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The aim of the present work was to develop a new scalable and cost-efficient process to isolate bovine
immunoglobulin G from colostral whey with high purity and minimal loss of activity. The mixed
mode material Mercapto-Ethyl-Pyridine-Hypercel™ was identified appropriate for direct capture of
immunoglobulin G. The binding mechanism is primarily based on hydrophobic interactions at phys-
iological conditions. As compared to immunoglobulin G, all other low molecular whey proteins such
as a-Lactalbumin or B-Lactoglobulin, except lactoperoxidase, are more hydrophilic and were therefore
found in the flow-through fraction. In order to remove lactoperoxidase as an impurity the column was
combined in series with a second mixed mode material (Capto™- with N-benzoyl-homocysteine as
ligand) using the same binding conditions. At pH 7.5 the carboxyl group of this ligand is negatively
charged and can hence bind the positively charged lactoperoxidase, whose isoelectric point is at pH
9.6. After sample application, the columns were eluted separately. By combining the two columns it
was possible to obtain immunoglobulin G with a purity of >96.1% and yield of 65-80%. The process
development was carried out using 1 mL columns and upscaling was performed in three steps up to a
column volume of 8800 mL for the Hypercel™ column and 3000 mL for the Capto™- column. At this
scale it is possible to obtain 130-150g pure immunoglobulin G from 3 L colostrum within five hours,
including the regeneration of both columns. Additionally, the impact of freeze-drying on the isolated
immunoglobulin G was studied. The nativity of the freeze dried immunoglobulin was above 95%, which
was proven by reversed phase liquid chromatography and validated by differential scanning calorime-
try. The activity of immunoglobulin G was preserved over the isolation process and during drying as
measured by enzyme-linked immunosorbent assay. In conclusion, by applying the proposed isolation
process, it becomes feasible to obtain pure, active and stable imunnunoglobulin G at large scale.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Colostrum is the first milk produced by the cow after par-
turition. Since the maternal immunoglobulin cannot passage the
cow’s placenta the new born calf does not have an own effec-
tive humoral immune system directly after birth. Hence, it has
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to receive its immunity through the mother’s milk. Therefore the
total immunoglobulin concentration with 20-200 mg mL~! is nat-
urally very high in colostrum and renders it a perfect starting
material for the isolation of the major immunoglobulin class G
(IgG) (15-180 mg mL~1) [1]. Its natural function is to opsonize and
agglutinate pathogens and initiate the classical complement path-
way as well as neutralize soluble virulence factors, which makes it
an interesting material for various food supplements and pharma
applications [2].
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Colostrum naturally contains antibodies directed against vari-
ous pathogens. It shows a significant antimicrobial activity against
Staphylococcus aureus 3], which is one of the major pathogens caus-
ing cow’s mastitis but is also involved in human skin diseases such
as atopic dermatitis and impetigo contagiosa [4]. Current treatment
consists of topically applied antibiotics with the risk of antibi-
otic resistant bacterial strains and destruction of the healthy skin
microflora [5].

Based on the anti-Staphylococcus activity of colostrum an alter-
native therapeutic concept is conceivable. Isolated IgG may be used
to specifically target pathogenic bacteria in bacterial skin infections
without affecting the healthy microflora and causing the develop-
ment of therapy resistance. The specific titer of immunoglobulins in
colostrum against a certain pathogen such as Staphylococcus aureus
can be increased by immunizing the cow as described for other
pathogens such as enterotoxigenic Escherichia coli [6,7], Clostridium
difficile [8,9], Shigella flexneri [10] or rotavirus [ 11]. Prerequisite of a
development of IgG isolated from colostrum as drug substance for
therapeutic use, is the standardized production of pure and active
IgG at an industrial scale.

One of the most frequently used methods for the isolation
of bovine IgG is affinity chromatography using different types of
chromatography matrices and ligands such as metal chelate inter-
action chromatography with copper ions [12-14] or zinc ions [15],
immunoaffinity chromatography with IgY antibodies from egg yolk
as ligand [16,17], protein G [18,19] or thiophilic chromatography
[20,21]. Due to the high molecular weight of IgG of 150-161 kDa
compared to the other whey proteins a-lactalbumin (a-La, 14 kDa),
-lactoglobulin ($-Lg, 18 kDa), blood serum albumin (BSA, 66 kDa),
lactoferrin (LF, 76 kDa), lactoperoxidase (LPO, 79 kDa) size exclu-
sion is another applied method [22,23]. However, even though
these techniques lead to a high purity in general, they are diffi-
cult and costly to scale up. Due to the wide isoelectric point range
of IgG from 5.5 to 8.3 ion-exchange chromatography leads to a low
purity when used as a single column [24,25] or to a low yield when
used in series [26].

A rather new mixed-mode matrix first reported by Burton and
Harding [27] is the hydrophobic charge-induction chromatography
(HCIC) where the binding takes place under physiological condi-
tions which makes this method suitable for bioactive and sensitive
proteins [28]. A key feature of HCIC is that adsorption and desorp-
tion of the proteins to the column rely on different mechanisms.
At neutral pH the binding takes place by hydrophobic interactions,
whereas at low pH the elution mechanism is based on electrostatic
repulsion. The salt independency of this technique offers advan-
tages for large-scale applications so that ideally the feed can be
loaded onto the column without the addition of salts or change of
the pH [29].

HCIC using 4-mercapto-ethyl-pyridine (MEP) as ligand has been
reported as an effective method for the separation of antibodies
from a variety of feedstocks such as cell culture supernatant and
crude ascites [30-34]. This ligand was reported as useful by Wu
et al. [35] to isolate IgG from colostrum, but with a limited purity
due to a significant content of B-lg and without showing the scal-
ability of the process and monitoring the activity of IgG.

In summary, obtaining high amounts of pure and active IgG iso-
lated from colostrum by means of scalable processes remains a
challenge. Hence, the aim of this work was to develop a new scal-
able and cost-efficient process to isolate IgG from colostrum with
high purity and recovery and minimal loss of activity. The hypothe-
sis was that the purity of the finally obtained IgG could be increased
to more than 95% and that the scale-up could be enabled by a fac-
tor higher than 1000. The approach applied in this study was to
combine two scalable mixed mode materials. The binding condi-
tions were adjusted to each other to allow serial connection while
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Fig. 1. Chromatograms of the obtained native whey from colostrum (A) and milk
(B). a-La: a-lactalbumin, LF: lactoferrin, BSA: blood serum albumin, 3-Lg: -
lactoglobulin (genetic variants A and B), LPO: lactoperoxidase, IgG: immunoglobulin
G.

applying comparatively gentle binding and elution conditions to
preserve the nativity and activity of the IgG.

2. Experimental
2.1. Whey preparation from colostrum and milk

Even though the main objective was to finally isolate IgG from
colostral whey, at first we used whey obtained from mature milk
as model liquid for the process development. In colostral whey,
IgG represents 60-80% of the total whey protein fraction, in milk
whey only 5-15%. Thus, it is easier to detect impurities due to the
different ratio of IgG to other whey proteins in isolates derived from
milk (see Fig. 1).

