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ABSTRACT

Mechanistic models play a crucial role in the process development and optimization of ion-exchange
chromatography (IEC). Recent researches in steric mass action (SMA) model have heightened the need
for better estimation of nonlinear parameter, steric shielding factor o. In this work, a straightforward
approach combination of simplified linear approximation (SLA) and inverse method (IM) was proposed
to initialize and further determine o, respectively. An existed, unique, and positive o can be derived
from SLA. Compared with linear approximation (LA) developed in our previous study, o of the multi-
component system can be calculated easily without solving the complex system of linear equations,
leading to a time complexity reduction from O(n?) to O(n). The proposed method was verified first in
numerical experiments about the separation of three charge variants. The calculated o was more reason-
able than that of LA, and the error of elution profiles with the parameters estimated by SLA+IM was only
one-sixth of that by LA in numerical experiments. Moreover, the error accumulation effect could also be
reduced. The proposed method was further confirmed in real-world experiments about the separation
of monomer-dimer mixtures of monoclonal antibody. The results gave a lower error and better physical
understanding compared to LA. In conclusion, SLA+IM developed in the present work provides a novel
and straightforward way to determine o. This simplification would help to save the effort of calibration

experiments and accelerate the process development for the multi-component IEC separation.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Computer-aided process development shows promising applica-
tions in the downstream processing of biopharmaceuticals [1,2].
These approaches are capable of saving lots of materials, man-
power, and costs compared to the traditional trial-and-error meth-
ods [3]. For protein separation with ion-exchange chromatography
(IEC), mechanistic models are becoming preferable and popular be-
cause of their in-depth physical interpretation and excellent inter-
polation [4-6].

The essential core of IEC process modeling is the isotherm
model [6]. The stoichiometric displacement model (SDM) based
on the law of mass action is one of the most popular isotherm
models [7]. However, this model can only be used under diluted
conditions [8]. To better describe the isotherm, a nonlinear pa-
rameter named shielding factor o was introduced by Brooks and
Cramer [9] who considered the steric hindrance of bound protein
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on the salt counter-ion binding. This well-established modification
was named as steric mass action (SMA) model, which can account
for both the salt dependence of protein adsorption and the steric
hindrance under nonlinear conditions [10]. The magnitude of o is
dominated by the size exclusion effects and molecular weight [11].
In addition to steric hindrance, o is affected by the lateral protein-
protein interaction at high loadings [12], as well as the repulsive
effect caused by ligand-protein interactions [13]. In general, o is
important for the SMA model. However, its estimation is a chal-
lenging task [14].

Batch adsorption experiments are the most direct and frequent
method to estimate o, but this off-column method is a labor-
intensive and cumbersome procedure that requires adequate quan-
tities of pure target protein and impurities [15]. At high loadings or
under overload conditions, estimating o of individual specie sepa-
rately cannot be transplanted into the complex multi-component
system because o is an interactive parameter that will change
with the existence of other proteins. On the contrary, column
experiments are able to reduce calibration experimental efforts,
which can be classified into two groups: breakthrough experi-
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ments [9,14,16,17], and linear gradient elution experiments (LGEs)
[18,19]. Osberghaus et al. [14] investigated two breakthrough ex-
periment strategies for estimating o, and found that the numerous
pure components were required still. Conversely, Rischawy et al.
[20] used the inverse method (IM) to obtain o by LGE profiles at
high loadings in a multi-component system, and it was found that
fewer experiments were required compared to the breakthrough
experiment method. IM is a time-consuming iterative procedure
including heuristic algorithm for researching the initial guess and
deterministic algorithm for figuring out the determined value [21].
Another significant limitation of IM is the inability to avoid multi-
ple solutions of o. Thus, it is difficult to obtain a physically mean-
ingful result [22].

