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A B S T R A C T

Regulatory authorities strongly recommend using residence time distribution (RTD) to achieve material trace
ability in continuous bioprocesses for non-adsorption units. For adsorption-based units, such as chromatography, 
retention time distribution (ReTD) is more suitable than RTD for characterizing material flow. Continuous 
capture chromatography is widely applied for biopharmaceutical continuous manufacturing. However, the ReTD 
behavior in these systems is still not fully understood. In this study, an ReTD model combining general rate 
model and two-component mobile phase modulator Langmuir model was developed for Protein A affinity 
chromatography under high breakthrough conditions. The model was calibrated using adsorption equilibrium 
experiments, protein breakthrough curves and elution curves. It was then validated through pulse injection 
experiments at varying protein loading phase. The results showed good agreement between model predictions 
and experimental results (R2 > 0.945). The exchange mechanism between the solid and liquid phases was further 
analyzed using confocal laser scanning microscopy images and model simulations, revealing that proteins with 
stronger binding affinity surpass the bound fraction to bind at the adsorption front while those with weaker 
affinity would exchange with the surface-bound fractions. Finally, simulations of protein distribution in the 
column during the interconnected loading step indicate that the exchange effect could broaden the ReTD in 
continuous chromatography. The model developed lays the groundwork for achieving material traceability and 
enables non-conforming material diversion strategies to facilitate real-time product release in continuous 
chromatography processes.

1. Introduction

Continuous manufacturing has significant advantages, including 
consistent product quality, high process efficiency, reduced facility 
footprint and lower cost [1–5]. Due to intense market competition, the 
biopharmaceutical industry is progressively transitioning from batch to 
continuous manufacturing to enhance production efficiency and reduce 
the cost of goods manufactured (COGM) [6]. To support this shift, ICH 
has published the Q13 guideline on continuous manufacturing of drug 
substances and drug products [7], which outlines key principles for 
establishing continuous integrated manufacturing, with particular 
emphasis on material traceability. Unlike traditional batch processes, 
material traceability in continuous processes presents significant 

challenges due to the complex mass flow dynamics [8]. The Q13 
guideline strongly recommends using residence time distribution (RTD) 
to characterize mass flow and track material throughout the process [7]. 
The RTD plays a crucial role in process design and control, providing 
vital information to determine start-up and shut-down times, develop 
diversion strategies, and define batch sizes [7,9–10]. However, a 
comprehensive understanding of RTD in continuous bioprocesses re
mains limited, which hampers the full implementation of continuous 
manufacturing [11].

Recent studies have reported on the measurement and modeling of 
RTD in various continuous bioprocess units, including viral inactivation 
[12–14], virus filtration [15,16], precipitation [17,18] and ultrafiltra
tion [19]. While continuous Protein A affinity chromatography is widely 
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used for monoclonal antibody (mAb) capture, few studies have specif
ically focused on its RTD behavior [20].

The RTD of protein molecule in chromatography differs significantly 
from that in other bioprocessing units. Typically, the residence time 
equals the space time of the fluid flowing through unit volume with a 
volumetric flowrate. However, due to adsorption behavior in chroma
tography, the retention time of protein molecule significantly exceeds 
the space time. Therefore, for such adsorption-based units, a distinct 
RTD—retention time distribution (ReTD)—should be considered. The 
differences between ReTD and RTD in bioprocesses are summarized in 
Table 1.

Continuous Protein A affinity capture has been demonstrated to 
improve process performance, offering high productivity, efficient resin 
capacity utilization, and low buffer consumption [21–23]. Several 
continuous capture modes have been developed [24,25], including 
CaptureSMB [26], periodic counter-current chromatography (PCC) 
[27], BioSMB [28] and sequential multi-column chromatography 
(SMCC) [29]. The interconnected load step is critical for the continuous 
capture process. In this step, protein is sequentially loaded into two 
columns interconnected. The first column generally reaches over 70 % 
breakthrough [21], and the protein breakthrough from the first column 
can be captured by the second column interconnected. As a result, the 
protein would distribute into multiple elution peaks during continuous 
capture, which is different to the single peak in traditional batch capture 
as shown in Fig. 1. Determining the distribution of specific protein 
fraction within these peaks is challenging, which certainly complicate 
material tracking during the continuous capture process. Lali et al. [20] 
investigated the ReTD in three-column PCC process and tracked the 
material during the interconnected load step by pulse injection experi
ments in batch chromatography under high breakthrough conditions, 
using fluorescently labeled proteins as tracers. The material transferred 
from the first to second column during the interconnected load step was 
represented by tracers leaked during the load and wash step. Their re
sults showed that an exchange effect, which is a dynamic process that 
the protein bound in the solid phase constantly exchanges with the 
protein in the liquid phase within the resin, complicates mass transfer 
during the interconnected load step [20]. In the absence of an exchange 
effect, early-loaded protein would distribute into a single elution peak, 
as shown in Fig. 1(b). However, when an exchange effect occurs, 
later-loaded protein would occupy sites initially bound by early-loaded 
protein, causing the desorbed earlier-loaded protein to migrate from the 
first to the second column and appear in the second elution peak, as 
shown in Fig. 1(c). While the tracer experiments have characterized the 
ReTD in PCC and revealed the exchange phenomenon, mechanistic 
models are still needed to describe the ReTD behavior and explain the 
exchange effect in continuous capture processes.

