing ethanol concentration, which in turn
caused changes in the intermolecular [(-sheet
structure, promoted protein precipitation, and
finally caused the enhancement of the a-helix
structure. This may be due to the accelerated
dehydration of HSA under the synergistic effect of
isoelectric pH and ethanol, which first promoted the
formation of intermolecular (-sheet structure and
then triggered the precipitation.

3.3. NIR spectra of ethanol-water and
ethanol-water with HSA solutions

The NIR spectra of different concentrations of eth-
anol-buffer solution and HSA buffer solution of di-
verse ethanol concentrations are displayed in Fig. 6,
where two main distinct absorption peaks around
6900 cm ! and 5100 cm~! could be observed. The
broad peak near 6900 cm ! could be attributed to
the combined frequency absorption of the symmet-
ric and antisymmetric stretching vibrations of the
O-H bond (v; 4 v3), and the strong absorption peak
near 5100cm~! was related to the combined fre-
quency of the bending vibration and the antisym-
metric stretching vibration of the O-H group
(vy + v3).2%* Tt could be observed that the absor-
bance intensity reduced with the increase of ethanol
and shifted toward a higher wavenumber in the
7300-6200 cm ! region, which was mainly associ-
ated with the reduction of water and changes in the

Absorbance
= N
[9)] N [9)]
=

[==Y
—~——

)
in
(e

0 J/’
10000 8000 6000
Wavenumber (cm'l)

(b)

4000

(a) NIR spectra of ethanol-buffer solution (b) and HSA in buffer solutions with different ethanol concentrations.
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hydrogen bond network. Furthermore, it can be
observed in Fig. 6 (b) that at ethanol concentra-
tions of 35% and 40%, the HSA produced significant
turbidity and precipitation, which caused signifi-
cant light scattering and eventually led to a signif-
icant baseline drift in the NIR spectra.

3.3.1.  Analysis of hydration water with

difference spectrum

The difference spectrum was used to reduce the
strong interference caused by solvent absorption,
and the variations in HSA hydration induced by
ethanol could be further investigated. After baseline
correction in the spectra range of 7940-6015cm !,
the difference spectra of HSA buffer solutions with
different ethanol concentrations and the corre-
sponding ethanol-buffer solutions were performed
and reproduced in Fig. 7(a). It could be seen from
the figure that the difference spectrum peak grad-
ually decreased with increasing ethanol concentra-
tion and changed from a negative value to a positive
value at 40% concentration due to a large amount of
protein precipitation. Since the data was no longer
accurate, only the difference spectrum of HSA
buffer in the range of 0-35% ethanol concentration
was discussed below.

By analyzing the difference spectra of Fig. 7(a),
we deduced that the information affecting the dif-
ference spectra mainly came from three factors,
namely (a) exclusion volume effect, (b) hydration
effect, and (c) the absorption of HSA. First,
under the same illumination condition, the NIR

0.05

Diff. Abs.
=
<
\
:S N
35

-0.05 : . .
7500 7000 6500

Wavenumber (cm'l)
(a)
Fig. 7.

absorption of HSA buffer solution with different
ethanol concentrations was always smaller than
those of the corresponding concentrations of the
ethanol-buffer solution, resulting in the negative
contribution of excluded volume effect to the dif-
ference spectrum. Second, the addition of ethanol
caused changes in the structure of the water mole-
cules surrounding the protein. If the NIR spectrum
of hydrated water differed from that of the ethanol-
water buffer, then hydration contributed positively
to the difference spectrum. Third, unlike water, the
absorption of HSA contributes positively to the dif-
ference spectrum. Because HSA concentrations were
consistent across the studied systems, it could be
speculated that the differences in spectral intensities
were mainly caused by changes in hydration effects.

To gain a deeper understanding of the hydration
effect caused by ethanol, the integrated intensity of
the NIR difference spectra in Fig. 7(a) was calcu-
lated, and the results are shown in Fig. 7(b), which
showed that the integrated intensity decreased
rapidly with increasing ethanol concentration, and
when the ethanol concentration was 35%, the de-
creasing speed was accelerated. It should be pointed
out that a smaller integral value represents a
stronger contribution to the hydration effect and
vice versa. Therefore, it could be speculated that the
hydrated water on the protein surface decreased
almost linearly with increasing ethanol concentration
from 0-30% ethanol. Aggregation and precipitation
of proteins in 35% ethanol conditions resulted in a
small reduction in the amount of hydrated water
around the protein, which may be related to the

Integral intensity

=22t

0 10 20 30
Ethanol concentration (%)

(b)

(a) The difference between NIR spectra (b) in the 7940-6015cm ! region of HSA solution (30 mg/mL) with different

ethanol concentrations and the integral intensity of NIR difference spectra.
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reduction of bound water due to the reduction of the
surface area after protein aggregation.

