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The potential of continuous bioprocessing is hindered by the bottlenecks of chromatography processing,
which continues to be executed in batch mode. Highlighting the critical drawbacks of batch chromatog-
raphy, this review underscores the transition that the industry has made by implementing continuous
upstream process without devising a working model for downstream chromatography operations. Even
though multitude of process development initiatives have commenced, the review emphasizes the first
principle models of chromatography on which these initiatives are built. Various models of continuous
chromatography, which are essential, but not limited to multi-column systems, employed to congeal a
unified process are reviewed. Advancements made by several mechanistic models and simulations to
maximize productivity and performance are described, in an attempt to provide the integral tools. The
modeling tools can be used for development of a strong model based control strategy and can be embed-
ded into the continuous chromatography framework. The review addresses the limitations and challenges
of the current modeling methods for development of robust mechanistic modeling and efficient unit op-
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1. Genesis of continuous bioprocessing

For a few decades, bioprocessing research in both academia
and industry has been investigating the utility and applications
of continuous bioprocessing as a refined alternative to batch bio-
processing [1-3]. These investigations, which began as an attempt
to adopt the continuous operations of automobile, food and phar-
maceutical industries, have led to the conceptualization of simpler,
faster and economical operability within bioprocesses [4-6]. While
these concepts of continuous bioprocessing are better in princi-
ple, their transition to implementation has been historically pro-
tracted, due to multitude of challenges spanning across short-term
flexibility to long-term operability. The earliest implementation of
continuous bioprocessing was observed around 1980’s when perfu-
sion culture emerged as a viable alternative for production of sev-
eral labile proteins largely due to the inadequacies of the fed batch
model [7]. Since then, the evolutionary transition of utilization of
continuous bioprocessing, towards intensified, miniaturized, maxi-
mum capacity processing batches, has been gradual [8,9].

However, the recent emphasis of the Food and Drug Adminis-
tration (FDA) on incorporating continuous processing into biophar-
maceutical manufacturing, highlighting the quality being intrinsi-
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cally built into the product, has promoted the industry to move to-
ward an empirical and preemptive approach of drug development
and manufacturing [10,11]. The early initiatives of continuous bio-
processing have gained momentum driven by several key factors.
To begin with, the continuous operations are more suitable for au-
tomation, Quality by Design (QbD) and Process Analytical Technol-
ogy (PAT) [3,12], making the continuous processing approach ap-
pealing from a regulatory standpoint. The rise of untimely epi-
demics has further pushed the industry to invent effective solu-
tions to provide quick measures in a timely manner. Increased re-
gional demands of various bio therapeutics have called for local-
ized manufacturing facilities. Flexible facilities have been advanc-
ing to serve local markets and concurrently abide by the standard
regulatory compliance [13,14]. Further, the dawn of personalized
medicine and variety of equally potent drugs have drastically re-
duced the output per drug, ultimately increasing the cost pressure
on production [15,16]. A continuous platform in a closed environ-
ment that can be transported portably or built locally in the af-
fected areas is the evident way to go, but has been a long eluding
challenge for the scientific community on account of production
efficiency, product safety, regulatory compliance and protection of
intellectual property.
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1.1. Challenges in continuous chromatography process

The bioprocessing industry has witnessed a disorderly momen-
tum in recent times with the introduction of a working model of
continuous operation in upstream bioprocessing [17,18]. The tran-
sition from perfusion to easily scalable WAVE bioreactors or dis-
posable technology has achieved sizeable protein titer in lower vol-
umes of bioreactor [18,19]. Moreover, an unprecedented leap in
cell biology generating stable and high performance cell lines, and
growth media have enormously contributed to the protein titers
[19-24]. The inherent limitations of chromatography batch opera-
tions as explained in the section below, increase the footprint of
the company and call for huge investment of time and infrastruc-
ture, translating into long technology transfers and validation at
multiple scales, rendering purification as a rate limiting step [25].
However, the recent developments have attempted to remove the
bottleneck of traditional batch operations. There have been slow
but successful working models in continuous chromatography op-
eration [26-31], especially in purification through chromatogra-
phy. Precisely, purification is progressing towards integrated bio-
processing, which consists of connected continuous unit operations
with a smaller footprint in the upstream and downstream pro-
cesses, for higher productivity, accelerated scale-up and enhanced
flexibility.