The RTD in chromatography is typically measured using a non- 

binding tracer [10], which can be used to track the non-interacting 
molecular during the process. However, in continuous protein A affin
ity chromatography, material traceability of target product (such as 
monoclonal antibodies) holds greater significance than that of 
non-binding small molecules. Since the material traceability of target 
product cannot be achieved by normal RTD, a distinct RTD of ReTD will 
be investigated in this study using a labeled protein tracer. The mech
anistic chromatography model under high breakthrough conditions will 
be developed to describe the ReTD behavior and track the target protein 
for continuous Protein A affinity capture process. The high break
through conditions are defined as the loading operation exceeding 70 % 
breakthrough. The model will be based on the General Rate Model 
(GRM) and two-component mobile phase modulator Langmuir model, 
and calibrated by adsorption equilibrium experiments and complete 
chromatographic curves obtained through off-line measurements. The 
model will then be validated through tracer experiments using fluo
rescently labeled proteins as tracer. The developed model can further be 
used to track the material and explain the exchange phenomenon be
tween liquid-phase and solid-phase antibodies. Finally, the model will 
be applied to simulate protein distribution within the column during the 
interconnected load step, investigating the impact of exchange phe
nomenon on ReTD in continuous capture process.

2. Theoretical section

The ReTD model was developed with GRM and two-component 
mobile phase modulator Langmuir model. The GRM and Langmuir 
models were widely used to describe mass transfer and adsorption 
behavior in Protein A chromatography [22,23,30,31]. The ReTD anal
ysis also depends on the mass transfer adsorption behavior of a specific 
material during the process, so these two well-established models were 
selected to enable the ReTD calculation and characterization in this 
work. The GRM, which accounts for axial dispersion and film diffusion 
resistance from the mobile phase to the resin, is given by: 

∂ci

∂t
= − u

∂ci

∂x
+ Dax

∂2ci

∂x2 −
1 − ε

ε
3
rp

kf

(
ci − cp,i|r=rp

)
(1) 

where ci (g/L) and cp,i (g/L) represent the protein concentration of 
mobile phase and intraparticle, respectively. ε (-) is the column porosity. 
x ∈ [0, L] (m) and r ∈ [0, rp] (μm) are position variables, representing the 
axial position and the radius of the resin particles. u is the interstitial 
linear velocity, Dax (m2/s) is the axial dispersion coefficient and kf (m/s) 
is the film mass transfer coefficient. For the components i, i = 0 repre
sents the unlabeled component and i = 1 represents the tracer 
component.

The mass transfer within the porous particles, considering both pore 
and surface diffusion, is given by: 
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where Dp (m2/s) and Ds (m2/s) are the pore and surface diffusion coef
ficient, respectively. εP (-) is the effective particle porosity for protein 
and qi (g/L) is the concentration of protein bound in the solid phase. 
Although mAb exhibits very high affinity adsorption on the Protein A 
resin and surface diffusion is sometimes ignored [36], the parallel 
diffusion theory was employed in this work as published in our previous 
papers [22,23] to more accurately describe protein transport behavior in 
Protein A affinity chromatography.

To describe the adsorption, two-component mobile phase modulator 
Langmuir model [40] is used as: 

∂qi

∂t
= kaeγ⋅[c(H+)− c(H+)eq]cp,iqmax

(

1 −
q0 + q1

qmax

)

− kd

[
c(H+)

c(H+)eq

]β

qi (3) 

where ka (m3/(mol⋅s)) and kd (s-1) are the adsorption and desorption rate 

Table 1 
Summary of the differences between ReDT and RTD in bioprocesses.

Retention time distribution 
(ReTD)

Residence time distribution 
(RTD)

Processes 
characterized

Processes with adsorption 
(such as chromatography)

Processes without adsorption 
(such as viral inactivation, 
ultrafiltration and diafiltration)

Molecule 
described

Molecules with binding 
affinity (such as antibodies 
and FC-fusion protein in 
chromatography)

Molecules without binding 
affinity (such as antibodies in 
diafiltration and salt molecules 
in chromatography)

Inert tracer Fluorescently labeled protein Salt, dextrose and fluorescent 
dye

Average time 
spending in 
unit

Much longer than the space 
time

Equal to the space time

Models used Mass transfer equations 
combined with adsorption 
and desorption kinetics

Mass transfer equations
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of protein in the equilibration buffer, respectively. c(H+) (mol/m3) is the 
hydrogen ion concentration in the buffer. c(H+)eq (mol/m3) is the 
hydrogen ion concentration in the equilibration buffer. γ (-) and β (-) 
describes the effect of c(H+) on the adsorption and desorption rate, 
respectively. qmax (g/L) is the maximum adsorption capacity. Notably, 
the mass transfer parameters (Dax, kf, Dp, and Ds) and the adsorption- 
desorption parameters (ka, kd, γ and β) are the same for both the unla
beled and tracer components.

