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1.  Introduction  

Over the past decades, significant progress and advancements in several areas of chemical 
and biological sciences have been shaping the pharmaceutical landscape. Meanwhile the 
large majority of available therapeutics were synthetic small organic molecules, a steady rise 
of implementation and commercialization of biologically and biotechnologically derived 
products began. The terms Biologics, embraced by the Food and Drug Administration (FDA) 
and Biologicals, adopted by the European Medicine Agencies (EMA), are employed to target 
drugs derived from living cells or through biological processes. Under this definition a 
variety of complex molecules is lumped including proteins, carbohydrates, nucleic acids and 
gene, cells, blood products, monoclonal antibodies, cellular therapies, and cytokines among 
other. [1,2] The vaguer definition biopharmaceuticals, coined in the 1980s, refers to a 
pharmaceutical substance inherently biological in nature manufactured using 
biotechnological methods. [3] This informal term, largely employed by the industry and the 
scientific community, is intrinsically broader and includes also other compound classes such 
as peptides and oligonucleotides. These, despite being structurally mimics or strictly related 
to physiological or natural compounds as their biologics counterpart, are most preferably 
manufactured via synthetic processes rather than biotechnological ones. [4,5] Despite some 
denomination incongruities and some internal differences, the whole group of 
biopharmaceuticals drastically diverges from small organic molecules on size, 
physicochemical properties, and manufacturing processes. Small molecules sizes usually 
range between 0,1 and 1kDa whereas the molecular weight of biologics is generally greater 
than 1 kDa. [6,7] Small molecules structures are generally stable, discrete, raw materials and 
process-independent, whereby fully characterized in terms of their molecular structure. On 
the other hand, biologics are extremely complex molecules, with heterogenous structures, 
and notoriously sensitive to a specific manufacturing process and the raw material used in 
it. [8] Indeed, when a drug manufacturer requests to introduce a reference product alternative 
in the market, regulatory agencies do not require a perfect physicochemical overlay of the 
two molecules but a proof of high similarity by extensive characterization of structure and 
biological functionalities of both the reference product and the proposed biosimilar. [1] 
Minor variations within specific ranges between the original product and the proposed 
biosimilar are acceptable, as they are in the batch-to-batch manufacturing of the same 
molecule, by means of the same process in the same plant. All this is due to the differences 
between expression systems and the conditions of the applied manufacturing process. [9] 
The expression “the process defines the product” is therefore quickly explained. All this does 
not apply to small organic molecules, where batch-to-batch productions and any generic 
drug must totally reflect the originally approved active pharmaceutical ingredient (API). 
Biopharmaceutical drugs are generally more sensitive to thermal, light, and chemical 
degradation demanding significant attention in the intermediate and final product 
formulation. In this regard, biologics are usually molecules extremely sensitive to transit in 
the gastrointestinal apparatus and with strong cell penetrability limitations due to their size, 
charge and hydrophilicity. [10] As a result, they are typically administered parenterally via 
injection or with other forms of administration among which ophthalmic, transdermal and 
pulmonary are constantly emerging, to the costs of oral administration. [11,12] Commonly 
known for their potency and selectivity, biopharmaceuticals have been causing concerns in 
their long-term use compared to small molecules. Indeed, the safety and efficacy of 
biopharmaceuticals seems to be severely impaired by the ability of patients to tolerate the 
drug. Prolonged treatment is associated with serious adverse events including leucopenia, 
thrombocytopenia, and neuropsychiatric effects, which may necessitate dose reduction or 
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even cessation of treatment in some patients. In a recent review from Tovey and Lallemand 
a through excursus about side-effects imputable to biopharmaceuticals is presented. [13] A 
further critical difference among the two compound classes is the economic impact they have 
on healthcare systems and drug manufacturers financial balances. Over the last decades, 
biopharmaceutical therapeutics have been constantly emerging both in absolute unit 
numbers and, especially, in the overall share of economic market. For instance, in 2017 only 
2% of United States prescriptions comprised biologics, yet this small percentage accounted 
for 37% of net drug spending. [6] The unit market shares see now biopharmaceuticals 
approaching 10% of the total pharmaceutical sales [14], eventually raising questions about 
the economical sustainability of biologics drugs use for national healthcare systems and 
consequently about the likelihood for each patient to access state of the art therapies. In 
average, a daily dose of biologics costs 22 times more than that of a small molecule. [6] This 
discrepancy is due to several factors, accentuators of the discrepancy among synthetic and 
biologic drugs. Firstly, the biologics market is relatively young, with few competitors and 
composed of many products and processes still under patent protection. On the other hand, 
the small molecules market is well established with several companies which have been 
specializing in such developments and productions over the last century. Consequently, a 
large number of generic products are available for classic drugs, allowing both wider access 
to therapies and savings in pharmaceutical expenditure. The first biosimilar drug approved, 
Zarxio (Filgrastim-sndz), was approved only in 2015 [15] and up to date 35 biosimilar 
products have reached the market against the massive number of 10´000 approved generic 
drugs. [16] A second factor is the actual complexity and the costs of development and 
production of biopharmaceuticals. A recent analysis revealed that the average production 
cost per pack of small molecules was ca. 5$ whereases this value raised to ca. 60$ for 
biologics. [6] Small molecules are usually synthetized by means of strongly controlled and 
reproducible chemical reactions followed by the conversion of the active ingredient and 
selected excipients into pharmaceuticals form suitable for the intended administration route. 
[17] On the other hand, larger synthetic molecules and biologics manufacturing procedure 
is generally more complex and commonly divided in two processing phases: upstream (UPS) 
and downstream (DSP), which will be more thoroughly discussed in the next section.  
All mentioned and further downsides are nevertheless counterbalanced by the many 
advantages resulting from the utilization of biopharmaceuticals. With the advent and the 
rapid growth of this new class of therapeutics multiple mechanisms to diagnose, prevent, 
treat, and cure diseases and medical conditions were enabled. [3,7,9] Light has been shed to 
solve several unmet clinical issues and biopharmaceutical drugs have revolutionized the 
treatment of a broad spectrum of diseases in nearly all branches of medicine. Among their 
strengths, their specificity is recognized, targeting almost exclusively the aimed molecules 
and receptors, therefore strongly decreasing the side effects associated with small-molecules 
drugs. [18] Their potency allows for reduced doses and have commonly paved the way for 
improved pharmacokinetics and pharmacodynamic properties, if compared to traditional 
synthetic drugs. Biopharmaceuticals play a leading role as well in the birth of personalized 
medicine, i.e., tailored therapies with most accurate responses and highest safety margins. 
[19] Unlike synthetic drugs, biomolecules exhibit more articulated mechanism of action, and 
their activity often relies on their conformity based on secondary, tertiary, or quaternary 
structures. The prevalent rationales behind the development of these innovative therapeutics 
are either a structural mimic of physiological compounds in light of elucidated physiological 
mechanisms (e.g., insulins) in order to provide replacement of a patient´s defective 
biomolecule as well as compensate for its absence due to genetic defects [8,11], or the 
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immunological stimulation to prevent damages of exogenous pathogens. In this regard, 
biological drugs in the guise of vaccines have been proving their great potential helping 
humanity in the fight against SARS-CoV-2, responsible of the ongoing Covid-19 pandemic. 
[20] The administration of the first-developed mRNA vaccines [1,21] was a turning point in 
the evolution of the infection´s spread and mortality. Indeed, recent data suggests that more 
than half a million of human deaths have been averted through the vaccination campaign in 
the European Economic Area. [22]  
Recent trends and projections have been showing how the pharmaceutical R&D and 
manufacturing sector is shifting from small molecules toward biologic products. A brief 
excursus on the advantages in adopting such macromolecules is presented, as well as on the 
rising economic pressure those intrinsically carry with them. Aim of this doctoral path and 
thesis was the evaluation of technologies capable to increase the throughput of current 
manufacturing technologies and decrease costs in biopharmaceutical production.  

1.1 Biomanufacturing and downstream processing 

Given the wide range of molecules falling within the group of biopharmaceuticals, many 
differences are consequently encountered in the manufacturing process. Figure 1 shows a 
generic illustration of the various steps taking part to the biomanufacturing process of a 
biologic drug, e.g., a recombinant protein.  

 

Figure 1 The biopharmaceutical manufacturing technology flowchart exemplifying the upstream and the downstream 

bioprocess [10]. 

As mentioned earlier, the general biomanufacture flow scheme requires that after protein 
expression or synthesis, a recovery step during which cells and cell debris are removed, is 
performed. Finally, the drug substance, which needs to fulfill all critical quality attributes 
(CQAs), undergoes purification. In Figure 2, the above cited differences between the 
manufacturing processes of a biologic and large synthetic biopolymer molecules as peptides 
and oligonucleotides are highlighted.  
The aim of large-scale upstream processing is the cultivation of such lines in bioreactors to 
allow the expression of industrial amounts of recombinant biomolecules. Extremely 
controlled conditions, such as feeding, temperature, pH, oxygen supply and others are 
employed to lead the transformation of substrates into desired metabolic products. [26] Once 
the target molecule has been expressed, the first step in its recovery is harvesting, i.e., 
removal of cells and cell debris to yield a clarified and filtered fluid, known as the harvested 
cell culture fluid (HCCF). [27] Following this recovery step, biomanufacturing enters its 
more delicate part: downstream processing, that is all chemical and physical methodologies 
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applied to separate and purify target biomolecules. Downstream processing is now routinely 
found to be the bottleneck in biopharmaceutical manufacturing because its capacity has not 
kept pace with developments in the upstream production. [28] Indeed, the purification steps 
are responsible for around 50% of the total costs in an overall bio-manufacture stream. [29] 
Several techniques as filtration, centrifugation, precipitation, flocculation, or gravity settling 
have being evaluated and employed. 