1.2. Characteristics of batch chromatography

Though batch chromatography remains the industry standard
for most chromatographic operations, the drawbacks of these
colossal batch columns have compelled the industry to explore al-
ternatives. With limited flexibility of continuous upstream opera-
tions, batch chromatography has been a bottleneck at the capture
step.

o The batch chromatography process of the current industry op-
erations do not allow complete utilization of the resin in the
lower sections of the column. This “resin under-utilization”
remains a critical issue, lowering the dynamic binding capac-
ity of the column, as the loading stops at 0.9% breakthrough as
shown in Fig. 1.

o Column Size is proportional to the mass of the protein to be
purified and the dynamic binding capacity of the resin. The col-
umn size used during the process development stage is very
small with a fixed binding capacity. However, for manufactur-
ing operations, the columns need to be larger to process high
process load as the dynamic binding capacity is constant. These
limitations are further magnified due to the inherent mass
transfer and diffusion effects, steadily reducing the column ef-
ficiency. With proportional increase in column width and mul-
tiple purification runs, the cost and time constraints involving
batch operations also increases. Consider a column to be split
in three parts as shown in Fig. 1. As loading step progresses,
the top portion of the column is saturated first, followed by the
middle section. The bottom portion is highly underloaded when
breakthrough occurs.

» As the column size is dependent on the batch and the purifica-
tion is essentially processed as batches, any “batch variability”
poses additional challenges to the process. The variation in the
quality attributes of the protein from batch to batch have his-
torically scalded the column chromatography operations, by im-
parting inconsistency in purity and standardization of the pro-
cess, hindering improvements.

o These inherent issues involving column capacity and batch vari-
ations, delay the “processing of high titer load”. The load-
ing could occur intermittently during a batch process, with
extended hold times, which have shown to undesirably af-

Process Flow during
the Loading step

Loading stops
at 90% of 1%
breakthrough

Fig. 1. A schematic representation of an underloading of column in batch chro-
matography process.

fect the protein stability. Further, due to such extended opera-
tions the need for large hold tanks and columns also increases,
further increasing the infrastructure requirements and time
constraints.

Continuous chromatography has shown to maximize resin ca-
pacity and minimize column size [32]. This review also assesses
suitable mechanistic models and corresponding technologies avail-
able until date, which are required for seamless integration of pu-
rification stages. The impact of physical and biochemical interac-
tions between the resins and proteins in the chromatographic pro-
cesses, which is different from the conventional small molecule
separation, is discussed in this review. For simplicity and imme-
diate application of continuous technology in the capture step, the
review will be limited to affinity chromatography.

2. First principle models for continuous chromatography

The foundation of all preparative chromatography principles,
be it affinity, hydrophobic interaction chromatography (HIC) [2,33],
ion exchange chromatography (IEC) [9,34-36], mixed mode chro-
matography, etc. relies on basic mathematical models. While there
exist numerous theories or variations of non-linear, non-ideal, mul-
ticomponent liquid chromatography principles, all of these have
historically been simulated, optimized, validated and utilized based
on three fundamental categories of equilibrium models [37-41],
plate models [42,43] and rate models [44,45] of capture and purifi-
cation. These models explain the mass transfer kinetics, diffusion
phenomena, dispersion effects and adsorption-desorption mechan-
ics of protein purification with varying complexities of parameter
estimation [46,47]. A brief description of these fundamental prin-
ciples is provided in Fig. 2 and various modifications of the three
fundamental models are listed in Table 1. The Van Deemter plot
shown in Fig. 2, although widely used, is only applicable to lin-
ear, ideal peaks for a batch chromatography process and cannot be
applied to the overloaded non-linear peaks as is the case for con-
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Fig. 2. Root models for continuous chromatography.

