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protein binding and recovery for
the responsive hydrophobic poly(vinylcaprolactam)
ligand

Zizhao Liu,a S. Ranil Wickramasinghea and Xianghong Qian *b

The conformational switch between the hydrophobic state and hydrophilic state of thermo-responsive

poly(vinylcaprolactam) (PVCL) has great potential for protein binding and elution applications during

protein purification as a hydrophobic interaction chromatography ligand. The lower critical solution

temperature (LCST) of PVCL is strongly salt type and salt concentration dependent. Here PVCL polymer

chains were grafted on regenerated cellulose membranes using controllable atom-transfer radical

polymerization (ATRP) for protein binding/elution studies. Protein binding and recovery demonstrates

strong salt type and salt concentration dependency. The effects of salt ions on the static and dynamic

binding interactions were elucidated and correlated well with the conformational and hydrophobicity

changes of the responsive ligand.
1. Introduction

The past decade has seen the rapid development of upstream
technology for biopharmaceuticals. As a consequence, the
concentration of recombinant protein products has markedly
increased from milligrams per liter (mg L�1) to grams per liter
(g L�1).1 At the same time, the regulatory agencies demand high
purity of products, which greatly heightens the need for the
dramatic improvement of efficiency in the downstream pro-
cessing and purication.1,2 The bottleneck has shied from bio-
processing to downstream purication of products. To date,
estimated cost for downstream processing can go as high as 50
to 80 percent of the total manufacturing cost.2 Therefore, one of
the main objectives associated with the downstream processing
is cost reduction while maintaining the high quality of the
products.

Hydrophobic interaction chromatography (HIC) plays an
important role in downstream processing. Proteins of interest
bind to hydrophobic ligands at high salt concentration buffer
which promotes hydrophobic interaction and elute at low salt
concentration buffer which does not favor protein–ligand
binding. N-Alkyl (C1–C8) and aryl (phenyl) are the two most
common types of ligands for HIC. The factors that affect the
performances of these conventional HIC ligands have been
studied under different buffer conditions in particular, salt type
and salt concentration.3,4 Theoretical models based on
phenomenological solvophobic theory5 or preferential
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interactions6 were developed to quantitatively explain and
predict the salt concentration effects on the chromatographic
behaviors. However, ion specicity remains to be a theoretical
challenge in understanding the interactions between protein
and ligand. Moreover, protein denaturation and subsequent
aggregation using these conventional hydrophobic ligand is
a major concern. Currently signicant efforts have been dedi-
cated to overcome the limited capacity and poor recovery of the
conventional HIC membrane chromatography. A new class of
salt- and temperature-responsive ligands that can switch
hydrophobic and hydrophilic conformation under different
buffer conditions has been explored for HIC applications using
buffers containing (NH4)2SO4 or NaCl only.7–10 As the degree of
hydration and dehydration of these temperature/salt ion
responsive ligands is highly salt ion and salt concentration
specic, the effects of salt ion type and salt ion concentration on
protein-responsive ligand binding are investigated. Here we
focus on poly(vinylcaprolactam) (PVCL) which exhibits higher
binding capacity than other responsive ligands.10 Poly(N-iso-
propylacrylamide) (PNIPAM) has also been investigated as
a thermo-responsive ligand for HIC applications.8 The main
advantage of PVCL lies in its low toxicity and biocompatibility.
As the amide bond of the monomer is located on its seven-
member ring, its hydrolysis in the polymer does not generate
low molecular weight species. On the other hand, hydrolysis of
PNIPAM produces low molecular weight amines, which are
toxic to biological systems. Another advantage of PVCL as well
as PNIPAM is that its LCST (32–50 �C) is close to the room
temperature (25 �C), at which downstream processing typically
occurs. It means that only low concentrations of salt are needed
in order to reduce its LCST to below the room temperature. Low
salt is preferred as high salt could denature the protein.
RSC Adv., 2017, 7, 36351–36360 | 36351
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Thermo-responsive polymers such as PVCL exhibit a lower
critical solution temperature (LCST), above which the polymers
adopt a collapsed hydrophobic conformation. However, at
a temperature below their LCSTs, these polymers adopt an
extended coil-like hydrophilic conformation. The presence of
the salt tends to reduce the transition temperature. The
reduction of LCST is found to be strongly dependent on the salt
type and salt concentration.11 The higher the concentration is,
the larger the reduction will be. It is also ion-specic with
cations and anions each following a different order depending
on the charge and size of the ion. Our earlier studies11–14

investigating the specic interactions of ions with the thermo-
responsive PNIPAM show that the cations interact directly
with the amide oxygen. The anion–polymer interaction is
mediated by the cations even though larger size anions could
potentially form hydrophobic interaction with the isopropyl
group. For PNIPAM, the LCST transition only depends slightly
on the molecular weight of the polymer chain. However, the
LCST of PVCL depends strongly on the polymer molecular
weight and concentration.15 For very dilute PVCL solutions, the
LCST of PVCL varies from about 32 �C for long polymer chains
(molecular weight (MW) $ 275 000) to over 50 �C for short
chains (MW � 9000). This hydrophilic-to-hydrophobic LCST
transition can be switched by increasing the temperature and/or
salt concentration. Since the binding and elution of the proteins
are based on the hydrophobicity change of the thermo-
responsive ligands, relative high recovery of the proteins is ex-
pected. Our earlier studies10 show that binding capacity and
recovery can be further optimized by designing comb-like
ligands.

