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Abstract

The multi-component isotherms for human insulin (HI) and desamido human insulin (dHI) over reversed phase pagkargl (@ith
29.8% (w/w) ethanol-water as mobile phase have been determined experimentally. The isotherms of HI in ethanol-water differ from those
obtained with the more commonly applied methanol-water and acetonitrile—water mobile phase, as described in this paper. The isotherm
exhibits anti Langmuirian behavior and can be very well modeled by an anti Langmuir isotherm presented in this paper. The HI and dHI anti
Langmuir isotherm are determined as:
8.4ChH; + 3Chi Cyni 11.4Cqwi + 2Chi Cani

= and =
1— 0.05Cy — 0.14Cq4y + 0.04Cy Can 4R = 1 0.05Cy — 0.14Cqy + 0.04C Cary
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1. Introduction HI consists of chain A and chain B containing 51 amino
acid residues with molecular weight of 5807.6 Da. HI exists
The production of recombinant human insulin (HI) is as monomer only at concentration below 0.6 mg/L. It dimer-
a large-scale process since the current world consumptionizes at higher concentrations in acid and neutral solutions and
is in the order of several tons per year, as opposed tointhe pHrange 4-8, inthe presence of zinc ions, three dimers
kilograms for other recombinant protein therapeutics. assemble at concentrations above 0.6 g/L further into a hex-
Typical downstream processes consist of several reversecamer. At concentrations higher than 11 g/L, the hexamer is
phase HPLC (RP-HPLC) steps to remove various impurities formed at neutral pH without as§istance of zinc i(@!ﬁﬁl.
[1,2]. Nowadays, there is a tendency to optimize the The hydrodynamic size is about 26or monomer and 48
preparative chromatography based on modeling instead offor dimer[7]. Abundance of hydrophobic amino acid residues
using a purely empirical approach. Sufficient knowledge makes insulin very hydrophobic but these hydrophobic inter-
of the isotherms of HI and its derivatives is essential for faces are often buried in the internal of dimer or hexamer.
the thorough understanding of the properties of nonlinear  One of the derivatives of HI that needs to be removed in
chromatography and for modeling the procgs4]. the downstream processing is desamido HI (dHI). Two as-
paragine residues located at'4and B are exposed and sus-
—_— _ ceptible to deamidation. The resulting products are d&s-A
* Corre_spondlng author. Tel.: +31 15 2782151, fax: +31 15 2782355. at low pH and des-Bat pH7 or slightly abové6]. Deami-
E-mail addressm.ottens@tnw.tudelft.nl (M. Ottens). . N . .
dation does not have a significant change of the biological

1 Present address: Novozymes, Smormosevej 25, 2880 Bagsvaerd, Den- ’ )
mark. potency of HI but it needs to be removed in order to meet

0021-9673/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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An anti-Langmuir isotherm model is built based on the
Nomenclature concentrations of the two components and interactions be-
tween them. An alternative model approach may take the
List of symbols multimerization of HI and dHI into account via dissociation
AD  adsorption desorption method for isothermde-  equilibria and application of a multi-component competitive
termination Langmuir type isotherm model. In this paper, we only elab-
G liquid phase concentration (g/L) orate on the first approach, and the properties of such and
ka adsorption rate constant (—) multimerization model will be briefly introduced and its prop-
ks desorption rate constant (-) erties commented upon. The models above might provide us
K partition value (-) a tool for interpolation between protein concentrations and
b; Langmuir constants (-) solvent concentrations, and thereby optimization of a process
m total amount of compound in liquid phase and  at given condition of fixed resin, proteins and solvent.
solid phase (g)
i solid phase concentration (g/L)
Omax  Column saturation capacity (g/L) 2. Theory and principles
Os column saturation capacity (g/L)
to retention time for non-retained compound (s 2.1. Anti-Langmuir isotherm model
tr retention time of sample (s)
Ve column volume (1) There are many models to describe multi-component
isotherms[14—22] The one most often used is the classi-
Greek letter cal competitive Langmuir isotherm, which is described by
&t total porosity of column (-) Eq. (1):
gi= 2P @
1+ b,Ci + b;C;

the strict criteria of drug manufacturing. The deamidation
changes the conformation of the insulin and makes it even
more hydrophobic. As a result, it is more retained by the
reversed phase. RP-HPLC is used for both detection and re
moval of desamido during analysis and purificatj@sv].