To avoid thermally induced changes of the immunoglobulins
frozen raw colostrum (first and second milking) was purchased
from the colostrum processor Colostrum Biotech (Kénigsbrunn,
Germany). Raw milk was collected directly from a local farm and
frozen at —18°C in food grade plastic containers to be able to
store the milk for an extended period of time. To thaw the milk
or colostrum, the boxes were put in a cold water bath at 4°C for
12-14 h whereat the product temperature never exceeded 4 °C. The
milk was separated with a pilot cream separator type MM 1254 D
(GEA Westfalia, Oelde, Germany) at 8000 g and 50°C to achieve a
fat content below 0.1% in the skim milk and colostrum. The casein
micelles were fractionated from the whey proteins by microfiltra-
tion as described by Piot et al. [36]. The microfiltration unit was
coupled with an ultrafiltration (cut off 10kDa) unit and operated
in diafiltration mode using the same equipment as shown by Toro
et al. [37] and modification of the microfiltration process as shown
by Arndt et al. [38]. Eight diafiltration steps were carried out at
constant filling level in order to transfer IgG and the other whey
proteins in the microfiltration permeate to the feed tank of the
ultrafiltration. To keep the natural milk milieu the protein-free per-
meate of the ultrafiltration unit was used as diafiltration media.
After the first filtration process, a second filtration process was
carried out only using the UF-plant and demineralized water as
diafiltration liquid to decrease the salt and lactose concentration
below 1%. The resulting native whey concentrates contained no
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Table 1
Whey protein composition of native whey from milk and colostrum, data for iso-
electric point (IEP) and molecular weight (MW) from [38].

Parameter Colostral whey [%] Milk whey [%] IEP MW [kDa]
a-la 1.794+0.10 16.84+1.3 4.2-4.5 14.2

LF 0.58-+0.05 2.16+0.01 8.81 76.1

BSA 1.07£0.03 3.11+0.01 4.7-4.9 66.4

B-Lg 15.53+0.27 63.07+1.67 5.13 183

1gG 81.02+045 14.81+1.16 5.5-8.3 150-161

+ Represents standard deviation of mean data from analytical quadruples.
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Fig. 2. Reducing SDS-PAGE (15%) of gradient elution. Lane 1: marker, lane 2: native
whey sample, lane 3 MEP-flow-through, lanes 4-9 elution fractions at different pH,
lane 10: IgG standard.

particles and hence were ideal for further chromatographic separa-
tion. Table 1 shows the whey protein composition of the obtained
native whey from colostrum and milk.

2.2. Mixed mode resins for antibody purification

To separate IgG from other whey proteins two different mixed
mode materials were used. The first was a Capto™- multi-
modal chromatography (MMC) material (GE Healthcare, Uppsala,
Sweden) based on an agarose matrix. The average particle size of
the beads is 75 wm and the dynamic binding capacity is 45 mg mL~!
BSA as given by the manufacturer. The Capto™-MMC has a ligand
(N-benzoyl-homocysteine) with multimodal functionality. Due to
its carboxyl group it is a weak cation exchanger but can also react
based on ionic interactions, hydrogen bonding and hydrophobic
interactions (see Data in Brief [39], Fig. 2). The process develop-
mentwas carried out using a prepacked HiTrap Capto™-MMC 1 mL
column (GE Healthcare, Uppsala, Sweden). Upscaling of the chro-
matography process was performed in three steps (25 mL, 150 mL)
up to a column volume of 3000 mL.

For direct capture of IgG the MEP HyperCel™ matrix (Pall Corpo-
ration, Port Washington, USA) was used. The material is composed
of a porous cellulose matrix with abead-size between 80-100 pm
linked with a 4-Mercapto-Ethyl-Pyridine (4-MEP) ligand. The given
dynamic binding capacity was 20 mg mL~! human IgG. With a pKa
of 4.8, the MEP is uncharged at neutral pH so that the adsorption is
mainly achieved by hydrophobic interactions (see [39], Fig. 1). The
development of the purification method was carried out using a
prepacked MEP HyperCel™ 1 mL column (Pall Corporation, Port
Washington, USA). The corresponding column volumes for the
three upscaling steps were 100 mL, 500 mL and 8800 mL.

2.3. Preparative purification of IgG from whey

The process development and the first two scaling steps were
carried out on an AKTApurifier 100 UPC (GE Healthcare, Upp-
sala, Sweden) with a tunable flow rate up to 100 mLmin~'. The
final upscaling step was done by using an AKTApilot (GE Health-

care, Uppsala, Sweden) system with a flow rate range from 4 to
400 mLmin~! for the MMC resin respectively with an Bio-Rad pro-
cess chromatography station (Bio-Rad Laboratories GmbH, Munich,
Germany) with a flow rate range from 83 to 2000 mL min~! for the
MEP column. The relevant operating parameters are summarized in
Tables 2 and 3. The column volumes and the applied sample volume
for MEP were scaled nearly linearly for the large scale production.
The column volume of the MMC was reduced to one-quarter to one-
third compared to the 1 mL MMC column during upscaling because
of the different ratio of contained impurities to IgG when changing
from milk whey to colostral whey.

For the process development, both mixed mode matrices were
evaluated separately. During upscaling, both columns were coupled
directly in the binding phase. The procedure for a run for both mate-
rials started with an equilibration phase of 5-10 bed volumes with
the binding buffer (0.02molL~! sodium phosphate (Merck KGaA,
Darmstadt, Germany)/0.25 mol L-1 NaCl (Merck KGaA, Darmstadt,
Germany) pH 7.5) until pH and conductivity were constant. The
whey was adjusted to binding conditions and loaded to the col-
umn with a volume for which the amount of IgG did not exceed
the maximum given binding capacity. The remaining sample was
washed off with 5-10 bed volumes of the binding buffer until the
baseline of UV absorption (280 nm). The columns were separated
to start the elution process. The antibodies were eluted from the
MEP-Hypercel™ by a stepwise manner with 0.050molL-! MES
(2- (N-morpholino) ethanesulfonic acid (Merck KGaA, Darmstadt,
Germany) pH 6, 0.05 molL~! sodium acetate (Merck KGaA, Darm-
stadt, Germany) pH4.5 and 0.1 mol L~ Glycin/HCI (Carl Roth GmbH
& Co. KG, Karlsruhe, Germany/VWR International GmbH, Darm-
stadt, Germany) pH 2.7 buffer. Both columns were regenerated with
0.5 mol L-! NaOH (Germany/VWR International GmbH, Darmstadt,
Germany). The elution buffer for the MMC column was 0.05 mol L1
Glycin/NaOH (Carl Roth GmbH & Co. KG, Karlsruhe, Germany/VWR
International GmbH, Darmstadt, Germany), 2 mol L-! NaCl, pH 9.
Flow-through and Elution fractions were collected for protein anal-
ysis.

2.4. Drying of purified IgG

The purified IgG was desalted below 5% of the initial salt con-
centration using a 10 kDa ultrafiltration polyethersulfone cassette
membranes (Pall Corporation, Port Washington, USA), which retain
the antibodies. The soluble salts were washed out from the concen-
trate (10°C, 50.000 Pa transmembrane pressure) by the addition
of demineralized water as diafiltration liquid. The lyophilization
was carried out on a freeze dryer (ALPHA 1-4 LSC, Martin Christ
GmbH, Osterode am Harz, Germany) over 48 h at 37 Pa, product
area temperature of 15°C and a condenser temperature of —52°C.

2.5. Analytic of the isolation process by SDS-PAGE

The qualitative analysis with sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) was carried out according
to Laemmli [40] with a 5% stacking and 15% separation gel. Samples
and standards (IgG, Sigma Aldrich, St. Louis, USA) were diluted 1:4
with sample buffer and heated at 95 °C for 5 min. Protein separation
occurred at 20 mA with a loading volume of 20 p.L and bands were
stained with Coomassie Brilliant Blue. Alternatively, TGX Stain-
Free™ gradient gels 4-20% gradient gels were used according to
Holzmiiller and Kulozik [41]. Under reducing conditions the IgG
molecule of ca. 150 kDa appears as two heavy chains (HC, 53 kDa)
and two light chains (LC, 23 kDa) bands on the gel [42].
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Table 2
Operating parameters for the MEP Hypercel™-column.

