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 2 

Abstract 23 

The increasing demand for efficient and robust processes in the purification of 24 

monoclonal antibodies (mAbs) has recently brought frontal chromatography to the 25 

forefront. Applied during the polishing step, it enables the removal of high molecular 26 

weight aggregates from the target product, achieving high purities. Typically, this 27 

process is operated in batch using a single column, which makes it intrinsically 28 

subjected to a purity-yield tradeoff. This means that high purities can only be achieved 29 

at the cost of lowering the product yield and vice versa. Recently, a two-column 30 

continuous implementation of frontal chromatography, referred to as Flow2, was 31 

developed (Vogg et al., J. Chrom. A, 1619, 460943, 2020). Despite being able of 32 

alleviating the purity-yield tradeoff typical of batch operations, the increase in the 33 

number of process parameters complicates its optimal design, with the risk of not 34 

exploiting its full potential. In this work, we developed an ad hoc design procedure 35 

suitable for the optimization of both batch frontal chromatography and Flow2 in terms 36 

of purity, yield and productivity. This procedure provided similar results as a multi-37 

objective optimization based on genetic algorithm but with lower computational effort. 38 

Then, batch and Flow2 operated at their optimal conditions were compared. Besides 39 

showing a more favorable Pareto Front of yield and productivity at a specified purity, 40 

the Flow2 process demonstrated improved robustness compared to the batch process 41 

with respect to modifications in the loading linear velocity, washing buffer ionic 42 

strength and loading time, thus providing an appealing operation for integrated 43 

processes. 44 
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 45 

1. Introduction 46 

The increasing market share of monoclonal antibodies (mAbs), with 10% annual 47 

growth and more than 70 formulations approved in the last decade, makes mAbs one 48 

of the most important classes of biopharmaceuticals today. The increasing number of 49 

therapeutic indications and the emergence of biosimilars contribute to strengthen the 50 

demand for safe, efficient and cost effective manufacturing processes(Farid et al.,2005). 51 

Continuous integrated bioprocessing indeed goes in this direction(Feidl et 52 

al.,2020;Karst et al.,2018;Vogg et al.,2018) and it is therefore encouraged by regulatory 53 

authorities(Administration,2019). 54 

Frontal chromatography has seen increased interest for protein purification, in 55 

particular as a polishing step in the downstream processing of therapeutic proteins. 56 

Particularly relevant is its application in the purification of mAbs from high molecular 57 

weight impurities, e.g., aggregates, using cation exchange resins(Carta & 58 

Jungbauer,2020;Ichihara et al.,2018;Liu et al.,2011;Pfister et al.,2018;Stone et 59 

al.,2019a). The schematic diagram of frontal chromatography operated on a single 60 

(batch) column is shown in Figure 1a. Here, the eluate from the capture step (feed), 61 

containing both the monomer and the aggregates, is first loaded into the column. The 62 

impurity (aggregates) binds stronger to the cation exchange resin and displaces the 63 

weakly bound product (monomer), which therefore elutes first and is collected in the 64 

product pool. Since after reaching its binding capacity the impurity starts breaking 65 

through the column thus lowering the purity of the product pool, the loading phase is 66 
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continued until reaching, in general, sufficiently high purity in the pool and relatively 67 

high recovery (yield). Next, a washing step is applied to recover the residual monomer 68 

still present in the column, in order to increase further the yield, but being careful not 69 

to elute also the aggregates, which would spoil the purity below specifications. Finally, 70 

regeneration and re-equilibration (R.R.) are carried out to elute all the impurities (and 71 

remaining product) into the waste and prepare the column for the next loading step. The 72 

application of frontal chromatography in the separation of mAb aggregates from the 73 

monomer was proved advantageous in terms of product purity and yield as well as high 74 

resin utilization(Brown et al.,2010;Khanal et al.,2021;Reck et al.,2017). 75 

In such a batch operation, the selection of the loading time and linear velocity have 76 

is crucial to process the largest amount of material, without letting too much aggregate 77 

into the product pool, thus preserving the purity. In the following washing step, the 78 

linear velocity and duration should be carefully chosen to elute as much remaining 79 

product as possible, thus maximizing the yield, while not desorbing the impurity 80 

beyond the purity specification. Extensive research activity was devoted to the 81 

improvement of the performances of frontal chromatography conducted in batch, either 82 

by modifying the resin properties(Stone et al.,2019b;Tao et al.,2012) or optimizing the 83 

operating conditions for both loading and washing(Brown et al.,2010). However, this 84 

discontinuous operation suffers from an intrinsic purity-yield tradeoff. In fact, a high 85 

monomer yield can be achieved through high loadings and harsh washing conditions, 86 

which enable the recovery of much of the product. However, these severe conditions 87 

lead also to the elution of part of the impurity, thus reducing the overall purity. On the 88 
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other hand, low loadings and too mild washing conditions enable high purity of the pool 89 

but prevent full recovery of the product, at the expense of the process yield.  90 

In order to alleviate this purity-yield tradeoff, a novel cyclic two column 91 

continuous chromatographic process (referred to as Flow2) has been developed(Vogg 92 

et al.,2020). The schematic diagram is illustrated in Figure 1b. This is a periodic process, 93 

where each cycle is composed by two symmetrical switches, with the columns changing 94 

from upstream to downstream position moving from the first to the second switch. In 95 

turn, each switch comprises three steps. In the first one, the two columns are fed while 96 

being interconnected, so that the breakthrough of the aggregates from the first column 97 

is captured by the second one. In the following interconnected washing step, with inline 98 

dilution between the two columns, both the product and the unbound impurity left in 99 

the first column are eluted into the second column. The design of a proper inline dilution 100 

is of great importance for the success of the process. In fact, this is required to lower 101 

the ionic strength of the eluting buffer, thus providing an adsorption-favored solution 102 

for both aggregates and monomer to be captured by the second column. Finally, in the 103 

third step, the two columns are disconnected. The first one undergoes the R.R. process 104 

while the second one is loaded with the fresh feed.  105 

With two columns interconnected during loading and the following washing with 106 

inline dilution, aggregates are prevented from eluting from the second column into the 107 

product pool and more monomer can be eluted from the first column, thus improving 108 

the tradeoff between purity and yield. In addition, the washing conditions (buffer and 109 