To solve the above problems, the parameter-by-parameter (PbP)
method was developed by our group [19] from a SMA model-based
retention model. The PbP method consists of four steps, where four
SMA parameters with in-depth physical understanding can be esti-
mated one-at-a-time. o can be calibrated in the third step named
as the linear approximation (LA), which is significantly different
from the above literature methods. Without any iteration, includ-
ing heuristic and deterministic algorithms, a reasonable and phys-
ically meaningful o can be obtained directly based on several LGE
profiles. However, it was observed that the use of LA is limited
by many conditions and cannot provide a one-size-fits-all solution.
Firstly, it is necessary to solve a complex system of linear equa-
tions. Sometimes it is in multi-component systems that the linear
system has no solution, leading to the failure of LA. Secondly, even
though the linear system has solution, the computational effort of
obtaining the coefficient matrix and solving the linear system in-
creases steeply for the multi-component system. Thirdly, it is criti-
cal that LA cannot provide a positive and reasonable shielding fac-
tor sometimes. In fact, o that accounts for the number of bind-
ing sites on the adsorbent surface shielded by steric mass action
should be positive [9,17]. The unacceptable results may be because
the loadings of calibration experiments are beyond the establish-
ment scope of LA. A promising solution is to introduce IM for fur-
ther improvement, which means o would be initialized first and
then determined by IM. Similar approaches have been reported to
determine isotherm parameters. For example, Saleh et al. [18] de-
veloped a straightforward approach to calculate the initial guess of
linear SMA parameters that was regarded as the input of IM. The
likely method has been modified by Shekhawat et al. [15] for esti-
mating the initial inputs of extended Langmuir isotherm parame-
ters. Therefore, a better choice is to develop a new method which
is valid for the multi-component system.

Based on the above analysis, a simplified linear approximation
(SLA) coupled with IM would be developed in this work. o would
be initialized by SLA without solving any linear system and fur-
ther estimated by IM, named as SLA+IM. In our previous work, it
was found that there were some special elements in the coefficient
matrix of LA linear system, which could be neglected in ideal situ-
ations. Based on this assumption, the LA coefficient matrix would
be simplified to a diagonal matrix of SLA, which means SLA can be
easily calculated. Then, the reasonable and physically meaning o
determined by SLA would be verified from the view of mathemat-
ics. To evaluate the feasibility and effectiveness of SLA+IM, a se-
ries of numerical experiments about three charge variants as well
as real-world experiments about the separation of monomer-dimer
mixtures of monoclonal antibodies (mAbs) would be conducted.

2. Materials and methods
2.1. Mechanistic model

The detailed description of the mechanistic model used in this
work can be found in our previous study [19]. Here, only a neces-
sary overview is highlighted.
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2.1.1. Equilibrium dispersive model
The equilibrium dispersive model (EDM) is given by:

. ) 2c, _ .
Hen=-ten by den- e
where ¢; and q; denote the mobile-phase and stationery-phase
concentration of component i (mol/L), respectively. u represents
the superficial velocity of liquid phase (m/s). &; indicates the total
porosity. z and t are the axial position (m) and time (s), respec-
tively. D,pp is the apparent axial dispersion coefficient (m?/s).

Initial conditions:

CinjXi O<t< tinj

Cinj,i(tinj) = {O

where c¢;; and t;,; are the injection concentration (mol/L) and time
(s), respectively. ¢;p; ; and x; are the injection concentration (mol/L)
and the mole fraction of protein i, respectively.

Boundary conditions:

(2)

t> tinj

0

DaPPzTCz(O’ ) = g%[ci(O, t) — Cinj.i(t)] (3)
ac;

Dappafcz(l-, t)=0 @

where L represents column length (m).

2.1.2. Steric mass action model
The kinetic SMA model is given by:

Vi

ag; -
Kini+ 522 0) = keqi| A= D" (v +03) sz 0) | -ai(z.0)
j=1
gzt ¢z D) (5)
gs(z.t) = A =) vj-qj(z.t) (6)

j=1

where Ky, i, Keq i» Vi and o; are the kinetic coefficient, equilibrium
coefficient, characteristic charge, and shielding factor of protein i,
respectively. A represents the total ion-exchange capacity for bind-
ing (mol/L). ¢s and qs are the mobile-phase and stationery-phase
concentration of salt (mol/L), respectively. n is the total number of
components.

To solve the above mechanistic model, an efficient numerical
method named the discontinuous Galerkin finite element method
[23,24] was implemented by Python 3.10 with the open source
tools, including NumPy [25], SciPy [26], scikit-opt, and Matplotlib
[27].