In our laboratory, simulated moving bed (SMB) chro-
matography has been used to improve the purification of

whereq; and C; are the concentrations of compounéh
the stationary and mobile phases at equilibrium between the
two phasesgs the column saturation capacity abd ka/kp
‘which is the ratio between the adsorption rate constant and
desorption rate constant. When the concentrations of the com-
ponents are low, as often is the case at analytical scale, the
isotherm becomes linear. Thgb value actually equals thé

therapeutics including antibiotics and proteins including 5,6 i jinear isotherm, which can be calculated from chro-
HI [8-10]. SMB systems are complicated chromatographic matographic retention data using E2)

processes that cannot be designed and optimized simply by

empirical procedures only, but require model aided design . (iR — fo)et
including accurate isotherm mode[¢1]. The retention " to(1— &)
mechanism for HI and its variants has been described by
isotherm models proposed by several groypsl2,13]
The result illustrates that the isotherm is very dependent
on type and composition of mobile phase and type of
reversed-phase adsorbent. A typical Langmuir-type isotherm

was observed at certain high concentration. Until now, most all the compqnents are e_qual, which is certainly n_ot always
of the work on HI isotherms is done using acetonitrile—water true. A modified Langmuir model proposed by Guiochon is

or methanol-water as the mobile phase. One of the disad-b.""sec.j on stgtistical thermodyngmics and' also applicable for
vantages of using acetonitrile and methanol is their toxicity, Situations with unequal saturation capacifigé]. The cor-
which is a concern for medicine for human use. For safety responding kinetic equations for the two compounds are as
reasons, ethanol as a food-grade solvent, is preferablyfOIIOWS [23]:
chosen in industrial RP-HPLC proces$&s dg1

The lack of data and understanding in these sorts of in- 5~ = Kai(gs — 21191 — @1292)C1 — K1
dustrially relevant systems justifies the investigation into the
isotherms of HI and dHI in ethanol-water mobile phase. In x(Cs = €1 = pr2C2)ay (33)
this paper, we present the isotherm data for HI and dHI in
ethanol-water mobile phase and report their unique behav- %42
ior different from those found in acetonitrile—water mobile 9
phase. — Kg2(Cs — B21C1 — B22C2)q2 (3b)

()

with g total column porositytg retention time of sampldg
retention time for non-retained compound.

The classical competitive Langmuir isotherm is thermo-
dynamically consistent only if the saturation capacities of

= Kaz(gs — 02191 — 22292)C2
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whereK, andKy are adsorption and desorption rates, respec- The equations then cannot be completely interpreted physico-
tively, g andC; the concentrations of the two components of chemically any more. However, they are still justified because
the mixture in the stationary phase and mobile phase, while of its capability as a tool to describe the protein behavior at
gs and Cs are the saturation concentrations in the station- given conditiong22]. In this work, however, we use E¢ha)
ary and mobile phase, respectively. Tdyeandgj; factor are and(5b) based on sound statistical thermodynamical theory
dependent on the size of the molecules and interactions befor the isotherm model constructi¢h4,26].
tween them. Assuming pseudo steady statgEa).and(3b)
can be solved fog. After mathematical rearrangement and
grouping of coefficients we get the equations for the modified 3. Materials and methods
Langmuir isotherms:
3.1. Stationary phases and columns
_ A1C1 + A12C1C2 + A11C3
1+ B1C1 + B2C2 + B12C1C2 + B11C2 + B2C3 Reversed-phase adsorbent ODS-AM C18 from YMC
(4a) (Schermbeck/Weselerwald, Germany) with a particle diam-
eter of 5um and an average pore size of 126 pre-packed
by the manufacturer into a 4.6 mm150 mm i.d. column.
A2Cop + A21C1Co + AzzC% _Total porosity of this columi;=0.611. This_HPLC column
= 14 BiC1+ BoCo & B1sCiCo o+ BiaC2 4 BonC2 is used for pulse and breakthrough experiments because of
1-1 B2t2 BltAt2 T Plity 7 P22t its high plate number. Another column (10 nwrL50 mm)
(4b) is self-packed with adsorbent with fn particle diameter.