duration) do not need to be carefully designed as in the case of the batch operation, thus 110 
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increasing the process robustness. However, the design of this cyclic process needs to 111 

account for the increased number of operational parameters and complexity of the 112 

process dynamics, which can be best achieved using model-based 113 

approaches(Andersson et al.,2014;Baur et al.,2016;Ferreira et al.,2007;Müller-Späth et 114 

al.,2011;Shi et al.,2020). 115 

In this work, the fundamental aspects of batch and continuous frontal 116 

chromatography are analyzed. A model-based optimal design procedure, valid for both 117 

batch and Flow2 processes, is developed with reference to three process performance 118 

parameters: yield (recovery), purity and productivity. In particular, Pareto Fronts of 119 

productivity and yield, with purity fixed at given specification values (Pspec), computed 120 

based on reliable chromatographic models of the two processes, are discussed. Next, 121 

the two processes, each operated at its own optimal conditions, are compared. This 122 

analysis is conducted with reference to the polishing of a mAb of industrial relevance 123 

and accounts, in addition to yield, purity and productivity(Pirrung & Ottens,2017), also 124 

for the important concept of process robustness, which is a major concern particularly 125 

in biopharmaceutical applications(Müller Späth et al.,2010;Siitonen et al.,2015). This 126 

has been quantified using a rigorous model-based sensitivity analysis of the process 127 

performance with respect to its operating process parameters. 128 

 129 
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 130 

Figure 1. Schematic diagram of: (a) batch frontal chromatography, and (b) 131 

continuous Flow2 processes. Monomer is shown in red, while aggregates in green. 132 

 133 

2. Model-Based Optimal Design Methods 134 

2.1 The Chromatographic Model 135 

The chromatographic lumped kinetic model with linear driving force 136 

approximation has been used in all simulations(Carta & Jungbauer,2020;Guiochon et 137 

al.,2006): 138 
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The mixing node in the continuous process has been simulated as follows: 147 
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The adsorption equilibrium has been described through a surrogate model, which 149 

mimics the behavior of the DLVO-derived model, based on the competitive Langmuir 150 

isotherm and appropriate empirical correlations (Guélat et al.,2016;Vogg et al.,2020) 151 

as follows: 152 
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The meaning of all variables and parameters is explained in the notation section, 158 
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while the parameter values adopted in the simulations are listed in Table 1.  159 

Table 1. Values of the chromatographic model parameters for salt, monomer and 160 

high molecular weight aggregates (HMW)(Vogg et al.,2020)  161 

Parameter Unit Salt Monomer HMW 

dcol Column diameter cm --------------------0.5-------------------- 

Lcol Bed height cm ---------------------5--------------------- 

εb Bed porosity - --------------------0.39-------------------- 

εt,i (Accessible) total porosity - 0.95 0.65 0.65 

εp,i (Accessible) particle 

porosity 

- 0.93 0.43 0.43 

ai
Sat Slope of qi

Sat vs. pH - n/a 0 0 

bi
Sat Intercept of qi

Sat vs. pH - n/a 212 106 

ai
α Slope of log10α vs. pH - n/a -1.270 -3.090 

bi
α Intercept of log10α vs. pH - n/a 31.22 46.90 

ai
β Slope of β vs. pH - n/a 1.128 0.676 

bi
β Intercept of β vs. pH - n/a 5.227 9.870 

dax,i Axial dispersion coefficient cm 0.034 37 98 

km,i Mass transfer coefficient 1/min 170 1.3 0.53 

 162 

2.2 Process performance parameters  163 

As mentioned above, the process performance is quantified in the following using 164 

three process performance parameters, namely productivity, yield and purity. The 165 
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productivity, Pr of the target species, i.e., mAb, is defined as: 166 

col col C

=
mPr

n V t                                                          
(9)                                                 167 

where m is the mass of target specie recovered in the product pool in one cycle of 168 

duration tC using ncol columns, each with volume Vcol. The yield, Y of the target protein 169 

is defined as: 170 

load

=
mY

m                                                          
  (10) 171 

where m load is the amount of target protein loaded on the column in one cycle. The 172 

purity, P is defined as: 173 

     ii

=
∑

mP
m

                                                  (11)                                                  
 

174 

where the sum at the denominator is extended to the mass mi of all proteins present in 175 

the product pool. 176 

   The buffer consumption, defined as the volume of buffer required to produce the 177 

unit amount of product, is not considered in this discussion being natively correlated to 178 

the productivity. Since in this work, if we only consider one switch for the Flow2 179 

process, the flow rates and column volume are almost the same for the batch and 180 

continuous operations, the buffer consumption is inversely proportional to the 181 

productivity. Therefore, the latter is sufficient to compare exhaustively the two 182 

processes. 183 

2.3 Optimization methods 184 

The optimal design of frontal chromatographic can be complex and 185 

computationally intensive. For this, a specific procedure has been devised, based on a 186 
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series of suitable steps, and referred to as the design procedure (DP) in the following. 187 

This allows to facilitate and guarantee the identification of the optimal operating 188 

conditions, for a given set of performance parameters. The obtained results are 189 

compared with the corresponding results obtained by a multi-objective optimization 190 

procedure based on Genetic Algorithms. 191 

The general concept of the DP is based on the evaluation of the loading and 192 

washing times (see Figure 1), which describe the Pareto Front of productivity and yield 193 

at a given purity equal to the specification value, Pspec. The regeneration and re-194 

equilibration time, tRR (Figure 1) is expected to derive from a specifically designed 195 

experimental study conducted on a single column and is therefore considered as a given 196 

value in this work. The basic idea is to first compute, all the other parameters and 197 

operating conditions being fixed, the loading times leading to purity values P1 at the 198 

end of the first loading step ranging from 100% to Pspec. In the following washing step, 199 

the process purity can only decrease and the corresponding duration is computed such 200 

that, for each one of the previous P1 values, it leads to the required purity Pspec. For 201 

each pair of loading and washing time values, we then compute the corresponding 202 

productivity and yield values, being in all cases the purity equal to Pspec. At this point, 203 

we can order all the obtained values in a productivity versus yield plot and obtain the 204 

desired Pareto Front at fixed purity. This procedure can be repeated by changing any 205 

other of the relevant parameters, like the buffer composition or the column or particle 206 

size, and compute the new Pareto Front. This approach is useful not only to find the 207 

optimal operating conditions of the process, but also to quantify the robustness of a 208 
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given process design, as well as the economic impact of the different operating 209 

conditions. 210 

Alternatively, the optimization problem can be approached as a whole, without 211 

attempting any problem decomposition, using a fully general multi-objective 212 

optimization algorithm. The function ‘Gamultiobj’ of the MATLAB library, based on a 213 