Table 1
Chromatography models and their characteristics.

Models available Types of models References Characteristics
Plate model Martin-Synge plate model [47,48] Continuous plate model
Extended Martin-Synge model [41,49,50] Considers elution when column is overloaded and slow mass transfer
kinetics
Craig plate model [51,52] Iterative scheme based on distribution factors
Mass Balance model Equilibrium model [53,54] Empirical model for fast mass transfer rate and assumes direct local
equilibrium between mobile & stationary phase
Equilibrium-Dispersive model [47,55,56] Relates apparent axial dispersion and column HETP
Kinetic model [56,57] Explains the mass transfer kinetics
General rate model GRM for axial flow [58-60] Complex model which examines stationary phase surface phenomena,
(GRM) mobile phase and internal pore dynamics
GRM with second order reaction kinetics  [56,61] Considers reaction kinetics and size exclusion effects for affinity
chromatography
Power law model for elution [43] Explains asymmetric peak shapes
Exponential model for elution [62,63] Provides relation to symmetric peak shapes

tinuous chromatography. However for an overloaded column, the
shape of the elution peak in the Van Deemter plot is highly non-
linear and requires complex modifications to the HETP calculations
to explain the efficiency of the columns in continuous chromatog-
raphy [48]. Such modifications are not feasible during manufactur-
ing operations and hence newer modeling technologies are needed
to determine the column integrity during continuous chromatogra-
phy.

2.1. Significance of breakthrough curve

The mass transfer and binding kinetics together explain the
protein adsorption/desorption phenomena. Protein adsorption on a
resin is governed by binding conditions, protein size and biochem-
istry, resin bead characteristics (pore network, bead size and phase
ratio) and the functional ligand properties (type and density) [49-
51]. The shape and nature of BC are based on the Mass Transfer
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(MT) kinetics of protein binding [52]. Adsorption isotherm answers
the key question - how the protein molecules are distributed in
the resin pores and mobile phase under equilibrium conditions.
The adsorption isotherm also explains the equilibrium between
the adsorbate in the solid phase and the liquid phase. Further-
more, the isotherms can generally be estimated by experimental
approach. Different concentrations of adsorbate are contacted with
a fixed volume of slurry until equilibrium is reached. The adsor-
bate concentration is then measured in the liquid phase to obtain
the equilibrium isotherm curve. The type of adsorption isotherm
at equilibrium determines the separation mechanism which aid
in the optimization of the separation process. The binding which
occurs at the surface active sites, is represented by the Lang-
muir model [53-55]. Other isotherm models include Freundlich
isotherm, [56,57] Brunauer-Emmett-Teller (BET) isotherm, [58,59]
Dubinin-Radushkevich (DR.) isotherm, [60,61] Radke-Prausnitz
isotherm, [62,63] Redlich-Peterson isotherm [64,65] and Combi-
nation isotherm (Langmuir-Freundlich) isotherm [66,67]. Of these,
Langmuir isotherm equations have been widely used to model the
breakthrough curves (BCs) in chromatography [68-70]. The Lang-
muir isotherm is given by (1)-(5)