 

 

Figure 2 Comparison of manufacturing processes of a biopharmaceutical produced in cell culture to a chemically 

synthesized peptide. Large amounts of cell mass and cell components need to be completely removed from the 

biologically produced therapeutic by employing a complex set of different filtration and separation technologies (e.g 

chromatography). Chemical peptide and oligos synthesis lack the high level of cell-based impurities which simplifies the 

purification process. [23] 

However, poor scalability of these procedures, inadequate resolving capacities and lack of 
reproducibility led to the rise of preparative liquid chromatography as industrial gold 
standard for downstream processing. [30] Robustness, selectivity, and high resolution of 
chromatographic methods are among the beneficial characteristics of liquid 
chromatography. Why are purification steps required when producing a monoclonal 
antibody or a peptide? To answer this question, it must be noted that despite the continuous 
improvements in throughput and process yield, upstream processes lead to the expression of 
the pharmaceutical biomolecule together with several and different kinds of impurities. 
[4,25] Regulatory agencies, in order to approve a new biotherapeutic molecule, require the 
manufacturing process to deliver a highly pure compound, whose purity should be assessed 
thorough a combination of analytical methods. [31]  
These impurities may be process-related, i.e., chemical, or biological entities not related 
structurally to the product but generated due to the nature of the process. For instance, during 
the cultivation of cell lines, the recovery of the expressed recombinant proteins involves the 
collateral harvesting of cell media components, substrates, salts, HCPs, DNA or 
chromatographic media, solvents and buffer components used in purification. Process-
related byproducts are commonly removed via affinity chromatography, a biochemical 
separation technique that relies on a selective and reversible interaction between an analyte 
and a ligand. The binding specificity between those is exploited for selective absorption of 
the pharmaceutical entity from a complex mixture, followed by washing steps to remove 
unbound impurities and the change of factors such as pH, ionic strength, or polarity to cause 
product elution. [32] An example of such technique is the capture of immunoglobulins, 
glycosylated proteins, which are processed in stationary phases functionalized with lectin. 
Lectins are proteins strongly and selectively binding carbohydrate moieties, allowing all 
other harvested material to flowthrough. In the end, IgG are eluted via temperature or salt 
concentration mobile phases gradients. [33] This so-called capture step is generally the first 
chromatographic step in downstream processing.  
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The second kind of impurities are product-related ones, i.e., compounds structurally similar 
to the target one which are predominantly high and low molecular weight (HMW, LMW) 
species of the target product, such as aggregates and fragments for monoclonal antibodies. 
This second step is named polishing and is meant to boost purity of the harvested captured 
material and its development differentiates according to the chemical structure of the crude 
to be processed.  As further example, several product-related impurities can be identified in 
peptides upstream crudes from chemical synthesis: unpaired amino acids, short failed 
sequences, byproducts caused by deamination, depurination, deprotection failure or adduct 
formation [4,18,25] are among the possible combinations of undesired species. Likewise, 
long sequences of amino acids missing or exceeding of one or few monomers to reach the 
desired polymer length are commonly characterizing such feeds. Respectively, the firsts are 
referred to as shortmers (n-1; n-2; etc.) and the seconds as longmers (n+1; n+2; etc.). 
Generally, the removal of such impurities relies again on preparative liquid chromatography. 
However, because each biopharmaceutical is associated with specific separation challenges, 
universal generalization is not possible and multiple or even orthogonal chromatographic 
interaction mechanisms are exploited. For instance, proteins are often polished from their 
aggregates, fragments as well as from HCPs and leached protein A from the capture step 
[31,34], by means of ion exchange chromatography (IEC). This is because of their charged 
status which allow adsorption either on cation exchange (CEX) materials if positively 
charged or on anion exchange (AEX) resins if negatively charged. Progressive desorption is 
induced increasing the ionic strength of mobile phase, generally applying a gradient elution 
protocol. Another technology for protein polishing is Hydrophobic Interaction 
Chromatography (HIC). Its main advantage is that operating under non-denaturing 
conditions, such as ambient temperature, aqueous mobile phases, and physiological pH, 
avoid product folding or denaturation. [34] In HIC, stationary resins particles or base matrix 
are functionalized with hydrophobic ligands. Protein retention is a result of the interaction 
between hydrophobic patches on the surface of the protein with these ligands. [35] Retention 
is promoted using kosmotropic salts, e.g., ammonium sulfate, sodium citrate, potassium 
phosphate. Those salts interact with water molecules to reduce solvation of protein molecule 
in solution, decreasing their solubility and exposing their hydrophobic patches to promote 
binding. Consequently, protein binding occurs at high salt concentration, while elution is 
obtained progressively decreasing the salt concentration in the aqueous buffer. [35] It is 
worth mentioning that, despite the added value of this techniques, two major challenges are 
encountered. First, binding capacities are traditionally limited on HIC, especially in 
comparison with IEX resins. Then, the use of highly concentrated mobile phases has a 
negative impact in manufacturing plants being responsible of corrosion for stainless-steel 
tanks and burdening of disposal costs. [36,37]  
Moving towards more hydrophobic molecules such as peptides the technique of choice is 
generally Reversed Phase chromatography (RPC), which has been proven to be a reliable, 
efficient, and widely employable technique. In this case, stationary particles of the resin are 
functionalized with hydrophobic structures as aliphatic chains of different length (C4, C8, 
C18, etc.) or aromatic rings (phenyl hexyl). Furthermore, in RPC ligand densities are usually 
higher than in HIC, resulting in greater hydrophobicity. In RPC the hydrophobic regions of 
the target molecules are adsorbed and only by increasing the organic phase ratio in the 
mobile phase, bound molecules are displaced from the resin and analyte from its impurities 
because of the different interaction strengths. Examples of organic modifier employed are 
acetonitrile, ethanol, methanol, or isopropanol. In this respect, purification scientists are 
paying growing attention to the selection of greener and easier to dispose solvents in order 
to meet 4.0 biomanufacturing industry goals. Despite its broad use, RPC purification 
technique still suffer some limitations: low loadability, high cost and limited selectivity 
between structurally similar molecules and charged analytes. [38]  
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To overcome such issues and to allow increased retention strength of bases and cations, Ion-
Pair Reversed Phase chromatography was developed. An ion-pair reagent has an ionic end 
and a nonpolar tail: the non-polar end strongly binds the nonpolar stationary phase while the 
ionic sample species can be attracted to the immobilized ion-pair reagent, providing 
chromatographic retention. For instance, acidic ion-pairing agents as trifluoroacetic acid or 
formic acid, are often added to the mobile phase to pair with basic amino acids, positively 
charged at acidic pH, finally improving peak shape. [39] Contextually, basic ion-pairing 
reagents such as tetraethylammonium are inserted in mobile phase to increase selectivity of 
acidic compounds. [40]  

 

Figure 3 The Ion-Pairing mechanism. The ion-pairing reagent (a quaternary amine) is employed as a bridge: its 

lipophilic portion binds to the hydrophobic ligands of the stationary phase and its charged region attracts the conversely 

charged analyte in the feed mixture, inducing retention. 

It is worth noting that in a classic downstream protocol, afore mentioned techniques are 
rarely singularly employed.  The concept of orthogonal chromatography separations, i.e., 
processes according to two or more types of interactions (e.g., hydrophobic and ionic) has 
been constantly applied in analytical and industrial scale. [41] The rationale of this mixed 
purification approaches is to increase yield and productivity of a given separation exploiting 
multiple analyte anchor sites and to assure the fulfillment of purity constraints of the 
downstream products. However, the combination of two different chromatographic steps in 
series causes an increase in the amount of time and eluents needed, hence decreasing 
productivity. To cope with this aspect, over the years, efforts have been made blending two 
types of different materials in a single column, leading to the birth of another important 
technique in separation science: mixed-mode chromatography (MMC) [42, 43].  
In literature, many applications of mixed-mode resins applied to biopharmaceuticals both on 
analytical and preparative scale can be found. Zimmermann A. et al investigated a mixed-
mode reversed-phase/weak anion exchanger stationary phase for the analytical isolation of 
a synthetic oligonucleotide, obtaining higher selectivity than with RP and IP-RP materials. 
[44]. With respect to preparative chromatographic applications, Voitl et al. demonstrated an 
increased throughput and purity values achievable in an antibody polishing make use of a 
weak anion exchange/reversed phase material in comparison with anion exchange and HIC 
resins. [45]  
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A published article part of this thesis, which will be deepened further on, is indeed an 
application of an innovative material for the purification of a synthetic peptide.  
Since the beginning of bioprocessing huge achievements have been met and many other 
alternatives to boost chromatographic purification outcomes, increase resin loading 
capacities and hence overcoming DSP bottlenecks are nowadays being evaluated. 
[8,18,35,38,46] Some of those are going to be highlighted in section 1.3.  

1.2 Process parameters 

Given the huge complexities and variabilities in biomanufacturing, one important statement 
in the ICH Q8 guidelines is that product final quality should be built in by process design 
(QbD). [47,48] Quality by design is an approach that aims to ensure the quality of medicines 
by employing statistical, analytical, and risk-management methodology in the design, 
development, and manufacturing of medicines. Among quality by design goals, one is to 
ensure that all sources of variability affecting a process are identified, explained, and 
managed by appropriate measures. [49] This concept was recently introduced by FDA and 
EMA aiming to achieve greater understanding of the relationship between critical quality 
attributes (CQAs) and clinical properties of the product. Therefore, as for all other 
manufacturing processes, a preparative chromatography method should be thoroughly 
characterized. In it should be built robustness, reproducibility, and sensitivity, 
simultaneously delivering high values of throughput.  
Both on a lab-scale equipment and a plant infrastructure, the eluate obtained from a 
preparative chromatography process is collected in fractions. Each discrete pooled unit must 
undergo offline analytical characterization. Based on the biopharmaceutical nature, various 
analytical techniques may be applied. The aims of a characterization campaign are to define 
the structure of the major product and product-related impurities, to relate structure to 
function, and to quantify target/impurities ratio derived from the process. In addition to 
fundamental product knowledge, comprehensive characterization allows the future 
implementation of meaningful comparability protocols that support manufacturing changes. 
[50] Based on the researched attribute and the nature of the analyte several analytical assays 
are employed as Enzyme-linked Immunosorbent Assay (ELISA), Polymerase chain reaction 
(PCR), Western blot, Flow cytometry and many others. Among several techniques, High 
Pressure Liquid Chromatography (HPLC) coupled to various detectors, certainly represents 
one of the most widely used technologies to obtain multiple pieces of information from a 
sample.  
Most of the data obtained from analytical chromatography are essential to estimate 
parameters quantifying and qualifying the performance of a purification process. [51] First 
and foremost, a purification process is intended to deliver purified material from a crude 
mixture. Therefore, purity of the pooled material represents a key parameter to be evaluated. 
The result is expressed in percent and it directly proportional to the integrated 
chromatographic area of the target product peak and inversely proportional to the sum of all 
chromatographic peaks area: 𝑃𝑢𝑟𝑖𝑡𝑦 % =  𝐴𝑟𝑒𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐴𝑟𝑒𝑎 𝑡𝑜𝑡𝑎𝑙 × 100                                       (1.1) 

When processing valuable materials, it is essential and an economical requisite to obtain as 
much as possible injected product from the chromatographic unit. Process yield is a further 
parameter, obtained from the ratio of the mass of the product recovered in the pool and the 
mass of the product injected in the column through the feed.  
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𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =  𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 × 100                                      (1.2) 

A third parameter, correlating the amount of target compound recovered with the total 
duration of the preparative method and the total column volume of the stationary phase is 
productivity. This parameter is used to express the amount of target compound purified in 
the unit of time per column volume (CV). 

     𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑔/𝑚𝐿/ℎ) =  𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑𝑡𝑖𝑚𝑒 ×𝐶𝑉                               (1.3) 

In order to keep track of the amount of solvent utilized during the manufacture, the solvent 
consumption factor is introduced. It correlates the volume of buffer needed to deliver a 
certain mass of target within purity specifications: 𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝐿/𝑔) =  𝑉𝑏𝑢𝑓𝑓𝑒𝑟𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑                          (1.4) 

Finally, an index accounting for the overall process efficiency of the manufacturing process 
is used: the process mass intensity (PMI). This is given by the ration between the total input 
mass consumed in the process (buffers, raw material, volume of resin) and the mass of the 
purified product.  𝑃𝑀𝐼 (𝑔/𝑔) =  𝑚𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑚 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑                                                 (1.5) 

This metric describes the total resource consumption and hence the ecological impact of a 
manufacturing process. It was firstly described by Budzinski et al. and allows to compare 
several manufacturing procedures in terms of their environmental impact.  [52,53] 

1.3 Intensification strategies 

A batch chromatographic process is an adsorption-based separation process carried out in 
single-column mode. A feed mixture, containing both the pure compound and impurities, is 
injected into the stationary phase, an elution via mobile phases is performed and the product 
is recovered, and the column purged and re-equilibrated. Only once this is completed, a new 
cycle of the purification process can be pursued. Currently, batch processes are the gold 
standard for biopharmaceutical, pharmaceutical, fine chemicals, and food processing 
industries. However, they do historically suffer of some drawbacks and limitation. For 
instance, during capture processes, in order to avoid material breakthrough, and therefore 
expensive product losses, the adsorbent cannot be completely loaded to its static binding 
capacity, decreasing throughput and productivity [54]. The operation is discontinuous, and 
the overall process is slowed by equilibration, strip and cleaning in place (CIP) procedures 
which need to be repeated for each purification. Furthermore, an operator is constantly 
required to operate the software, to collect the fractions and refill the system with new 
collecting material. Subsequently, the mentioned fractions need to be analytically 
characterized for each batch run, thus burdening QC and QA departments. However, 
probably the most affecting aspect of operating in batch conditions is the yield-purity trade-
off: if the impurities present in the feed are structurally similar to the target product, it is 
common that their chromatographic peaks coelute both in the front or back region of the 
target peak.  This is particularly true for synthetically manufactured biopolymer such as 
peptide and oligonucleotides, where ternary separations are usually encountered. A graphical 
representation of this phenomena is shown in Figure 4. Consequently, efforts have been 
made in developing more performing purification solutions. A first instance, in reality not 
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affecting the present batch operational pathway, is the improvement of new stationary resin 
able to outperform existing ones, in other words to increase separation performances and 
consequently reduce the amount of overlapping materials, delivering wider regions of pure 
material. In analytical applications, the progressive reduction of particle size in columns (up 
to the sub-2µm region) thanks to the introduction of ultra-high performance liquid 
chromatographs (UPLC), able to withstand pressures up to 1200 bar [55], permitted to reach 
higher efficiencies and separation capacities. However, on a preparative prospective, this 
approach is not viable. Backpressure limits are tremendously inferior, usually up to 100 bar 
for lab-scale equipment and up to 50 bar for manufacturing plants. Moreover, in preparative 
chromatography larger particles are needed to bind as much as possible feed material, with 
the aim of boosting productivity. As discussed earlier, a valuable alternative is adopting 
mixed-mode resins and merge orthogonal separation mechanisms in a single column. Crude 
materials are composed of notably amounts of impurities whose chemical structures may 
vary in terms of hydrophobicity, carried charge and dimension [39]. 
 

 

Figure 4 Yield-Purity trade-off. Weakly adsorbing and strong adsorbing impurities are indicated respectively in blue and 

green. The target product in red. Grey areas indicates overlapping regions. [39] 

MMC resins use ligands capable of at least two modes of interaction with analytes resulting 
in interactions combinations enhancing chromatographic selectivity. Furthermore, in some 
applications remarkably higher loadings were shown to be reached with MMC: for instance, 
the loading capacity of an IEX/HILIC resin was found to be 10 times higher than that of a 
RP resin for the same investigated compound [56,57]. Among the latest innovation in this 
field are Doped Reversed materials: in fact, while most mixed mode resin carry both types 
of interactions on a single ligand, Doped materials use two separate ligands, each exhibiting 
its own type of interaction. [58] This distinction allows such materials to have an extreme 
specific concentration (e.g., 15%) of each ligand unlike most mixed mode materials, where 
different ligands are generally equally distributed. The basic RP structure of DRP resins 
generates retention of hydrophobic analytes. However, biopharmaceuticals crudes are 
usually characterized by analytes and impurities largely differing in their hydrophobic, 
hydrophilic, and charged regions. Thus, the introduction of doping ion-exchange ligands is 
exploited to strongly influence final retention strengths on the stationary resin. [59] As rule 
of thumb, if the ion-exchanger and the analyte bear opposite charges, an increase in retention 
occurs whereas, if the charge they hold is equivalent, repulsion arises, eventually decreasing 
the final adsorption intensity. In RP separation, more hydrophobic components (e.g., low-
charged peptides) are more strongly bound on a column than less hydrophobic ones (e.g., 
highly charged peptides) and they do consequently elute later. As introduced by Khalaf et 
al, considering a three-element separation, it is possible to explain how introducing a 
repulsive ion-exchanger in a RP resin has a favorable impact in biopolymer polishing 
applications.  Indeed, the elements generally involved in the separation process are a product 
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(P) of mild hydrophobic features, a more hydrophilic and thus more weakly retained weak 
impurity (W) and a deeply hydrophobic late-eluting strong impurity (S). The retention of 
each of those, when repulsive agents are added, is affected as follows: the weak impurity 
(W), highly charged, is shielded from adsorption by the repulsion between its charge and the 
doping ion-exchanger, thus eluting earlier. The product (P), partially charged, is only slightly 
affected by the repulsion and its retention factor decreases marginally. On the other hand, 
the strongly hydrophobic impurity S is almost not affected by the stationary phase 
modification and its retention time during the elution is superimposable with the one from 
the RP- based separation alone. A graphical representation of this phenomenon is available 
in Figure 5 (right). Chromatographic bands are better resolved and the overlapping peaks 
regions, the principal reason behind batch chromatography purity-yield tradeoff, 
theoretically deleted. Hence, a completely pure region of product (P), could be pooled 
without sacrificing the yield. On the other hand, the authors report how the utilization of 
doping ion-exchanger of opposite charge respect to the one hold by analytes would have a 
detrimental impact on the separation outcome. In fact, the weak impurity (W) would be 
subjected to a boost in retention and, its partially resolved peak in RP conditions, would 
eventually be adsorbed with homogenous strength compared with product (P) and strong 
impurity (S).  
 

 

Figure 5 Schematic representation of chromatograms in RPC (top) and DRP (bottom). The arrows show the effect of the 

doping IEX groups. Attractive–attractive mode is on the left, whereas attractive–repulsive is on the right. [58] 

Part of the doctoral dissertation is the application of such innovative resins to the polishing 
of an industrially relevant peptide, Liraglutide.  
Implementation of batch processes is accomplished not only via mobile phase and stationary 
phase optimization, but as well with innovative engineering approaches.  
Despite several efforts and attempts that have been made to surmount batch intrinsic 
drawbacks and the tradeoffs implied in its use, such technology is progressively being 
recognized as limiting and the purification processes are now shifting towards continuous 
operation. In chapter 3, a digression on the origin and the latest innovation of continuous 
chromatography will be presented, whilst in the Result and Discussion section, the research 
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activity carried out in the field of continuous countercurrent chromatographic processes for 
the purification of biopharmaceuticals will be described and discussed. 
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2. Preparative liquid chromatography  

As previously introduced, capture and polishing steps in biopharmaceutical manufacturing 
are mainly carried out via liquid chromatography. Chromatography is a separation process 
firstly developed by the Russian botanist Tswett in 1903. [60] It is based on the difference 
between the migration velocities of the different components of a mixture when they are 
carried by a stream of fluid percolating through a bed of solid particles called column. [61] 
Between the two phases of this system, an equilibrium is reached for all the components of 
the mixture. These equilibria are mainly governed by temperature, stationary and mobile 
phases nature.  Thorough knowledge of the events taking place in the separation media allow 
detailed process characterization and model-based prediction and optimization of those. As 
a result, growing efforts has been dedicated to the modeling of chromatographic processes. 
The reason behind is the willingness to reduce process development costs and burden. 
Indeed, the typical route to establish industrial chromatographic purification processes is a 
lab-scale experimental investigation on columns of the same nature as the one used in the 
manufacturing plant but with smaller bed height and particles diameter. This experimental 
approach is time-consuming and requires large amounts of feed material, commonly limited 
in quantities and very expensive. Consequently, the adoption of modeling alternatives to 
avoid such drawbacks and to identify critical process parameter and optimal process design 
is solidly taking pace.  