Genetic Algorithm, has been used in this work and the obtained results are compared 214 

with those of the ad-hoc design procedure.  215 

In the next section, we describe in detail the algorithm to compute the optimal 216 

loading and washing times described above for both the batch and the Flow2 processes. 217 

 218 

3. Optimal Design of Frontal Chromatography Processes 219 

3.1. The Batch Process  220 

     The Pareto Front of productivity and yield with fixed Pspec, computed with both 221 

methods, are compared first in the case of a batch process. All parameters, unless 222 

otherwise specified, are kept constant at the values summarized in Table 2. 223 

Table 2. Batch Operating Conditions 224 

Parameters Unit Value 

𝑐𝑐L, mono g/L 4.5 

𝑐𝑐L, agg g/L 0.5 

𝐼𝐼L mM 80 

𝐼𝐼W mM 120 

𝐼𝐼RR mM 1000 
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𝑝𝑝𝑝𝑝𝐿𝐿 - 5 

𝑝𝑝𝑝𝑝𝑊𝑊 - 5 

𝑝𝑝𝑝𝑝𝑅𝑅𝑅𝑅 - 5 

𝑢𝑢L cm/hr 300 

𝑢𝑢W cm/hr 300 

𝑢𝑢RR cm/hr 300 

𝑡𝑡RR min 15 

 225 

For illustrative purposes, Pspec was set to 99%. The DP method is based on the 226 

following three steps. 227 

Step 1: Determination of the set of loading times tL leading to a purity P1 at the outlet 228 

of the column in the range 100% - Pspec (Figure 1a). 229 

As tL increases, first the product breaks through the column into the product pool, 230 

followed by the impurity at longer times, thus reducing the purity in the product pool, 231 

P1, as shown in Figure 2a. As the loading proceeds, the purity decreases from 100% 232 

until P1 = Pspec, which indicates the maximum acceptable value of tL, tL,max . In this 233 

condition, in fact, the washing time in the next step should be set to zero to avoid any 234 

further decrease in purity below Pspec. Of course, this extreme situation would not allow 235 

for any improvement in the process yield. Accordingly, at optimal operation, the value 236 

of tL should be shorter than 72 min, which corresponds to P1 values ranging from 100% 237 

to the Pspec = 99% value. 238 

Step 2: For each tL < tL,max, computation of the final Purity (P) and Yield (Y) at 239 

increasing washing time, tW until P=Pspec and recording of the maximum washing time, 240 
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tW, P=Pspec. 241 

    The obtained process yield and purity values are shown in Figure 2b as a function 242 

of the washing time, tW, as an example for the case of tL=60 min and P1=99.5%. It is 243 

seen that the process purity, P decreases while Y increases for increasing washing times. 244 

The decrease in the process purity is because more eluate, including both product and 245 

impurity, is washed out into the product pool at increasing tW. On the other hand, the 246 

yield increases when increasing tW since more product is recovered. By selecting P = 247 

Pspec, the corresponding values of the yield, YP=Pspec and the maximum washing time, 248 

tW,P=Pspec are found. 249 

Step 3: Computation of Y and Pr at all tL < tL,max and the corresponding tW,P=Pspec and 250 

derivation of the Pareto Front at fixed purity equal to Pspec. 251 

 Figure 2c reports the trend of YP=Pspec and PrP=Pspec as a function of the tW,P=Pspec 252 

corresponding to a specific process purity, Pspec = 99%. The process yield increases 253 

with tW,P=Pspec since more product can be recovered when extending the duration of the 254 

washing step. On the other hand, this gain in the yield comes at the expenses of a 255 

reduction in the productivity, computed through equation (19), which decreases with tW. 256 

This leads to the tradeoff between Pr and Y illustrated by the Pareto Front, calculated 257 

at fixed Pspec = 99%, shown in Figure 3. 258 

 259 
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 260 

               Figure 2. The design procedure for the batch and Flow2 optimization. (a) Batch P1 261 

as a function of the loading time; (b) Batch P and Y as a function of the washing time 262 

at tL=60 min and P1= 99.5% (c) The relationship between YP=Pspec and PrP=Pspec as a 263 

function of tW,P=Pspec for a batch process. (d) Flow2 P2 as a function of the loading time, 264 

tL,total; (e) Flow2 P and Y as a function of the washing time at tL,total = 70 min and 265 

P2=99.8% (f) The relationship between YP=Pspec and PrP=Pspec as a function of tW,P=Pspec 266 

for a Flow2 process. 267 

  268 

    The results of the ad hoc developed design procedure (DP) are compared with 269 

those of a general multiobject Genetic Algorithm (GA), using 50 individuals per 270 

generation and a maximum of 200 generations. The purity constraint has been 271 

introduced by imposing heavy penalties on purity values smaller than Pspec. At each 272 

iteration, the 35 fittest individuals are selected to plot the Pareto Front and produce the 273 
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next generation. The GA optimization is terminated when the 200th generation is 274 

reached or when the average relative change in the best fitness function value, with 275 

respect to the previous generation, is less than or equal to the function tolerance (10-4). 276 

The performance values corresponding to the best 35 individuals in the last generation 277 

are compared with the Pareto Front computed through the DP in Figure 3. It is seen that 278 

all the points corresponding to the GA optimization are on or slightly below the curve 279 

generated by the DP, indicating that the two methods provide essentially the same result. 280 

In addition, it is found that all the points obtained through the GA method exhibit a 281 

purity value equal to the constrain value of 99% with a maximum 1% relative deviation.  282 