_Qmax C
- K4q+C

Here ¢ is the antibody concentration in the solid phase i.e.
within the pores while C is the protein concentration in the bulk
phase. The maximum antibody uptake at specific conditions is
given by Qmgx and the equilibrium coefficient relating antibody
concentration to the solid phase is given by K;. Simultaneous load
adsorption and desorption curves are used to evaluate the equi-
librium conditions. Bi-Langmuir binding kinetics coupled with re-
quired transport phenomena is crucial for the entire breakthrough
curve description until saturation. [68] Langmuir isotherm has
been reported in literature to explain the Protein A resin perfor-
mance over specific cycles for a few alkali resistant resins like
Mabselect Sure and Mabselect Sure LX. [71] The resin performance
over a number of cycles is imperative for the continuous loading
setup. Offline qualification of column integrity measurements are
less feasible if the column is overloaded. Other isotherm models
have been reported in literature to explain the Protein A resin be-
havior [72]. The sigmoidal curve of BC is an indicator of the col-
umn capacity, linear flow rate, temperature and buffer concentra-
tion, which further explains the integrity of the stationary phase.
[73,74] The fundamental parameters, namely breakthrough volume,
equilibrium volume, retention volume and total volume character-
ize the curve [69,70,75-77]. Standard deviation method [78], di-
rect method [79] and third derivative method [80] are available
to evaluate the parameters. The standard deviation method pro-
vides a graphical approximation of BT volume, number of theo-
retical plates, equilibrium volume, capacity factor and recovery of
the protein. The standard deviation and direct method have shown
some inflexibility in parameter estimation as the latter requires
the initial protein concentration and fails to consider the asym-
metrical nature of BC. The third derivative method shows signif-
icant observations based on the troughs and crest in the third
derivative graph using Savitsky-Golay smoothed data. [81,82]. Dy-
namic Binding Capacity (DBC) at a certain flow rate has been
attempted to reach Static Binding Capacity (SBC) using multiple
smaller columns. However, comparative analysis and performance
of the smaller multiple columns with one traditional column ne-
cessitate further probing.

(1)

2.2. Characterization of elution profile

The batch elution profile is characterized with a Gaussian curve
and dependence on Height Equivalent to Theoretical Plates (HETP)

and plate number for the column integrity. Batch loading lies in
the linear region of the Van Deemter curve which and hence al-
lows for qualification of columns with HETP test. The HETP method
of column qualification is based on the ideal peaks for an under-
loaded column during elution. In the case of continuous capture,
the columns are overloaded and hence, the elution curves are non-
linear and have the form of a sharp leading and a broad tailing
curve [83]. The traditional Gaussian curve determination is not ap-
plicable for the saturated columns. New methods of column quali-
fication are thus required to determine the integrity of the column.

In addition, there is a need for understanding the resin perfor-
mance to optimize the utilization in continuous chromatography.
First principle models, which can focus on the column size de-
termination, are described well in literature. The merits of these
models rest in their utility to simulate the scale up process of pu-
rification, through computational modeling, before physically scal-
ing up the process in a biopharmaceutical set up. The simulations
are effective tools for saving time and resources in evaluating a
large range of alternatives to arrive at the most lucrative options.
High throughput experiments could then help to identify and val-
idate the processes [47]. The roadmap for mechanistic modeling
as an effective tool for scale-up is provided below. For example,
the study on isotherm behavior affecting the thermodynamics of
the chromatography column has greatly facilitated the scale-up in
biopharmaceutical setup, increasing predictability in the column
productivity [46]. However, the risk of failure and considerable
cost concerns of developing and testing these models have placed
these theoretical advancements in superior position over its ac-
tual execution. Nevertheless, several effective mechanistic models
and their modifications are available to resolve the above described
bottleneck issues around chromatography.

2.3. Scale-up considerations in MCC

Models and corresponding dimensionless numbers have been
widely used in the scale-up of column design. Dimensionless num-
bers govern the scale-up and scale-down design considerations
providing for coherent visualization as provided in Fig. 3. There
are two methods to obtain dimensionless numbers - 7 theorem
and use of partial differential equations. The 7w theorem identifies
the important variables of the physical process; physical proper-
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ties, geometry and flow variables, then setup a linear system and
assign exponents to each variable which form the dimensionless
numbers. The use of dimensionless numbers provides physical cor-
relation to understand similarity among different scale of capture
columns. The need for scale-up would arise to reduce the resi-
dence time or increase the feed concentration to make the cap-
ture process efficient or fast. A significant amount of experimental
work can be replaced by utilizing dimensionless numbers during
scale-up analysis. Dimensionless numbers provide the relationships
of mass transfer in a column scale-up design as shown in Fig. 3.
The Peclet and Biot numbers explain the mass transfer across the
column. The Stanton and Damkohler numbers characterize the dif-
ferent column sizes. The Schmidt and Fourier numbers analyzes
the fluid flow. The Reynold’s Number calculates the pressure drop
across a packed bed and signifies the characteristic length, which
is important to assess the flow characteristics and thus sizing of
the columns during scale-up operations.