2.2. Model calibration

Firstly, v and keq are estimated by first linear regression (LR1)
and second linear regression (LR2) of the PbP method proposed in
the previous work [19], respectively. Then, SLA developed in this
work is used to determine the initial guess of o for replacement of
LA. Finally, the initialized o and ky;, initialized by the traditional
heuristic algorithm, would be applied as the input of determinis-
tic algorithm for further estimation. The new PbP method coupled
with SLA is shown in Fig. 1.

2.3. Numerical experiment

A series of numerical experiments with three charge variants
were conducted. All parameters of column geometry, operating
conditions, and mass transport, as well as the loading, eluting,
and washing phases were consistent with our previous study [19].
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Fig. 1. Scheme of parameter-by-parameter method coupled with SLA. LGEs: linear gradient elution experiments.

Table 1
Binding parameters of proteins estimated by different methods in numerical experiments.
Parameter  Unit Set values LA SLA+IM
v - [6.00, 7.00, 8.00] [6.01, 7.06, 8.07]
keq - [0.100, 0.200, 0.400] [0.092, 0.180, 0.363]
o - [51.0, 50.0, 49.0] [133.5, 88.8, 65.6] [44.7, 43.1, 38.5]
Kyin sMY  [0.100, 0.100, 0.100]  [0.176, 0.118, 0.086]  [0.100, 0.097, 0.101]
L?-error - - 0.344 0.059

The binding parameters of proteins have been modified as demon-
strated in Table 1. There are six LGEs in this study, including three
in different gradient lengths for fitting to LR1 and another three at
different loadings for fitting to LR2.

The ratio of the injected amount Ciyj = Cjp; - U - tjpj/L to the satu-
rated adsorption capacity qmax is defined as the loading factor as:

G
LF= 1 (7)
Qmax
For multi-component systems with the SMA model, it is as-
sumed that X;, qmay j, and the sum of v and o of individual com-
ponents are identical based on a monomeric assumption [20,28].
Then, LF can be derived as:
Cinj V4o _
= Cinj
nCImax,j anax,j (V + U)
V4o _ V40

27:1 (Vj+(7j)qmax,j inj A Cini (8)

LF =

where note that in numerical experiments LF., = LF/g; is em-
ployed.

2.4. Real-world experiments

The real-world experimental data from Reck et al. [29] and
Creasy et al. [30] used in our previous paper [19] about the sep-
aration of mAb monomer-dimer mixtures were also applied in this
work.
3. Results and discussion
3.1. Development of simplified linear approximation

To estimate o by LA in our previous work [19], it is assumed

that the coefficient matrix K is invertible and positive-definite so
that the below linear system can be solved. In fact, K is not always
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Fig. 2. A comparison between SLA and LA for estimating ¢ in three aspects.

positive-definite, in which the linear system cannot be solved.

ki - ki V1 + 01 a;

Do S el I (9)
kni oo knn Vn + On Qn
The necessary and sufficient condition to ensure the existence
of solution of Eq. (9) is the nonzero determins_nt Qf K (det(K) #0),
which can be derived using kij = keq j - (2-)"7 - £L as:

Cs R, Cinj
-V —VUn
"k Avi CiCrr - CinCgRy
det(K) = [T %L " . det : .. : (10)
l:[ inj ‘_Ul ) '—Vn
CniCsprn -0 CnCgRy

where ¢;; and ¢, ; represent the mobile-phase concentration of

component j and salt concentration at the retention time of pro-
v

ngé d >0,

n
tein i, respectively. To our knowledge, the first term []
h inj

j
but the second term is not always nonzero. That is to say, it is

questionable whether the LA solution exists. Moreover, although
the LA linear system has a unique solution, it is still cumbersome
to solve owing to the common shape of K, especially when the
number of components increases for the complex separation sys-
tem.

In addition, all calculated o should be positive as previously
stated. Given the element ki‘j] in K- and using Eq. (9), the below
formula can be obtained as:

n
ai:Zki;1a,»—v,->O. (11)
j=1
For the complex multi-component separation system, it is hard
to utilize Eq. (11) as a preliminary analysis of the signature of o. To
ensure o positive, many Eq. (11) should be satisfied, and the num-
ber of equations is equal to the number of components. Based on

our previous work, sometimes o of partial proteins estimated by
LA were negative unexpectedly. In this situation, the above con-
straint conditions could not be valid, which runs counter to the
physical understanding of o.