It is worth noticing that, although the two methods give equivalent results, the 283 

associated computational effort is quite different. In the design procedure, only 35*10 284 

objective functions are calculated: 35 for getting the Pareto Front, and 10 each for 285 

determining the tW values corresponding to 99% purity. On the other hand, in the multi-286 

objects GA optimization, 50*200 functions are calculated: one for each of the 50 287 

individuals constituting each of the 200 generations. Although fewer cases calculated 288 

make the DP method less computationally intensive, it requires a good understanding 289 

of the process and of the influence of the different process parameters over the process 290 

performance. In fact, this relationship needs to be clearly specified at each step of the 291 

process. In turn, if the process is complex enough, with a large number of parameters 292 

interactively influencing the process performance, GA is recommended for process 293 

optimization. 294 

 295 
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Figure 3. Pareto Front of Pr and Y computed with the design procedure (DP) 297 

compared with the results of the global optimization based on genetic algorithm (GA), 298 

for Pspec = 99% and other parameter values as in Tables 1, 2 and 3. 299 

 300 

3.2 Continuous Flow2 Process 301 

The two optimization methods considered above have been developed and 302 

compared also for the Flow2 process. In particular, we optimized the interconnected 303 

loading and washing times, tL,IC and tW,IC (Figure 1b) in order to obtain the Pareto Front 304 

of productivity, Pr and Y with fixed purity Pspec = 99%. Note that in this process, the 305 

batch loading time is fixed and equal to the regeneration and re-equilibration time, tR.R., 306 

which is considered as a given constant in this analysis (Figure 1b). Accordingly, the 307 

total loading time given by tL,total = tR.R. + tL,IC, can actually be changed only through 308 

the interconnected loading time, tL,IC. All remaining parameters are kept constant and 309 

equal to the values summarized in Tables 1 and 3. It is to be noted that all the simulation 310 

results reported for the continuous Flow2 process refer to steady state conditions. These 311 
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are obtained by simulating the entire dynamics of the process and considering the 312 

transient behavior completed when the mass flow of each protein entering and leaving 313 

differ for no more than 1.0%, which means that no protein is accumulated or lost in the 314 

system during every switch.  315 

Table 3. Flow2 Operating Conditions 316 

Parameters Unit Value 

𝑐𝑐L, mono g/L 4.5 

𝑐𝑐L, agg g/L 0.5 

𝐼𝐼L,IC mM 80 

𝐼𝐼L,B mM 80 

𝐼𝐼W mM 120 

𝐼𝐼ILD mM 10 

𝐼𝐼R.R. mM 1000 

𝑝𝑝𝑝𝑝𝐿𝐿,𝐼𝐼𝐼𝐼 - 5 

𝑝𝑝𝑝𝑝𝑊𝑊,𝐼𝐼𝐼𝐼 - 5 

𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐼𝐼 - 5 

𝑝𝑝𝑝𝑝𝑅𝑅𝑅𝑅 - 5 

𝑢𝑢L,IC cm/hr 300 

𝑢𝑢W,IC cm/hr 300 

𝑢𝑢ILD cm/hr 300 

𝑢𝑢L,B cm/hr 300 

𝑢𝑢R.R. cm/hr 300 
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𝑡𝑡R.R. min 15 

 317 

Differently from the batch process, the Flow2 process has two loading phases within 318 

one switch: interconnected and batch loading. In the following, we consider these two 319 

steps together with a total duration, tL,total = tR.R. + tL,IC, with a purity value P2, which 320 

is analogous to the purity P1 considered for the batch process. After the washing step, 321 

the product purity is indicated as P, which represents the final product purity at the end 322 

of the switch as indicated in Figure 1b.  323 

The design procedure in this case is organized as follows: 324 

Step 1: Simulation of the process for different tL,total leading to Pspec < P2 < 100%.  325 

As shown in Figure 2d, the obtained P2 decreased as a function of the loading time, 326 

tL,total, starting from 100% to values below the imposed process purity specification, 327 

Pspec = 99%, which is reached at tL,total,max = 78 min. This is due to the progressive 328 

breakthrough of the impurities as the loading is protracted. 329 

Step 2: For each tL,total < tL,total,max, , computation of P and Y for the whole process at 330 

increasing interconnected washing time (tW,IC in Figure 1b) until P = Pspec.  331 

Once defined the maximum loading time to avoid purity lower than Pspec, different 332 

washing times were simulated and the corresponding P and Y determined. As an 333 

example, Figure 2e shows the results obtained for the pair of values tL,total = 70 min and 334 

P2 =99.8%. As expected, it is seen that as the washing time increases, the purity 335 

decreases while the yield increases, for the same reason already discussed in the case 336 

of the batch process. The values YP=Pspec and tW,P=Pspec, corresponding to the requested 337 
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purity value Pspec, can be then obtained for each tL,total. 338 

Step 3: Computation of Y and Pr at each tL,total < tL,total,max and the corresponding 339 

tW,IC,P=Pspec and derivation of the Pareto Front at fixed purity equal to Pspec. 340 

Figure 2f represents the change of YP=Pspec and PrP=Pspec of Flow2 as a function of 341 

the tW,ICP=Pspec which leads to a specific process purity, Pspec = 99%, for the different 342 

loading times. The trends of YP=Pspec, PrP=Pspec are similar to the case of the batch 343 

process. In particular, while the yield is improved due to a higher recovery of the 344 

product, the increase in the washing time leads to a decrease in the process productivity, 345 

with the typical tradeoff discussed above. This tradeoff is clearly visualized in the 346 

Pareto Front for productivity and yield at fixed purity equal to Pspec in Figure 3. 347 

The latter is compared in the same figure with the corresponding Pareto Front for 348 

the batch frontal chromatography process, obtained as discussed above. The higher 349 

efficiency of the Flow2 process, which will be discussed later in more detail, is clearly 350 

indicated by the movement of the Pareto Front to the upper right corner of the figure, 351 

thus demonstrating that this continuous operations enables alleviating a recurrent 352 

tradeoff in protein purification. 353 

As mentioned above, the multi-object global optimization of the Flow2 process 354 

has also been performed based on a genetic algorithm, using 50 individuals per 355 

generation and a maximum of 300 generations. The obtained results, corresponding to 356 

the 35 best individuals in the last generation, are shown by the points shown in Figure 357 

3 and compared with the results of the ad hoc design procedure. It is seen that the two 358 

methods provide equivalent results, although the GA approach requires a significantly 359 
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larger computational effort, as already discussed in the context of the batch process. 360 