SinceAs1, A2z, B11 andBgz only depend on the original co- _The total porosity of this column l& =0.615. This_ column
efficientsf1, and a1, which account for the influence of the is used for the adsorption—desorption (AD) experiment to de-

concentration of one component on the rate of desorption of l€rMine the isotherm and it is the same type of column used
the other, they become zero when the above influence is nefor 'HI SMB separation (not reported in this paper).
glected as and first approximation. In doing so, the higher

order term<C2 andC3 vanish, and the equations are simpli-

q1

q2

3.2. Mobile phase and chemicals

fled into: The mobile phase consist of ethanol (HPLC grade, J.T.
g1= A1C1 + A12C1C2 (5a) Baker, Belgium) and water from a Millipore water gener-
1+ B1C1+ B2C2 + B12C1C2 ator, at ethanol-water composition of 29.8%:70.2% (w/w).
A>C + A2C1Co The mobile phase i_s puffered with 50 MM ammonium sul-
q2 (5b) fate at pH 3.5 and is filtered (0.2@n) before use. HI was

1+ BiCat BoCo+ BraCrCz kindly provided by NovoNordisk (Gentofte, Denmark). dHI

CoefficientsAs, By, B2 are the same as in the single compo- was prepared by conversion of HI in a hydrochloride acid

nent isothermA; 2, Az1, B12 account for interaction between  solution with pH 2.5 at 50C for 72 h.

the two components and have to be determined for the bi-

nary mixture. The reason for this neglecting is because the3.3. Chromatography equipment

preceding coefficientsAg1, Az2, B11, Bp2) in the isotherm

for quadratic terms become zero. The parameters béff)re The pulse experiment and breakthrough experiment were

andC% account for the influence of the concentration of one done on a Waters Alliance HPLC (Milford, MA, USA), con-

component of the binary mixture on the rate of desorption sisting of a 2690 separation module and a 996-photodiode-

of the other. This influence is relatively smaller than that on array detector. The equipment was fully controlled and the

the rate of adsorption and thus can be neglected as a firsdata was stored and processed with Waters Millennium 32

approximation. This is approximation has been applied be- software interfaced with an IBM-compatible personal com-

fore, and the model has been applied in several cases angbuter.

proved to generate data which fitted the experimental data

well [14,20,25] We, however, checked the approximation by 3.4. Methods

modeling the system with and without the quadratic terms.

Including the quadratic terms yields a good fit with the ex- 3.4.1. HPLC analysis and breakthrough experiment

perimental data only if the preceding parametés (Az2, The purity of the sample was checked with the analyti-

B11, B22) have a very low value, i.e. three orders of magnitude cal column eluted with the mobile phase mentioned above in

lower than the other parameters. We therefore can concludeisocratic mode, with a flow rate of 1 mL/min and at a tem-

that the approximation seems valid, and the quadratic termperature of 25C. For breakthrough experiments, the same

may be skipped. column was loaded with about 45 mL HI and dHI (98:2) dis-
In general, sometimes the fitting is poor and empirical cor- solved in the mobile phase, and eluted with a flow rate of

rection coefficients are introduced into isotherm equations. 0.5 mL/min and at a temperature of 25.
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3.4.2. Pulse experiment for K value determination 0.006
HI and dHI was loaded separately on the preparative col- HI
umn and eluted with the same condition as HPLC analysis 0.005 -
experiment. From the retention time, tkevalues of HI and dHI
dHI were derived at this condition according to E2). 0.004 4 }
0.003 -

3.4.3. Adsorption—desorption experiments

The adsorption—desorption method is used for isotherm AU
determination due to its accuracy and simplicity although 0.002 1
it is tedious[27]. HI and dHI are dissolved in the mobile
phase (SectioB.2) attotal concentration 0of 0.25, 0.5, 1.0, 2.0, 0.001 1 1 \
3.0, 4.0, 5.0g/L, with different ratios of HI/dHI at 54%:46%, 0.000 | Jm \
71%:29%, 98%:2% (w/w), respectively. The column packed ’ o N \J
with 50um particle (Sectior8.1) is chosen for the AD ex-
periment because the same type of packing material and O . & 10 12 14 16
columns are used for later SMB experiments. The possibil- t(min)

ity of the influence of different particles sizes on isotherm
is then excluded. The columns are first equilibrated with the Fig. 1. Separation of HI and dHI in a pulse experiment. 4.6 B0 mm
mobile phase and then saturated with the above sample. Af-RP-HPLC column, packed with ¢ particle with Sum particle size and
terwards they are eluted with the mobile phase. A flow rate 120 A pore sizeg;=0.611. Mobile phase: 29.8% (w/w) ethanol in aque-
of 12 CV/min and temperature of 2& is used all the time. ous phase, S0mM (NFzSQs, pH 3.5, flow rate: 24 CV/h, temperature