The initial conditions of Eq. (1–3) are set as: 

ci|t=0 = 0 (4) 

cp,i|t=0 = 0 (5) 

qi|t=0 = 0 (6) 

The boundary conditions at the inlet and the outlet of column are set 
as: 

uc0 − Dax
∂c0

∂x
|x=0 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ucfeed, 0 ≤ t ≤ ta
0, ta ≤ t ≤ tb

ucfeed, tb ≤ t ≤ tc
0, tc ≤ t ≤ te

(7) 

uc1 − Dax
∂c1

∂x
|x=0 =

⎧
⎪⎪⎨

⎪⎪⎩

0, 0 ≤ t ≤ ta
ucfeed, ta ≤ t ≤ tb

0, tb ≤ t ≤ te

(8) 

uc(H+) − Dax
∂c(H+)

∂x
|x=0 =

{
c(H+)eq, 0 ≤ t ≤ td

c(H+)elution, td ≤ t ≤ te
(9) 

∂ci

∂x
|x=L = 0 (10) 

where cfeed (g/L) is the protein concentration in the feedstock, and c 
(H+)elution (mol/m3) is the hydrogen ion concentration in the elution 
buffer. ta (s), tb (s), tc (s), td (s) and te (s) represent the start of the tracer 
injection, the end of the tracer injection, the end of the load step, the end 
of the wash step and the end of the elution step, respectively. During the 
entire load step t ∈ [0, tc], the feeding is continuous, with the protein and 
tracer fed into the column alternately.

The boundary conditions at the center and the surface of the resin 
particle are set as: 

∂cp,i

∂r
|r=0 = 0 (11) 

Dp
∂cp,i

∂r
|r=rp

+
1 − εp

εp
Ds

∂qi

∂r
|r=rp

=
1
εp

kf

(
ci − cp,i|r=rp

)

(12) 

3. Materials and methods

3.1. Materials

MabSelect SuRe LX resin was purchased from Cytiva (Uppsala, 
Sweden). The resin was packed into a Tricon 5/50 column (0.5 cm 
diameter) from Cytiva (Uppsala, Sweden) to a bed height of 5.0 cm. The 
IgG1-type mAb and the FC-fusion protein (FC-protein) were provided by 
a local biological company and used as model proteins. The Alexa Fluor 
488 fluorescent labeling kit was purchased from Invitrogen (CA, USA). 
All other chemicals were of analytical reagent grade.

3.2. Fluorescent labeling

Alexa Fluor 488 fluorescent dye was used to label both the mAb and 
FC-protein according to the manufacturer’s guidelines. The labeled 
fluorescently protein was purified using Pierce centrifuge columns 

Fig. 1. Scheme of material tracking in Protein A affinity chromatography processes under batch mode (a), continuous mode without exchange effect (b) and 
continuous mode with exchange effect (c). The red and blue areas represent the protein early-loaded and later-loaded, respectively.
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(Thermo Scientific, MA, USA) and 10 kDa membrane filters (Merck 
Millipore, MA, USA). To ensure complete removal of the free dye, the 
filtration step was repeated until the fluorescence intensity of the filtrate 
measured by Spectra max M5 multi-mode microplate readers (Molecular 
Device, CA, USA) was below the detection limit. The excitation and 
emission wavelength of the fluorescence detector were set to 490 nm 
and 525 nm, respectively. The degree of labeling (DOL) was assessed 
following the manufacturer’s guidelines. To ensure that the protein 
structure remained intact, the DOL was maintained consistently below 1 
[20].