 361 

4. Analysis and Comparison of Optimized Batch and Flow2 Process Performance 362 

A general difficulty when comparing different processes, and not only in 363 

chromatography, is to select “fair” conditions for the comparison, that is operating 364 

conditions that do not favor one or the other. In this work, we consider each process 365 

under independently optimized operating conditions. In particular, we are going to 366 

analyze the behavior of batch and Flow2 processes as a function of operating 367 

parameters which are known to be most relevant in chromatography, such as linear 368 

velocities in the columns and composition of the loading and washing buffers. In all 369 

cases, we consider for each process the optimal Pareto yield-productivity (with fixed 370 

purity, Pspec) obtained by optimizing the durations of both the loading and washing steps. 371 

In the following, the design procedure developed in this work will be used, since we 372 

have shown that this provides the same results as a general multi-objective optimization, 373 

but with lower computational effort. The objective is to analyze and compare the 374 

behavior of each of such processes with respect to both process performance and 375 

robustness. 376 

4.1 Relevant Performance Parameters 377 

     In the real industrial application of mAb manufacturing, purity values well above 378 

95% are typically needed in polishing steps after protein capture. In Figure 4, the 379 

tradeoff between productivity and yield for optimal batch process operations at 380 

specification purities, Pspec equal to 95%, 98% and 99% is shown. It can be seen that 381 
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more stringent purity constraints move the Pareto Front to the lower left corner with 382 

correspondingly lower values for both productivity and yield. It can also be seen that 383 

the yield is always higher than 98%, indicating that this is not the discriminating 384 

performance parameter in designing frontal chromatography processes. Accordingly, in 385 

the following we will base the process comparison on the tradeoff between yield and 386 

productivity as well as on the operation robustness, with a stringent purity specification 387 

of Pspec = 99%.. 388 
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Figure 4. Tradeoff between yield and productivity (Pareto Front) for the batch process 390 

at various Pspec values. Operating conditions as in Tables 1 and 2. 391 

 392 

4.2 Role of Linear Velocities in Loading and Washing 393 

In this section, the effect of the liquid velocity during loading and washing is 394 

analyzed in both Batch and Flow2 processes. The values considered range from 300 395 

cm/hr to the value compatible with the maximum pressure drop tolerated by the 396 

stationary phase as computed through the Blake-Kozeny equation(Abulencia & 397 
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Theodore,2009) 398 
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Considering the maximum pressure drop equal to 0.15 MPa, the maximum linear 400 

velocity of 3000 cm/hr is obtained for the 5 cm bed height and 50 μm particle radius 401 

considered in this work. The values of the remaining operating parameters used in all 402 

simulations considered in the following are listed in Tables 1 to 3. 403 

4.2.1 Batch Process 404 

The effect of loading and washing velocities is analyzed first with uL changing 405 

from 300 to 3000 cm/hr with fixed uW = 300 cm/hr, and then with uW changing from 406 

300 to 3000 cm/hr with fixed uL = 300 cm/hr. The Pareto fronts obtained for various uL 407 

values are shown in Figure 5a. Note that, in general, the Pareto fronts do not necessarily 408 

cover the entire range of possible yield and productivity values, since some portions of 409 

them may not be achievable with the considered operating conditions. In particular, it 410 

is seen that as the loading velocity increases, the process performance first improves, 411 

with the Pareto moving to the right of the plot, thus enabling higher productivity values 412 

for a given recovery value. This is because at higher loading velocity the loading time 413 

is shortened to the benefit of productivity. However, when further increasing the loading 414 

velocity, intraparticle mass transfer becomes more and more limiting(Farnan et 415 

al.,1997;Gotmar et al.,1999), leading eventually to the earlier breakthrough of the 416 

impurities and then to lower purity values. This explains the worsening of the Pareto 417 

front at 3000 cm/hr with respect to lower loading velocities in Figure 5a. The effect of 418 

the washing velocity is showed in Figure 5b. It is seen that as the washing velocity 419 
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increases from 300 to 900 cm/hr, the Pareto front extends to higher productivities, but 420 

it decreases again for further increasing uW values. For the maximum allowable 421 

washing linear velocity of 3000 cm/hr, the process performance is in fact inferior to all 422 

the other washing velocities in almost the entire range of operating conditions. Limiting 423 

intraparticle mass transfer prevails at such washing linear velocity, so that more target 424 

protein remains in the column, and both yield and productivity decrease. 425 
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Figure 5. Tradeoff (Pareto front) between yield and productivity of (a) batch process 427 

under various loading velocities with uW = 300 cm/hr (b) batch process under various 428 

washing velocities with uL = 300 cm/hr (c) Flow2 process under various interconnected 429 

loading velocities with uW,IC = 300 cm/hr (d) Flow2 process under various 430 

interconnected washing velocities with uL,IC = 300 cm/hr 431 
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 432 

Thus summarizing, since the Pareto fronts in both Figures 5a and 5b tend to cross 433 

each other, the best velocity values have to be defined depending on the specific 434 

operating conditions. In particular, the idea of using the maximum possible velocity in 435 

either loading or washing, corresponding in this case to 3000 cm/hr, is not 436 

recommended.  437 

4.2.2 Continuous Flow2 Process 438 

The analysis of the role of liquid velocities in this case is more complex than for 439 

batch processes because we now deal with four velocities: the interconnected loading 440 

velocity, uL,IC, the interconnected washing velocity, uW,IC, the inline dilution velocity, 441 

uILD and the batch loading velocity, uL,B. It appears reasonable to take equal the batch 442 

and interconnected loading velocities, i.e. uL,IC = uL,B, so as to apply in both the same 443 

residence time. In addition, the inline dilution velocity is taken equal to the 444 

interconnected washing velocity, i.e. uW,IC=uILD as the resulting buffer composition for 445 

the downstream column remains constant independent of the linear velocity applied, 446 

thereby reducing the number of varied operating variables. Accordingly, in the 447 

following we analyze the effect of two velocities: uL,IC and uW,IC. These will be changed 448 

independently, one at a time, in the range 300 cm/hr to 1500 cm/hr. The latter 449 

corresponds to the largest velocity compatible with the considered maximum pressure 450 

drop of 0.15 MPa, and it is half of the one considered in the case of the batch process 451 

because two columns are operated in series in the interconnected step. The simulation 452 

results are shown in Figure 5c and 5d.  453 



 26 

In Figure 5c it is seen that larger values of the loading velocity, uL,IC improve 454 

significantly the tradeoff between yield and productivity of the Flow2 process. However, 455 

no Pareto Front could be calculated for loading velocities larger than 750 cm/hr, since 456 

it was not possible to achieve the requested purity of 99%. For such values of uL,IC (and 457 

of uL,B), together with the fact that the batch loading time must be fixed to match the 458 