A single column model is very well explained in the literature.
A continuous process is actually a series of single column perform-
ing purification in a cyclic fashion. The cyclic column switching
connects the single column to the multi-column dynamics. So the
continuous chromatography can still be explained with the exist-
ing single column dynamics after addition of the column switch-
ing mechanism. The switching strategy is critical for a column,
which undergoes loading until a specific target loading concentra-
tion. Most of the multi-column technologies explained further have
found novel ways of performing column switching. The column
switching strategy combined with the single column model used
have generated various multi-column models as described below.
Also, the breakthrough curve has been historically applied in single

column chromatography to assess the extent of loading wherein
the loading stops based on the process economics model, typi-
cally about 80% of 10% of the breakthrough curve [84]. In multi-
column chromatography, the breakthrough curve is imperative in
the column performance. The extent of loading depends on the
column switching criteria of the user [85]. We will review each of
the technologies and how they have modeled the column switch-
ing dynamics. This review covers the underlying challenges for the
Multi Column Chromatography (MCC) process, and discusses avail-
able solutions for path forward.

2.4. Control strategy for continuous chromatography processing

As the control strategy of continuous chromatography poses
questions of varying complexity, a semi-empirical model wherein
a mathematical framework is complimented with experimental
study can effectively address the concern for process control. A
control strategy for continuous chromatography is shown in Fig. 4.
An extensive process knowledge is required to build model as-
sumptions. The biological, biochemical and mass transfer knowl-
edge will be required to setup a Protein A model. The dimension-
less numbers can be utilized to develop the process model. Next,
the column model parameters can be estimated with experiments.
Systems knowledge is required to design the experiments and per-
form Response Surface Model (RSM) analysis. The semi-empirical
model will then need to be validated with a different set of sim-
ulations and experiments. Once a validated model is developed
and meets the simulation result, a control strategy can be devised
based on the process control theory. The model simulation results
then need to be assessed for accuracy and sensitivity after which
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Fig. 5. Physical and biochemical aspect in Protein A chromatography. (a) Physical aspect, (b) biochemical aspect, (c) binding kinetics of resin and (d) binding of Protein A

ligand to antibody.

the model could be used for research/industrial applications. The
model thus developed can provide a theoretical framework for the
experimental design. A shrinking core model was developed by the
authors to study the impact of caustic on the Protein A ligand
degradation [31] which will be critical for the column switching
decision during continuous chromatography.

2.5. Biochemical aspect of continuous separation technology

With biopharmaceuticals, one prime challenge is to consider
the additional biological behavior and biochemistry between the
proteins and resins as shown in Fig. 5. The classical models show
marginal predictability with the protein separation on account of
the additional complexity at the structural level of the proteins and
the aggregate formation with changes in ionic strength, pH, stress,
etc. Protein A is a 42 kDa surface protein with an extended shape
naturally found in the cell wall of Staphylococcus aureus (S. aureus).
Protein A has high affinity towards immunoglobulin G (IgG) with
varying degrees of specificity for the different types [86,87]. It has
an isoelectric point of 5.1 and is made of single polypeptide chain.
The stable protein has two sites available for IgG binding and the
binding occurs via Fc region of the y-chain [88,89]. Most commer-
cial Protein A resins use a recombinant form which have increased

specific affinity to mAbs and resitance to NaOH deagradation. Pro-
tein A affinity chromatography makes use of the high binding affin-
ity of Protein A towards IgG (monoclonal antibodies) as a capture
step after harvest and depth filtration. The purification step shows
> 95% purity and reduces the harvest volume considerably. As a
result, the following polishing steps have to face lower volumes of
feed.