Salt ion type and salt ion concentration appear to have
a strong effect on the conventional hydrophobic based protein–
ligand interactions.4,5,16–18 It has been shown that the effects of
different ions on protein–ligand binding correlate with the
Hofmeister series.4,16,19 Hofmeister series refers to the different
ability of different ions to denature protein.20 Cations and
anions have their respective orders.21 The direct Hofmeister
series for the anions follows the order PO4

3� > SO4
2� > CH3-

COO� > Cl� > Br� > NO3� > I� > ClO4� > SCN�. For the cations,
the order follows NH4

+ > K+ > Na+ > Li+ > Mg2+ > Ca2+. Ions on the
le side generally have greater ability to decrease the solubility
of hydrocarbon (salting-out), promote hydrophobic interaction
as well as stabilize proteins. However, inverse Hofmeister
effects have also been observed.22 It was thought that the ion
order depends on both the surface hydrophobicity and surface
polarity. So far, the exact nature of ion specicity on physical
and biological phenomena remains unexplained and under
considerable debate. It is not sure whether it is caused by the
changes in the bulk water structure in different salt solutions or
by the direct ion–protein interactions.23

Earlier studies have also shown that the LCST transition of
thermo-responsive polymers is strongly ion specic.11,24

Mikheeva et al. found two thermal cooperative transition of
PVCL hydrogel at 31.5 �C and 37.6 �C and showed that NaCl
solution lowers LCST while SDS increases LCST.25 Zavgorodnya
et al. studied Hofmeister anion effect on PVCL hydrogels.26

Khokhlov et al. investigated the complexation effect of
36352 | RSC Adv., 2017, 7, 36351–36360
poly(VCL-co-methacrylic acid).27 It was found that insoluble
inter-macromolecular complex formed under acidic condition.
Our previous theoretical studies11,13 on the effects of salt ions on
LCST of PNIPAM demonstrate that the stronger hydration of
ions tends to decrease the LCST whereas the direct cation–
amide oxygen binding tends to increase the LCST. The strength
of the cation–amide oxygen interaction is dictated by the
competition between the electrostatic and the hydration forces.
For the singly charged alkali cations (Li+, Na+, K+ and Rb+),
electrostatic interactions dominate. The larger the cation is, the
weaker the binding interaction with the amide oxygen. For the
doubly charged cations (Mg2+ and Ca2+), the strong hydration of
these divalent ions overcomes the electrostatic attraction
between the ion and amide oxygen leading to the very weak
binding between the cations and the amide oxygen. Moreover,
our simulation results show that the LCST transition dynamics
and the degree of hydration/dehydration are ion specic.
Experimentally, responsive HIC membrane chromatography
using PNIPAM and its copolymers as ligands shows relatively
low capacity and recovery.8,28 The PVCL ligands graed on the
regenerated cellulose membranes using atom-transfer radical
polymerization exhibit both higher capacity and higher recovery
than the PNIPAM ligands.7,9,10 Our previous results show effec-
tive binding of BSA and IgG4 in the high salt buffer (1.8 M
(NH4)2SO4) solution. High recovery (over 97%) of BSA was also
obtained at an appropriate ligand density. In addition, our
results show that binding capacity tends to increase with the
increase of the polymer chain density as well as the salt
concentration at binding.7 The architecture of the ligand affects
both the binding capacity and recovery.10 Here the effects of salt
ion type and salt ion concentration on the binding capacity and
recovery of BSA and IgG4 proteins were investigated using PVCL
as a responsive ligand. The effects of salt ion type and concen-
tration on the LCST transition of the solution phase PVCL were
investigated using turbidity test initially. This will be followed
by the investigation on the dynamic/static binding capacity and
recovery of the responsive membranes graed with PVCL
ligands at different salt conditions. Common salts used for
industrial bioprocessing with hydrophobic interaction chro-
matography including NaCl, (NH4)2SO4, Na2SO4 and K2SO4 were
investigated. In addition, ZnSO4 and Al2(SO4)3 representing
divalent and trivalent cations were also studied. Other divalent
sulfate salts such as CaSO4, MgSO4 and CuSO4 all exhibit rather
low solubility and are not suitable for the current study.