MEP volume [mL] Sample volume? [mL] Flow rate [mL min~']

Flow rate [cm h~']

Column diameter x bed height [cm] Residence time [min]

1 0.25 0.2 (loading) 61

1 0.5 (elution) 153
100 30 10 113
500 150 50 153
8800 3000 800 153

0.5x5 5
0.5x5

26x19 10
5x25.5 10
20 x 28 11

3 Sample volume for colostral whey.

Table 3
Operating parameters for the Capto™- MMC-column.

MMC volume [mL] Flow rate [mL min~']

Flow rate [cm h™']

Column diameter x bed height [cm] Residence time [min]

1 0.2 (loading) 31

1 1 (elution) 156
25 10 298
150 50 153
3000 400 306

0.7x2.5 4.8
0.7x2.5

1.6 x12.5 25
5x7.6 3
10x 38 7.5

2.6. Quantification of immunoglobulins and other whey proteins

The quantitative determination of IgG and the other whey
proteins was done by reversed phase- high performance lig-
uid chromatography (RP-HPLC) according to a method described
by Voswinkel and Kulozik [43]. A PLRP-S 300A 8 um column,
150 x 4.6 mm (Latek, Eppelheim, Germany) was used with an
adapted elution gradient to increase the peak sharpness. The gra-
dient after 15 min was increased over 6 min to 90% and the final
increase to 100% was 30 s. For protein quantification samples were
pre-diluted and the injection volume was varied between 20 and
80l to stay in the calibration range. Impurities by a-La, B-Lg,
BSA and LF and LPO were detected without pre-dilution and the
maximum injection volume. Additionally, IgG, IgA and IgM were
determined using sandwich enzyme-linked immunosorbent assay
(ELISA) test kits following the manufacturer’s instructions (Bethyl
Laboratories, USA, Cat. No. E10-118, E10-121 and E10-101). The
yield of IgG (%) was calculated as the mass ratio of the bound IgG
and IgG in the feed volume. The purity of IgG (%) was calculated as
the ratio of IgG concentration eluted from the MEP column and the
total whey protein respectively total protein concentration.

2.7. Total protein quantification

For total protein quantification, two different methods were
used due to accuracy of the equivalent methods at high and low
protein concentration. High total protein concentrations above 2%
were measured according to the method from Dumas by deter-
mining the total nitrogen concentration using Nitrogen analyser
vario MAX cube (Elementar Analysensysteme GmbH, Langensel-
bold, Germany). The nitrogen to protein conversion factor was 6.2
for pure IgG and 6.214 for colostral whey based on the protein com-
position given in Table 1 and the individual protein conversion
factors [44]. Low total protein concentration (<2%) were mea-
sured using a Bicinchoninic Acid Protein (BCA) Assay Kit (product
code BCA1, Sigma Aldrich, Germany) according to the manufac-
ture’s description. The assay and the photometric measurement at
562 nm are based on a method described by Lowry [45].

2.8. Analysis of the nativity of IgG with RP-HPLC

The degree of nativity was assessed by RP-HPLC using the same
method as described above, whereas the activity was monitored
by the ability to bind a specific antigen. The native state before
and after the drying was also validated by differential scanning
calorimetry (DSC), see below in chapter 2.10. To determine the

degree of nativity the pH was adjusted to 4.6 with HCI. This leads
to a precipitation of non-native molecules, which in the following
were removed using a syringe filter of 0.45 pum (Chromafil RC-45/25
Macherey-Nagel, Dueren, Germany). The degree of nativity of IgG
(%) was calculated as ratio of IgG concentration of the same sample
with and without precipitation.

2.9. Analysis of the binding activity of IgG with ELISA

96-wells flat-bottom microtiter plates (Greiner, Austria) were
coated with 5 wg mL~! Staphylococcus aureus protein in 0.1 mol L~!
carbonate buffer (pH 9.0) (Merck KGaA, Darmstadt, Germany) After
blocking of unspecific binding with 4% BSA (Serva, Germany) the
plate was incubated with pre-diluted samples. Unbound material
was washed off with PBS/Tween/1% BSA (Merck KGaA, Darmstadt,
Germany). The detection antibody was anti-bovine IgG (H+L) con-
jugated with horseradish peroxidase (Jackson ImmunoResearch).
The color reaction after the addition of tetramethybenzidine (TMB)
(Sigma Aldrich, Germany) was stopped by adding H,SO4 (1N) and
the optical density OD was measured at 450 nm with a Tecan Sun-
rise microtiter plate reader.

2.10. Analysis of the native state of IgG with DSC

The native state of the IgG powder after freeze-drying was
verified by differential scanning calorimetry (DSC Q1000, TA Instru-
ments, Alzenau, Germany). The powder was rehydrated to a
concentration of 10mg mL~! IgG with simulated milk ultrafiltrate
according to Dumpler et al. [46], of which, 20 mg were filled into
a stainless steel pan. The heating rate was 2Cmin~! from 20°C to
95°C after an equilibration time of 2 min at 20°C. The reference
sample was a pan containing 20 mg of the solvent. The denatura-
tion temperature was the maximum of the endothermic peaks and
the enthalpy was calculated by integrating the equivalent areas.

3. Results and discussion

3.1. Direct capture of IgG from whey using a MEP Hypercel™
column

The chromatograms (Fig. 1) of the obtained native whey from
colostrum (A) and milk (B) show all major and minor whey proteins.
The binding mechanism to the RP-column is based on hydropho-
bic interactions and the elution from the column takes place by
increasing the polarity of the mobile phase. This means that the
later the whey protein elutes from the column, the more hydropho-
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Fig. 3. Reducing SDS-PAGE (15%) during linear salt gradient elution of the Capto™-
MMC column: lane 1 marker, lane 2 sample, lane 3 MMC-flow-through, lanes 4-14:
elution fractions at different ionic strength and pH.
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Fig. 4. Reducing SDS-PAGE (15%) during stepwise salt elution of the Capto™-MMC
column with increase ionic strength during binding: lane 1 marker, lane 2 sample,
lanes 3-6 MMC-flow-through, lanes 7-9: elution fractions at differentionic strength.

bic the character of the protein. Hence, the chromatograms show
the hydrophobicity order of the whey proteins a-La <LF<BSA < f3-
Lg <LPO<IgG. Based on the RP-HPLC analysis we measured that IgG
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Fig. 5. Schematic description of the entire isolation process.