3. Current chromatography technologies

Various multi-column process technologies have been evolved
to facilitate the continuous capture step. Dynamic Binding Capac-
ity (DBC) at a certain flow rate has been attempted to reach Static
Binding Capacity (SBC) using multiple smaller columns. However,
comparative analysis and performance of the smaller multiple
columns with one traditional column necessitate further probing.
Most technologies employ semi-continuous chromatography where
instead of using a single large column, multiple smaller columns
which can undergo loading and non-loading operations simulta-
neously. The columns undergo loading, wash, elution wherein the
column which underwent the loading until a predefined satura-
tion is then washed and eluted while the other column(s) under-
takes the loading until it reaches saturation and then it is conse-
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Fig. 6. Schematic of multi-column chromatography design.

quently washed, eluted and equilibrated to receive the next load
[28,90]. The multi-column design works as a staggered process
wherein one large column is split into multiple small columns.
There are two columns always in the loading phase. Following
are the multi-column chromatography designs which use differ-
ent number of columns for the multi-column operations. A general
schematic is shown in Fig. 6 and an overview of the current multi-
column technologies is provided in Table 2. These technologies are
based on mechanistic models which is explained in the following
X section.

3.1. SMB technology for multi-column operation

Simulated Moving Bed (SMB) is based on the hypothetical True
Moving Bed (TMB) process wherein the liquid and solid phase as-
sume a countercurrent movement. At one point, two fluid streams
(feed and elution buffer) enter in and two streams (extract and
raffinate) flow out. Although SMB was conventionally developed
for binary separation with 4-12 columns [91,92], several illustra-

tions are available for effective separation with reduced number of
columns [93,94]. SMB has internal recycling of buffers. The equi-
librium theory provides the feasible region for separation under
specific constraints already set by the column and flow path de-
sign. As SMB technology utilizes the triangle theory for binary and
multi-component separations, the linear and non-linear isotherms
are employed during the modeling. The column switching is time-
based wherein the flow switching occurs at fixed time intervals
during the cyclic process. The switch time (t*) is a relation be-
tween volumetric flow rate of the solid particle (antibody) (Qs),
particle porosity(ep), and column volume (V) [55]. Switch time is
defined as the interval between two subsequent switches of the
inlet and outlet ports:

V(-6
Q%

wherein,

t* (2)

Q= UA(l —e)t* = g =1+ 1A -gp))=(s+mi(1-¢)) (4)
j
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Table 2
Overview of all chromatography technologies available.

Chromatography Number of columns
technology needed Advantages Disadvantages Applications
Simulated Moving Bed 4-12 Internal recycling of buffers Column switching is time-based IEX - AEX/CEX, Mixed Mode,
technology (SMB) available, faster flow rates suitable and needs more columns for Affinity

for labile or unstable proteins recycling of buffers
Sequential Multi-column 2-8 DBC remains constant at higher No internal recycling of buffers IEX - AEX/CEX, Mixed Mode,
technology (SMCC) flow rates Affinity
Three Column Periodic 3-4 Simple process design No internal recycling of buffers, IEX - AEX/CEX, Mixed Mode,
Chromatography (3C-PCC) low DBC at high flow rates Affinity
Two Column 2 Variable flow rate during No internal recycling of buffers, IEX - AEX/CEX, Mixed Mode,
Chromatography interconnected and parallel mode, low DBC at high flow rates Affinity
CaptureSMB (2C-PCC) flexibility with pump speed
One column Continuous 1 Loading dependent on perfusion No internal recycling of buffers, IEX - AEX/CEX, Mixed Mode,

Chromatography (OCC)
Annular Chromatography 1
moving annulus

rate, simple process design
Improved specific binding due to

low DBC at high flow rates

High complexity due to rotating
column, No internal recycling of
buffers, low flow rate