2. Materials

N-Vinylcaprolactam (98%), 2-bromo-2-methylpropionyl
bromide (BIB, 98%), 4-(dimethylamino)pyridine (DMAP,
$99%), copper(I) chloride ($99.995%), copper(II) chloride
($99.995%) and N,N,N0,N00,N00-pentamethyldiethylenetriamine
(PMDETA, 99%) were purchased from Sigma Aldrich (St. Louis,
MO). Triethylamine (TEA, $99%) and aluminum sulfate
($97%) were obtained from Alfa Aesar (Ward Hill, MA). Meth-
anol (99.8%), acetonitrile (99.8%) and zinc sulfate heptahydrate
($99.5%) were obtained from EMD Chemicals (Billerica, MA).
Boric anhydride was purchased from Avantor Performance
This journal is © The Royal Society of Chemistry 2017
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Materials (Center Valley, PA). Anhydrous acetonitrile was ob-
tained by distilling acetonitrile with boric anhydride. Sodium
chloride ($99.5%), ammonium sulfate ($99.0%) and sodium
sulfate ($99.0%) were bought from Macron™ Fine Chemicals
(Center Valley, PA). Regenerated cellulose membranes (0.45 mm
pore size, RC55, 47 mm diameter) were purchased from What-
man Ltd. (Pittsburgh, PA). Bovine serum albumin (BSA) (>99%,
pI 4.7, 66 kDa) was obtained from Avantor Performance Mate-
rials (Center Valley, PA). Puried human IgG4 monoclonal
antibody (pI 7.1, 146 kDa) was provided by Eli Lilly (Indian-
apolis, IN).
3. Experiments
3.1 Membrane surface modication

Membranes were modied through surface-initiated ATRP as
reported by our earlier studies.7,29–31 Basically, regenerated
cellulose (RC) membranes were rst immobilized with ATRP
initiator 2-bromoisobutyryl bromide (80mM) in acetonitrile for 3
hours. Then the monomer, copper(I) chloride, copper(II)
chloride, ligand N,N,N0,N00,N00-pentamethyldiethylenetriamine
(PMDETA), and solvent, methanol/water mixture (1 : 1, v/v) were
mixed together and degassed with argon for 15–20min. The ratio
among monomer : CuCl : CuCl2 : PMDETA is 200 : 1 : 0.2 : 2.
Prior to polymerization reaction, asks containing initiator
immobilized membranes were de-oxygenated by vacuum and
argon back-lling process three times. At last, the polymerization
solution was transferred to the ask by a syringe. Aer 4 h ATRP,
membranes were rst rinsed with methanol and water mixture
(1 : 1, v/v) three times and then washed with DI water overnight.
The schematic of the modication procedure is shown in Fig. 1.
3.2 Characterization

3.2.1 Turbidity test. The turbidity of solutions containing
PVCL was determined using UV/Vis Spectrophotometer (Thermo
Scientic™ GENESYS 10S) for measuring the transmittance at
515 nm. The previous protocol for determining the LCST of PVCL
with turbidity change was used. The change of solution turbidity
indicates the LCST or the hydrophilic-to-hydrophobic transition
of the PVCL polymers. The increase in turbidity indicates the
polymers become hydrophobic and start to aggregate. All
measurements were conducted at room temperature (23 � 1 �C).
Fig. 1 Reaction scheme of ATRP for surface modification of regen-
erated cellulose membranes.

This journal is © The Royal Society of Chemistry 2017
The LCST transition is induced by the addition of various types
and concentrations of salt at room temperature. The onset of the
increased turbidity corresponds to the salt concentration for each
salt type needed to decrease the LCST of PVCL to room temper-
ature at which experiments were performed.

3.2.2 Contact angle measurement. Static contact angle
measurements between membrane surface and salt solution
liquid drop were conducted by the sessile drop method. The set
up includes an optical angle meter (OCA 20, Future Digital
Scientic Corp., NY) and a dosing needle. Membranes were cut
into small pieces and xed on a at glass chip with double side
tape for measurements. The dosing volume is 2 mL. Each result
was reported by averaging at least 5 measurements at random
locations and the standard deviations were shown as error bars.

3.2.3 Surface tension. Pendant drop method was used for
measuring the surface tension of the salt solution at different
concentrations. The same optical angle meter (OCA 20, Future
Digital Scientic Corp., NY) and a dosing needle were used. The
needle size was rst calibrated by the soware. A drop of 2 mL
salt was dispensed and a snapshot was taken for the prole of
liquid. The surface tension value was then obtained by tting
the drop prole with the SCA22 soware based on the Laplace–
Young equation.

3.3 Protein binding experiments for HIC membranes

3.3.1 Static BSA binding studies. All membranes were rst
equilibrated with adsorption buffer A (contains various high
concentrations of salt at the same 3.6 M ionic strength) for 1
hour. Then, certain concentrations of BSA solutions (0.1–0.8 mg
mL�1) were prepared using buffer A. All equilibrated
membranes were incubated with BSA solution for 5 hours at
room temperature on a shaker. Also, ve different concentra-
tions of protein solutions prepared with BSA and buffer A were
shaken at the same time. The equilibrium concentrations of
protein solutions were rst determined by UV absorbance at
280 nm with the standard curves of protein solutions. For
ZnSO4 and Al2(SO4)3 salts, Na3PO4 was not added in buffer due
to precipitation. Membrane volume, binding capacity and
recovery were calculated as follow:

Membrane volume ¼ p � Dmembrane
2/4 � d

where D is the diameter of the membrane used for binding and
d is the thickness of the membrane.