3.3. Adsorption equilibrium experiment

The adsorption isotherms of mAb and FC-protein on MabSelect SuRe 
LX resins were determined by batch experiments. Protein stock solutions 
were initially prepared at 10 g/L in equilibration buffer (50 mM phos
phate, 500 mM NaCl, pH 7.4) and then diluted to specific concentrations 
with equilibration buffer. The resin beads were pre-equilibrated with 
equilibration buffer and then drained. Then 0.03 g drained resin was 
mixed with 0.8 mL protein solution at different concentrations (0.5~10 
mg/mL), and incubated on a thermomixer (Thermo Scientific, MA, USA) 
at 1200 rpm and 25 ◦C for 5 hours. After adsorption equilibrium was 
reached, the protein concentration of the supernatant was measured by 
Unano-1000 micro-spectrophotometer (Yomim, China). The amount of 
absorbed protein at equilibrium was calculated by a mass balance. The 
adsorption isotherms were fitted to the Langmuir isotherm equation, 
given by 

Q =
QmaxC
Kd + C

(13) 

where Q and C represent the equilibrium adsorption capacity of the resin 
(mg/g resin) and the equilibrium protein concentration in the liquid 
phase (g/L), respectively. Qmax is the maximum adsorption capacity of 
the resin (mg/g resin) and Kd is the desorption equilibrium coefficient 
(g/L).

3.4. Batch chromatography experiment under high breakthrough 
percentage

Batch chromatography experiments were performed using an ÄKTA 
Pure chromatography system (Cytiva, Uppsala, Sweden) with feed 
concentrations of 1, 2, and 6 g/L for mAb, and 1, 2, and 4 g/L for FC- 
protein. The feedstocks were prepared using equilibration buffer (50 
mM phosphate buffer, 500 mM NaCl, pH 7.4). The proteins were loaded 
until a 70 % breakthrough percentage was reached, followed by a 5 CV 
wash with equilibration buffer and a 6 CV elution with 150 mM sodium 
buffer (500 mM NaCl, pH 3.2). The flow rate for all steps was 0.5 mL/ 
min. The outlet of all steps was collected in 0.5 mL fractions and 
analyzed using a Unano-1000 detector to measure the protein 
concentration.

3.5. Pulse injection experiments

The pulse injection experiments with labeled protein to measure the 
ReTD was conducted by an ÄKTA Pure chromatography system. The 
details of the experiments are provided in Table 2. 500 mM NaCl was 
added in the equilibration, loading and washing buffers to minimize the 
differences in retention time between labeled and unlabeled proteins 
[20]. To characterize the ReTD behavior at different loading time, the 
labeled protein was injected through a 500 µL sample loop at start 
(Phase I), middle (Phase II) and end (Phase III) of the loading step, as 
shown in Fig. 2. In particular, injections were performed at the break
through percentages of 0 %, 35 %, and 65 %. The fractions during the 
loading, injection, washing and elution steps were collected and analyze 
for the labeled protein concentration using a Spectra Max M5 

multi-mode microplate reader. The excitation and emission wavelength 
of the fluorescence detector were set as 490 nm and 525 nm, 
respectively.

3.6. Process simulation

The chromatography analysis and design toolkit (CADET) was used 
for chromatographic process simulation. CADET provides numerical 
tools for solving the partial differential equations of chromatographic 
models [32,33]. GRM was used as column model and two-component 
mobile phase modulator Langmuir model was used as binding model. 
The operation parameters were listed in Table 2 and the determined 
model parameters were listed in Table 3. The number of finite elements 
along both the x-axis and r-axis in GRM was set to 100, and the time step 
size was set to less than 0.1 s.

3.7. Model calibration

Based on the theoretical framework described in Theoretical Section, 
the model parameters (rp, Dax, kf, ε, εp, Dp, Ds, ka, kd and qmax) need to be 
determined. The rp of MabSelect SuRe LX resin is 42.5 μm, as provided 
by the manufacturer. ε and εp were measured by the pulse injection 
experiments under non-binding conditions with blue dextran and model 

Table 2 
Parameters of pulse injection experiments.

Steps Amount Solution Flow 
rate 
(mL/ 
min)

Collection

Equilibration 5.0 CV 50 mM phosphate 
buffer, 500 mM 
NaCl, pH 7.4

0.5 No

Load Until 70 % 
breakthrough 
percentage

2 g/L protein 0.5 Yes

Injection* 0.5 CV 2 g/L fluorescently 
labeled protein

0.5 Yes

Wash 5.0 CV 50 mM phosphate 
buffer, 500 mM 
NaCl, pH 7.4

0.5 Yes

Elution 5.0 CV 150 mM citrate 
buffer, 500 mM 
NaCl, pH 3.2

0.5 Yes

* The labeled protein was injected at breakthrough percentage of 0 %, 35 % 
and 65 %.