Affinity
Affinity

where Q is the volumetric flow rate, V, is the column volume, m;
is the dimensionless flow rate where j is the number of columns, ¢
is the column void fraction given by column void fraction (gj) and
particle porosity(ep).

e=¢p+&p(l—¢p) (5)
3.2. Sequential multi-column chromatography (SMCC)

The sequential MCC process is an open loop process and has
been demonstrated with 2-8 columns [95,96]. The open loop
SMCC differs from open loop SMB [94] wherein the wash of one
column is recycled to the next column. Open loop SMB requires
more columns, larger footprint and thus more costs. SMCC depends
on transport dispersive model with variable lumped isotherm. The
flow rate which inversely affects the DBC of the resin is decoupled
so that even with higher flow rates, the DBC remains constant.
SMCC design accounts for optimized resin volume, mAb concen-
tration, flow rate of load step, buffer concentration, buffer volume,
buffer pH, elution buffer concentration for IEX, etc. SMCC promotes
operations in a state of control encouraged by the regulatory au-
thorities and reduces the processing time with few or no holdups.
However, SMCC has no capability of internal buffer transfer. Protein
A adsorbent has been characterized and the column connections
and periodic switching of inlets and outlets have been optimized
in literature [95,96].

3.3. Three column periodic counter-current chromatography (3C-PCC)

A minimum of two columns are required for continuous loading
in a PCC column wherein two columns are always in the loading
phase while the remaining column(s) undergo wash, elution and
sanitization. 3C-PCC encompasses maximum usage of resin capac-
ity, efficient use of resin lifetime and reduction in losses during
wash step. This technology is similarly demonstrated for 4 col-
umn operation as well. Langmuir isotherm kinetics is considered
to study the effect of change of feed concentration on the separa-
tion efficiency. However, the BC model assumes a fully saturated
column at a finite flow rate which tends to make the process very
slow. The PCC system utilizes a ratio of static binding capacity to
the feed concentration to determine the residence time and the
number of columns wherein higher ratio translates into shorter
residence times and lesser columns. As PCC is based on an em-
pirical model, further research in the mechanistic modeling could
provide an enhanced understanding of the system. PCC has been
demonstrated for an integrated continuous process such that the
outlet flow of the harvest is controlled and a constant protein load
concentration is used during the loading phase. (3C PCC) employs

long residence times, which may or may not be favorable for labile
and unstable proteins [52,73,90].

3.4. Capture SMB - Two Column periodic counter-current
chromatography (2C-PCC)

CaptureSMB is a twin-column 2C-PCC process which involves
two columns running in parallel and inter-connected mode in a
cyclic fashion. The system has a start-up phase in which the sec-
ond column is fully saturated at initialization. This allows the
process to reach cyclic state of control promptly. There is inter-
change between the parallel and interconnected phase, which de-
fines the cyclic process and is repeated until the feed is exhausted.
This process considers minimizing the mass transfer effects dur-
ing the interconnected loading phase by permitting faster loading
and broader breakthrough curves. The process aims to reduce the
pressure drop during elution by eluting at faster rates with a single
column. The 2C-PCC process decreases on company footprint while
aiming for similar or higher yields as batch processes [97-99].

3.5. One-column continuous chromatography (0CC)

This process involves a single column for continuous integrated
downstream applications with continuous upstream processes. The
method applies a combination of perfusion rate and loading flow-
rate to control the column loading and non-loading steps. It em-
ploys a surge tank to collect the perfusate during the non-loading
steps. Equal time for loading and non-loading steps allows for min-
imization of surge tank volume and maximization of resin capacity.
This method efficiently maximizes the Protein A resin usage and
allows for minimum facility change during shift from batch to the
OCC method albeit with thorough process optimization. The com-
plexity of the process control is reduced as compared to the multi-
column operations wherein only one column needs to be moni-
tored [100]. The column switching decision, due to any complica-
tion or at the end of resin lifetime, calls for future process devel-
opment work. Real time process performance monitoring will be
crucial in this method to enable smooth process control. A mathe-
matical modeling framework needs to be developed for robust pro-
cess optimization.