2.1 Linear and nonlinear chromatography 

Analytical-scale applications of chromatography, e.g., quantitative and qualitative analysis, 
are carried out in the so-called linear chromatography region, where the equilibrium 
concentrations of a component in the stationary and the mobile phases are proportional. [62] 
Thus, the equation describing the analyte equilibrium between stationary and mobile phase 
is still a linear curve. The peak shape is gaussian and peak height proportional to the mass 
of each component in the injected sample. In linear chromatography, retention times are 
independent of the sample composition and of its concentration. On the other hand, 
nonlinear chromatography is mainly encountered in preparative applications: here, in order 
to obtain high throughputs and productivities, the stationary phase is overloaded. In this case 
scenario, repartition linearity of analytes between stationary and mobile phase is lost and the 
equilibrium concentration of a compound in the stationary phase is not any longer 
proportional to its concentration in the mobile phase. Band profiles, peak shape and retention 
time of a component will depend on the amount of the compound injected and on the degree 
of competition for adsorption sites with other analytes present in the mixture. [62] Another 
important distinction among nonlinear chromatography is between ideal chromatography 

and nonideal chromatography. In the first, axial dispersion is unrealistically considered 
negligible and column efficiency and rate of mass transfer kinetics are considered infinite. 
Under such conditions, band profiles and peak shapes are exclusively attributed to 
thermodynamic equilibria. In the second one, closer to reality, the column efficiency is finite 
and discrete causing non-equilibrium effects to take place because of slow mass transfer 
kinetics. Hence, in nonideal chromatography together with thermodynamics effects also 
kinetics influences are considered to describe the chromatographic process and the root 
causes behind band broadening phenomena. Different models have been proposed to 
elucidate idealities and mechanisms behind chromatography and few of them are now going 
to be briefly discussed further. 
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2.2 Classes of chromatographic models 

Chromatographic processes are described by equilibrium theories, employed when the mass-
transfer and adsorption-desorption processes are instantaneous (constant equilibrium 
between the two phases) and by kinetic axioms, adopted when mass-transfer is slow. [63] 
This is often the case with large biomolecules, mainly encountered in this thesis. Indeed, 
modeling approaches consider individually or simultaneously several phenomena happening 
during the repartition of an analyte between stationary and mobile phase. Among those are 
convection, dispersion, mass transfer pore diffusion and adsorption equilibrium. [64] To 
enable modeling, some assumptions are introduced [65]: 

• The adsorbent bed is homogeneous and packed with spherical particles of identical 
diameter (thus, size-exclusion effects are overlooked); 

• The mobile phase in particles pores is to be considered stationary and not affected by 
mobile phase movements; 

• The eluent is inert and characterized by constant density and viscosity; 

• The adsorbent is assumed to be unidimensional, i.e., radially homogeneous; 

• The process is isothermal and the column is operated under constant conditions 
(pressure, temperature, flowrate); 

An aspect characterizing each chromatographic separation is that the mass of each 
component injected, included mobile phases, travelling and exiting the column is constant. 
In other words, the subtraction to the amount of a components entering the column of the 
amount leaving it is zero. The introduction of the Mass Balance Equation (MBE) enables a 
mathematical description of this. A differential mass balance equation accounting for 
accumulation (first two terms, respectively regarding accumulation on mobile and stationary 
phase), convection (third term) and dispersion (first term on the right) is written as 

                                       
𝜕𝐶𝜕𝑡 + 𝐹 𝜕𝑞𝜕𝑡 + 𝑢 𝜕𝐶𝜕𝑧 = 𝐷𝐿,𝑖 𝜕2𝐶𝜕𝑧2                                           (2.1.1) 

where 𝐶 and 𝑞 are the concentrations of the analyte in mobile and stationary phases, 𝐹 is the 
phase ratio expressed as 𝐹 = (1 − 𝜀)/𝜀, being 𝜀 the total porosity and 𝐷𝐿 the axial dispersion 
coefficient. 𝑢 represents the local flow velocity whereas 𝑧 is the considered column thickness 
and 𝑡 the time interval of reference. [63] To solve the MBE and thus predict the band shape, 
it is pivotal to understand the correlation of the concerned compound between mobile and 
stationary phases. Several chromatographic models elucidating those mechanisms have been 
proposed [62] and few of them will be briefly introduced in the next sections.  

2.2.1 The ideal model 

The ideal model assumes infinite column efficiency, no axial dispersion (𝐷𝐿,𝑖 nil) and local 

equilibrium between stationary and mobile phases. In this ideal conditions, mass transfer 
kinetics and axial dispersion are not involved in determining band profiles. Considering no 
axial dispersion contribution, the mass balance equation is now given as 

                                             
𝜕𝐶𝜕𝑡 + 𝐹 𝜕𝑞𝜕𝑡 + 𝑢 𝜕𝐶𝜕𝑧 = 0                                               (2.1.2) 

In the ideal model, individual band profiles are influenced solely by the nonlinear 
thermodynamics of equilibrium. It can be applied to gather information about the 
thermodynamic behavior of a chromatographic column under highest performance. [66]  
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2.2.1 The Equilibrium-Dispersive model 

The equilibrium–dispersive model accounts for a finite extent of axial dispersion and a finite 
rate of mass transfer kinetics between the two phases of the chromatographic system. The 
contribution of axial dispersion and finite mass transfer kinetic is lumped in a coefficient, 𝐷𝑎, i.e., the apparent axial dispersion term 

                                                       𝐷𝑎 =  𝑢𝐿2𝑁                                                            (2.1.3) 

This is possible because, considered consistent high efficiencies, the mass transfer resistance 
is sufficiently low to be simply accounted as an additional contribution to the mentioned 
coefficient. [61] Indeed, this model is not suitable for characterizing protein or large-size 
molecules, where mass transfer kinetics is generally too slow. Consequently, in the ED 
model the mass balance equation is expressed as follows 

                                          
𝜕𝐶𝜕𝑡 + 𝐹 𝜕𝑞𝜕𝑡 + 𝑢 𝜕𝐶𝜕𝑧 =  𝐷𝑎 𝜕2𝐶𝜕𝑧2                                        (2.1.4) 

 

2.2.2 The General Rate model 

Eventually, has to be mentioned the general rate model because it is the most detailed and 
comprehensive model when a mechanistic model is chosen to characterize a 
chromatographic process. It accounts for convective mass transfer of the solutes in the bulk 
phase, the diffusive mass transfer of solutes both in the film surrounding the beads and, in 
their pores, and for adsorption phenomena of analyte within pores surface. Therefore, this 
model considers separately the stagnant mobile phase, inside the pores and the percolating 
mobile phase, flowing between the particles, and describes both by a specific mass balance 
equation. [66]  
The mass balance equation for the bulk mobile phase in the interstitial volume is  

                                      
𝜕𝐶𝜕𝑡 + 𝑢ℎ 𝜕𝐶𝜕𝑧 + 3𝑟𝑝 𝐹𝑒𝑁0𝑧 =  𝐷𝐿 𝜕2𝐶𝜕𝑧2                                       (2.1.5) 

Where 𝑢ℎ is the interstitial velocity of the mobile phase, 𝑟𝑝 the average radius of the 

stationary phase particles and 𝑁0 is the mass flux of the analyte from the mobile phase to the 
external surface of the stationary phase. 𝐹𝑒 is correlated with the interstitial porosity. [63] 
On the other hand, the mass balance equation describing the diffusion of analyte within the 
pores of the resin particles is 

                               𝐷𝑝 (𝜕2𝐶𝑝𝜕𝑟2 + 2𝑟 𝜕𝑐𝑝𝜕𝑟 ) = 𝜀𝑝 𝛿𝐶𝑝𝜕𝑡 + (1 + 𝜀𝑝) 𝜕𝐶𝑠𝜕𝑡                      (2.1.6) 

where 𝐶𝑝 is the concentration of the analyte within the pores, 𝑟 is the radial distance in the 

spherical particle, 𝐷𝑝 is the pore diffusivity coefficient, 𝜀𝑝 is the internal porosity of the 

stationary phase and 𝐶𝑝 and 𝐶𝑠 respectively the analyte concentration inside the pores and 

adsorbed on the stationary phase. 

2.3 Adsorption equilibria 

As discussed earlier, the resolution of the mass balance equations derived from the different 
chromatographic models requires fundamental understanding of adsorption equilibrium. 
[62] Adsorption isotherms are functions correlating concentration of adsorbed analyte in the 
stationary phase at equilibrium with the mobile phase, given constant temperature and 
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pressure. These thermodynamic features are due to the nature of the compound and to the 
nature of interactions it establishes with the beads. The correlation is usually linear in the 
low concentration range and enters the nonlinear region when high concentrations are 
employed, and saturation is reached. [35] Multiple adsorption models have been employed 
to describe all the possible interactions between the analytes and the mobile and stationary 
phases. The differences are due to the kind of relations between adsorbate and adsorbent 
material, the homogeneity or heterogeneity of the latter and the composition of the feed 
material which may lead to competition behaviors in site adsorption. Their comprehension 
is fundamental to model preparative or nonlinear processes; hence some of the most 
encountered isotherm models are going to be briefly described and a section will be 
dedicated to the determination techniques of such models.  

2.3.1 Linear isotherm 

Linear isotherms are used to describe analytical applications of liquid chromatography, i.e., 
when relatively small amounts of molecules are injected into the chromatographic system. 
In such cases, no competition is considered to take place between analytes for the adsorption 
on the stationary phase’s free adsorption sites. This model follows a linear relationship 
between 𝑞, the amount of solute adsorbed on the surface, 𝐶, the amount of solute dissolved 
in the mobile phases, and 𝑎, the Henry´s adsorption constant: 

                                                                     𝑞 = 𝑎𝐶                                                    (2.1.7) 

where 𝑎, as well known as the slope isotherm, is related to the retention factor 𝑘´ of the 
analyte and the phase ratio 𝐹 as follows:  

                                                                      𝑎 = 𝑘𝐹                                                       (2.1.8) 

This adsorption model is useful for the description of analytical applications, however it is 
not accurate and suitable for the description of preparative separation, where competition 
phenomena among analytes and mobile phase for the adsorption on the resins may appear.  

2.3.2 Langmuir isotherm 

This model assumes energetic homogeneity of the resin, i.e., the stationary phase is 
exclusively characterized by one type of adsorption site, and monolayer adsorption, i.e., no 
further form of adsorbate-adsorbate interaction is occurring. Graphically, it is characterized 
by a plateau that indicates the reaching of the saturation capacity, meaning that no further 
adsorption sites are available for binding. The Langmuir isotherm is described by the 
following equation: 

                                                           𝑞 = 𝑎𝐶1+𝑏𝐶 = 𝑞𝑠𝑏𝐶1+𝑏𝐶                                            (2.1.9) 

where, 𝑏 is the equilibrium constant and 𝑞𝑠 the saturation capacity, i.e., the maximum 
concentration of analyte that can be adsorbed on the stationary phase. If no further analyte 
is dissolved in the mobile phase, 𝐶 nil, the Langmuir isotherm is reduced to a linear isotherm 𝑞 = 𝑞𝑠𝑏𝐶, where 𝑞𝑠𝑏 corresponds to the Henry´s adsorption constant 𝑎. Among several 
available models, Langmuir is certainly one of the most frequently employed to describe, fit, 
and model the adsorption of compounds in liquid chromatography. It has been proven valid 
in many applications with biopharmaceutical compounds such as peptides and 
oligonucleotides. [35]  
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2.3.2 Bilangmuir isotherm 

In the Langmuir model we assumed homogenous adsorption surfaces. However, several 
stationary phases are composed both intentionally (mixed-mode resins) and non-
intentionally (free silanols not properly endcapped) of nonhomogenous surfaces, therefore 
characterized by two different adsorption sites. The Bilangmuir model equation considers 
the possibility of either similar or different interaction mechanisms of the given analyte with 
the two available adsorption sites.  It is written as:  

                                                 𝑞 = 𝑞𝑠,1𝑏1𝐶1+𝑏1𝐶 + 𝑞𝑠𝑏2𝐶1+𝑏2𝐶                                         (2.2.1) 

where 𝑞𝑠,1 and 𝑞𝑠,1 are the saturation capacities of site 1 and 2, while 𝑏1 and 𝑏2 represent the 

equilibrium constants of the two sites. This model has been mainly employed to describe 
and model enantiomers separation on chiral stationary phases (CSP). However, it has also 
been reported in describing the behaviors of biopharmaceuticals entities: for example, two 
peptides, bradykinin and kallidin, on a reversed-phase resins [67] and a protein, albumin, on 
weak anion exchange resins [68], were found following Bilangmuir isotherms principles.  