Fig. 2. Experimental scheme of pulse injection at start (Phase I), middle (Phase 
II) and end (Phase III) of the loading step.
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proteins as tracers [33]. Dax was estimated from the hydrodynamic 
dispersion using the relation Dax = uked, where ked = 0.09 cm [34]. kf 
was estimated using the correlation by Wilson and Geankoplis [35] as 

kf =
Dm

2rp

1.09
ε

(
2urp

Dm

)1
3

(14) 

where Dm is the free diffusion coefficient, typically 1.66 cm2/s for mAb 
[11]. Kd can be determined by static binding experiments, as described 
by Eq. (13). kd is expressed as Kd × ka. The parameters Dp, Ds, ka, and 
qmax were determined for the breakthrough curves using the inverse 
method. The inverse method can be regarded as an optimization prob
lem, given by Eq. (15). 

min
Dp ,Ds ,ka ,qmax

[
f
(
Dp,Ds, ka, qmax

)]
(15) 

The objective function in Eq. (15) is given by 

f
(
Dp,Ds, ka, qmax

)
=

∑k

i=1

1
‖ cEXP

i ‖
2
L2

‖ cEXP
i − cCAL

i

(
t, cfeed;Dp,Ds, ka, qmax

)
‖

2
L2

(16) 

where cEXP
i and cCAL

i represent the experimental and calculated protein 
concentrations, respectively. Similarly, parameters γ and β can be 
determined by elution profiles, given by Eq. (17). 

min
γ,β

[
∑k

i=1

1
‖ cEXP

i ‖
2
L2

‖ cEXP
i − cCAL

i (t; γ, β) ‖2
L2

]

(17) 

The optimization problem was solved using a genetic algorithm 
(GA). The maximum iterations were set to 200 [33]. The population size 
and the mutation probability were determined by the grid search opti
mization as shown in Fig. S1 (Supporting information). The results 
revealed that the model output became insensitive to the parameter 
variations when the population size exceeded 100 and mutation prob
ability fell below 0.002. After evaluation of both computational effi
ciency and optimization effectiveness, the population size of 100 and the 
mutation probability of 0.001 was selected in the inverse method.

3.8. ReTD characterization

The concentration profiles of the labeled protein at the outlet of 
column (c1(t)) represent the ReTD behavior in Protein A chromatog
raphy, which can either be simulated by the model or measured in im
pulse injection experiments. The simulated cumulative ReTD F(t) can be 
expressed as: 

F(t) =
∫ t

0 c(t)dt
(tb − ta)cfeed

(18) 

where F(t) represents the percentage of the tracer that has exited the 

column from 0 to t, relative to the total amount injected. Assuming that 
all the protein has left the column by the end of the elution step, the 
experimental F(t) can be calculated as: 

F(t) =
∫ t

0 c(t)dt
∫ te

0 c(t)dt
(19) 

where te denotes the end time of the elution step. The percentage of the 
tracer leaked during the loading and washing step (Plw) is used to 
characterize the ReTD behavior in Protein A chromatography. Plw can be 
calculated as: 

Plw =
amount of tracer leaked in load and wash step

amount of tracer
= F(td) (20) 

4. Results and discussion

4.1. ReTD model calibration

The ReTD model was calibrated through four steps. Firstly, Dax and kf 
were determined using the empirical formulas, while ε and εp were 
measured by the pulse injection experiments under non-binding condi
tions with blue dextran and model proteins as tracers. Secondly, Kd was 
fitted with the adsorption equilibrium experiments. Fig. 3 shows the 
adsorption isotherms for mAb and FC-protein, along with the correlation 
results using Eq. (13). Thirdly, Dp, Ds, ka and qmax were fitted with the 
protein breakthrough curves with various feed concentrations. Guo et al. 
[36] found that the binding affinity of the protein to the resin primarily 
influences the shape of the wash profile, while the mass transfer rate 
mainly affects the shape of the load profile. To accurately estimate the 
adsorption and mass transfer parameters, both the load and wash profile 
from the breakthrough experiments were used to calibrate the model. 
Fig. 4 compare the calculated results with the experimental data for mAb 
and FC-protein breakthrough experiments. The R² values were 0.982 for 
mAb and 0.989 for FC-protein, indicating a strong agreement between 
the simulated results and experimental data. Finally, the parameters β 
and γ were fitted by the elution curves as shown in Fig. 5. The final 
model parameters obtained are summarized in Table 3.

4.2. ReTD behavior in Protein A affinity chromatography

The pulse injection experiments were conducted using the fluo
rescently labeled protein as inert tracer to investigate the ReTD behavior 
in Protein A affinity chromatography. Fig. 6 show the results of pulse 
injection experiments at the start (Phase I), middle (Phase II) and end 
(Phase III) of the loading step for mAb. The concentration of labeled 
protein was detected in the loading, washing and elution steps after the 
labeled protein injection. The labeled protein concentration profiles 
represent ReTD profiles corresponding to different injection times. The 
ReTD profiles differ from the RTD observed in non-adsorption units such 
as tubular reactors. Normal RTD behavior typically exhibits a single 
peak in its distribution profile. However, due to the adsorption- 
desorption effects of Protein A affinity chromatography, the ReTD 
behavior showed a bimodal distribution with two distinct peaks. 
Moreover, while materials entering at different time would normally 
display identical RTD behavior in non-adsorption units, the ReTD 
behavior in affinity chromatography system varies with time. Specif
ically, when the injection occurred at Phase I, the ReTD profile gradually 
increased during the loading step (Fig. 6(a3)). When the injection was at 
Phase II, the labeled protein quickly exited the column after injection, 
followed by a sustained leakage (Fig. 6(b3)). When the injection was at 
Phase III, only a tailing peak could be observed in the loading step (Fig. 6
(c3)). Similar ReTD profiles were also observed in the pulse injection 
experiments for FC-protein, as shown in Fig. 7, with more significant 
sustained leakage in both Phase I and Phase II. Lali et al. [20] also 
observed the leakage phenomenon, attributing it to the constant 

Table 3 
Model parameters for mAb and FC-protein.