R.-R. time, too many aggregate breakthrough into the product pool. Nevertheless, it is 459 

found that, although the loading velocity is constrained by time scheduling, the Flow2 460 

process can offer better performances than the batch operation. In particular, it can 461 

approach productivities larger than 300 g/L/h while keeping the yield in the order of 462 

99%, which for the batch process (Figure 5a) can only be achieved by decreasing the 463 

productivity by at least three times in the order of 100 g/L/h.  464 

Also in the case of the washing step, the process performance improves for 465 

increasing linear velocity values, uW,IC as shown in Figure 5d. This is because in the 466 

Flow2 process, the inline dilution allows all proteins washed out from the first column 467 

to be captured by the second column, regardless of the more or less harsh washing 468 

conditions in the first column. Better performance can be achieved compared to the 469 

batch process in terms of both yield and productivity. 470 

Thus concluding, for the Flow2 process we can recommend the higher loading and 471 

washing velocities compatible with the pressure drop constraint, provided that the Pspec 472 

is obtained (750 cm/hr and 1500 cm/hr, respectively in this work). This is the main 473 

reason for the continuous process to exhibit better productivities than the corresponding 474 

batch operation, thus over compensating for the increased column volume utilized. 475 
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4.3 Role of Buffer Composition in Loading and Washing 476 

In this section, the effect of the ionic strength of the loading and washing buffers 477 

is investigated. Also in this case, we analyze the effect of each one separately, by 478 

keeping the other fixed. In particular, we consider the ionic strengths of the loading 479 

buffer, IL (IL,IC for Flow2) ranging from 40 mM to 120 mM, and for the washing buffer 480 

higher values, with IW (IW,IC for Flow2) ranging from 80 mM to 200 mM. The values 481 

of the remaining operating parameters are summarized in Tables 1 to 3, and in particular 482 

the ionic strength for inline dilution buffer is kept constant at IILD = 10 mM. 483 

4.3.1 Batch Process 484 

The Pareto fronts computed for various values of the ionic strength of the loading 485 

buffer, IL and at fixed ionic strength of the washing buffer, IW equal to 120 mM, are 486 

shown in Figure 6a. It is seen that the process performance improves as IL decreases. 487 

Lower ionic strength values, in fact, facilitate the displacement of the monomer by the 488 

aggregates by enlarging the difference of adsorptivity between aggregates and monomer. 489 

Using equations 6, 7 and 8, it can be seen that the ratio of the Henry coefficients of 490 

aggregates and monomer (Hagg/ Hmono) increases from about 40 to 600, as IL decreases 491 

from 120 to 40 mM. Therefore, lower ionic strengths of the loading buffer can increase 492 

the monomer content and decrease the aggregate content in the product pool of the 493 

loading step. This comes of course in addition to the fact that using lower IL typically 494 

implies also higher feed dilution and therefore lower protein concentration in the feed. 495 

With respect to the washing conditions, a non-monotonic behavior is observed in 496 

Figure 6b: the process performance initially improves with increasing the wash buffer 497 
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ionic strength, but then deteriorates at higher values. In particular, at IW = 140 mM the 498 

Pareto becomes minute, indicating that the specified purity value can be achieved only 499 

for a restricted range of yield and productivity values. The reason is that in the batch 500 

process, the washing buffer has to be carefully tuned in order to elute the remaining 501 

monomer inside the column without eluting also the aggregates. Too low Iw leads to too 502 

much monomer left in the column, thus decreasing yield and productivity, while too 503 

high Iw increases the aggregate leakage, thus leading to lower product purities.504 
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Figure 6. Tradeoff (Pareto Front) between yield and productivity of (a) Batch process 506 

for various ionic strengths of the interconnected loading buffer, IL, with IW = 120 mM. 507 

(b) Batch process for various ionic strengths of the interconnected washing buffer, IW, 508 

with IL = 80 mM. (c) Flow2 process for various ionic strengths of the interconnected 509 
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loading buffer, IL,IC, with IW,IC = 120 mM.  (d) Flow2 process for various ionic 510 

strengths of the interconnected washing buffer, IW,IC, with IL,IC = 80 mM. 511 

 512 

The conclusion of this analysis is that, for batch processes, while for the loading 513 

buffer lower ionic strength values (40 mM in this work) are recommended, for the 514 

washing buffer a detailed analysis is needed to identify the proper ionic strength (120 515 

mM in this work). The latter constitutes a delicate design problem, which obviously 516 

reflects at the manufacturing level in a control problem, which may have a strong 517 

influence on the performance of the entire process. This aspect will be discussed later 518 

in terms of process robustness. 519 

4.3.2 Continuous Flow2 Process 520 

In the case of the Flow2 process we have four buffers involved and therefore four 521 

variables to be designed and optimized: the interconnected loading buffer ionic strength, 522 

IL,IC, the batch loading buffer ionic strength, IL,B, the interconnected washing buffer 523 

ionic strength, IW,IC, and the inline dilution washing buffer ionic strength, IILD. In the 524 

following, IB is set to be equal to IIC, since, for practical reasons, it is convenient to use 525 

in both steps the same feedstock, coming from the protein A eluate and corrected to this 526 

ionic strength value. In addition, the IILD is set to be fixed at 10 mM, so that the Pareto 527 

optimization can be limited only to the interconnected loading buffer ionic strength, 528 

IL,IC and the interconnected washing buffer ionic strength, IW,IC. Similarly as for the 529 

batch process, we investigate the process performance first for IL,IC ranging from 40 to 530 

120 mM at fixed IW,IC = 120 mM, and then for IW,IC changing from 80 to 200 mM at 531 
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fixed IL,IC = 80 mM. The obtained results are shown in Figures 6c and 6d, respectively.  532 