Binding capacity q

¼ Amount of protein bound to membrane ðmgÞ
membrane volume ðmLÞ

Recovery ¼ Amount of protein elute ðmgÞ
Amount of protein bound to membrane ðmgÞ

3.3.2 Dynamic binding studies. BSA or human serum
immunoglobulin (IgG4) stock solutions were prepared by dis-
solving 100 mg of proteins each into 10 mL 20 mM phosphate
buffer solutions (pH 7, buffer B), which contained no other salt.
RSC Adv., 2017, 7, 36351–36360 | 36353
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Fig. 2 Size measurement of synthesized PVCL under different
temperatures by dynamic light scattering and calculated
polydispersity.

Fig. 3 The variation of transmittance of the synthesized PVCL as
a function of ionic strength (a) and ionic activity (b) in various sulfate
salt solutions at room temperature during the turbidity test. Trans-
mittance was measured at 515 nm at 1 mg mL�1 PVCL concentration.
Activity coefficients were from literature.
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Then, the stock solutions of protein were added into buffers
containing various amount of salt (buffer A) to yield 0.1 mg
mL�1 protein solutions. All the buffer and protein solutions
were ltered with Whatman 0.22 mm PES membrane before the
dynamic binding tests. A set of four membranes (total bed
volume 0.08 mL) was loaded into a stainless steel ow cell
(Mustang Coin® module, Pall Corporation) with two ow dis-
tributers to ensure the uniform ow across all of the
membranes. All runs were conducted by using ÄKTA FPLC from
GE Healthcare Bio-Sciences Corp. The method was developed
with the Unicorn soware v. 5.31 to automate the BSA binding
and elution experiments as previously published. First, the
membranes stack was wet with buffer B (elution buffer) in the
reverse ow conguration over 5 minutes by increasing the ow
rate from 0.2 mL min�1 to 1.0 mL min�1 in 0.2 mL min�1

increment. Next, the membrane stack was equilibrated in the
forward ow conguration in the buffer A (adsorption buffer) at
1 mL min�1 for 10 minutes. Then 0.1 mg mL�1 protein solution
was loaded onto the membrane stack at a ow rate of 1 mL
min�1 for 10 minutes. Unbound protein was subsequently
washed from the membranes using the buffer A (adsorption
buffer) for 10 minutes at 1 mL min�1, followed by a step change
of running buffer B (elution buffer) through the membrane at 1
mL min�1. The run ended when the UV absorbance at 280 nm
becomes stable. The washing fraction (includes loading frac-
tion) and elution fraction were collected and the volumes were
determined accordingly. Protein concentrations in the sample
solution, washing fraction, and elution fraction were calculated
through UV absorbance at the wavelength of 280 nm.

4. Results and discussion
4.1 Salt effects on solution phase PVCL polymers

In order to study the effects of salt ion type and salt ion
concentration on the LCST of PVCL solutions, PVCL polymers are
synthesized using free radical polymerization based on the
protocol reported.32 The hydrodynamic diameters (Dh) of
synthesized PVCL in aqueous solution at different temperatures
were determined using dynamic light scattering (DLS) with
a DelsaNano HC particle analyzer instrument (Beckman Coulter,
Miami, FL) at a xed scattering angle of 165�. Results were pro-
cessed by DelsaNano program (v.3.7) with CONTIN algorithm.
Similar to the Dh results observed before, the increase in the Dh is
likely caused by the aggregation of PVCL when the temperature
increased above LCST when it became hydrophobic. The LCST of
the PVCL synthesized here is around 37 �C as shown by the DLS
results in Fig. 2. Previously reported PVCL synthesized by free
radical polymerization has a LCST ranging from 30–50 �C,
depending on the molecular weight.33 The polydispersity seems
to uctuate as temperature increases. However, it decreases
slightly above the LCST when the polymer is collapsed.