. T 25°C. Two peaks correspond to HI and dHI with retention time of 10.23
The eluent is analyzed for the composition of Hl and dHI by  and 13.01 min, respectively. Non-retained compounds present in the sample
HPLC analysis, from which the concentration of each com- elute before 2 min.
ponent was derived. Control experiments are done to ensure_ ] ]
that all compounds are eluted off the column. Using the equa- first, forming the first sub-plateau, followed by a second sub-
tion below,q; is calculated according to E¢6) based on a  Plateau formed by Hi and dHI.

mass balancf28].
B8] 4.2. Pulse experiments

mi — etVeCi
q9i = A—e)Ve (6) The determinedK values for HI and dHI are 8.4
and 12.4, respectively, in mobile phase of ethanol-water

3.4.4. Data processing

For the anti-Langmuir isotherm model, the coefficients in 3.0 c /
Eq. (5a) are obtained by the following strategi equals o c':?i E/t
the K value for the human insulin, measured at analytical 251 ol oat|
scale; A equals theK value for the desamido human in- — Cu=3000L | [/
sulin, measured at analytical scaRy is derived from the 2.0 4
adsorption—desorption experiment at the very low concentra-
tion of HI, when the items wit4esniin Eq.(5a)approximate 1.5 1
into zero;B; could be derived similarly at very low concen- AU (-)
tration of HI. The remaining\1, A12 and By, are obtained 1.0
by curve fitting in Microsoft Excel.
0.5
4, Results and discussion 0.0 IJ}
4.1. HPLC analysis and breakthrough experiment 05 ‘ , ‘ ‘
0 20 40 60
On the analytical column, baseline separation was t (min)

achieved for HI and dHIKig. 1), which enabled us to check
the purity and composition of our samples accurately. The Fig. 2. Breakthrough curve of HI and des-HI done on 4.6 mi&0 mm
curves in the breakthrough experiment have dispersive frontRP-HPLC column, packed with g particle with 5um particle size and
parts and sharp rear parfg. 2) that are opposite to the typ- 120 A pore sizes; =0.611. Mobile phase: 29.8% (w/w) ethanol in aqueous
ical breakthrough curve from components exhibiting a Lang- phase, S0mM (Nb)>SOu, pH 3.5, flow rate: 12 CV/h, temperature 5.

) . 9 . _p 9 . g The four curves from bottom to top correspond to feed sample with different
muir adsorption isotherm. The higher the concentration is, total concentration of 0.25, 1.0, 2.0, 3.0g/L, respectively, all at the ratio of

the more obvious the effect is. On the front part, HI elutes 98%:2% (HI:dHI).
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(29.8%:70.2%, w/w), 50 mM ammonium sulfate, pH 3.5, at 4.4. Adsorption—desorption experiments
temperature of 25C, measured on YMC ODS-AM C18 ad-

sorbent with 5Gum particle size. The breakthrough curves obtained from AD experiment

performed on the bm adsorbent column have dispersive
front parts and sharp rear parts that are opposite to the typical
breakthrough curve from Langmuir isotherm (d€ig. 2).

The higher the concentration is, the clearer the effect is. On
the front part, HI elutes first, forming the first sub-plateau,
followed by a second sub-plateau, which formed by HI and
dHI. The efficiency of the column with 50m adsorbents

used to determine thi¢ values and partition behavior. The particlesistoo low to allow us see the first sub-plateau, but the
model is based on retention data on the larger particles. SizeJiSPersive front part and sharp rear part are observed during

may matter regarding adsorption behavior. There is a slight 8XPeriments.

difference of thex values for Hl and dHI, measured between ~1he calculated “isotherms for HI and dHI from
5-um (8, 11.25) and 5@m particles (8.4, 11.4). adsorption—desorption experiments are listelhible 1 They
are plotted irFigs. 3 and 4together with the curves predicted

4.3. Influence adsorbent particle size

The 5um diameter stationary phase particles are used in
the analytical column, for concentration determination of Hl
and dHI, and to demonstrate the unique elution curve during
the breakthrough experiment. The largera®-particles are