was more hydrophobic than any other whey protein. This property
was used to develop a purification protocol for isolating pure IgG in
abinding step using the mixed mode material MEP Hypercel™, The
remaining whey proteins were in the flow-through. Fig. 2 shows
a SDS-gel under reducing conditions of a pH/salt gradient elution
from 0 to 100% using a 0.1 mol L~ mM Glycin buffer at pH 2.7 over
10 bed volumes. By comparing the whey sample (Fig. 2, lane 2) and
the flow through (lane 3) it can be seen that a-La, BSA, LF and most
of the B-Lg are in the flow-through fraction. Impurities in the dif-
ferent elution fractions are [3-Lg and LPO. LPO had to be identified
by RP-HPLC (see Fig. 5D), because it cannot be differentiated with
SDS-PAGE from LF due to the similar molecular weight. The flow-
through and elution behavior is in accordance with the underlying
binding mechanism (see [39], Fig. 1). At binding conditions at pH
7.5, hydrophobic interactions are dominant [47] so that the compa-
rable hydrophilic molecules «-La, BSA, LF do not interact with the
column and thus are found in the flow-through fraction, whereas
the comparable hydrophobic proteins (3-Lg and LPO show some
binding. The optimal elution pH of 4.5 for IgG was determined dur-
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Fig. 6. RP-HPLC chromatograms of the isolation process: A: MMC/MEP flow-through (solid), MEP primary elution fraction at pH 4.5 (doted); B: MEP Elution at pH 6; C: MEP
Elution at pH 2.7; D: Capto™-MMC Elution at pH 9 (because of different pre-dilution and injection volumes the comparison between the chromatograms is qualitative). For

equivalent SDS-PAGE data see [39].
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Fig. 7. Reducing SDS-PAGE during stepwise elution at highest scale (MMC/MEP:
3000 mL/8800 mL) using colostral whey: lane 1 marker, lane 2 sample, lane 3 MMC-
flow-through, lane 4 MEP-flow-through, lane 5 MEP-elution at pH 4.5, lane 9 MMC
elution at pH 9, lane 7 IgG standard. For equivalent RP-HPLC data see [39].

ing pH gradient elution ([39], Figs. 3-6) At this pH the pyridine
ring of the MEP-ligand as well as IgG are positively charged, which
leads to the electrostatic repulsion of the protein (see also chap-
ter 3.3). The direct capture of IgG from whey has also the benefit
of effectively removing microbiological contaminations naturally
occurring in milk or colostrum during the manufacturing process.

3.2. Depletion of lactoperoxidase from whey using a
Capto™-MMC column

Capto™-MMC as second mixed mode material was selected to
remove impurities of LPO from the whey prior to the administration
to the MEP column. For MMC the same binding conditions apply as
for MEP Hypercel™ (0.02 mol L~! sodium phosphate pH 7.5), which
allows a serial connection of both columns. At pH 7.5, the carboxyl
group of the ligand is negatively charged ([39], Fig. 2). Hence, the
positively charged LPO with an isoelectric point at pH 9.6 should
bind to the column. Fig. 3 shows a SDS-gel with samples of a linear
salt gradient elution with a 0.05 mol L~! Tris/HCl pH 9 and 1 M NaCl
buffer. It is obvious that both IgG and a band at 80 kDa were found
in the different elution fractions (lane 4-14). The band at 80 kDa
most probably represents the whey proteins LF and LPO, which
are positively charged at this pH due to their high isoelectric point
(IEP) at pH 8.8, respectively pH 9.6. Moreover, IgG elutes already at
lower ionic strength and pH. This means that the undesired binding
of IgG to the column should be based on electrostatic interactions
that decrease with increasing ionic strength and pH. Due to the
higher IEP of LF and LPO their interactions are stronger and, hence,
they elute at higher ionic strengths and pH. As conclusion from
these results, either an increase of the pH or an increase of the ionic
strength during the binding phase should be applied to prevent
binding of IgG to the column.

For thisreason, the next step was toincrease the pH from 7.5t0 9,
which however, did not change the interaction of IgG with the col-
umn ([39], Fig. 7). A second step was to increase the ionic strength
by addition of 0.25 mol L~! NaCl during the binding phase (Fig. 4).
To better detect impurities the elution with a higher ionic strength
was carried out stepwise and with four times the sample volume.
By increasing the ionic strength the electrostatic interactions are
reduced in that way that IgG does not bind, whereas the interactions
of LPO with an IEP of 9.6 and the column still takes place. More-
over, a band at 80 kDa was detected in the flow-through fraction
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Fig. 8. DSC thermogram of IgG (10 mg mL~') in protein free simulated milk ultrafil-
trate before and after drying, heating rate 2 Cmin~!.

(Fig. 4, lanes 3-5), which was not the case before the enhancement
of the ionic strength (Fig. 3, lane 3). The expectation that this band
represents Lactoferrin was validated at a later stage by the lack
of Lactoferrin in the MMC elution fraction (Fig. 5D). Analogue to
IgG, the electrostatic interactions of Lactoferrin are reduced by the
addition of NaCl, thus found in the flow-through fraction.

The adapted binding conditions did not change the interactions
between IgG and the MEP column, when applying the flow through
of the MMC column to the MEP column ([39], Fig. 8). This is in agree-
ment with Boschetti [48] as well as Wrzosek et al. [49], who showed
that the adsorption capacity of monoclonal antibodies to the MEP
column stayed constant at 41 mgmL~! when increasing the NaCl
concentration from 0 to 0.225 mol L~1. The results were validated
with bovine IgG by Shi et al. [50] with the justification that a higher
ionic strength is beneficial for a faster mass transfer in the pores.
Regarding pH, a lower pH of 6 [34], respectively higher pH of 9
[50], could slightly increase the adsorption of IgG to the MEP col-
umn. However, a pH of 6 would most probably induce interactions
between IgG and the MMC column, whereas a pH of 9 would reduce
interactions between LPO and the MMC resin. In consequence, both
pH (6 and 9) for binding would result in a lower purity. The con-
clusion was that the implemented binding conditions (0.02 mol L~!
sodium phosphate, pH 7.5 and 0.25 mol L~ NaCl) are suitable for
the depletion of LPO from whey, while leading to only small losses
in the IgG fraction. At the same time, the binding conditions lead to
a high adsorption capacity of IgG to the MEP column [50].

3.3. Serial connection for IgG purification

The next step was the serial connection of both columns to
prove the functionality of the complete purification process of IgG.
A schematic description is given in Fig. 5 and the equivalent data in
Fig. 6.Related to the initial concentration in the whey 83.4% of a-La,
60.4% of LF,90.42% of BSA, 84.5% of 3-Lg and 12.2% of IgG were found
in the MMC/MEP flow-through (Fig. 5A). After sample application
and washing, the two columns were separated and the stepwise
elution was done individually. Marginal impurities (below 1%), pri-
marily caused by 3-Lg, in elution fraction at pH 4.5 were removed
by the introduction of another elution step at pH 6 (Fig. 5B, [39]
Fig. 9). The pH reduction decreases the hydrophobic interactions
and thus resulting in the desorption of the proteins for which the
interactions are weak anyways. The IgG loss in this step was below
0.1%. By further reducing the pH to 4.5 both, the pyridine ring of
the MEP-ligand and IgG are protonated thus positively charged. In
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Fig. 9. Activity of IgG to bind Staphylococcus aureus protein during serial dilution at
10 mgmL~! total IgG starting concentration.

Table 4
Purity and yield of IgG during upscaling.
MMC [mL] MEP [mL] Purity? [%] Yield [%]
1 1 - -
25 100 99.53 80.16
150¢ 500 99.84+£0.03 80.14+£1.65
8800P° 3000 99.79+0.03 66.2+4.47

2Based on total whey protein, + represents standard deviation of mean data from
four, PRespectively five,‘Individual cycles.

consequence, electrostatic repulsion leads to the desorption of the
protein. No other whey proteins but IgG were found in the predom-
inant elution fraction at pH 4.5, even when excessively overloading
the RP-HPLC column (Fig. 5A elution). IgG with an IEP at pH 5.5-8.3
has a strong positive charge at pH 4.5, whereas the charge of 3-Lg is
weak positive (IEP at pH 5.13) and of a-La (IEP at pH 4.2-4.5) weak
negative, thus only the reduction to pH 2.7 leads to the desorption
of remaining bound whey proteins (Fig. 5C).