Model parameters mAb FC-protein

rp (μm) ​ 42.5 ​
L (m) ​ 0.05 ​

Dax (10–6 m2/s) 3.57 ​ 3.75
kf (10–5 m/s) 1.38 ​ 1.48

ε (-) 0.42 ​ 0.40
εp (-) 0.64 ​ 0.59

Dp (10–12 m2/s) 5.68 ​ 1.62
Ds (10–15 m2/s) 2.34 ​ 1.37
ka (m3/(mol⋅s)) 9.12 ​ 9.61
Kd (10–3 g/L) 4.83 ​ 12.2

qmax (g/L resin) 129.3 ​ 76.9
β (-) 0.93 ​ 0.95
γ (-) − 1.87 ​ − 1.52
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exchange between the antibody in the liquid phase and the solid phase. 
Specifically, when the tracer was injected at Phase I, none of the labeled 
protein exited the column immediately because sufficient binding sites 
were available. The bound protein gradually desorbed and exited the 
column during the feeding, resulting in sustained leakage. When the 
labeled protein was injected at Phase II, the adsorption rate was slower 
than the mass transfer rate under overload conditions [37], causing 

some of the labeled protein to exit the column immediately. As feeding 
continued, the bound labeled protein in the solid phase constantly 
exchanged with the protein in the mobile phase and gradually leave the 
column.

To further quantify the exchange effect, F(t) and the percentage of 
tracer leaked during the load and wash step (Plw) was calculated. When 
the labeled protein was injected at the breakthrough percentages of 0 %, 

Fig. 3. Model fitting for adsorption isotherms of mAb (a) and FC-protein (b).

Fig. 4. Comparison of the calculated breakthrough curves with the experimental data of mAb (a) and FC-protein (b) at varying feed concentration.

Fig. 5. Comparison of the calculated elution curve with the experimental data of mAb (a) and FC-protein (b).
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35 % and 65 %, the Plw values were 21.9 ± 1.6 %, 36.5 ± 0.8 % and 38.3 
± 0.5 % for mAb and 37.1 ± 1.2 %, 44.2 ± 1.7 % and 38.9 ± 0.6 % for 
FC-protein, respectively. In the absence of exchange, the Plw values 
should theoretically equal the injection breakthrough percentage [20]. 
The observed discrepancies between the Plw values and the injection 
breakthrough percentage indicated that significant exchange occurs in 
the Protein A affinity chromatography.

In brief, the exchange phenomenon can be confirmed through the 
ReTD profiles and the Plw values. Desorption is less noticeable in con
ventional batch chromatography [20], as the desorbed protein is 
re-adsorbed onto the unused binding sites further in the column. In 

contrast, in the continuous chromatography, the resin is nearly fully 
loaded and the desorbed protein would move to the next column, 
making desorption more significant. Therefore, both adsorption and 
desorption must be incorporated into the ReTD modeling of continuous 
capture process to accurately describe the exchange phenomenon.

4.3. ReTD model validation

The calibrated ReTD model was used to predict the ReTD profiles 
observed in the pulse injection experiments. The pulse injection exper
iments settings are listed in Tabel 1. Figs. 6 and 7 show the comparison 

Fig. 6. Pulse injection experiments of mAb at start (Phase I) (a), middle (Phase II) (b) and end (Phase III) (c) in the load step with MabSelect SuRe LX resin. Rows 1 to 
3 show the labeled protein concentration at the outlet, F-curves and the magnified view of the tracer concentration at the outlet, respectively. The blue circles are the 
experimental data and the red lines show the model predicted results.
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between the model predicted and experimental results for mAb and FC- 
protein, respectively. The predicted ReTD profiles match the experi
mental profiles well with R2 values of 0.962 and 0.945 for mAb and FC- 
protein, respectively. The slight differences between the calculated and 
experimental data may be attributed to the presence of residual free dyes 
in the labeled protein solution and the diffusion effects from peripheral 
equipment. To evaluate the model performance in the calibration and 
validation datasets, the mean error (ME) and root mean square error 
(RMSE) of normalized protein concentration for the datasets were 
calculated, and the results are listed in Table S1 (Supporting informa
tion). It was found that the ME values for all datasets were close to zero, 

and the RMSE values of the validation datasets were comparable to 
those of the calibration datasets. To further evident the consistent per
formance in both calibration and validation sets, the Kolmogorov- 
Smirnov (K-S) test for the residuals distributions of the datasets were 
implemented. It was found that the residuals distributions between 
calibration and validation datasets were similar as shown in Figs. S2 and 
S3 (Supporting information). The K-S test revealed no statistically sig
nificant difference at α = 0.01 (p = 0.024 and 0.063 for FC-protein and 
mAb, respectively), supporting the assumption of identical underlying 
distributions. Based on above results, it could be concluded that the 
developed model has a good and consistent performance on both 