Turbidity measurements were conducted to further investi-
gate the effects of salt on the change of LCST for the synthesized
PVCL in salt solutions. Similar to PNIPAM, earlier studies show
that the presence of KCl decreases the LCST of PVCL.34 Here,
systematic studies were carried out to investigate the effects of
salt type on the reduction of LCST for the synthesized PVCL.
36354 | RSC Adv., 2017, 7, 36351–36360
Different sulfate salts were used for the investigation as sulfate
ions demonstrate a strong effect on the reduction of LCST for
PNIPAM.35 Turbidity (transmittance) of PVCL solution was
measured in monovalent (Na+, NH4

+), divalent (Zn2+) and
trivalent (Al3+) sulfate salt solutions at room temperature of
around 23 � 1 �C. The impact of cations on the turbidity thus
the change of LCST was plotted as a function of the ionic
strength (Fig. 3a) and the activity (Fig. 3b) for the four salt
This journal is © The Royal Society of Chemistry 2017
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solutions. Our results show that the impact of ions on the
reduction of PVCL LCST follows: Na+ > NH4

+ > Zn2+ > Al3+ based
on nominal ionic strength or Al3+ > Zn2+ > Na+ > NH4

+ based on
the ionic activity. Clearly the results based on activity should be
more meaningful than the ones based on nominal ionic
strength since higher valence ions have a stronger tendency to
associate with each other even though they have a higher degree
of solvation. Moreover, it was observed earlier that Al3+ ion
largely exists as Al(OH)4

� in aqueous solution forming a poly-
meric network.36,37 Based on the turbidity as a function of ionic
activity as shown in Fig. 3b, a reverse Hofmeister series is
observed. This agrees with earlier studies on the effects of
cations on the LCST of PNIPAM.38 It is worthwhile to point out
that PVCL/PNIPAM and proteins are quite different as proteins
generally contain multiple charged residues whereas PVCL/
PNIPAM do not have net charges. Our earlier studies11–13 show
that monovalent cations bind directly with the amide oxygen on
PNIPAM whereas anions interact indirectly with the hydro-
phobic residues on the polymer. The direct cation–amide
oxygen interaction strength is modulated by the competition
between the favorable electrostatic interaction and the unfa-
vorable dehydration force. Our earlier studies further show that
divalent ions actually do not bind directly or only bind weakly
with the amide oxygen. Clearly the unfavorable dehydration
force is dominant for the higher valence ions as they typically
have signicant hydration free energy. The presence of these
high valent ions leads to a relative high surface tension of the
solution due to the strong solvation free energies of these ions.
The strong surface tension stabilizes the hydrophobic confor-
mation of the polymer leading to an enhanced reduction in
LCST. The NH4

+ and Na+ ions, on the other hand, have relatively
small hydration free energies. NH4

+ ion has a similar radius to
K+. The hydration free energy is more negative for Na+ than for
NH4

+. As a result, the increase in surface tension in Na2SO4 salt
solution tends to be slightly higher than in the same concen-
tration of (NH4)2SO4 salt solution as shown in Fig. 4.

It should be pointed out that the concentration of PVCL for
the DLS study is ve times that of the turbidity test. It appears
Fig. 4 Excess surface tension of (NH4)2SO4, Na2SO4 and NaCl at
various concentrations (water surface tension is 73.54� 0.16mNm�1).
All data were averaged by five measurements.

This journal is © The Royal Society of Chemistry 2017
that DLS requires a high concentration of the polymer as it
measures the size change of the particles. Here it is only
possible when the PVCL chains collapse onto each other to form
aggregates at the transition temperature. However, for turbidity
test, as light transmittance was measured, the conformational
change of PVCL from coil-like to collapsed globular structure
can be detected. This could even occur when the polymer chain
collapses onto itself at the relative low PVCL concentrations.

Compared to a non-responsive ligand where the hydropho-
bicity does not change with salt ion concentration and salt ion
type, the hydrophobicity of the thermo-responsive ligand will be
different at different solution conditions. This is expected to
have a strong impact on the binding and elution of proteins to/
from these ligands. As a result, the change in hydrophobicity for
the graed PVCL polymers onmembrane substrates in different
salt solutions were investigated by contact angle measurement
and correlated with the reduction in LCST from the turbidity
test. The hydrophobicity change was investigated by measuring
the static contact angles of various concentrations of salt solu-
tion drops on membrane surface. Here only Na2SO4 salt solu-
tions were investigated as Na2SO4 salt demonstrates a stronger
effect on the capacity for protein binding compared to
conventionally used (NH4)2SO4 salt in biotechnology industry.
Glass chip and paralm were also tested under the same
conditions for comparison purposes. As shown in Fig. 5, the
contact angle of the membrane surface increases from 60� to
100� when the Na2SO4 salt concentration increases from 0.2 to
1.2 M indicating that higher salt concentration results in an
increase in hydrophobicity. Besides graed PVCL ligands,
surface morphology will also affect the hydrophobicity aer
surface modication. The morphologies of modied
membranes under salt solutions as well as at temperatures
above its LCST up to 45 �C were imaged using atomic force
Fig. 5 Salt concentration effects on contact angle of HIC membranes
at Na2SO4 concentration ranging from 0.2 M to 1.2 M. The average
results of five random locations were reported here (a and b) with two
other non-responsive surfaces as controls.
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microscopy (AFM). No obvious change in roughness and
morphology has been observed at 500 nm and 1 mm scales
(results not shown). Therefore, the increase in the hydropho-
bicity of PVCL graed membrane is likely to due to the
conformational changes occurring at the molecular level.
Additionally, a sudden increase in the hydrophobicity of the
membrane surface was observed when the salt concentration
reaches around 0.6 M. This corresponds exactly to the earlier
PVCL ligand turbidity results which show that at least 0.6 M
Na2SO4 is needed in order to reduce the LCST from 37 �C to
room temperature. By comparison, no signicant contact angle
change was observed for the glass chip and paralm under the
same salt conditions. This indicates that higher surface tension
from higher salt concentration does not increase the hydro-
phobicity of the substrate surface. Enhanced binding between
the protein and membrane substrate graed with non-
responsive hydrophobic ligand at higher salt concentrations is
likely due to the stronger hydrophobic force resulting from the
higher salt concentration.
4.2 Salt effects on protein binding studies