The elution of LPO and some IgG from the MMC was achieved
by increasing the ionic strength using 2 M NaCl at pH 9. This in turn
leads to a reduction of the electrostatic interaction and the des-
orption of the proteins. The lack of Lactoferrin in the MMC elution
fraction is in agreement with the results shown in Figs. 3 and 4.
The yield of IgG was 74.9%, with 12.2% loss in the flow-through,
<0.1% at pH 6, 3.3% at pH 2.7 and 2.5% at pH 9. The remaining 6.7%
were recovered in a side fraction of the pH 4.5 elution. The IgG
losses in the flow-through fraction were eliminated by increasing
the residence time from five to 10 min during upscaling.

3.4. Upscaling and reproducibility of the process

The process development was carried out with milk whey and
colostral whey using prepacked 1 mL columns. Upscaling of the
chromatography process was performed with colostral whey in
three steps up to a column volume of 8800 mL for the MEP column
and 3000 mL for the Capto™-MMC column. Table 4 shows the yield
and purity during the different scaling steps. The purity was >99.5%
based on the total whey protein content (Table 4) and >94% based
on the total protein content (Table 5). The differences are due to
small analytical inaccuracies. It is more imprecise to compare two
different analytical methods with different principles and sample
preparation than to compare two samples using the same method.
At the highest scale MMC/MEP (3000 mL/8800 mL) it was possi-

Table 5
Purity and immunoglobulin composition of major elution fraction at pH 4.5 during
four individual cycles at largest scale (3000/8800 mL).

Parameter Batch 1 Batch 2 Batch 3 Batch 4
IgG (HPLC) [%] 1.38 1.16 1.12 1.62
Purity IgG [%]? 98.31 95.02 94.11 96.78
1gG [%]° 97.60 97.12 97.41 98.28
IgA [%]° 1.42 1.59 1.52 1.06
IgM [%]° 0.98 1.29 1.07 0.66
Total protein [%] 141 1.22 1.19 1.67

2 Based on total protein, total protein measured with BCA.
b Relative immunoglobulin composition.

ble to obtain 130-150g pure IgG from 3L of colostrum within 5
h, including the process steps sample application, washing, elution
and regeneration of both columns ([39], Figs. 18, 20) Consistent data
regarding purity and Ig content were found during four individual
process cylces, showing a good reproducibility of the developed
process ([39], Figs. 11-17).

Fig. 7 shows the equivalent stained free SDS-PAGE of the isola-
tion procedure at the highest scale. For equivalent RP-HPLC data see
[39]. In analogy to the isolation from milk whey, it can be seen that
the whey proteins a-La, B-Lg, IgG and LF are found in the flow-
through fraction of the MMC (Fig. 6, lane 3) and «-La, B-Lg and
LF in the flow-through fraction of the MEP column (lane 4). The
lack of BSA on the gel is caused by two facts: its low concentra-
tion in the colostral whey (1.07%, Table 1) and the principle of the
used stained free gel. The mechanism of the stained free gels is
based on the reaction of trichlorethanol with tryptophan residues
of proteins after the irradiation with UV-light. With only two tryp-
tophan residues (0.56% relative to the molecular weight) according
to results from Holzmidiller and Kulozik [41], it is not possible to
detect BSA in the sample or any other fraction. In comparison to
the IgG standard (lane 7) a band at ca 150 kDa was detected, which
is also observable on the SDS-gel shown by Wu et al. [35] One
explanation could be that the band can be assigned to the milkfat
globule protein xanthinoxidase (155 kDa) [51]. In order to collect
larger amounts, colostrum is frozen at farm level. The freezing and
defrosting before processing leads to a partial destruction of the
milk fat globule membrane and hence a higher content of free
proteins, which are attached to or integrated in the fat globule-
membrane at native state. However, no other typical bands of
milk fat globule proteins such as butyrophilin (66-67 kDa), peri-
odic acid Schiff 3 (95-100 kDa) or lactadherin or periodic acid Schiff
6/7 (43-59kDa) [51] were found in the sample (lane 2). Another
explanation might be that the band represents non-reducible IgG.
Another hint that the band could represent IgG is the purity of
98.31%based on the total protein content (Table 5, batch 1) whereas
the relative intensity of the unknown band is 6.8% compared to the
total intensity (lane 5). Hence, the purity should be lower if the
band would not represent IgG.

3.5. Comparison between IgG and IgA and IgM

As it is difficult to differentiate between IgG and the other
immunoglobulins, i.e. IgA and IgM, occurring in colostrum on an
SDS-gel, the performance of all three immunoglobulins was addi-
tionally measured by ELISA (Table 6). Their relative concentration
in the colostral whey was 86.94% IgG, 9.26% IgM and 3.80% IgA
(Table 7). In contrast, the relative Ig composition in the main MEP-
elution fraction at pH 4.5 was 97.6% 1gG, 1% IgM and 1.4% IgA, which
equals to 61.26% of the initial IgG, 15.99% of the initial IgA, 5.38% of
the initial IgM. The yield for IgG is in good agreement with the data
obtained from the RP-HPLC analysis (66.2%, Table 4). Compared
to the smaller scales (yield >80%), the yield at highest scale was
about 15% lower. This is because the focus laid on purity. Hence, the
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Table 6
Relative immunoglobulin composition along the isolation process.

Parameter Relative amount of IgG Relative amount of IgA Relative amount of IgM
Colostral whey 100 100 100

MMC FT 105.38 +£15.882 77.82+5.96 63.53+6.01

MMC pH 9 2.38+0.539 5.98 +1.265 4.63+0.46

MEP FT 0.76 +£0.425 8.21+1.400 17.83+£4.150

MEP pH 6.0 0.12+0.123 0.10+0.069 0.164+£0.043

MEP pH 4.5 61.26+7.703 15.99+£2.65 5.38+1.082

MEP pH 2.7 0.03+0.032 0.03+0.017 0.07 +0.048

+ Represents standard deviation of mean data from four individual cycles at the highest scale.

Table 7
Purity and nativity of obtained IgG powder.

Parameter Colostral whey Desalted liquid Freeze dried batch 1 Freeze dried batch 2
1gG (HPLC) [%] 5.59 1.04 97.15 97.45

Purity IgG [%]° 81.37 100" 100° 98.94

Nativity IgG (HPLC) [%] 98.47 94.52 96.89 95.17

1gG [%]° 86.94 97.64 99.23 98.45

I1gA [%]° 3.80 1.39 0.41 0.66

IgM [%]° 9.26 0.97 0.36 0.90

Total protein [%] 6.88 0.97 94.30 98.49

Dry matter [%] NA NA 96.3 96.32

@ Based on total protein, total protein measured according to Dumas.

b values were set to 100%, calculated values were slightly above 100% due to analytical inaccuracy.