To address the above problems, LA was simplified to SLA. Under
the assumption that the concentrations of other proteins ¢;; (i # j)
at the retention time of protein i tend to zero, k;; can be reduced
as:

Vi
i = keq. - (A) Si (12)

Gri)  Cinj
Therefore, K can be rewritten as:
kqy
(13)
knn

The shape of K leads to a diagonal linear system. det(K) =
[T k;; >0 is always established so K is positive-definite. Thereby
the linear system has a unique solution and can be easily calcu-
lated as:

a; a; Cinj (Csri\"
= — V= l*m( S'R") — Vi (14)
ki keqi Ci \ A

It is a simple formula and provides an alternative way to esti-
mate o without solving the complex linear system and to keep o
greater than zero. Notably, SLA is equivalent to LA for the single-
component system because there is only one element in K. The
comparison between SLA and LA is shown in Fig. 2.

In computer science, the time complexity of algorithm is a good
way to measure the efficiency of algorithm. For a mixture system
with n components using Gauss elimination method that is a clas-
sical method, and the time complexity of obtaining k; and solving
Eq. (9) of LA are 0(n2) and O(n3), respectively. Thereby the total
time complexity of LA is O(n3), which equals the time complexity




Y.-C. Chen, S.-J. Yao and D.-Q. Lin

3 2.331645
160 - o(n3) O(n )
120
Q
£
2 80
c
C
>
o
40
o(n?)
O_
1 3 5 7 9

Number of components

Fig. 3. Time complexity of different methods for estimating o. O(n?): LA solved
by Gauss elimination method, 0(n2331645): LA solved by Peng and Vempala
[31] method, and O(n): SLA by straightforward calculation.

of solving the linear system. To our knowledge, the fastest method
to solve the linear system in the world was developed by Peng and
Vempala [31] with 0(n2-331645) However, the time complexity of
calculating Eq. (14) of SLA is only O(n), which means the running
time would increase linearly with the growth of n. Here, aiming
at the estimation of o, the time complexity reduces to O(n) with-
out solving any linear system. The time complexity of the above
methods can be compared in Fig. 3. In practical, the most com-
mon situation is that a chromatographic consists of at least three
components, in which SLA is 27 times faster than LA with Gauss
elimination method to calculate o.

3.2. Numerical experiments

The proposed SLA method is validated in numerical experi-
ments. Here, three-component numerical experiments were de-
signed. All components in the chromatographic separation can be
divided into three groups based on to their adsorptivity: weakly
adsorbed component, target product, and strongly adsorbed com-
ponent [32], which are also known as acidic, main, basic vari-
ants in cation exchange chromatography. Therefore, three species
are simulated in numerical experiments for simplicity. Regarding
the SMA model parameters, it is commonly thought that charge
variants have significantly different v and keq affecting the re-
tention time owing to their intrinsic physicochemical properties,
while their o are similar because of similar molecular weights
[11,20,28,33]. To satisfy the calculation of Eq. (8) as previously
explained, a relationship between v and o was considered as
Vacidic + OAcidic = YMain + OMain = VBasic + Oasic: Tesulting in the val-
ues of o as listed in Table 1. ky;, of all variants are kept identical
because the method presented in this work was developed from
the retention model that is not disturbed by ky;,. All calculations
about the retention time are carried out by the moment analysis
[34], including ¢, ¢;j, and k;;.

3.2.1. Estimation of characteristic charge and equilibrium coefficient

As published in the previous paper, LR1 is calculated by ¢, g and
GH of the elution profiles in different gradient lengths, as shown
in Fig. 4a. The correlation coefficients of all variants are approxi-
mately 1.00. Afterwards, v of all three components can be figured
out as listed in Table 1.
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Fig. 4. First linear regression (a) and second linear regression (b) of numerical ex-
periments. (J: Acidic, A: Main, x: Basic variants.