2.3.3 Determination of adsorption isotherms 

In the previous sections, the importance of a detailed knowledge of thermodynamics 
phenomena in establishing a successful preparative chromatographic purification has been 
introduced.  It is particularly relevant if we consider that operating at high concentrations, 
adsorption dynamics and band profiles rely on the feed composition and on the amount 
injected. When establishing a downstream procedure, priority should be given to the 
investigation of the adsorption equilibria between feed and the chosen stationary resin. From 
this study, optimal parameters can be obtained before moving to the experimental 
evaluations allowing consistent savings of consumables and valuable materials, such as feed, 
solvents, and resins. Initially, the determination of adsorption isotherms started using static 
methods, i.e., the analysis of solutions at the equilibrium state. Static methods involve known 
volumes or masses of adsorbent material equilibrated with equally known volumes of 
solutions at a given solute concentration. Following the adsorption process, the liquid media 
concentration is measured consequently determining the amount of adsorbed compound per 
unit (mass or volume) of adsorbent material. [69] Such procedure, has multiple drawbacks. 
Firstly, it is carried out outside a chromatographic column leading to possible inconsistencies 
when shifting to chromatographic systems. Secondly, several experiments and huge amounts 
of material are necessary to derive the whole isotherm curve. To overcome such issues, 
scientists developed multiple chromatographic methods to investigate equilibrium 
isotherms. Among those, the most recent and employed ones are Frontal Analysis (FA), the 
Perturbation Method (PM) and the Inverse Method (IM). In Frontal Analysis, a feed solution 
of known concentration is used to equilibrate the chromatographic column. Successively, 
increasingly concentrated solution is injected at the column inlet, observing and recording 
breakthrough curves. [70] From such curves, it is possible to extrapolate certain values 
resolving the equation clarifying the amount of material adsorbed in the stationary particles 
and the amount still dissolved in the mobile phases. Such values are 𝑉𝑅 and 𝑉0, respectively 
the retention volume of the shock and the column volume, as graphically described in Figure 
6.  
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Figure 6 Breakthrough curve from a Frontal Analysis experiment and key values for isotherm determination 

The aforementioned formula is given as follows 

                                                                𝑞 = (𝑉𝑅−𝑉0)𝐶𝑉𝑎𝑑𝑠                                                 (2.2.2) 

Eventually, a technique is presented that is frequently used to individuate thermodynamic 
parameters which has also been successfully applied in a publication part of this thesis: the 
Inverse Method (IM). Such methodology consists of the numerical estimation of the 
adsorption isotherm parameters and their optimization by comparing true experimental 
nonlinear chromatographic profiles with corresponding profiles obtained by solving a 
previously designed chromatographic model. The steps part of this mathematical 
optimization are: (i) the choice of an adsorption isotherm mode; (ii) the calculation of an 
overloaded profile integrating the mass balance equation via the selected isotherm; (iii) the 
comparison of the calculated profile with an experimental one followed by the isotherm 
parameters optimization in order to achieve an exact overly of the two profiles.  This method 
allows to obtain relevant data without utilizing large amounts of material. In fact, only 
detector calibration and few preparative runs are needed to tune the chromatographic method 
and to assess if the initial selection of the isotherm to use was correctly done. Such 
advantages are of extreme interest if the target of the optimization and of the subsequent 
separation is an expensive biopharmaceutical or a compound available in low quantities. The 
IM has already been successfully applied to a wide range of compounds. [61, 69, 70] A 
valuable example was its application from Marchetti et al. in the modeling of the separation 
of a synthetic peptide (Nociceptin) on a reversed-phase column. [71]   

2.4.4 Linear Solvent Strength model  

Chromatographic methods employed to separate biopharmaceuticals, both at the analytical 
and preparative scale, are generally based on gradient elutions, i.e., chromatographic runs 
where the composition of the organic modifier (for RP-HPLC) or of the salt concentration 
(for IEX) is progressively increased. This is applied to exploit the strong dependance on the 
modifier that analytes characterizing complex mixtures have. When studying adsorption 
isotherms, this must be considered. Indeed, while in isocratic elution the adsorption isotherm 
is constant along the entire column, in gradient elution it changes based on the developing 
organic modifier concentration. With the Linear Solvent Strength Model, Snyder et al., have 
proved how isotherm parameters and a solute retention factor (𝑘) are a function of φ, the 
modifier concentration in the mobile phases [72]. Thus, under such conditions, the variation 
of the retention factor is described as: 

                                                             ln 𝑘(φ) = ln 𝑘0 − 𝑆φ                                       (2.2.3) 

where 𝑘0 is the retention factor at φ = 0 and 𝑆 a constant typical of the specific solute-
mobile phase composition. Translating this new correlation to the previously introduced 
Langmuir isotherm (Eq. 2.1.9), the relationship between isotherm parameters and φ is 
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extrapolated. Initially the correlation between the Henry constant 𝑎 (Eq. 2.1.8) with the 
retention factor 𝑘, can be related to the φ amount and written as:  

                                                  a(φ) =  𝑎0𝑒(−𝑆φ)                                           (2.2.4) 

considering that 𝑎0 indicates the Henry´s constant at φ = 0. Furthermore, under the 
assumption that the saturation capacity, 𝑞𝑠, does not change in the range of the mobile phase 
employed during the gradient, also the dependance of the equilibrium constant 𝑏 on φ can 
be established:  

                                                    𝑏(𝜑) =  𝑏0𝑒(−𝑆𝜑)                                        (2.2.5) 

considering that 𝑏0 indicates the equilibrium constant at φ = 0. Combining this latter 
information with the Langmuir equation, we can derive how adsorption on the stationary 
phase is influenced by the modifier composition:  

                                               𝑞(𝜑) = 𝑞𝑠 𝑏0𝑒(−𝑆𝜑)𝐶1+ 𝑏0𝑒(−𝑆𝜑)𝐶                                      (2.2.6) 

Such information is pivotal to the understanding of the outcomes in gradient elution 
chromatography and essential in modeling such processes.  
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3. Continuous chromatography for ternary separations 

Limits and drawback of batch chromatography, the necessity to reduce overall downstream 
costs and the need for more efficient technologies led to intensive efforts in the field of 
chemical engineering in order to develop new and more sustainable manufacturing solutions. 
Frequently, partially pure side fractions originated in single column processes are subject to 
re-chromatography, i.e., the same or similar chromatographic unit operation is carried out 
using the side fractions as load material. Through this operation, a fraction of the product 
can be recovered pure, however the separation is more difficult as the load material has a 
higher content of impurities than the regular feed material. Re-chromatography also has a 
series of operational disadvantages including regulatory limitations, side fraction storage and 
handling, side fraction stability and quality control. In continuous chromatography processes 
recycling of impure portions is automatically accomplished using the same resin and 
solvents as in batch chromatography, without requiring further separation optimization. The 
shift to continuous processes permits enhanced results in resin and buffer consumption, in 
the recovery of overlapping partially pure regions and in process parameter final outcomes 
of productivity, yield, purity and process mass intensity (PMI). [73] Already at the beginning 
of 1950´s the first solutions continuous processes appeared and only few years later the 
countercurrent principle was finally applied also to the field of chromatographic separations. 
Among the first innovations, it is continuous annular chromatography (CAC) which consists 
of an annular bed of stationary phase which rotates around its axis, subjected to a continuous 
crosscurrent flow of the mobile phase. With the feed being supplied continuously at a fixed 
point, a separation is obtained in bed length and angular coordinates. [35] Nevertheless, it 
was rapidly found that the application of a countercurrent movement between the mobile 
phase and the chromatographic media optimizes mass transfer efficiency, finally increasing 
the adsorbent material utilization. [74] Thus, the application of such phenomenon to a 
continuous process would have furtherly boosted separation efficiencies. In a first 
demonstration, a system delivering an actual countercurrent flow of the stationary phase 
material and a liquid was named True Moving Bed (TMB) process. From the beginning, it 
was clear that friction and pressures caused by the real movement of the beads, could have 
not permitted a scalability of this invention. Still, the countercurrent contact can be reached 
avoiding an actual movement of the resin beads. To do so, the stationary phase is packed in 
smaller columns which are then connected to different part of the process by periodically 
switching inlets and outlets of the columns via valves. In other words, instead of moving the 
solid with respect to fixed inlet and outlet lines, it is easier to move inlet and outlet lines with 
respect to fixed chromatographic beads. [75] This technology, based on a simulated 
movement, was named after its mechanism: Simulated Moving Bed (SMB). The first 
application and the original concept of SMB were introduced in 1961 for hydrocarbon 
separations by Broughton et al. [76] Over the last decades, its use has extensively increased 
for further application in several manufacturing areas such petrochemicals, pharmaceuticals, 
and chemicals. [77] On the other hand, the transition of the SMB technology to the field of 
biopharmaceuticals has been hampered by an intrinsic process-related limitation: it did not 
support linear gradient elution. Since nearly all biopolymer chromatographic purifications 
are ternary separations characterized by early eluting impurities, the target product, and late 
eluting impurities, they require the application of linear gradients (the progressive increase 
of the modifier concentration in the mobile phase over time) to vary the equilibrium 
distribution function during the elution and eventually gain sufficient resolution between all 
the compounds. The first attempt to introduce a gradient in SMB processes was suggested 
by Clavier et al. [78] They proposed the application of gradients in SMB processes using 
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supercritical eluent and exploiting different pressure levels and varying mobile phases 
densities to induce gradients. In a more large-scale applicable solution, a method 
implementing a gradient in elution condition by altering the composition of the solvent was 
proposed by Antos et al. [79] However, despite continuous in nature this technique did not 
yet consider the countercurrent movement of the two phases, essential to optimize mass 
transfer efficiencies. In 2002, Abel et al introduced the gradient SMB unit where the sections 
of the unit, in the raffinate and extract zone, operated isocratically but with a different 
modifier concentration. [80] Neither of the cited solutions allowed both continuous 
processes, countercurrent movement of the two phases, contemporaneously with the 
application of a linear solvent gradient. In these terms, a groundbreaking event was the 
invention in 2007 of the multicolumn countercurrent solvent gradient purification (MCSGP) 
process. [81, 82] 