¢ Relative immunoglobulin composition.

remaining material was recovered in side elution fractions. How-
ever, for the isolation process it is not the starting material, which
is limiting, but the isolation process itself, thus this yield is consid-
ered acceptable. For IgA 77.82% were found in the flow-through of
MMC column and 6% the elution fraction at pH 9, indicating some
interaction with the MMC column. For the MEP column, 8.2% % were
in the flow-through, but only 16.0% in the primary elution fraction,
whereas the yield in the other fractions was negligible. Analogue
as for IgA, IgM showed some interaction with the MMC column
expressed by 36.5% fewer concentration in the flow through of
the MMC resin. For the MEP 17.8% % were detected in the flow-
through and only 5.4% in elution fraction. Even though unknown, it
is expected that the hydrophobicity of bovine IgM and IgA should
be similar to IgG due to the similar build up and structure. It should
therefore bind to the MEP-column at pH 7.5. It has been reported
that the binding between the MEP Hypercel™ column and IgG pri-
marily takes place at the CH2 constant region of IgG [47]. Whereas
for IgG the CH2 region is well accessible, the region might be inac-
cessible for sterical reasons for IgA, and even more for IgM. This
might be an explanation for the unbound IgA and IgM in the flow-
through. However, it is unclear what happens with the remaining
IgA and IgM. An explanation might be that the primary elution of
IgA and IgM takes place at a slightly lower pH, which was described
for the human IgA and IgM [52]. Due to the lower isoelectric point
of human IgA (pH 4.5-6.8) and IgM (pH 4.5-6.5) [53] compared to
IgG the electrostatic repulsion is weaker at pH 4.5. Thus, the elution
of IgA and IgM occurs only partially. Immunoglobulins start dena-
turing below pH 4 [54]. Therefore, they cannot be detected in the
pH 2.7 fraction.

3.6. Effect of drying on isolated IgG

To preserve the isolated IgG for an extended period of time,
the purified IgG fraction was desalted and freeze-dried, which had
no effect on the particle size of IgG [39]. The stability of proteins
is commonly investigated using DSC as analytical method. The
measured denaturation temperature for IgG from two indepen-
dent drying batches was found to be 76.61°C and 76.51°C and
hence the same temperature as before drying 76.59°C (Fig. 8).
This is in the range of results for human IgG [55], which indi-

cates the native state of the proteins. However, the denaturation
enthalpy, which is the integral area underneath the curve resulting
from the sum of unfolding reactions, was 0.149] g~1, respectively
0.142] g~ !, compared to 0.457 ] g~ before freeze-drying. Addition-
ally, the thermogram curve before drying starts to show upwards
at 50 °C showing the start of protein unfolding, whereas the curves
after the drying only starts to increase above 60°C. This suggests
that some unfolding already takes place during the drying process,
which, however, has only little impact on the nativity and activity
(see 3.7) of IgG. The nativity of the two batches was 96.89% respec-
tively 95.17% (Table 7) showing that it is possible to produce native
IgG in powdered form.

3.7. Impact of the isolation and drying process on the IgG activity

The objective of isolating bovine IgG is to use its physiological
efficacy for various human health issues [56]. Thus, it is critical that
the IgG retains its activity over the isolation process. As shown in
Section 3.6 the nativity was >95%. It should be noted that the two
values nativity and activity might not necessarily correspond. The
nativity was measured with RP-HPLC and the activity with ELISA.
The binding mechanism to the RP-column is based on hydrophobic
interactions and hence the total concentration of IgG is measured
and related to the total concentration after the precipitation of non-
native molecules by adjusting the pH to 4.6. By this adjustment
also partially denatured protein with deranged native conforma-
tion that may yet retain physiological functionality are precipitated
and would hence not be measured. In contrast, ELISA measures the
ability to bind a specific antigen. In our case, we studied the ability
of IgG to bind Staphylococcus aureus protein by ELISA. In order to
do so, the colostral whey and the MEP elution fractions were pre-
diluted to equal concentrations (10 mg mL~! total IgG based on the
RP-HPLC measurement) and serial dilution was carried out (Fig. 9).
By comparing the curves, it is obvious that neither the isolation
process nor the drying had an effect on the activity.

4. Conclusion

The aim of this work was to develop a novel reproducible and
scalable process to isolate IgG from colostrum with high purity and
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recovery and minimal loss of activity. The results showed that the
serial connection of two chromatography columns containing the
mixed mode materials Capto™-MMC and MEP-Hypercel™ lead to
an average purity of 96.1% IgG based on the total protein content.
The first column removed impurities of lactoperoxidase, whereas
the second column was used for direct capture of IgG. The direct
capture step has the major advantage that pathogenic microor-
ganism, which occur naturally in a high amount in colostrum,
are removed from the IgG. In conclusion, the obtained IgG prod-
ucts are virtually free of microorganisms. The binding took place
under physiological conditions and elution at safe conditions for
IgG (pH 4.5). By applying these comparatively mild conditions, it
was possible to retain the activity and nativity (>95%) of IgG dur-
ing the isolation process and during the downstream freeze-drying
process. The process was developed at 1 mL scale and upscal-
ing was done in three steps up to a column volume MMC/MEP
of 3000/8800mL. At the highest scale it was possible to yield
130-150g pure IgG from 3 L of colostral whey within 5 h includ-
ing the cleaning of the columns. The colostrum used in this study
naturally contained antibodies against Staphylococcus aureus. This
characteristic may be used to treat Staphylococcus aureus infection
on the skin of patients. This specific activity of immunoglobu-
lins in colostrum could be directed and increased against various
pathogens via immunizing the cow. In conclusion, by applying the
proposed isolation process, possibly in combination with immuniz-
ing the cow, it becomes feasible to obtain pure, active and stable IgG
in therapeutic amounts. Thus, it becomes viable to generate novel
and innovative IgG products for the treatment of microbiological
infections in humans.

Even though the original aim was to develop anisolation process
for colostral whey, the generated process is also highly suitable for
the isolation of IgG from milk whey, which is available in unlimited
amounts and less complicated to collect than colostrum. All major
whey proteins (3-Lg, a-La, BSA) were found in the flow-through
fraction and, hence, they do not reduce the binding capacity. This
opens the possibility to cost-efficiently obtain large amounts of IgG
from milk whey.

Conflict of interest

The authors claim no conflict of interest.

Acknowledgements

This work was supported by the Else Kroner-Fresenius-Stiftung
(grant number 2015-A20) and the Federal Ministry for Economic
Affairs and Energy of Germany through EXIST Transfer of Research
(grant number 03EFABY064). We gratefully acknowledge Waltraud
Schmid, Claudia Hengst, Heidi Wohlschldger, Annette Briimmer-
Rolf and Tina Friedenauer for analytical support.

References

[1] P. Marnila, H. Korhonen, Milk | colostrum, in: J.W. Fuquay (Ed.), Encyclopedia
of Dairy Sciences, second edition, Academic Press, San Diego, 2011, pp.
591-597.

[2] P.Marnila, H. Korhonen, Milk proteins | immunoglobulins, in: J.W. Fuquay
(Ed.), Encyclopedia of Dairy Sciences, second edition, Academic Press, San
Diego, 2011, pp. 807-815.

[3] R.Yadav, T. Angolkar, G. Kaur, H.S. Buttar, Antibacterial and antiinflammatory
properties of bovine colostrum, Recent Pat. Inflammation Allergy Drug
Discov. 10 (1) (2016) 49-53.

[4] J.A. Geoghegan, A.D. Irvine, T.J. Foster, Staphylococcus aureus and atopic
dermatitis: a complex and evolving relationship, Trends Microbiol. 26 (6)
(2018) 484-497.

[5] D.L. Stevens, A.L. Bisno, H.F. Chambers, E.P. Dellinger, E.J.C. Goldstein, S.L.
Gorbach, J.V. Hirschmann, S.L. Kaplan, J.G. Montoya, J.C. Wade, Practice
guidelines for the diagnosis and management of skin and soft tissue

infections: 2014 update by the infectious diseases society of America, Clin.