3.3.2.  Analysis of hydration water with the

McCabe-Fisher method

To acquire further information on the hydration
layer, the above-mentioned difference spectra were
analyzed using the McCabe-Fisher method.*> The
resolution of the difference spectra of HSA buffer
solution with 30% ethanol concentration is shown in
Fig. 8(a), and the hydration spectra calculated are
displayed in Fig. 8(b). According to this method, it
could be concluded that the difference spectrum
(curve A) (Fig. 8(a)) was influenced by the totality
of the three factors: (a) The negative contribution of
the excluded volume effect to the difference spec-
trum is because more water molecules are absorbed
in the reference cell than in the sample cell. (b) If
the NIR spectrum of hydrated water is different
from the spectrum of water in the ethanol-water
buffer solution in the reference cell, then the con-
tribution of hydration to curve A is positive. (c)
Since the absorption of HSA in the studied NIR
spectral region is different from that of water, the
contribution to curve A may be positive. It is im-
portant to note that HSA concentrations were
consistent across the systems studied, the contri-
bution of factor (a) and factor (c) was consistent,
and factor (b) was the main cause of the difference
spectrum. To obtain more information about the
structural changes of ethanol and water in the

—.CurveA
0.06 | ——Curve B
Curve C
0.04}
[N
2
£ 0.02f
=
-
2
& Of
<«
-0.02
-0.04

7500 7000 6500

Wavenumber (cm'l)

(a)

hydrated layer, the difference spectrum was
decomposed into two component spectra (curves B
and C), where curve B (factor a) represents the net
contribution of the reference solvent and curve C
(factors b and c) is derived from the absorption
spectra produced by HSA and hydrating water. The
absorbance values of the pure solvent spectra over
all wavenumbers are multiplied by the normaliza-
tion factor to obtain Curve B.*® Since only the
solvent is present in the cuvette, the shape of curve
B must be the same as the spectrum of the ethanol-
water solution. Curve C (absorption spectra of HSA
and hydrated water) is obtained by summing the
curves A and B of different wavenumbers. Curve A
was resolved using the McCabe—Fisher method for
all ethanol concentrations, and the results of the
resolution of the difference spectra of HSA solutions
at 30% ethanol concentration are shown in Fig. 8(b).
The results showed that the absorbance of the
hydration spectrum gradually decreased with in-
creasing ethanol concentration. Since HSA under-
goes significant turbidity and precipitation at
35% and 40% ethanol concentrations, resulting in
an inhomogeneous system and spectral drift, this
method is not applicable and will not be discussed.

3.3.3.  Analysis of hydration water with
acquaphotomics
Aquaphotomics was used to further investigate the

structural changes in water associated with ethanol-
induced protein precipitation. An aquagram was

0.07
0.06 |
0.05}
0.04|
0.03f

Absorbance

0.02
0.01}

-0.01 : : :
7500 7000 6500

Wavenumber (cm'])

(b)

Fig. 8. The resolution of the difference spectrum of HSA solution with 30% ethanol concentration using the (a) McCabe—Fisher

method and (b) the calculated hydration spectra.
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Table 5. Water matrix co-ordinates (WAMACS): The characteristic water absorbance bands in NIR spectral band.***"

Wavenumber (cm™1)

Water characteristic attributes

OH-(H,0); 4: Water solvation shell; O,—(H,0),: Hydrated superoxide clusters; 2v;: H,O

Sy: Water molecules with two hydrogen bonds; 2vy + v3: HyO bending and asymmetrical stretching

7440 2v3: HyO asymmetric stretching vibration
7349 OH—-(H,0); 54: Water solvation shell
7270 vy + v3: Symmetrical stretching vibration and H,O asymmetric stretching vibration
7234
symmetrical stretching vibration;
7072 water confined in a local field of ions; Sj: Free water, water with free OH~
7037 free water, water with free, H-OH bond, and O-H...O
6941 S:: Water molecules with one hydrogen bond
6906 OH—-(H,0),5: Water solvation shell
6821
vibration
6784 Ss: Water molecules with three hydrogen bonds
6705 S4: Water molecules with four hydrogen bonds
6607

v1: HyO symmetrical stretching vibration; vy: HyO bending vibration; strongly bound water

Notes: *'S,, represents water molecules with n hydrogen bonds, such as S; means water molecules with one hydrogen bond.

constructed using the 12 characteristic water wave
numbers (Table 5) of the water matrix coordinates
(WAMACS) defined by Tsenkova et al.,** 1% which
can visualize the spectral patterns of water at dif-
ferent ethanol concentrations. The values of the
aquagram were derived from the following equation:

A)/\ = (Ay — ) /0oy, (1)

where A, is the absorbance after multiplicative
scatter correction (MSC), p, and o) are the avera-
ges of all spectra at wavelength A\ (converted to
wavenumber in this paper) and the standard devi-
ation of all spectra, respectively.