The above estimated v are used to measure the intercepts
of three LGEs at varying loadings by the point-slope formula.
Then, LR2 can be figured out by the above v and intercepts as
shown in Fig. 4b. Significant positive correlations are found be-
tween 107"V (v; + 1)“’?1 and Cjp; for all variants. The high R2
indicates that LR2 of the PbP method can work well for the multi-
component experiment. Then the slopes and intercepts of LR2 can
be applied to determine a and keq, and the results are listed in
Table 1.
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Fig. 5. Coefficient matrix K with LF., of 1%, 2%, 5%, and 10% from top to bottom
of numerical experiments. Black in K: k;; (i = j) for SLA of PbP method; gray in K:
additional k;; (i # j) for LA of PbP method.

3.2.2. Estimation of shielding factor and kinetic coefficient
(1) LA for shielding factor

For comparison, the LA calculation is performed firstly. An ex-
actly computed K that consists of the black (i = j) and gray (i # j)
elements is shown in Fig. 5. It can be found that all elements in K
are nonzero and they should be calculated exactly. Moreover, K has
no distinguishing feature in shape, like an upper/lower triangular
or diagonal matrix. Therefore, the linear system cannot be easily
resolved. The computational effort of obtaining all elements in K
and solving the linear system surges steeply when the number of
components increases. Although the above analysis raises the ques-
tion whether the LA linear system has a unique solution, it can still
be solved in this case.

o can be obtained after solving the linear system of all four cal-
ibration experiments with great effort. An unexcepted result with
negative o would be found at 10% LF_,, which should be positive
according to previous analysis. So, this result is excluded from the
calculation of mean o, leading to oagigic =133.5, OMain =88.8, and
Ogasic =65.6. Although the quantitative association of estimated o
of three variants is established, all of them are greater than the
ground truths (oaggic =51.0, Opmain =50.0, and opasic =49.0), espe-
cially for the acidic variant. It is obvious that the error of oaggic iS
unacceptable. The undesirable outcomes could be attributed to the
restrictive conditions of using LA. In general, these strict conditions
may hinder the application and generalization of the PbP method
coupled with LA.

kyin is then estimated by IM with elution profiles, whose ini-
tial guesses range from 1.0E-06 to 10.0 for all three variants. The
objective function of the optimization problem is defined as:

llci = cni(z. t; kkin.i) 1%
llcill,

m n
nklinj(ch; kyin) : r}(]in >y
kin

kin i1 =1

(15)

where m is the total number of LGEs.

After solving the optimization problem with three hundred
evaluations (200 for the heuristic algorithm and 100 for the de-
terministic algorithm), ky;, of acidic, main, and basic variant are
obtained as 0.176, 0.118, and 0.086, respectively. It can be seen that
the error of ki acigic iS unanticipatedly high. This disparity may
be due to the error accumulation effect (the unreasonable oaggic),
which means the error of former step would accumulate to the lat-
ter one because all parameters are determined in sequence for the
PbP method.

Using the above estimated SMA model parameters, the elu-
tion curves can be simulated as shown in Fig. 6. The agreement
between experiments and model simulations is calculated by L2-
error, which is 0.334 in this case. A remarkable difference can be
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found in that the simulated peak heights of all three variants are
obviously lower than those of experiments (solid lines) under all
six conditions. For the kinetic SMA formalism used in the present
work, the peak height of individual component is dominated by o
and ki, [35]. A lower simulated peak indicates that the calibrated
kyin or o are unrealistically higher than the ground truths. Further-
more, this unreality of ky;, may be caused by the undesirable o
considering the error accumulation effect. It should be noted that
the agreement becomes worse with the increase of loading, which
is mainly attributed to the unreasonable nonlinear parameter o.

To enhance the fitting degree of elution curves and reduce [2-
error, it is worthwhile to consider the value of o with LA as the
initial guess for IM rather than the determined value. Obviously, it
is not necessary to compute the initial guess exactly by solving the
complex linear system as mentioned above. Therefore, a straight-
forward method named as SLA was developed to determine the
initial guess of o.

(2) SLA+IM for shielding factor

Different from the above method based on LA, o in this part
would be initialized by SLA and further estimated by IM. Initial
guesses of ky;, were also determined by the heuristic algorithm
after 200 iterations with the range from 1.0E-06 to 10.0. The ob-
jective function is rewritten as:

m n

min J(Cp; Kign, @) : Min Y " » "

Kiin.0 kiin.0 i i

llci = cni(z. t; kin.i» 07) I
llcill

(16)

The optimal o and ky;, would be found by solving the above
optimization problem using the deterministic algorithm after 100
iterations with elution profiles simultaneously as shown in Fig. 1.