In order to elucidate the binding mechanism and binding
energetics using PVCL ligands, BSA static binding isotherms
were determined in 3.6 M ionic strength of (NH4)2SO4, Na2SO4,
Fig. 6 The effects of salt type on the binding of BSA to PCVL grafted
membrane substrates in 3.6 M ion strength Na2SO4, (NH4)2SO4,
Al2(SO4)3 andNaCl solutions. The isotherm fitting is based on Langmuir
model.

Table 1 Langmuir fitting parameters of BSA isotherms under different s

Na2SO4 (NH4)2SO4

Fitting equation c/q ¼ 0.064c + 0.002 c/q ¼ 0.080c
Fitting coefficient R2 ¼ 0.994 R2 ¼ 0.996
qmax (mg mL�1) 15.63 12.20
Ionic strength (M) 3.6 3.6
Activity (M) 0.23 0.22
DG (kJ mol�1) �45.5 �44.9
K (107 � M�1) 9.45 7.56

36356 | RSC Adv., 2017, 7, 36351–36360
Al2(SO4)3 and NaCl solutions. Fig. 6 shows BSA isotherms tted
with Langmuir model based on equation

c

q
¼ c

qmax

1

Kqmax

where q and qmax represent the binding capacity and maximum
binding capacity, respectively. K is the equilibrium constant and
c is the protein concentration at equilibrium. The linear
regression equations and parameters are shown in Table 1. The
trend for static binding follows Na2SO4 > (NH4)2SO4 > NaCl >
Al2(SO4)3 in term of capacity, binding constant K and binding
free energy DG at the same ionic strength of 3.6 M. These
binding results agree with the turbidity measurement of the
solution phase LCST transition under different sulfate salt
solutions. As discussed earlier, divalent sulfate salt solutions
have a stronger effect on the transition temperature than the
monovalent chloride salt solutions. This is due likely to the
higher surface tension induced by sulfate ions than by the
chloride ions at the same ionic strength as measured experi-
mentally and shown in Fig. 4. The reason that the binding
capacity is lower in Al2(SO4)3 solution at the same ionic strength
as other salt solutions is due to the signicantly reduced activity
of the Al3+ ions resulting from its hydrolysis and subsequent
polymerization.36,37

In contrast to Na2SO4 solution, there is no detectable
binding between the PVCL ligand and BSA in 3.6 M ionic
strength of ZnSO4 solution. This is probably due to the signi-
cantly reduced activity coefficient in the case of Zn2+ ion than
the monovalent Na+ ion and that the solution at 3.6 M ionic
strength does not reduce the LCST to room temperature as the
binding experiments were performed. This can be seen from
Fig. 3b that the LCST transition occurs only when the ionic
strength of the ZnSO4 solution is larger than 5 M. As seen from
Fig. 7, binding was observed when the ionic strength increases
to 6.8 M. However, binding in 3.6 M ionic strength of Al2(SO4)3
salt solution has already been observed as shown in Fig. 6
despite the fact that the LCST transition occurs at much higher
ionic strength in Al2(SO4)3 salt solution as shown in Fig. 3a. In
order to reconcile the discrepancies observed in these two salt
solutions, the nature of binding and the interaction of salt
cations with BSA have to be taken into account. Besides being
a thermo- and ionic strength responsive ligand, PVCL is a mild
hydrophobic ligand that can bind proteins at higher salt
conditions similar to conventional hydrophobic ligand. Thus
under 3.6 M ionic strength Al2(SO4)3 solution when the PVCL
alt conditions

NaCl Al2(SO4)3

+ 0.005 c/q ¼ 0.095c + 0.007 c/q ¼ 0.105c + 0.011
R2 ¼ 0.997 R2 ¼ 0.992
10.53 9.52
3.6 3.6
2.80 0.006
�44.5 �44.3
6.36 5.76

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The effects of Na2SO4 concentration on the breakthrough and
elution curves for IgG4 (a) and BSA (b).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 9
:5

8:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ligand has not gone through the hydrophilic-to-hydrophobic
transition yet, relative low binding interaction has already
occurred. This accounts for the observed binding shown in
Fig. 6. Similarly, in the case of ZnSO4, some binding at 3.6 M
ionic strength should also be expected even though the ligand
remains to be in a hydrophilic state. However, no binding at this
condition was observed. This is probably due to the relative
strong specic Zn2+–protein interaction which leads to a reduc-
tion of the hydrophobicity for the BSA protein. On the other
hand, due to the strong hydrolysis of the Al3+ ion to form
Al(OH)4

�,37 no direct cation interaction with the protein is
present leading to conventional hydrophobic binding between
the protein and ligand. A strong pH dependence for BSA
binding is observed when the ionic strength of ZnSO4 reaches
6.8 M as shown in Fig. 7. This is likely due to the fact that Zn2+

also has a tendency to form Zn(OH)4
2� in aqueous solution

depending on the pH of the solution. As the pH decreases, the
fraction of Zn2+ over Zn(OH)4

2� becomes higher. The strong
Zn2+–protein interaction at high ionic strength of 6.8 M could
also lead to the denaturation of the protein resulting in a higher
BSA binding capacity observed. On the other hand, Zn(OH)4

2�

ion dominated at higher pH probably does not form direct
binding interaction with the protein and is less likely to dena-
ture the protein.

Dynamic binding experiments were performed using BSA
and IgG4 as model proteins in a bind and elute mode. Binding
conditions were varied with respect to the salt type for BSA and
salt concentration for both BSA and IgG4 whereas the protein
feed concentration and elution conditions were kept the same.
Chromatograms of protein loading (100% breakthrough),
membrane washing andmembrane eluting steps were shown in
Fig. 8. It can be seen that, for IgG4, the higher the salt
concentration is, the longer the time it takes for a breakthrough
to start. This indicates that more IgG4 are bound to the
membranes at higher salt concentrations with corresponding
higher binding capacities. However, a different salt concentra-
tion effect was observed for the breakthrough curve of BSA.
Fig. 7 The pH effects of BSA binding under various ionic strength of
ZnSO4. All results were averaged by two replicates conducted under
the same binding condition. Initial BSA concentration was kept at
0.09 mg mL�1. The fitted line just serves as a visual guide.

This journal is © The Royal Society of Chemistry 2017
Comparing the dynamic binding and breakthrough curves
under the highest and lowest Na2SO4 concentrations, the
longest time delay for the start of BSA breakthrough is only
0.5 min whereas the corresponding time delay is about 9 min
for IgG4. This indicates that capacity for IgG binding is higher
and that the effect of salt concentration on IgG4 binding is
stronger than the corresponding BSA. It also took signicantly
longer time for IgG4 to reach 100% breakthrough than BSA due
to the stronger binding interaction between the IgG4 and the
substrate and the subsequent higher binding capacity. The
delayed elution indicates that IgG4 is more hydrophobic than
BSA resulting in a higher binding capacity for the IgG4 protein
as shown in our earlier work.7,9 Our results appear to indicate
that salt concentration affects BSA binding kinetics aer
breakthrough occurred whereas salt concentration affects IgG4

mainly on the time for the breakthrough to start. The change in
slope in the BSA breakthrough curves suggests that probably
different kinetics exist for BSA binding at different salt
concentrations. Earlier results39 show that BSA adsorption onto
the hydrophobic ligand at relatively low salt concentrations is
a two-stage process involving adsorption and the subsequently
spreading. It is known that BSA is relatively so with adiabatic
compressibility of 2.05 � 10�10 m2 N�1.40 The presence of salt
ions and their concentrations will affect BSA conformations
upon adsorption when the kinetics is relatively slow and
binding interaction is relatively weak. IgG has a lower adiabatic
compressibility around 6 � 10�11 m2 N�1, which means it is
RSC Adv., 2017, 7, 36351–36360 | 36357
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more rigid than BSA.41,42 In the case of stronger binding inter-
actions, more rigid proteins and faster kinetics as shown in the
IgG4 chromatogram, the two-step adsorption and spreading
process is less apparent thus similar breakthrough slopes are
observed.

Fig. 9 compares the dynamic binding capacities in mg mL�1

and percentage recoveries for IgG4 and BSA when the binding
ionic strength of Na2SO4 varies from 1.2 to 3.6 M. For both
proteins, the binding capacity increases with the increase of the
ionic strength but with different behaviors. Overall, the binding
capacity for IgG4 is higher than for BSA indicating that IgG4 has
a stronger hydrophobic interaction with PVCL as discussed
earlier.7,9 In addition, the binding capacity for IgG4 improves
more rapidly as the salt ionic strength increases. On the contrary,
the increase in BSA binding capacity becomes less obvious when
the ionic strength reaches beyond 3 M. These results are
consistent with the observed breakthrough curves for these two
proteins. As IgG is more hydrophobic, the stronger interaction
between the protein and ligand leads to fast adsorption kinetics.
As the salt concentration increases, the more hydrophobic
proteins tend to have a stronger attractive hydrophobic force with
the ligand leading to rapid increase in the binding capacities for
these more hydrophobic proteins. On the other hand, the
increase in the ionic strength of the Na2SO4 solution will lead to
the unfolding and denaturation of the more exible BSA protein.
As was discussed earlier, Na+ ion has a stronger impact on
protein denaturation than the NH4