The aquagram pattern of the effect of ethanol
concentration on the HSA hydration spectrum is
shown in Fig. 9. It can be observed from the figure

—0%
10%
6705 cm™ 7349 em’! 20%
—30%
6784 cm™ -1
6821 em™l , : f 7234 em’!
6906 cm™ 7072 em™

6941 em™ 7037 em™

Fig. 9. Ethanol concentration dependency of water spectral
changes depicted by aquagram patterns.

that the hydration spectrum first shifted toward
lower wave numbers as the ethanol concentration
increased, indicating a shift from a water structure
with less hydrogen bonded to a water cluster with
more hydrogen bonded. At 20% ethanol concen-
tration, the wavenumbers of 6821cm~! (S,),
6784 cm~! (S3), and 6705cm~! (S;) changed sig-
nificantly, which implied an enhancement of the
hydrogen-bonded water cluster from 0% to 20%
concentration. However, as the ethanol concentra-
tion continued to increase from 20% to 30%, the
absorbance of water began to shift to a higher
wavenumber (shorter wavelength), indicating that
hydrated water tends to form a relatively weak
hydrogen-bonded water cluster. Therefore, it is not
difficult to find that the change process of the hy-
dration structure under the influence of ethanol is
nonlinear, that is, free water molecules or weakly
hydrogen-bonded water molecules are dominated at
low ethanol concentrations (<20%), and the hy-
dration layer develops into a strongly hydrogen-
bonded water cluster with increasing ethanol con-
centration. These water clusters play essential roles
in connecting individual protein molecules, which
may be necessary for protein nucleation and pre-
cipitation.*® With the aggregation of the protein,
the hydrogen bond network of water gradually be-
came weaker and released into the native water as
free water, and the hydration effect was weakened,
which was consistent with the results of the volume
effect study. When the ethanol concentration rose
above 30%, HSA precipitated clearly. Meanwhile,
the wavenumbers at 7072cm™! (Sy), 7234cm~!,
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and 7270cm~! in Fig. 9 shifted significantly to
high wavenumbers, which is consistent with the
insulin amyloid fibrillation study.?® During the ex-
tended phase of protein precipitation, protein mole-
cules approached each other and the surface area
gradually decreased. The disintegration of the hy-
drogen-bonded water cluster then led to an increase in
free water and enhanced the bending and stretching
vibrations of water. Thus, hydration plays an im-
portant role in the alcoholic precipitation of HSA.

4. Conclusion

In this work, we first investigated the effect of acidic
pH (pH 5.6-3.2) on the secondary structure of HSA
using IR spectroscopy. A significant change in the
secondary structure of HSA near pH 4.6, a shift
from the N conformation to the F conformation,
was identified by MW-2DCOS analysis. Then, the
MW-2DCOS analysis was used to segment the N
conformation, N-F conformation, and F conforma-
tion of HSA. It was found that the carboxyl group
protonated the side chain Asp and Glu residues of
HSA might be important in inducing the secondary
structure change. Secondly, we explored the mech-
anism of precipitation induced by the addition of
ethanol using IR and NIR spectra. The synchronous
and asynchronous results demonstrated that the
native structure of HSA could be achieved by en-
hancing the a-helix structure with low concentra-
tions of ethanol. Meanwhile, at the isoelectric point
pH, ethanol has the effect of promoting the forma-
tion of intermolecular g-sheet structure, which is an
essential reason for the aggregated precipitation of
HSA. The integrated intensities and hydration
spectra were obtained according to the McCabe—
Fisher method. The variation of the integral inten-
sity proved that ethanol at the isoelectric point pH
affected the amount of hydrated water around the
protein. The water spectroscopy histology theory
was also applied to analyze the hydration layer
water structure, which confirmed that water mole-
cules with different degrees of hydrogen bond were
involved in different precipitation stages of HSA. In
addition, the isoelectric point pH and ethanol were
shown to have a synergistic effect on the hydration
process of HSA by IR and NIR spectroscopic stud-
ies. The research in this paper provided an impor-
tant theoretical basis for the selection of process
parameters for the ethanol precipitation of plasma
proteins and the purification of HSA and provided

key scientific support for optimizing the existing
production process and obtaining high-quality
plasma protein products.
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