K of SLA calculated by Eq. (12) is shown as the black ones in
Fig. 5, which are much greater than those of LA (gray ones in
Fig. 5) in the same row. The results are logical and support the
previous assumption on the derivation of SLA in Eq. (12), under
which k;; of LA (i # j, gray one in Fig. 5) is small enough to be
neglectable and the computational effort of K can be reduced, es-
pecially for the multi-component system. Owing to the diagonal
shape of K, o can be directly estimated by Eq. (14) and a of LR2
without solving the complex linear system of Eq. (9). The mean
shielding factors are opggic =120.9, Opain =106.2, and op,sic =88.5.

It is interesting to find that the quantitative relationship of o of
three variants is still established due to the reasonable derivation
of SLA, but all of them are greater than ground truths. The results
indicate that all o determined by SLA close to those produced by
LA. Most importantly, the recalibrated o are positive compared to
LA in all six conditions, which is in accordance with its physical
interpretation.

The above comparison between SLA and LA reveals that there
is no significant difference between these two methods for the
estimation of o if considering SLA as an approximation and
simplification of LA and using the SLA output as the input of
deterministic algorithm. However, the computational procedure,
the strict conditions, and the sign of solution are strikingly dis-
tinct. As an appropriate simplification of LA, the SLA result may
not be accurate enough to be a determined value of the SMA
model. It is worthwhile to have the SLA output as the in-
put of the deterministic algorithm to further enhance it. After
that, four estimated parameters are obtained finally as listed in
Table 1.

For the parameter o, 0agigic(44.7)> OpMain(43.1)> Opasic(38.5). It
means that o estimated by SLA+IM can reproduce the tiny
deviation of designed o, Ogic(51.0)> OpMain(50.0)> 0p4sic(49.0).
The SLA+IM results are closely related to the ground truths,
which are more reasonable than the determined values estimated
by LA.
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Fig. 6. Linear gradient elution curves of numerical experiments (solid lines) and model simulation using PbP method coupled with LA (dotted-dashed lines). Dashed lines:
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For the parameter ky;,, it could be found that the results almost
converge to the ground truths due to the reasonable o and the
reduction of the error accumulation effect as previously discussed.

The elution curves simulated by the above calibrated parame-
ters are shown in Fig. 7. SLA+IM achieves a satisfactory agreement
with the [Z-error of 0.059 compared to LA (0.344). All the sim-
ulated elution profiles almost stack up with the experiments due
to the rational parameter estimation. The simulated peak heights
of all three variants are in agreement with the experiment (solid
lines), which confirms the previous discussion that better estima-
tion of o and ky;, are very important and can significantly improve
the fitting result.

3.3. Real-world experiments

The proposed method was challenged in real-world experi-
ments on the separation of mAb monomer-dimer mixtures.

To justify the assumption of SLA in this real-world case, the full
K of four LGEs for estimating o were calculated firstly as:

0.003 0.847(|0.031 0.641 0.029 0.877(| 0.020 1.224

(17)

[6.468 04042] [74371 0.421] [10.329 0765] [27.043 44988:|

where the loading increases from 4 to 40 g/L column. The re-
sults verify the assumption that the diagonal element of K is much
greater than other elements in the same row. Based on these di-
agonal elements, initial guesses of o (oy =24.6 and op =82.0) can
be easily figured out by Eq. (14) without solving any linear system,
which are applied as the input of IM for further estimation.

After solving the same optimization problem defined in
Eq. (16) with initial guesses estimated by SLA, oy =22.9 and
op =45.9 are obtained. It is interesting to find that vy + oy is
nearly one half of vp + op, which is in accordance with the phys-
ical interpretation of this nonlinear parameter [9,17]. It is com-
monly thought that steric hindrance is associated with size exclu-
sion effects and molecular weight [11]. In this case, M,y (150 kDa)
is roughly one half of M; p (300 kDa), which reflects the relation-
ship between vy + oy and vp + op because of the in-depth physi-
cal understanding and reasonable development of SLA. This two-
fold relationship is the basic assumption of the self-association
(SAS) isotherm, which is an extended SMA model with consider-
ation of the dimerization of monomer protein [36, 37]. Compared
with the results of LA (oy =30.4 and op =62.3 published in [19]),
the parameters determined by SLA+IM decrease by the same pro-
portion.