Infect. Dis. 59 (2) (2014) 147-159.

D.J. Freedman, C.O. Tacket, A. Delehanty, D.R. Maneval, . Nataro, J.H. Crabb,

Milk immunoglobulin with specific activity against purified colonization

factor antigens can protect against oral challenge with enterotoxigenic

Escherichia coli, ]. Infect. Dis. 177 (3) (1998) 662-667.

W. Otto, B. Najnigier, T. Stelmasiak, R.M. Robins-Browne, Randomized control

trials using a tablet formulation of hyperimmune bovine colostrum to prevent

diarrhea caused by enterotoxigenic Escherichia coli in volunteers, Scand. J.

Gastroenterol. 46 (7-8) (2011) 862-868.

E. Mattila, V.-]. Anttila, M. Broas, H. Marttila, P. Poukka, K. Kuusisto, L. Pusa, K.

Sammalkorpi, J. Dabek, O.-P. Koivurova, M. Vdhdtalo, V. Moilanen, T.

Widenius, A randomized, double-blind study comparing Clostridium difficile

immune whey and metronidazole for recurrent Clostridium

difficile-associated diarrhoea: efficacy and safety data of a prematurely

interrupted trial, Scand. J. Infect. Dis. 40 (9) (2008) 702-708.

[9] J.K. Sponseller, J.A. Steele, D.J. Schmidt, H.B. Kim, G. Beamer, X. Sun, S. Tzipori,
Hyperimmune bovine colostrum as a novel therapy to combat Clostridium
difficile infection, J. Infect. Dis. 211 (8) (2015) 1334-1341.

[10] C.O. Tacket, S.B. Binion, E. Bostwick, G. Losonsky, M.J. Roy, R. Edelman, Efficacy
of bovine milk immunoglobulin concentrate in preventing illness after
Shigella flexneri challenge, Am. J. Trop. Med. Hyg. 47 (3) (1992) 276-283.

[11] G. Davidson, E. Daniels, H. Nunan, A. Moore, P. Whyte, K. Franklin, P. Mccloud,
D. Moore, Passive immunisation of children with bovine colostrum containing
antibodies to human rotavirus, Lancet 334 (8665) (1989) 709-712.

[12] S.A. Al-Mashikhi, E. Li-Chan, S. Nakai, Separation of immunoglobulins and
lactoferrin from cheese whey by chelating chromatography, J. Dairy Sci. 71 (7)
(1988) 1747-1755.

[13] E.Li-Chan, L. Kwan, S. Nakai, Isolation of immunoglobulins by competitive
displacement of cheese whey proteins during metal chelate interaction
chromatography, J. Dairy Sci. 73 (8) (1990) 2075-2086.

[14] L.R. Fukumoto, E. Li-Chan, L. Kwan, S. Nakai, Isolation of immunoglobulins
from cheese whey using ultrafiltration and immobilized metal affinity
chromatography, Food Res. Int. 27 (4) (1994) 335-348.

[15] S. Cochet, H. Pesliakas, Y. Kroviarski, J. Cartron, O. Bertrand, Chromatography
of bovine lactoserum on the immobilized metallized dye Drimarene Rubine
R/K 5BL modulation of selectivity by metal exchange and application to
purification of milk immunoglobulins, ]. Chromatogr. A 725 (2) (1996)
237-247.

[16] E. Akita, E. Li-Chan, Isolation of bovine immunoglobulin G subclasses from
milk, colostrum, and whey using immobilized egg yolk antibodies, J. Dairy Sci.
81 (1) (1998) 54-63.

[17] H.Kim, E. Li-Chan, Separation of immunoglobulin G from cheddar cheese
whey by avidin-biotinylated IgY chromatography, J. Food Sci. 63 (3) (1998)
429-434.

[18] J.-P. CHEN, C.-H. WANG, Microfiltration affinity purification of lactoferrin and
immunoglobulin G from cheese whey, J. Food Sci. 56 (3) (1991) 701-706.

[19] B. Akerstrom, T. Brodin, K. Reis, L. Bjorck, Protein G: a powerful tool for
binding and detection of monoclonal and polyclonal antibodies, J. Immunol.
(Baltimore, Md. 1950) 135 (4) (1985) 2589-2592.

[20] P. Konecny, R.J. Brown, W.H. Scouten, Chromatographic purification of
immunoglobulin G from bovine milk whey, J. Chromatogr. A 673 (1) (1994)
45-53.

[21] RJ. Noel, W.T. O’'Hare, G. Street, Thiophilic nature of divinylsulphone
cross-linked agarose, J. Chromatogr. A 734 (2) (1996) 241-246.

[22] S.A. Al-Mashikhi, S. Nakai, Isolation of bovine immunoglobulins and
lactoferrin from whey proteins by gel filtration techniques, J. Dairy Sci. 70
(12)(1987) 2486-2492.

[23] Y. Yao, X. Gao, X. Liu, Isolation and purification of bovine colostrum sIgA and
IgG, ]. Northeast Agric. Univ. 15 (1) (2008) 58-61.

[24] R. Hahn, P. Schulz, C. Schaupp, A. Jungbauer, Bovine whey fractionation based
on cation-exchange chromatography, . Chromatogr. A 795 (2) (1998)
277-287.

[25] S. Dong, L. Chen, B. Dai, W. Johnson, ]. Ye, S. Shen, J. Yun, K. Yao, D.-Q. Lin, S.-].
Yao, Isolation of immunoglobulin G from bovine milk whey by
poly(hydroxyethyl methacrylate)-based anion-exchange cryogel, J. Sep. Sci.
36(15)(2013) 2387-2393.

[26] M. Wu, Y. Xu, Isolation and purification of lactoferrin and immunoglobulin G
from bovine colostrum with serial cation-anion exchange chromatography,
Biotechnol. Bioproc. Eng. 14 (2) (2009) 155-160.

[27] S. Burton, D. Harding, Hydrophobic charge induction chromatography: salt
independent protein adsorption and facile elution with aqueous buffers, J.
Chromatogr. A 814 (1-2) (1998) 71-81.

[28] Y. Yang, X. Geng, Mixed-mode chromatography and its applications to
biopolymers, J. Chromatogr. A 1218 (49) (2011) 8813-8825.

[29] G. Zhao, X. Dong, Y. Sun, Ligands for mixed-mode protein chromatography:
principles, characteristics and design, ]. Biotechnol. 144 (1) (2009) 3-11.

[30] L. Guerrier, I. Flayeux, E. Boschetti, A dual-mode approach to the selective
separation of antibodies and their fragments, J. Chromatogr. B: Biomed. Sci.
Appl. 755 (1-2) (2001) 37-46.

[31] A. Willems, ]. Leoen, S. Schoonooghe, J. Grooten, N. Mertens, Optimizing
expression and purification from cell culture medium of trispecific
recombinant antibody derivatives, J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 786 (1-2) (2003) 161-176.

[6

17

[8


http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0005
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0010
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0015
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0020
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0025
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0030
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0035
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0040
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0045
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0050
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0055
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0060
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0065
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0070
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0075
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0080
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0085
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0090
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0095
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0100
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0105
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0110
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0115
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0120
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0125
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0130
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0135
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0140
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0145
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0150
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0155

68 H.-J. Heidebrecht et al. / ]. Chromatogr. A 1562 (2018) 59-68

[32] M.C. Mowry, M. Meagher, L. Smith, J. Marks, A. Subramanian, Production and
purification of a chimeric monoclonal antibody against botulinum neurotoxin
serotype A, Protein Expr. Purif. 37 (2) (2004) 399-408.