In Figure 6c it can be seen that, similarly to the batch process, also for the Flow2 533 

process the performance improves, that is the Pareto Front moves to the upper right 534 

corner of the plot, as IL,IC decreases, although to a smaller extent. On the other hand, 535 

for IW,IC, the data in Figure 6d show that the process performance first improves as the 536 

washing buffer ionic strength increases, but then reaches a kind of plateau for IW,IC 537 

values in the order of 140 to 200 mM where the process performance remains 538 

substantially unchanged. Besides providing in general better performances than the 539 

batch process, it is remarkable that this behavior of the Flow2 process is qualitatively 540 

different from that of the batch process, which indicates a superior robustness to 541 

changes in the washing buffer. In Figure 6b it can be seen, in fact, that the batch process 542 

for the largest values of IW, from around 100 to 140 mM, undergoes tremendous changes 543 

in its performance. This indicates that the Flow2 process can tolerate larger changes in 544 

the washing buffer ionic strength without compromising the process performance, 545 

which instead drops substantially for the batch process. This higher robustness of the 546 

Flow2 process clearly originates from the higher process flexibility, and in particular 547 

from the inline dilution. Compared to the batch process, where both the ionic strength 548 

and velocity of washing have a strong influence on process performance, the inline 549 

dilution in Flow2 expand the choice of washing conditions. In fact, washing conditions 550 

with higher ionic strength and higher velocity can be used to increase process 551 

performance, as the inline dilution allows all proteins washed out from the first column 552 

to be captured by the second column. Also, the increase in process performance can 553 
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improve the process robustness as it allows meeting the required product quality (i.e. 554 

purity > 99%) easier compared to the variability of either batch or continuous upstream. 555 

To conclude, for the Flow2 process, lower ionic strength for the loading buffer, IL,IC 556 

(40 mM in this work) and higher ionic strength for the washing buffer, IW,IC (higher 557 

than 160 mM in this work) are generally recommended to obtain best process 558 

performance in terms of both yield and productivity. 559 

 However, it is worth noticing that in the real industrial applications, non-aggregate 560 

impurities should also be considered. With stringent washing conditions (e.g. high ionic 561 

strength), these impurities can also be washed into the second column, and eventually 562 

end up in the product pool. This phenomenon can have an impact on product quality, 563 

e.g. in the case of proteases. However, the Flow2 process is typically carried out after 564 

the capture stage, where most of such impurities are actually separated. In addition, 565 

even if separation of such impurities is not achieved in Flow2, they cannot be 566 

significantly enriched relative to the monomer due to the yield of almost 100%.  567 

 568 

5 Process Robustness and Sensitivity Analysis 569 

Robustness is an important factor when evaluating the performance of a process. 570 

This is relevant at the process development stage, since higher robustness makes it 571 

easier to identify operating conditions leading to optimal process performance, but it 572 

matters also at the manufacturing scale, by facilitating the design of the controller 573 

needed to reject possible disturbances and keep the process within specifications. 574 

 In this section, we address this issue through the process sensitivity 575 
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analysis(Varma et al.,2005). In particular, we define the normalized sensitivity, S(𝜓𝜓;𝜑𝜑) 576 

of the generic output process parameter, 𝜓𝜓  to small changes of the generic input 577 

process parameter, 𝜑𝜑 as follows: 578 

( ); ψ φS ψ φ
φ ψ
 ∂

=  ∂                   
 (13) 579 

The partial derivative quantifies the local change of 𝜓𝜓 with respect to a small change 580 

of 𝜑𝜑, while keeping all remaining parameters constant, and it is therefore appropriate 581 

to estimate the sensitivity of the output, 𝜓𝜓 with respect to the input, 𝜑𝜑. The ratio 𝜑𝜑/𝜓𝜓 582 

is introduced to make the sensitivity dimensionless, that is independent of the units used 583 

in the evaluation of the input and output process parameters. However, it should be 584 

noted that the normalized sensitivity values alone do not represent the output variability 585 

due to a given input parameter, since this is also affected directly by the intrinsic 586 

variability of the input parameter.  587 

In the following, the sensitivity value is approximated through the incremental 588 

ratio ((𝜓𝜓�𝜑𝜑 + Δ𝜑𝜑� − 𝜓𝜓(𝜑𝜑))/Δ𝜑𝜑), where the numerator represents the change in the 589 

output parameter corresponding to an imposed change of the input parameter, equal to 590 

+1% of the reference conditions considered in the sensitivity analysis. In particular, we 591 

consider, as output process parameters, the three parameters determining the process 592 

performance: productivity, yield and purity, that is 𝜓𝜓= Pr, Y and P, respectively. As 593 

process input parameters we consider the loading time, the loading velocity and the 594 

washing buffer ionic strength, that is 𝜑𝜑 = tL, uL and IW (tL,IC, uL,IC and IW,IC for Flow2 595 

process), respectively.  596 

As reference conditions for the sensitivity analysis we select the optimized 597 
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operating conditions along the Pareto fronts with Pspec = 99% shown in Figure 3 for the 598 

batch and Flow2 process, respectively. Accordingly, for the various operating 599 

conditions along the Pareto Front, we compute, for each given change in the input 600 

parameter, the corresponding changes in the three performance parameters above, and 601 

from these the corresponding sensitivity values through equation (13). The obtained 602 

results, shown in Figure 7a to 7c, indicate that productivity and yield exhibit a positive 603 

sensitivity value, while the purity sensitivity is negative. This is consistent with the fact 604 

that each of the considered operating conditions belong to the Pareto front at a fixed 605 

purity value equal to 99%. The perturbed operating parameters, in fact, although leading 606 

to improvements in productivity and yield (positive sensitivity value), lead to a lower, 607 

not acceptable, purity value (negative sensitivity value) and therefore cannot be part of 608 

the Pareto Front. In the same Figure 7 it is also seen that the Flow 2 process, which can 609 

achieve larger productivity values because of its higher efficiency, also exhibits a 610 

generally better sensitivity behavior. More specifically, the very high sensitivity of the 611 

yield with respect to the washing buffer ionic strength, IW exhibited by the batch 612 

process is largely removed in the Flow2 process.  613 

In particular, Figure 7a shows that productivity is the most sensitive of all 614 

considered output parameters, and the corresponding sensitivity values are substantially 615 

equivalent for the two processes. Significantly lower sensitivity of the Flow2 process 616 

is observed only for the washing buffer ionic strength, IW,IC and for the larger 617 

productivity values. The strong reduction of the yield sensitivity with respect to IW, 618 

mentioned above, is illustrated in Figure 7b. The sensitivity values for the Flow2 619 
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process are less than 0.015, compared to values about ten times larger, in the order of 620 