Based on the v and keq presented in our previous study
[19] and the above estimated parameters (o and k;,), the elution
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Table 2
[?-error calculated by different methods in real-world experiments.
LA SLA+IM
Loading (g/L column) - N
Monomer Dimer Monomer Dimer
4 0.344 0.277 0.242 0.241
10 0.221 0.317 0.129 0.230
20 0.198 0.231 0.093 0.149
40 0.365 0.465 0.462 0.388

curves can be generated as shown in Fig. 8. The L2-error is reduced
from 0.314 (LA published in [19]) to 0.270 (SLA+IM). The nonig-
norable error could be found for the loading of 40 g/L column as
shown in Fig. 8d and Table 2. In this panel, the total simulated
integral area of dimer is greatly less than that of measurement,
which means some proteins flow through the column and are lost
during the injection phase as shown in Fig. 8d. The saturated ad-
sorption capacity of the SMA model is characterized by v and o si-
multaneously. ¢ has a dominant effect because o is generally sev-
eral times higher than v. The higher o, the greater the excessive
protein losses. So, lower o with SLA+IM (o =22.9 and op =45.9)
are more reasonable than those with LA (oy =30.4 and op =62.3).
The excessive protein loss phenomenon means the experiment in
Fig. 8d was conducted under overloading conditions, which can-
not be comprehensively characterized by the classical SMA model
[29,38]. Therefore, the agreement becomes worse with the loading
increases, and the modified SMA model may tackle this problem
[36,39,40].

In summary, the SLA outcome regarded as the input of IM pro-
vides a new strategy to obtain the initial guess of o. In this way,
the cost for searching the initial guess of o can be reduced without
solving a complex linear system by programming as LA, which can
accelerate the model calibration process. o initialized by SLA can
provide a comprehensive physical cognizance of model parameters
and avoid the multiple solutions known as the ill-posed problem.
Most importantly, the above method would give an existed, unique,
and positive solution of o. On the other hand, the modified opti-
mization problem of SLA causes an increase in the number of pa-
rameters determined by IM compared to LA. Although the modifi-
cation will improve the fitting degree, it may cause the overfitting
problem [41], which means that the model is accurately calibrated
but just for the calibration experiments.

4. Conclusion

A straightforward approach (SLA+IM) to determine o of the
SMA model was proposed in this work for the multi-component
IEC separation. Based on the reasonable assumption, SLA was de-
veloped from LA of the PbP method in our previous study. It
was confirmed that the SLA solution was always existed, unique
and positive, and the diagonal shape of K of SLA made o cal-
culated easily without solving the complex linear system com-
pared to LA, leading to a time complexity reduction from O(n3) to
o(n).

A series of numerical experiments about three charge variants
was conducted to assess the performance of LA and SLA+IM. For
both two approaches, the estimation of v and keq are identical,
which can be implemented by LR1 and LR2 of the PbP method, re-
spectively. After calculating K and solving the complex linear sys-
tem programmatically, LA returned a disappointing result that o
and ky;, were unrealistically higher than the ground truths. This
unreality made the error of o further accumulate to the next
step for estimating kj;,. Additionally, a negative o was found at
high loadings, which contradicted with its physical cognizance. For
SLA+IM, the initial guess of o can be easily obtained without solv-
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ing the complex linear system. The calculated o was more rea-
sonable than that with LA. The error of o was only one-sixth
of that of LA, so the error accumulation from o to ky;, was re-
duced. Furthermore, SLA+IM was confirmed in real-world experi-
ments about the separation of mAb monomer-dimer mixtures. The
results showed that the proposed method can be easily applied
in a real-world case with better physically meaningful model pa-
rameters. This simplification of the estimation o would help to
save the cost of calibration experiments and accelerate the process
development of multi-component systems, which is certainly use-
ful to generalize and popularize the PbP method. Further research
will focus on the applications of new PbP method coupled with
SLA+IM for the separation and purification of complex protein
mixtures.
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