3.1 Multicolumn Countercurrent Solvent Gradient Purification (MCSGP)  

The application of countercurrent continuous separation to the field of biopharmaceutical 
manufacturing was made possible especially by the introduction of the MCSGP technology. 
This is based on countercurrent movement of the two phases and on a linear gradient 
application, allowing pure fraction collection and internal recycling of contaminated product 
fractions, e.g., bands of product overlapping with impurities. With such technology, the 
trade-off between purity and yield can be finally alleviated also in complex ternary 
separations. [83] Through the internal recycling, this technology is able to deliver the target 
compound with high yield and purity simultaneously, finally saving expensive amounts of 
material and avoiding reprocessing operations. In its first embodiment, MCSGP was 
operated with six columns. The hardware complexity led to the simplification of the process 
reducing the columns first to four and successively to three units. [84] In its most recent 
version, the technology is enabled through two twin columns, drastically reducing tubing 
and valves, thus alleviating the overall system costs, complexity, and footprint. [85]  

 

Figure 7 Design batch chromatogram characteristic times employed for recycling and collecting portions determination 

[ChromIQ® -MCSGP Wizard] 

The continuous polishing is based on the same buffers, resin, and chromatographic 
conditions of the benchmark batch method. Indeed, as starting point to design a MCSGP 
process the selection of a design batch chromatogram is required. From this latter are derived 
basic parameters as flow rates, resin loading and gradient slope. Furthermore, the recycling 
sections are defined with the aid of batch offline analytics, precisely elucidating the 
overlapping regions retention times. As showed in Figure 7, the design batch chromatogram 
is divided into 4 zones using fine section borders (𝑡1 − 𝑡5), which correspond to the 
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switching times that compose the MCSGP elution protocol. In particular, 𝑡1 corresponds to 
the modifier gradient starting time and is employed by the wizard to set dilution parameters, 𝑡2 is the trigger point where the depletion of weak impurities is completed and recycling of 
W/P overlapping regions start, 𝑡3 determines the beginning of product collection which 
continues up to 𝑡4, where overlapping regions P/S are inline diluted to the downstream 
column. Finally, 𝑡5 determines the end of the recycling window and the beginning of the 
stripping procedure. During the process, the two columns alternate between interconnected 
and batch states. During interconnected states internal recycling reduces product loss and 
allows to achieve high yields, whilst batch phases allow to obtain product at high purity or 
elute product-free waste streams. A complete cycle of a twin-column MCSGP process 
includes two switches, each characterized by four identical pairs of tasks both in an 
interconnected and in a batch way (I1, B1, I2, B2). Those are briefly described below and 
graphically illustrated in Figure 8 thereafter.  

- In Phase I1, the overlapping region W/P is eluted from the upstream column and 
internally recycled into the downstream column. The stream is inline diluted with a 
solvent with low eluotropic strength (generally Mobile Phase A).  

- In Phase B1, pure target product P is eluted and collected from the first column, while 
in the second column fresh feed is injected.  

- In Phase I2, the remaining partially pure region of P/S is eluted from the first column 
and inline diluted to the downstream resin.  

- In Phase B2, the first column is purged to get rid of the strongly adsorbing impurities 
whereas in the second one is applied the gradient allowing the elution of weak 
impurities but not of W/P overlapping regions.  

 

Figure 8 Twin-column MCSGP process in interconnected (I1,I2) and batchwise (B1,B2) configuration. Figure caption: 

M (mobile phase), F (feed), P (product), W/P (weak/product), P/S (product/strong).  [87] 

The Inline dilution flow rates assure that the entrance of the recycled material on the 
downstream column happens at low modifier concentrations, to ensure binding. The only 
difference between the two switches is in the column position. In the first switch, column 1 
is downstream of column 2 and vice versa. This order is due to a start-up method normally 
applied to accelerate the onset and progression of steady state conditions. In fact, in a 
standard procedure of the MCSGP purification a first method (“StartUp”) responsible for 
the loading of an increased quantity of raw material compared to the batch process is applied. 

I1 

B1 

I2 

B2 



23 

 

Subsequently, the real continuous process takes place with phase I. The process is run in a 
cyclic manner and reaches a cyclic steady state, generally in 2 to 3 switches, in which the 
amount of product collected in each cycle is equal to the amount of feed loaded (batch 
phases). Chromatographic efficiency and the eluate quality is kept constant cycle to cycle. 
However, the MCSGP process may suffer solvent/buffer variations, conductivity/pH 
changes, differences in column packing, and temperature oscillation. It is pivotal to tightly 
control such parameters and thus avoid peak profile shifts and associated disruption of 
product quality. Such variations may be particularly impacting in case of numerous cycles, 
in which a slight change in retention time of the product peak may result in the interruption 
of the cyclic state and loss of purified material.  A dynamic process control was proposed to 
overcome the negative impacts of such oscillations and keep the MCSGP process at its set 
point even if process parameter changes occur. [88] This dynamic control makes use of the 
UV signals and triggers recycling or collection only when predetermined absorption 
thresholds are reached. Nowadays, MCSGP is well established in the industrial environment 
and has been applied to several molecule classes, including monoclonal antibodies [89, 90], 
immunoglobulins [91], peptides [51, 85] and oligonucleotides [92, 93]. 

3.2 N-Rich 

The advantages introduced by continuous chromatography can be employed in multiple 
ways. So far, the attention has been paid on the intensification of processes for the 
manufacture of biopharmaceuticals. However, the twin-column technology finds application 
also in the isolation and concentration of impurities and by-products. As discussed in the 
“Biomanufacturing and downstream processing” section, despite growing performances in 
the upstream procedures, in the production of a biopharmaceutical compound many 
impurities and side-products are collaterally created. In order to guarantee high safety 
standards, a mandatory aspect of the pre-clinical drug development of biopharmaceuticals is 
the isolation and characterization of impurities for structural, biochemical, and toxicological 
elucidation, and cell or animal-based safety assay. [95] Maximal thresholds for reporting, 
qualification, and identification of impurities in biopharmaceutical drugs are regulated by 
the ICH Q3A (R2) guidelines. [96] On the other hand, for certain compounds, as 
oligonucleotides, regulatory agencies have yet to provide definitive values and 
manufacturing firms rely on white papers or generalist approaches. [97] Even though in 
certain scenarios it is more straightforward to directly synthetize the impurity of interest, the 
collection of side products is normally done by means of chromatography. The standard 
approach is their pooling via analytical scale or preparative batch-wise separation. However, 
in such scenario the operator faces a tradeoff between productivity and purity: employing 
HPLC isolation, only a tiny amount of material is collected per run and extensive processing 
times are thus required, whereas the use of preparative scale batch chromatography often 
delivers appropriate quantities of material but with highly unresolved profiles and thus 
insufficient purity values. The N-rich process, an automatic countercurrent continuous twin-
column technique, alleviates the described trade-off: the desired impurities are recycled and 
selectively enriched, whilst interfering substances are depleted, in a cyclic fashion. N-Rich 
can be set up to target a single compound, or a region of the chromatogram containing several 
compounds of interest. A N-Rich design procedure (Figure 9) is generally based on standard 
gradient purification methods (batch) and is composed of four main steps: 

- The first method (Startup) begins by loading feed material onto the first column and 
performing a linear gradient elution. 

- During the second method (Enrichment), a region of the chromatogram containing 
target impurities is transferred from the first column, with in-line dilution, and re-
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adsorbed to the second column. Non-target material is either discarded or collected 
in a separate pool. In the meantime, fresh feed is loaded onto the second column in 
addition to the recycled target. This step leads to an enrichment of the target 
molecules relative to other compounds in the mixture. The process step is repeated 
in a cyclic fashion between the two columns, progressively increasing the 
concentration of the target impurities. 

- Phase three (Depletion) is a single switch without addition of new feed. This step 
depletes non-target compounds while internally recycling the accumulated target 
impurities before the final elution step. The depletion step greatly improves the final 
purity obtained for impurities that are closely eluting with the main compound peak. 

- Finally, in the fourth phase (Elution), the enriched target material is eluted with a 
shallow gradient over two columns in-series and the target material is collected 
performing a fine fractionation. This strategy maximizes the resolution of the 
enriched compounds, and the pure target material is recovered at a higher 
concentration than with batch methodology. 