120 7 120 /
/ - Mod54:46 /
; Mod 71:29 Mod 54:46 y
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100 - i —.—.—.  Mod 20:80 1007 | ——____ Mod 20:80 //
. Exp 54:46 . Exp 54:46
/ . Exp 71:29 . Exp 71:29 S
| A Exp 98: 2 | a Exp 20:80 /
80 // v Exp 20:80 80 o
G /L) f L Yam (L) s
60 - / - A 60 | S
/ S Yy
40 / A S
/ ' /// 40 ’/ o //
P )
! 5 _7a ‘/;/ d
/ - / . 4
20 ) -’./ e 20 Y
/ /'/:’ n A
o 0 T T T T T 0 T T T T T
(A) 0 1 3 (A) 1 3 5
CHl (g/L) Cgp—u (g/L)
40 . 40 ~ .
 Mod54:46 /
/ Mod 71:29 Mod 54:46 / /
[ Mod 98: 2 — — —  Mod71:20 / /
——@—. Mod2080 Y| | | Mod 20:80 / /
30 | / . Exp 54:46 30 | . Exp 54:46 /m /
/ u Exp 71:29 n Exp 71:29 / / ’
A Exp 98: 2 A Exp 20:80 i / 7
/ v Exp 20:80 / e
9y (@/L) / Gy (/L) ’
20 /./ * 20 -
/ ////
| -
P
10 P 10 |
K LRy
/ S
v
0 T T T O T T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0
B) ¢, (g/L) (B) Cyy (Q/L)

Fig. 3. (A) Measured and modeled Hl isotherm using Ef)sand(8). Differ-

ent lines correspond to different ratiGg /Cqn: 54%:46% (Q1), 71%:29%
(Q2), 98%:2% (Q3) and 20%:80% (Q4). Model curves and experimen- 71%:29% (Q2), 98%:2% (Q3) and 20%:80% (Q4). Model curves and ex-
tal points are for HI. Experiments are doneTat 25°C, pH 3.5, 50 mM

(NH4)2S04, 29.8% (w/w) EtOH/HO; (B) As (A) but magnified.

Fig. 4. (A) Measured and modeled dHI isotherm using E@¥.and (8).
Different lines correspond to different rati®y/Cyny: 54%:46% (Q1),

perimental points are for dHI. Experiments are don& aR5°C, pH 3.5,
50 mM (NH;)2SOy, 29.8% (w/w) EtOH/HO; (B) As (A) but magnified.
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Table 1
Isotherm data of HI and dHI measured from adsorption—desorption experiment in ethanol-water 29.8% £25V)C (for additional conditions, sd€g. 3)
at differentCp,/Cyn ratios

Chotal (g/L) HI dHI
Chi (/L) gni (g/L) QHI/Chi Cari (9/L) Gani (9/L) QaHi/CaHi
Ratio 1 (54%:46%)
0.25 Q14 116 860 012 142 1235
1.00 Q54 528 987 047 595 1280
1.50 Q80 851 1060 070 998 1431
2.00 107 1245 1163 093 1419 1525
3.00 161 2112 1316 140 2449 1756
4.00 214 3346 1564 186 3884 2088
Ratio 2 (71%:29%)
0.50 Q36 321 910 015 181 1251
1.00 Q71 740 1064 029 396 1313
2.00 142 1462 1030 058 771 1329
3.00 213 2704 1269 087 1524 1752
4.00 284 4194 1477 116 2266 1954
5.00 355 5767 1625 145 3143 2168
Ratio 3 (98%:2%)
0.50 Q49 445 908 001 NA2 NA
1.00 Q98 803 819 002 NA NA
2.00 195 1757 901 005 NA NA
3.00 295 2663 903 005 NA NA
4.00 395 4166 1055 005 NA NA
5.00 490 5745 1172 010 NA NA
Ratio 4 (20%:80%)
0.5 Q12 180 1500 048 9.08 1892
1.25 Q25 348 1392 100 1695 1695
3.50 Q70 1170 1671 280 5839 2085

a Not available.

by the model. In the case of anti-Langmuir isotherm model, So, the cooperative adsorption seems to occur in HI-HI and
the following coefficients for Eqi5a)and(5b) are derived: HI-dHI systems. As for dHI-dH]I, since no experiments were

done for pure dHI, we cannot draw such conclusion for the
8.4CH| + 3CH|Cqhi

qHI = 7) system dHI-dHI.
1—-0.05CH = 0.14CqHi + 0.04CH Cari Interestingly, Geng and Regnier studied the dependence
11.4Cqp + 2CHi Cani of the elution curve and adsorption isotherms of insulin on
qdHI = ®) composition of mobile phase of frontal analysis in reversed