0.1, for the batch process. This is a consequence of the stabilizing effect of the inline 621 

dilution process discussed above in the context of Figures 6b and 6d. It is worth noting 622 

that, in Figure 7b, the yield sensitivities with respect to tL and uL for the batch process 623 

are almost coincident. This is because these two parameters have the same effect on the 624 

loading amount, which is in fact defined by their product, (tL* uL), which in turns leads 625 

to the same change in the yield value. The same observation applies to the purity 626 

sensitivities, as it can be seen in Figure 7c. On the other hand, in Figure 7c, the batch 627 

process shows lower purity sensitivities than the Flow2 process, with respect to any of 628 

the input process parameters considered. However, the sensitivities with respect to the 629 

loading time and velocity are less critical in the context of process control (switching 630 

times and flow rates are typically well controlled), and the observed differences are 631 

lower than in the case above. On the other hand, the most critical sensitivity, with 632 

respect to IW (IW.IC), can be substantially decreased when operating at high productivity 633 

values. 634 
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Figure 7. Normalized sensitivity of productivity (a), yield (b) and purity (b) with respect 636 
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to tL, uL and IW for the batch process and to tL,IC, uL,IC and IW,IC for the Flow2 process, 637 

along the corresponding Pareto fronts shown in Figure 3. 638 

 639 

6 Conclusions 640 

Frontal chromatography has been analyzed with respect to two alternative 641 

implementations: a single column, batch process and a two-column, continuous process, 642 

referred to as Flow2. In particular, its application in the polishing step of the processes 643 

for mAb manufacturing, where the immunogenic high molecular weight species are 644 

removed from the target protein, is investigated with reference to a case of industrial 645 

relevance. An ad hoc procedure for process optimization has been developed and 646 

validated through the comparison with a general multi-objective optimization 647 

procedure, in terms of the Pareto Front of yield and productivity at a given purity, for 648 

both processes. The derived procedure allowed a thorough comparison of the two 649 

processes at their corresponding optimal operating conditions and not only in terms of 650 

the performance parameters, such as yield, purity and productivity, but also with respect 651 

to process robustness through a proper local sensitivity analysis.  652 

The obtained results indicate that, although column interconnection puts 653 

constraints on the linear velocities of the Flow2 process, this in general achieves better 654 

performance in terms of both yield and productivity at a given purity, compared to the 655 

batch process. An important component of this improvement is the higher flexibility 656 

provided by the inline dilution process, which allows the Flow2 to better tolerate higher, 657 

and therefore more advantageous, ionic strength values in the washing step. The 658 
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comparison of the normalized sensitivities computed for the two processes shows that 659 

the Flow2 process exhibits much smaller yield sensitivities than the batch one. Even 660 

more importantly, it is shown that for the Flow2 process, optimal operating conditions 661 

can be found, where the process performance is not very sensitive to the washing 662 

conditions and in particular to the buffer ionic strength. This is a very important result, 663 

since this high sensitivity represents one of the largest drawbacks of the frontal 664 

chromatography batch process, which is the reason for its lack of robustness and reflects 665 

in difficulties in determining washing conditions that can guarantee reliable operation 666 

particularly at the large scale.  667 

The discussed robustness analysis is based on the study of the local sensitivity 668 

values defined by equation (13). These local values are relevant, for example, for 669 

determining the characteristics of the algorithm used to control a specific input variable, 670 

e.g. determine the largest deviations that can be allowed to the input variable. It is 671 

interesting to note that the above reached conclusion is in good agreement with the 672 

analysis reported by Vogg et al.(Vogg et al.,2020)., based on a global definition of 673 

robustness. In particular, they compared the robustness of the two processes by 674 

considering the amplitude of the range of operating conditions, which allow respecting 675 

specific requirements in terms of process performance parameters. While their results 676 

indicate that the Flow2 process is characterized by larger robust design spaces than the 677 

batch process, our results augment this behavior by showing decreased local sensitivity 678 

of the Flow2 process towards process parameter variations at given sets of process 679 

parameters.  680 
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From all the discussion above, among the various chromatographic steps involved 681 

in the production of mAbs, frontal chromatography can be a quite promising candidate 682 

for the polishing step after protein capture with high purity, productivity and robustness.  683 

 684 

Notations 685 

dp    Particle diameter (m) 

dax,i   Axial dispersion coefficient of i component (m2/s) 

Hi Henry coefficient (atm*m2/mg) 

IILD Ionic strength of Flow2 inline dilution buffer (mM) 

IL Ionic strength of Batch loading buffer (mM) 

IL,B Ionic strength of Flow2 disconnected loading buffer (mM) 

IL,IC Ionic strength of Flow2 interconnected loading buffer (mM) 

IRR Ionic strength of batch and Flow2 recovery and regeneration (mM) 

IW Ionic strength of Batch washing buffer (mM) 

IW,IC Ionic strength of Flow2 interconnected washing buffer (mM) 

km,i Mass transfer coefficient of i component (m2/s) 

Lcol Column length (m) 

Pr Process productivity (g/Lh) 

P Product Purity 

Pspec   Specification value for purity 

uILD Linear velocity of Flow2 inline dilution (cm/hr) 

uL Linear velocity of batch loading (cm/hr) 
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uL,IC Linear velocity of Flow2 interconnected loading (cm/hr) 

uL,B Linear velocity of Flow2 disconnected loading (cm/hr) 

uRR Linear velocity of batch and Flow2 recovery and regeneration (cm/hr) 

usf Superficial velocity (m/s) 

uW Linear velocity of batch washing (cm/hr) 

uW,IC    Linear velocity of Flow2 interconnected washing (cm/hr) 

qi Concentration of i component in solid phase (mg/mL) 

qi
eq Equilibrium concentration of i component in solid phase (mg/mL) 

qi
sat

   Saturation binding capacity of i component in solid phase (mg/mL) 

tL Time of batch loading (min) 

tL,IC Time of Flow2 interconnected loading (min) 

tRR Time of batch and Flow2 recovery and regeneration (min) 

tW Time of batch washing (min) 

tW,IC Time of Flow2 interconnected washing (min) 

Y Product yield 

εt,i Total accessible porosity of i component 

μ Mobile phase dynamic viscosity (mPas) 

 686 
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