Fig. 7. Pulse injection experiments of FC-protein at start (Phase I) (a), middle (Phase II) (b) and end (Phase III) (c) in the load step with MabSelect SuRe LX resin. 
Rows 1 to 3 show the labeled protein concentration at the outlet, F-curves and the magnified view of the tracer concentration at the outlet, respectively. The blue 
circles are the experimental data and the red lines show the model predicted results.
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calibration and validation datasets and the risk of overfitting is minimal. 
Notably, the model could accurately describe the exchange phenome
non, including the sustained leakage in Phases I and II and the tailing 
peak in Phase III. This predictive capability is enabled by the model’s 
incorporation of both mass transfer and adsorption-desorption kinetics. 
Furthermore, the labeled and unlabeled proteins are treated as two 
components with identical mass transfer and adsorption-desorption 
rates in the model. This approach is crucial for accurately predicting 
the ReTD profiles. Such parameterization aligns with the fundamental 
principle of time distribution characterization, which requires that the 
tracer component behaves identically to the normal component [38]. 
Although this approach has been widely used in RTD analysis for various 
unit operations [10], to our knowledge, this is the first application in 
ReTD modeling for Protein A chromatography.

More significant sustained leakage was observed in Phase I and II for 
FC-protein than for mAb in the pulse injection experiments. This might 
be attributed to the lower binding affinity of FC-protein toward Protein 
A resin compared to mAb (Fig. 3), which would result in more exchange 
and leakage. In the model, the parameter Kd could quantitatively 
represent the exchange strength, allowing for an accurate prediction of 
the distinct ReTD behaviors of the two proteins in Protein A 
chromatography.

In summary, the model can effectively characterize the exchange 
phenomenon by incorporating both mass transfer and adsorption- 
desorption kinetics, and it can reliably predict the ReTD behavior 
under varying breakthrough percentage of injection. This provides a 
solid foundation for further analysis of the mechanism behind the ex
change phenomenon.

4.4. Mechanistic analysis on the exchange phenomenon

To elucidate the underlying mechanism on the exchange phenome
non, the developed ReTD model was employed for CLSM imaging 
simulation through in-silico step-wise injection experiments. Specif
ically, the resin beads were sequentially loaded with unlabeled protein 
(Stage I), followed by labeled protein (Stage II), and then unlabeled 
protein again (Stage III), as shown in Fig. 8. In each stage, the amount of 
loaded protein was equal to 40 % of the binding capacity. The 

concentration profiles of both labeled and unlabeled protein during the 
three stages were calculated, focusing on the 50th element along the x- 
axis, which was located in the middle of the column.

Fig. 8 shows the CLSM simulation results of FC-protein. In Stage I, 
unlabeled protein was loaded into the column. In Stage II, the labeled 
protein bound to the surface of the resin. In Stage III, the subsequently 
loaded unlabeled proteins occupied the surface layer above the pre- 
adsorbed labeled proteins, while the labeled fraction gradually 
migrated from the surface towards the center of the resin. According to 
the simulation results, the binding sites on the resin surface were fully 
saturated in Stage I. During the loading of labeled protein in Stage II, the 
surface concentration of the labeled protein (q1|r=rp ) gradually 
increased, while the concentration of the unlabeled protein (q0|r=rp ) 
decreased, with the total surface protein concentration (q0

⃒
⃒r=rp +

q1
⃒
⃒r=rp ) remaining constant at 1.5 mol/m³. If there is no exchange, the 

concentration of the unlabeled protein should be constant as 1.5 mol/m³ 
in Stage II. The model’s description of surface concentration profiles 
demonstrated its capacity to characterize the protein exchange mecha
nism at the resin surface.