3.6. Annular chromatography

The resin in Continuous Annular Chromatography (CAC) is
packed in the annulus between two concentric cylinders. The feed
and buffer streams enter the annulus at the top from fixed in-
lets and after the state of control is achieved, leave the annulus
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through established outlets in a helical pattern. The annulus is ro-
tated at a specific speed and the angle between the inlet and out-
let streams depends on the adsorption rate of protein ligand to
the resin, i.e. the retention time, wherein strongly bound ligands
elute farther from the vertical head while the loosely bound pro-
tein/debris elute close to the vertical head. The mass balance is de-
termined using Langmuir-type isotherm at isothermal steady state
like conditions and assuming a local equilibrium between the feed
and resin phase [101]. Preparative-Continuous Annular Chromatog-
raphy (P-CAC) was demonstrated by Giovannini et al. in Protein
A annular chromatography [102]. The flow rates used were nearly
half to that of the batch column chromatography due to column
pressure constraints. Steady state like conditions were achieved af-
ter one revolution of the annulus.

4. Future challenges and solutions in continuous
chromatography process

The existing control strategy is inadequate to ensure process ro-
bustness for the continuous operations. For future continuous pro-
cesses, fundamental models based on thermodynamics and/or ki-
netics [103,104] will be required for better understanding of the
process and thus leading to superior control strategy for online
process monitoring [105,106]. With further increase in impetus
for online process monitoring, precise measurement and real time
adaptive control will be essential requirements in order to monitor
and control product quality, stability & purity [107,108]. The control
strategy to enable the future processes for continuous chromatog-
raphy process is shown in Fig. 4. The current scenario, where the
in-process tests are offline, PAT in its infancy and process varia-
tions causing sizable inconsistencies, a comprehensive model cou-
pled with robust experimental validation will be critical for future
advancements. Integration of different unit operations with respect
to process controls should be addressed with effective controls. For
instance, following capture step, viral inactivation [109,110] and in-
line buffer conditioning should be recognized as a standard prac-
tice. All process variations should be addressed with rapid actions
and risk management would be critical in any event of contam-
ination, for which corrective measures should be established in
advance. Design space analysis by performing Design of Experi-
ments (DOE) is one of the promising solutions for risk manage-
ment. [19,110,111] All personnel should be well trained with re-
spect to all the above competences, with focus on developing key
skills involving advanced process controls. [112] With the use of
smaller columns for extended period of time, offline qualification
tools have shown to be inadequate. The column switching deci-
sion has been surfaced with the cyclic continuous chromatography
process and needs further research [27,52,113-117]. Although in-
house tools have been developed within several industries for on-
line measurements, generic predictive tools will need to be devel-
oped for the larger community with the aid of mechanistic model-
ing and simulations.

5. Conclusion

A review of the current chromatography processes capable of
performing continuous capture operations is provided. The review
emphasizes the first principle models of chromatography on which
the processes are designed, and reveals the processes that never-
theless require mechanistic modeling platform for a robust process.
Changing from batch to continuous processing has shown a man-
ifold of advantages but the most prominent benefit is to describe
the chromatography operation as a state of control process to en-
sure consistent quality. The progressive reduction in the number of
columns required to achieve a continuous cyclic process has been
demonstrated well in the literature and demands further study.

The continuous chromatography process thus calls for simple mod-
els which can be conveniently integrated in the process controls in
contemplation of maximizing the degree of adaptive control. Build-
ing mechanistic models and visualizing the simulations afford a
safety net for the furtherance of experiments, with model assump-
tions bearing a pivotal role. However, the imminent challenges of
real-time control, risk management, etc. must be overcome to pave
way for the next generation bioprocessing.
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