[33] J. Chen, J. Tetrault, A. Ley, Comparison of standard and new generation
hydrophobic interaction chromatography resins in the monoclonal antibody
purification process, J. Chromatogr. A 1177 (2) (2008) 272-281.

[34] H.-F. Tong, D.-Q. Lin, X.-M. Yuan, S.-]. Yao, Enhancing IgG purification from
serum albumin containing feedstock with hydrophobic charge-induction
chromatography, J. Chromatogr. A 1244 (2012) 116-122.

[35] M. Wu, F. Zhang, Y. Liang, R. Wang, Z. Chen, ]. Lin, L. Yang, Isolation and
purification of immunoglobulin G from bovine colostrums by hydrophobic
charge-induction chromatography, J. Dairy Sci. 98 (5) (2015) 2973-2981.

[36] M. Piot, J. Fauquant, M.-N. Madec, J.-L. Maubois, Preparation of serocolostrum
by membrane microfiltration, Lait 84 (4) (2004) 333-341.

[37] J. Toro-Sierra, A. Tolkach, U. Kulozik, Fractionation of a-lactalbumin and
B-lactoglobulin from whey protein isolate using selective thermal
aggregation, an optimized membrane separation procedure and
resolubilization techniques at pilot plant scale, Food Bioprocess. Technol. 6
(4)(2013) 1032-1043.

[38] F. Arndt, H.-J. Heidebrecht, N. Schork, S. Schuhmann, U. Kulozik, S. Schiitz, H.
Nirschl, G. Guthausen, Deposit layer formation during skim milk dead-end
filtration with ceramic hollow fiber membranes using magnetic resonance
imaging, Magnetic Resonance in Food Science 2016 Proceedings (16) (2016)
55-59.

[39] H.-J. Heidebrecht, B. Kainz, R. Schopf, K. Godl, Z. Karcier, U. Kulozik, B. Forster,
Data concerning the chromatographic isolation of bovine IgG from milk and
colostral whey, Data in Brief (in press) (2018).

[40] U. Laemmli, Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature 227 (5259) (1970) 680-685.

[41] W. Holzmiiller, U. Kulozik, Protein quantification by means of a stain-free
SDS-PAGE technology without the need for analytical standards: verification
and validation of the method, J. Food Compos. Anal. 48 (2016) 128-134.

[42] H.Korhonen, P. Marnila, H.S. Gill, Milk immunoglobulins and complement
factors, Br. J. Nutr. 84 (Suppl. 1) (2000) S75-80.

[43] L. Voswinkel, U. Kulozik, Fractionation of whey proteins by means of
membrane adsorption chromatography, Procedia Food Sci. 1 (2011) 900-907.

[44] M. van Boekel, B. Ribadeau Dumas, Addendum to the evaluation of the
Kjeldahl factor for conversion of the nitrogen content of milk and milk
products to protein content, Neth. Milk Dairy J. 41 (1987) 281-284.

[45] O.H. Lowry, N.J. Rosebrough, A.L. Farr, RJ. Randall, Protein measurement with
the Folin phenol reagent, J. Biol. Chem. 193 (1) (1951) 265-275.

[46] J. Dumpler, I. Kieferle, H. Wohlschldger, U. Kulozik, Milk ultrafiltrate analysis
by ion chromatography and calcium activity for SMUF preparation for
different scientific purposes and prediction of its supersaturation, Int. Dairy J.
68 (2017) 60-69.

[47] D.-Q. Lin, H.-F. Tong, H.-Y. Wang, S. Shao, S.-J. Yao, Molecular mechanism of
hydrophobic charge-induction chromatography: interactions between the
immobilized 4-mercaptoethyl-pyridine ligand and IgG, J. Chromatogr. A 1260
(2012) 143-153.

[48] E. Boschetti, Antibody separation by hydrophobic charge induction
chromatography, Trends Biotechnol. 20 (8) (2002) 333-337.

[49] K. Wrzosek, M. Gramblicka, D. T6thova, M. AntoSova, M. Polakovic, Impact of
ionic strength on adsorption capacity of chromatographic particles employed
in separation of monoclonal antibodies, Chem. Pap. 64 (4) (2010) 1216.

[50] W. Shi, D.-Q. Lin, H.-F. Tong, J.-X. Yun, S.-]. Yao, 5-Aminobenzimidazole as new
hydrophobic charge-induction ligand for expanded bed adsorption of bovine
IgG, J. Chromatogr. A 2015 (1425) 97-105.

[51] W. Holzmidiller, U. Kulozik, Technical difficulties and future challenges in
isolating membrane material from milk fat globules in industrial settings — a
critical review, Int. Dairy J. 61 (2016) 51-66.

[52] Y.-D. Luo, Q.-L. Zhang, S.-]. Yao, D.-Q. Lin, Evaluation of adsorption selectivity
of immunoglobulins M, A and G and purification of immunoglobulin M with
mixed-mode resins, J. Chromatogr. A 1533 (2018) 77-86.

[53] E. Chiodi, A. Sidén, E. Osby, Isoelectric focusing of monoclonal
immunoglobulin G, A and M followed by detection with the avidin-biotin
system, Electrophoresis 6 (3) (1985) 124-128.

[54] C. Chen, H. Chang, Effect of thermal protectants on the stability of bovine milk
immunoglobulin G, J. Agric. Food Chem. 46 (9) (1998) 3570-3576.

[55] A.W. Vermeer, M.G. Bremer, W. Norde, Structural changes of IgG induced by
heat treatment and by adsorption onto a hydrophobic Teflon surface studied
by circular dichroism spectroscopy, Biochim. Biophys. Acta 1425 (1) (1998)
1-12.

[56] R. Mehra, P. Marnila, H. Korhonen, Milk immunoglobulins for health
promotion, Int. Dairy J. 16 (11) (2006) 1262-1271.


http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0160
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0165
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0170
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0175
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0180
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0185
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0190
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0200
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0205
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0210
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0215
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0220
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0225
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0230
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0235
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0240
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0245
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0250
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0255
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0260
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0265
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0270
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0275
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280
http://refhub.elsevier.com/S0021-9673(18)30665-4/sbref0280

	Isolation of biofunctional bovine immunoglobulin G from milk- and colostral whey with mixed-mode chromatography at lab and...
	1 Introduction
	2 Experimental
	2.1 Whey preparation from colostrum and milk
	2.2 Mixed mode resins for antibody purification
	2.3 Preparative purification of IgG from whey
	2.4 Drying of purified IgG
	2.5 Analytic of the isolation process by SDS-PAGE
	2.6 Quantification of immunoglobulins and other whey proteins
	2.7 Total protein quantification
	2.8 Analysis of the nativity of IgG with RP-HPLC
	2.9 Analysis of the binding activity of IgG with ELISA
	2.10 Analysis of the native state of IgG with DSC

	3 Results and discussion
	3.1 Direct capture of IgG from whey using a MEP Hypercel™ column
	3.2 Depletion of lactoperoxidase from whey using a Capto™-MMC column
	3.3 Serial connection for IgG purification
	3.4 Upscaling and reproducibility of the process
	3.5 Comparison between IgG and IgA and IgM
	3.6 Effect of drying on isolated IgG
	3.7 Impact of the isolation and drying process on the IgG activity

	4 Conclusion
	Conflict of interest
	Acknowledgements
	References