Additionally, CLSM simulations of mAb were performed as shown in 
Fig. 9. The results revealed significant differences between mAb and FC- 
protein. Firstly, mAb exhibited a sharper adsorption front than FC- 
protein as shown in the total protein concentration profiles (Figs. 8(b) 
and 9(b)). This front is consistent with a fast pore diffusion mechanism 
according to the shrinking core theory [39]. Due to the lower transfer 
resistance of mAb, the desorbed mAb would penetrates deeper into the 
resin compared to FC-protein (Fig. 8(b6) and 9(b6)). Secondly, when the 
binding sites on the resin surface were fully saturated, mAb predomi
nantly bound to the inner of the resin at the adsorption front (Fig. 8(a4) 
and (b4)), whereas FC-protein primarily adsorbed onto the surface 
(Fig. 9(a4) and (b4)). The stronger binding affinity of mAb would reduce 
the exchange effect, allowing more mAb to surpass the bound fraction 
and bind at the adsorption front. Overall, the lower desorption rate and 
faster pore diffusion would enable the mAb to penetrate more deeply 
into the resin, while the FC-protein mainly migrates out of the resin 
through liquid-solid exchange on the surface. The simulation results also 
explain the distinct ReTD behaviors observed for mAb and FC-protein in 
the pulse injection experiments. Due to its less desorption and deeper 

Fig. 8. Simulation results of CLSM for FC-protein during three load stages. (a) The visualized concentration of the labeled protein within the resin; (b) The simulated 
protein concentration distribution profiles within the resin.
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resin penetration, mAb exhibited less leakage during the load and wash 
steps, as reflected in its lower ReTD profile compared to FC-protein 
(Figs. 6 and 7).

In summary, the mechanism of the exchange phenomenon within the 
resin was analyzed by the developed ReTD model. The model could 
accurately describe the CLSM images reported in the literature, partic
ularly the liquid-solid exchange on the surface, providing a more 
comprehensive understanding of the ReTD behavior in Protein A chro
matography process.

4.5. Impact of exchange effect on ReTD for continuous capture process

For continuous capture process, the interconnected load step com
plicates the material tracking. To investigate the impact of the exchange 
effect on ReTD in continuous capture, the interconnected load steps 
were simulated. Specifically, the protein was loaded into two inter
connected columns until the second column reached 1 % breakthrough. 
The loaded protein was divided into two fractions: early-loaded and late- 
loaded proteins. Fig. 10 shows protein concentration profiles of the solid 
phase along the first and second columns at the end of interconnected 
load step. The results indicated that more protein loaded earlier was 
adsorbed into the second column when exchange effect was considered, 
compared to when it was neglected. During continuous capture, the 
resin is nearly fully loaded and the desorbed protein would move to the 
next column. Consequently, exchange effect might broaden the ReTD in 
continuous chromatography. Future studies will focus on ReTD model
ling for the continuous capture process and further investigate the 
impact of the exchange effect on the material tracking for continuous 
process.

5. Conclusions

In this work, an ReTD model for Protein A affinity chromatography 
under high breakthrough conditions was developed, based on GRM and 
two-component mobile phase modulator Langmuir model. The model 
accounts both mass transfer and exchange effects. It was calibrated by 
static binding experiments and protein breakthrough curves with mAb 
and FC-fusion protein, achieving a high R2 of 0.982 and 0.989. The pulse 
injection experiments with the labeled protein as the tracer under 

varying breakthrough percentage were used to validate the model pre
diction, which showed a good agreement with R2 > 0.945. The results 
demonstrated that the ReTD model developed is effective for charac
terizing the ReTD behaviors in Protein A chromatography. Moreover, 
the model successfully described the CLSM images from the previous 
studies, explaining the liquid-solid exchange effect on the surface of 
resin and providing a more comprehensive understanding of the ReTD 
behavior in Protein A chromatography process. Finally, the model was 
used to simulate the protein distribution in the column during inter
connected load step in continuous capture, highlighting that the ex
change effect might broaden the ReTD in continuous chromatography. 
To our knowledge, it is the first time for the mechanistical modeling on 
ReTD behavior under high breakthrough conditions for Protein A 
chromatography process. Unlike conventional RTD models employed in 
other bioprocessing applications, such as the plug flow reactor (PFR) / 
continuous stirred tank reactor (CSTR) models for continuous viral 
inactivation or the tank-in-series (TIS) models for continuous virus 
filtration, the ReTD model developed in the present work incorporates 
the adsorption-desorption kinetics, which enables tracking the material 
within adsorption units. The results demonstrated that treating the 
tracer and normal protein as two components with identical mass 
transfer and adsorption-desorption kinetics in the chromatographic 
model is a feasible approach for ReTD modeling. However, there are 
some limitations in this work. This work focused specifically on the mass 
transfer dynamics during the interconnected loading step, rather than 
the entire continuous capture process. Future work will further develop 
the ReTD modeling for the whole continuous capture process and 
exploring its application in material tracking for continuous 
manufacturing. In general, production disturbances may occur at any 
stage of the process with various intensity and duration, potentially 
resulting in a non-confirming end product. The developed ReTD model 
can predict the propagation of non-conforming material, thereby 
enabling real-time decisions on diversion strategy for the continuous 
capture process to ensure consistent product quality.
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