1= 0.05Cki — 0.14Cqh + 0.04CHI Car phase liquid chromatograplig9]. They used 32% ethanol in

The isotherm model curve fits the experimental data reason-water (v/v) as mobile phase, with trifiuoroacetic acid (TFA)
ably well, as can be seenfiigs. 3 and 4Allthe curvesare S-  asion-pairing agent and found Langmuir behavior for insulin
shaped. Within the concentration range we worked, the slopeat low concentration of 0.1 -0.5 g/L. It would be worthwhile
of the curve keeps on increasing, indicating solid phase con-to investigate at high concentration of insulin if there is anti-
centration increases faster than the increasing of liquid phase Langmuir behavior with the presence of TFA. From our ex-
This is typical for an anti-Langmuir isotherm. The negative tensive literature search, we did not find any article dealing
sign of B; and B, correspond to the attractive interactions with the cooperative isotherm for human insulin that we re-
between HI and dHI during adsorption. The model also pre- portinthis paper (seBable 9. Arecent article of Mihlbachler
dicts that at higher concentration, the slope of the curves will also reported the cooperative isotherms, but then for the two
decrease and finally a plateau is reached indicating the satenantiomers of Troger's ba§25].

uration of solid phase. Interactions between HI and dHI are

cooperative instead of competitive. With experimental data, 4.5. Influence ethanol concentration

when we fix the liquid concentration of one component and

increase the liquid concentration of the second component, The main objective of the study presented in this paper
the solid concentration increases for the first component, indi- is to provide isotherm data for simulated moving bed design
cating cooperative interaction. The S-shaped isotherm curvefor purification of HI in isocratic mode. Therefore, we only
is an indication of cooperativity. We observed this type of need to know the adsorption behavior of HI and dHI at a spe-
curve at different ratio of Hl and dHI (98:2, 54:48 and 20:80). cific ethanol concentration. We did check a few other ethanol
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Table 2
Literature data on single component insulin (of various origin) isotherms compared to this work
Reference Insuline Mobile phase Stationary phase Isotherm model
Geng and Regnidf2] Bovine EtOH, water, TFA (32:68:0.1,  SynChrompakC18, Langmuir and SDM-Asingle
vIv) 5.6pum, 300A component logg= B +nr/Zlog cm
Liu etal.[4] Human bovine ACN, water, TFA (31:69:0.1, YMC ODS-A Toth model single component
porcine VIv) C18, 5um, 120A _ qsbC

1= [1+ (pC) ¥

Sabharwal and Cha$24] Bovine porcine ACN, water, TFA Whatman BioPrep Langmuir model single component.
(30-36%:70-64%:0.1, v/v) C4, 20pm, 150A Competition between bovine and
porcine insulin in the adsorption

This work Human EtOH, water (30:70, w/w), YMC ODS-AM Anti-Langmuir for binary system
pH 3.5, 50 MM (NH)2SOy C18, 50um, g = A1C1 + A12C1C2
120A 1+ B1C1 + B2C2 + B12C1C2

_ A2C2 + A12C1C2
" 14 B1C1 + B2Ca + B12C1Co

q2

a8 SDM-A: Stoichiometric displacement model for adsorptidin the model is the sum afr andg, corresponding to the contribution from adsorption and
partition.

concentrations as well, but do not present them in this pa- that the influence of multimizeration changes the pattern of
per. For optimal SMB design, the SMB might be operated in a normal Langmuir isotherm.

gradient mode, and then the influence of the ethanol concen- It is well known that HI has a tendency to aggregate and
tration needs to be known very accurately. That work will be form multimers in solution. Therefore also a model was com-

discussed in a next paper. posed including liquid phase multimerization and regular
Langmuir adsorption behavior to see whether the modeled
4.6. Model performance adsorption using the apparent liquid phase HI concentration

was able to describe the observed anti-langmuirian behavior.
With this model it could be shown that the inflection point
could be described well, butot the influence of the ratio

of HI/dHI. Taking liquid phase multimerization of HI into
account might be a possible alternative route to describing
apparent anti langmuirian behavior.

The evaluation of the models capability to model sin-
gle component pure HI and dHlI is limited by the fact that
getting pure HI and dHI is expensive and difficult, espe-
cially when large amounts of the sample are needed for
adsorption—desorption experiments. The highest purity of our
HI sample is 98%, which we used in pulse experimentfor
value determination. Therefore, we can only compare our
model to this maximum HI purity data. From the results
we can see that the model can predict the single component
“pure” HI data very well.