 

Figure 9 N-Rich flowchart scheme [86] 

N-Rich enables the use of semi-preparative scale resins with high loading capacity boosting 
productivity. At the same time, it permits to achieve high resolution exploiting displacement 
effects and thanks to the countercurrent movement of resins and mobile phases. The 
continuous process delivers fractions of higher concentration compared to batch 
chromatography, decreasing the overall solvent consumption and the up-concentration steps. 
Furthermore, the automatization of the recycling and elution processes requires fewer 
operator activities, e.g., pooling, analyzing, merging, and reprocessing fractions, and 
consequently reduced operational footprint and qualified personnel time consuming. [86] 
Such technology was successfully applied to the enrichment of monoclonal antibody 
isoforms [98] and peptide impurities [99]. Part of this thesis was the implementation and 
tuning of an N-Rich procedure for the enrichment and collection of a broad range of 
impurities present in a 24-mer double-stranded RNA synthetic crude.  
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4. Result and Discussion  

In this chapter, the results obtained in published papers are presented. The chapter is 
organized in different sections, each summarizing the results obtained in a specific research 
topic. For further details, the reader is referred to reprints of the full papers appended at the 
end of the thesis 

4.1 Adsorption thermodynamic determination and nonlinear gradient elution 

modeling of a therapeutic peptide (Paper I, II) 

The comprehension of thermodynamic mechanism responsible for adsorption of 
biomolecules on the stationary phase is of pivotal importance in the transition from an 
experimental chromatographic purification development to a simulated approach based on 
mechanistic modeling. The advantage of such transition, considered in the “Preparative 
liquid chromatography” section, is primarily the reduction of invested time and costs during 
method development. In Paper I and Paper II, thermodynamic adsorption parameters of 
Octreotide, a therapeutic peptide constituted of 8 amino acids, were determined, and 
subsequently used to simulate the chromatographic profile under preparative (nonlinear) 
purification conditions. For such polishing application, gradient elution is normally 
employed, as the retention of biomolecules and of their structurally related impurities are 
strongly dependent on the mobile phase concentration of the organic modifier. The 
adsorption isotherm type of a molecule in gradient elution is constant but its parameters are 
φ (organic modifier content) dependent. In order to accomplish these elucidations avoiding 
the consumption of large quantities of peptide, the Inverse Method technique (see 2.4.3 
“Determination of adsorption isotherms”) was employed. The workflow initially required 
the determination of isotherm parameters, followed by their application in the resolution of 
the selected chromatographic model to finally provide an accurate simulation of overloaded 
gradient elutions peaks.  
Initially, an appropriate chromatographic model was selected. The choice fell on the 
equilibrium-dispersive (ED) model, commonly used in describing preparative separations 
for low molecular weight analytes. To solve the associated mass balance equation (Eq. 
2.1.4), a Langmurian isotherm model was designated. The selection of the isotherm type was 
estimated from on the peak shape of the preparative chromatogram, described by an initial 
shock and followed by a peak tailing.  Furthermore, for the separation carried out under 
gradient conditions, the Linear Solvent Strength (LSS) model, relating retention factor 
variation with the mobile phase composition, was considered. Secondly, on the column 
selected for the project, a Zorbax Sb-C18 column (150×4.6 mm, CV=2.49 mL) with particle 
size of 5μm, we recorded a gradient elution chromatogram at the UV wavelength of 280 nm. 
This allowed to identify the organic modifier (φ) range of elution, 0.23-0.28. Following 
detector calibration, for each of these φ value, isocratic conditions runs were performed 
injecting samples (crude and raw peptide) of different concentration (0.1, 0.3, 0.6, 1.2, 2.0, 
4.0 and 6.0 g/L).  

 
Table 1 Adsorption isotherm parameters obtained at different φ through Inverse Method. 
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From the obtained data, precise isotherm parameters were extrapolated (see. Table 1) via the 
Inverse Method by selecting the correct isotherm model (Langmurian) and fitting 
experimental records.  
The simulations obtained relating the found isotherm to the chromatographic model perfectly 
matched the experimentally obtained curves, as reported in Figure 10. 

 

Figure 10 Comparison between experimental and simulated peaks obtained with IM at multiple concentrations of crude 

material, performing isocratic elution (φ=0.24). 

The extracted values of 𝑎, 𝑏 and 𝑞0 of the Langmuir isotherm, were consequently used to 
solve Equation 2.2.6, describing overloaded separation under gradient elution conditions. 
The outcome of the simulation is put in comparison with the registered experimental signal 
in Figure 11. A very good agreement is obtained also for higher concentrations and thus 
loadings. 

 

Figure 11 Comparison between experimental and simulated peaks in gradient elution (Langmuir adsorption model) of 

four different concentrations of crude peptide. 
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4.1.1 Closing remarks 

The transition to simulation-based development of peptides purification alleviates some of 
the burdens of the experimental development, eventually decreasing the resources employed 
and making the process more cost-effective and sustainable. 
In these studies, a model able to predict the peak profile in overloaded gradient conditions 
was developed via the Inverse Method, thus with very little consumption of feed material (in 
the magnitude of micrograms). The first step required the estimation of the adsorption 
isotherm under isocratic conditions. Thereafter, thermodynamics parameters were correlated 
to the variation of the organic modifier in the mobile phase, according to the linear solvent 
strength model. This further step is essential to properly predict the experimental outcome, 
since the standard approach to isolate peptides is via gradient elution. The development of 
complex preparative chromatographic methods through simulations, thus avoiding the lab-
based trial-and-error approach, is of great interest for biomanufacturing companies and a 
rapidly rising research topic. With these manuscripts we contributed to this field with an 
actual therapeutic specie, matching the behavior of a real industrial SPPS crude via 
simulation. A further step in this direction is the modeling of purity regions in the 
chromatogram, which allows a better fine tuning of the product collection and thus of the 
process parameters. This was not considered in these applications and would require a better 
understanding and modeling of the adsorption features of the other substances characterizing 
the crude (i.e., the impurities).  

4.2 Doped Reversed Phase materials for implementing single column chromatography 

outcomes (Paper VII, VIII) 

Single column chromatography operated in overloading conditions is the technique 
commonly used to address complex separations in downstream and polishing processes. 
Batch chromatography, despite being among the most effective and reliable tools in the 
purification of biomolecules, still suffers some limitation and tradeoffs.  A detailed overview 
of the opportunities and challenges associated with the use of batch chromatography, is part 
of this thesis and presented in Paper VII. Within the scope of the thesis, an innovative 
stationary phase, named Doped Reversed Phase, has been tested and applied to the difficult 
polishing process of a large peptide, Liraglutide. The results are presented in Paper VIII. 

4.2.1 Development of a Liraglutide polishing strategy via Doped Reverse Phase 

material (Paper VIII) 

Liraglutide is a 31 amino acids polypeptide, analog of the physiologically secreted hormone 
GLP-1, used in the therapy of type-2 diabetes and obesity. Fresenius Kabi iPsum (Villadose, 
Italy), a biopharmaceutical company with which our group actively collaborates, provided 
the feed material used in this study which was synthetized via solid-phase synthesis. During 
the upstream step, aiming to address pharmacokinetic hindrances and to improve 
pharmacodynamic properties, the original structure is derivatized with a fatty acid side chain 
and a glutamyl spacer. Such modifications have a detrimental effect on the polishing steps, 
which are normally carried out by means of reversed phase chromatography (RPC) for 
peptides, because of their strong hydrophobicity. Indeed, the introduction of an aliphatic fat 
chain drastically increases the hydrophobic interaction strength of the crude on the 
hydrophobic chains of the resin. Consequently, irreversible adsorption phenomena and a 
reduction in chromatographic selectivity between product and impurities were observed 
operating in RPC conditions. Furthermore, to achieve satisfactory purity values of the final 
product the original polishing protocol required two orthogonal methods, i.e., two separation 
techniques determining compounds discretization via different type of interaction. To 
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address both the problems at once, we developed a purification protocol using Doped 
Reversed Phase material as stationary resin. DRPs are a peculiar class of mixed-mode resins. 
Traditional mixed mode materials bear two functional groups with different adsorption 
chemistry on the same ligand in a rough ratio of 1:1. The resins employed in this study, in 
detail described in section “1.3 Intensification strategies” are reversed-phase resin doped 
with a small, determined, and constant amounts of ion-exchanger, generally comprised 
between 5-15%. Referred to experimental conditions and to the charge carried by the 
analytes, the ion-exchangers can work either in attractive or repulsive ways. Since in our 
contest the hydrophobic interaction between the analytes and the RPC resin was already 
strong, ion exchangers inducing the analyte to be repulsed, thus, inducing a final decrease in 
total retention were selected. Liraglutide possesses an isoelectric point (pI) of 4.9 and its 
solubility is pH-dependent: it is freely soluble at pH above 8.5 but precipitates in more acidic 
conditions. Thus, the operating conditions were accordingly adjusted, and the crude was 
dissolved in the preparative mobile phase A (MP-A): triethylamine phosphate buffer 25mM, 
pH 8.5 (corrected with orthophosphoric acid 85%).  

 

Figure 12 UV profile and concentration profile of Liraglutide with (a) the C8 column and (b) the DRP column. The 

colored regions represent the pooled windows. Reproduced from [100] 

Eventually, the feed was negatively charged and, hence, the ion exchanger material selected 
were sulfonate groups (CIEX ligands), in a 10% ratio, aiming to obtain repulsion between 
the elements. The experimental work aimed to compare a similar chromatographic protocol 
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operated with the standard RP stationary phase and the DRP one. The evaluation was based 
on fraction collection of the eluate (1 fraction every 1mL), each of which underwent offline 
analytical characterization to determine purity, peptide concentration, and recovery by 
means of the formula listed in “1.2 Process parameters”.  
In Figure 12, the overlays of the UV lines and their relative product concentration obtained 
in both the scenario using the RP (octyl carbon chain – C8) resin and the DRP (90% C8 – 
10% sulfonate groups) are illustrated. From the observation of the profile concentration 
curve, it is clearly visible that in (a) the peptide concentration profile is very broad and tailed, 
probably due to strong adsorption of the lipophilic portion of Liraglutide to the hydrophobic 
chains of the resin. Conversely, the middle of the concentration curve is remarkably reduced 
in (b), and we ascribe this attribute to the decreased retention of the crude materials, partially 
repulsed by the charged groups constituents part of the doped resin. In particular, by a first 
rough contrast, it can be observed how the whole peak, with the doped column, elutes in 
about 2 CVs, whereas, with the C8 column ca. 3.5 CVs are required to completely elute the 
product peak. Furthermore, beside being narrower, the product peak elutes earlier if 
processed with the mixed-mode column, confirming the general impact of the repulsing ionic 
charges on retention. For both the separations, a Pareto curve, diagram relating purity and 
recovery, was plotted (Figure 13). Generally, such relation varies inversely: the purest 
fraction collected contains a marginal amount of peptides, whereas when the collecting 
window is broadened, higher recoveries are obtained at the cost of purity losses. 

 

Figure 13 Pareto plots of the two experiments using RP and DRP columns 

A distinct increase in purity values is achieved by separating the crude with the mixed-mode 
column. At the same time, it is also noted that such an advantage is lost at recovery values 
above ca. 85%, probably due to the collateral reduction in retention of strong adsorbing 
impurities, eventually co-eluting with the tail of the target product. It is worth noting, 
however, that the purification protocol was not adapted according to this event and that it 
simply resulted in a reproduction of the existing one. It can confidently be stated that with a 
more accurate fine-tuning of the elution gradient when applied to the doped column, an even 
more effective outcome would have possibly been achieved. Unfortunately, this activity was 
not part of the project goals. Nevertheless, positive outcomes are evident: in a scenario where 
a purity constraint of 97% was set, the operator using a classic reversed phase column would 
have needed to completely reprocess the first-dimension purified material, probably with a 
column characterized by a different separation mechanism. The doped material, on the other 
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hand, could deliver up to 81.2% of the peptide within specifications. Only the residual 18.8% 
would thereafter require reprocessing. This is even more evident for higher purity 
constraints. In addition, it must be noted that, due to the reduced portion of peptide tailing, 
the total volume of material collected would be fewer and at higher concentrations. This has 
a beneficial impact on the following downstream steps, such as ion-exchange 
chromatography or lyophilization.  