+ ion. The unfolded or dena-
tured proteinmay prefer to aggregate rather than adsorb onto the
membrane substrate depending on the magnitudes of the rela-
tive forces involved. As a result, the increase of the dynamic
binding capacity slows down at higher ionic strength of the salt
solution. If the capacity is measured by the number of proteins
adsorbed instead by the mass, the capacities for the two proteins
are likely to bemore close to each other at 3.6 M salt condition as
the MW of IgG4 is almost 3 times larger than that of BSA. Since
the adsorption of the proteins follows Langmuir isotherm,
maximum capacity is reached when there is a complete mono-
layer coverage. The reason that similar molar adsorption capacity
is observed is probably due to the so nature of the BSA protein
and its tendency to spread upon adsorption.
Fig. 9 Dynamic binding capacities and recoveries of IgG4 and BSA as
a function of the ionic strength of Na2SO4.

36358 | RSC Adv., 2017, 7, 36351–36360
Comparing the recoveries for the two proteins, it can be seen
that the recovery of BSA is very high at lower ionic strength
reaching over 90%. However, the recovery decreases to around
85% when the ionic strength increases to more than 2 M. It is
known that hydrophobic force increases as the salt concentra-
tion increases leading to the stronger binding of the protein to
the membrane substrate. The stronger hydrophobic interaction
leads to larger deformation or spreading of the protein aer
adsorption resulting in irreversible binding and the reduction
in recovery. The recovery of IgG4 remains more or less the same
at around 80% but is always lower than the corresponding BSA.
As mentioned earlier, the stronger hydrophobic force in the IgG
interaction with PVCL ligand leads to irreversible binding and
subsequent reduced recovery.

In order to investigate the effects of different salt and their
concentrations on the dynamic binding capacity and recovery,
BSA binding and recovery tests were conducted in NaCl,
(NH4)2SO4, Na2SO4 salt solutions with ionic strength varying
from 1 to 5.5 M. Due to the low solubility of K2SO4 in water, only
two conditions were tested. As shown in Fig. 10, except in
Na2SO4 solution at ionic strength above 2 M, BSA recovery
remains high (>90%) in (NH4)2SO4 and NaCl solutions during
the range of ionic strengths and for low ionic strength Na2SO4

solutions. This is consistent with our previous discussion that
NaCl and (NH4)2SO4 are weaker denaturants which lead to
more reversible binding even at high ionic strengths. As ex-
pected, the binding capacity is strongly salt condition depen-
dent. The higher the ionic strength, the higher the binding
capacity due to the stronger hydrophobic interactions induced.
The divalent (NH4)2SO4 and Na2SO4 solutions have larger
binding capacities than the corresponding NaCl solution. The
binding capacity follows the order: Na2SO4 > (NH4)2SO4 > NaCl.
The order is in agreement with our turbidity results for PVCL as
well as static binding experiments. However, protein binding is
more complex as both ligand and protein are affected by the
ionic strength and the specic salt ions present. Nevertheless,
PVCL responsive ligand for HIC application is clearly
Fig. 10 The effects of salt and ionic strength on the dynamic binding
capacity and recovery of BSA on PVCL modified membrane substrate.

This journal is © The Royal Society of Chemistry 2017
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dominated by the ligand conformational transition at mild salt
conditions.
5. Conclusions

The specicity of salt ions on the static and dynamic binding
capacity and recovery was investigated for protein binding to
the thermo- and salt responsive PVCL modied membrane
substrates. Turbidity results show the effects of salt cations on
the reduction of LCST for PVCL follows the order with Na+ >
NH4

+ > Zn2+ > Al3+ at the same ionic strength and with Al3+ >
Zn2+ > Na+ > NH4

+ at the same activity. The contact angle of
PVCL graed membrane surface increases with Na2SO4

concentration indicating the corresponding increase in the
hydrophobicity. The increase in hydrophobicity correlates well
with the hydrophilic-to-hydrophobic transition of the PVCL
ligand and the binding capacity increase for BSA binding to the
PVCL ligand. Static and dynamic binding studies of BSA and
IgG show that the capacity follows the order Na+ > NH4

+ > Al3+ >
Zn2+ at the same ionic strength. The recovery is almost inde-
pendent of the salt concentration for (NH4)2SO4 and NaCl.
However, for Na2SO4, the recovery decreases when Na2SO4

concentration increases above 0.8 M due to the irreversible
binding and aggregation of the protein. In addition, our results
show that the binding capacity of IgG is higher than BSA due to
the higher hydrophobicity of IgG protein.
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