4.8. Influence mobile phase

Exploration of the reasons for different behavior of HI in
aqueous phase contains methanol, ethanol and acetonitrile
4.7. Multimerization would be intriguing. Guo and Purcell have investigated
the thermondynamic properties of HI on RP-HPLC, using

The highly hydrophobic nature, the tendency for multi- methanol-water and acetonitrile—-water as mobile phase
merization and moderate molecular size of Hl and dHI might respectively [30,31] They found that the stability of
be responsible for their special isotherms. As discussed earprotein conformation is associated with thermondynamic
lier in this paper, a first layer is formed by the adsorption of properties. For the above two different mobile phases,
solute to the stationary phase. The bound molecules promotehe so-called entropy—temperature curve is different, indi-
second-layer adsorption of solute to the first layer due to the cating insulin seems more stable in methanol-water than
association between these molecules. The molecular weightacetonitrile—water. This was correlated with the fact that
of HI dimer is 11,600 Da, which is supposed to be one of methaonl is a H-bond donor while acetonitrile is a H-bond
the main multimerization forms of HI in the liquid phase, acceptor. As ethanol has a similar H-bonding ability as
with the hydrodynamic size in the range of 26 A%hich methanol, we would expect that HI is also stable in ethanol.
is not as large as other proteins. Enough adsorption surface®But how this correlates with the different isotherm type
are available before the saturation is reached. The scenarias still a matter for future research. Does the more stable
which happens in the Langmuir isotherm situation might not conformation of HI accelerate the adsorption of the protein
be so apparently present in our case. Another explanation ison the solid phase, or the multimerization of HI?
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The interaction of proteins to interfaces and their related [8] T.B. Jensen, T.P. Reijns, H.H. Billiet, L.M. van der Wielen, J. Chro-
conformation change is a very complicated process, whichis ~ matogr. A 873 (2000) 149.
not very well understood. A deep and intensive research at [°1 J- Houwing, H.H. Billiet, H.A. Wesselingh, L.M. van der Wielen, J.

. . Chem. Technol. Biotechnol. 74 (1999) 213.

molecular I?VEI IS necessary tO.he|p L,JS gain further and better[10 Jaap Bosma, Ph.D. Thesis, Groningen University, Groningen, 2002.
understanding of the mechanisms involved. One approachji1] £ charton, R.M. Nicoud, J. Chromatogr. A 702 (1995) 97.
to give more insight and understanding could be the study[12] X.D. Geng, F.E. Regnier, Chin. J. Chem. 21 (2003) 429.
of protein conformation change by computer simulation via [13] A.P. Sabharwal, H.A. Chase, Food Bioprod. Process 76 (1998)
methods like molecular dynamics and Monte Carlo study _ 4"
[32,33], but this lies beyond the scope of the present paper.

[14] B.C. Lin, Z.D. Ma, S. Golshanshirazi, G. Guiochon, J. Chromatogr.
475 (1989) 1.

[15] S. Jacobson, S. Golshanshirazi, G. Guiochon, AICHE J. 37 (1991)
836.

5. Conclusions [16] Z. Jie, A.M. Katti, G. Guiochon, J. Chromatogr. 552 (1991) 71.

[17] J.C. Bellot, J.S. Condoret, Process Biochem. 28 (1993) 365.

. . . N _ [18] S.M. Stern, G. Guiochon, Chem. Eng. Sci. 48 (1993) 2787.
HI and dHI have different isotherms in ethanol-water re | Quinones, J.C. Ford, G. Guiochon, Chem. Eng. Sci. 55 (2000)

. 19]
versed phase systems with respect to the more commonl 909
used methanol-water and acetonitrile—water solvents. An[20] I. Quinones, G. Guiochon, J. Chromatogr. A 734 (1996) 83.
anti-Langmuir model has been successfully used for the de-[21] J.E. Garcia-Galdo, J. Cobas-Rodriguez, U.J. Jauregui-Haza, G. Guio-

scription of the adsorption behavior of the two compounds. chon, J. Chromatogr. A. 1024 (2004) 9.
[22] H. Poppe, J. Chromatogr. 556 (1991) 95.

[23] G.B. Whitham, Linear and Non-Linear waves, Whiley, New York,
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