4.2.2 Closing remarks 

Nowadays, batch chromatography is the gold standard procedure employed to address 
complex mixture purification. Versatility, robustness, and reproducibility make of batch 
processes the easy choice when compounds such as biomolecules are to be purified. Despite 
this, single column technologies suffer of several hindering limitations. First among them, 
the tradeoff between purity and yield which causes large portion of eluate to not match purity 
specification and consequently require re-processing or disposal. All this at high costs. 
Pushed by companies needs to optimize downstream processing and regulatory agencies 
willingness to guarantee more uniformity between manufactured lots, new technologies are 
quickly and steadily emerging. However, plenty of room is still available in batch 
engineering optimization and mobile/stationary phases chemistry development. An 
experimental work reported in this thesis treated an innovative resin, which showed 
attributes able to partially alleviate the tradeoff and the limitation of single column RPC..  

4.3 Twin-column continuous countercurrent technologies and their applications (Paper 

III, IV, V, IX) 

Within the scope of this thesis, two twin-columns continuous countercurrent 
chromatographic processes were applied both for the purification of biopharmaceutical 
compounds and for the isolation and concentration of crude´s impurities. In the dedicated 
chapter (“Continuous chromatography for ternary separation”), the cutting-edge 
technologies Multicolumn Countercurrent Solvent Gradient Purification (MCSGP) and N-
Rich were illustrated. In Paper IV and Paper V, we deepened into the continuous 
chromatography scenario, and we provided an introduction to rationales, mechanisms, 
achievements and possible applications of the MCSGP process. From an experimental 
perspective, in Paper III and Paper VI we described the successful applications of the 
above-mentioned technology to two polypeptides (Glucagon and Icatibant), whereas in 
Paper IX the process development procedure using the N-Rich technique to automatically 
isolate and magnify several impurities of an oligonucleotide synthesis crude is presented.  

4.3.1 The transition from batch chromatography to MCSGP for the polishing of two 

bioactive peptides 

In Paper IV and Paper V, two examples illustrating the scale-up from single column batch 
chromatography to twin-column continuous chromatography for the polishing of 
polypeptides are presented. Initially, we evaluated the case of glucagon, a 29 amino acids 
therapeutic peptide, employed in the diabetes treatment. Crude solution of glucagon was 
synthesized via Solid Phase Synthesis by Fresenius Kabi iPsum (Villadose, Italy) and was 
described by a chromatographic purity of 55%. HPLC analysis of feed material and of all 
pooled fractions were conducted according to the USP method for glucagon. 
Initially, multiple batch experiments varying gradient composition or slope were assessed 
using a 25cm column (Daisogel-SP-120-10-C8-Bio i.D. 4.6 mm) in order to define the most 
performing batch conditions. Such evaluation is based on the interpretation of a Pareto curve, 
which correlates the amount of peptide collected in a fraction (recovery) and its purity. The 
utilized mobile phases were MPA: ammonium acetate 20 mM in water/ACN (80/20 %v/v); 
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MPB: ammonium acetate 20 mM in water/ACN (60/40 %v/v). The use of mixed mobile 
phases is crucial to guarantee smooth and proper functioning of the chromatographic system 
pumps and reduces the impact of minor inconsistencies during buffers preparation. The 
selected conditions for the 25cm column purification were subsequently applied to a 15cm-
lenght column of the same resin, used to establish the design batch chromatogram, starting 
point of any MCSGP process design. The shift to 15 cm columns has two rationales: in 
principle, to obtain a fair comparison when productivity values of the process are calculated 
for both single column and continuous chromatography, the overall column volumes of resin 
employed during the two processes should be comparable. Ideally, the length of the columns 
used in MCSGP should be the half of the one used in batch chromatography. Secondly, the 
two columns carrying out the twin-column continuous experiment, ought to have constant 
geometrical dimensions. In our experimental set-up a tradeoff was necessary due to the 
unavailability of two packed hardware of 12.5 cm. In Figure 14, the outcome of the design 
batch chromatogram together with the purity values and the target product concentration 
profile, both obtained through fraction analysis is reported.    

This information allowed a targeted choice of both the recycling and the product collection 
windows. This latter (in red) determines the portion of eluate completely within purity 
specifications and not requiring further processing. 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, the portion undergoing recycling are characterized by material only 
partially purified, that on a classic batch chromatography procedure would be discarded or 
separately stored for discontinuous reprocessing. With the aid of the software (ChromIQ) 
operating the preparative system CUBE, specific valve-switching times were designated. As 
graphically outlined, a blue zone (𝑡b − 𝑡c) containing target product and weakly adsorbing 
impurities (W/P) and a green zone (𝑡d − 𝑡e) characterized by product and strongly adsorbing 
impurities (P/S) were noted. During each switch, these zones are transferred to the 
downstream column following appropriate inline dilution with MPA to diminish the organic 
solvent content and thus secure retention. By doing this, the 43% of a standard batch loading 
(32% W/P and 11% P/S) is transferred from the first to the second column and accounted 
for when determining the following loading step. Indeed, the target loading (g/L) must be 

Figure 14 Design batch chromatogram, offline analytics obtained target concentration and purity values are 

essential prerequisite to establish pure product P collection windows, and the recycling zones during an MCSGP 

experiment. [85] 
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kept constant among switches to achieve a cyclic stationary state and eventually obtain pools 
of the homogenous quality and features. In Figure 15, we showed the attainment of a constant 
overlay of the UV signals from cycle 2 on, synonym of a reached stationary state.  

 

 

Once the preparative experiments and the analytical evaluations were completed, it was 
possible to compare the different processing strategies. As reported in Table 2, the pools 
purities were analogues by operating with batch or continuous chromatography. In addition, 
the analytical chromatograms of the target product (P) eluate obtained in each different cycle 
showed matching UV profiles and reproducible selectivity between peaks. The great 
advantage of operating continuously was the possibility to increase the product yield of 
16.5%, from 71.2% (batch) to 87.7% (MCSGP). Such increase allows significant amounts 
of target material to be recovered and delivered at high purity values in a continuous manner, 
avoiding expensive losses of pharmaceutical compound and non-efficient batchwise 
reprocessing of fractions partially containing the target peptide.  

 

Table 2 Comparison of the two processes performance. 

The undesired reduction in productivity is mainly caused by two factors: firstly, the overall 
amount of resin employed in the continuous process is inaccurately 5 cm higher of that of 
the batch run. Another relevant aspect is the considerable required time for the execution of 
the inline dilution streams to adjust the organic ratio of the recycled material. In this regard, 
the reader should be aware that with the recently implemented operating software new 
capabilities allow the inline dilution flow rate fine-tuning. These rates can now be increased 
up to the reaching of the pressure constraints, speeding up the overall transferring and inline 
dilution activity.  
Eventually, for the two batch experiments Pareto curves were plotted and put in comparison 
with the MCSGP operating point (Fig. 16). As expected, the batch run carried out on the 

Figure 15 Overlay of the UV signals measured by UV1 during 5 different cycles. [85] 
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25cm column allowed for higher outcomes in term of purity across the whole range of yield. 
In fact, a longer bed height is capable of boosting separation capabilities and material 
loadings when other factors such pressure constraints do not hinder the scale-up. The blue 
dot in the graphs represents the continuous chromatography result obtained with the 
developed method. Given a constant value of purity, the relative reachable yield is increased 
as previously described. 

 

Figure 16 Pareto curves of the two batch runs. MCSGP is only represented via the single blue dot, representing the 

experimental operational point. 

In Paper VI, the outcomes, and capabilities of the MCSGP technology as polishing tool were 
tested and evaluated on a second peptide, Icatibant. Such molecule, a ten amino acids 
peptidomimetic antagonist of bradykinin B2-receptor finds its primary application in the 
symptomatic treatment of acute attacks of hereditary angioedema. The solid phase 
synthetized crude material was again obtained from Fresenius Kabi iPsum (Villadose, Italy). 
The analytical method delivered a chromatographic purity of the crude of ∼88%. To be such 
a high value of feed purity a single-step purification procedure was shown sufficient to reach 
the purity specification of 99%. Reverse Phase was selected as operational condition, with 
Daisogel-SP-120-10-ODS-BIO being selected as stationary phase. The column size for the 
batch run was 250 mm × 4.6 mm, whereas the dimensions of the two columns used in the 
MCSGP process were 150 mm × 4.6 mm. Thus, the Column Volume dimension of the batch 
run was of 4.2 mL against the overall (considering both columns) dimension for MCSGP 
was 5 mL. The final increase in column bed height for the continuous set up, is 
counterbalanced by the decrease of process productivity, considering Equation 1.3.  Mixed 
mobile phases were A) triethylamine phosphate buffer TEAP 20 mM/ACN 90/10 and B) 
TEAP 20 mM/ACN 50/50. Mobile phase A was also employed as inline dilution agent, 
during interconnected phases of MCSGP. The column load was kept constant across the two 
experiments and kept fixed at 10 𝑔/𝐿𝑟𝑒𝑠𝑖𝑛. After column equilibration for 2 CVs with 12% 
MP-B, feeding is applied followed by a gradient elution in 18 CVs from 12% to 37% MP-
B. In conclusion, a regeneration and re-equilibration protocol was applied. The acquired 
batch chromatogram served both as benchmark and as design batch chromatogram. 
Similarly, as described for the example in paper IV, the offline analytics permitted to 
distinguish pure and partially pure zones of the preparative chromatogram. The regions were 
Icatibant and weak or strong impurities coeluted, were identified within the chromatogram 
and the relative triggering times were employed to establish the recycling windows and the 
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inline dilution rates for the MCSGP run. The separation and the transfer of material between 
the two columns, i.e., cycle, was operated continuously for five times. The superimposed 
UV signals recorded at the outlet of the first column during the first switch of each cycle are 
presented in Figure 17. 

 

Figure 17 UV signals superimposition of the five cycles operated. 

The first switch signal appears quite different from the following signals. The reason behind 
this is the sum of several factors, rather than a singular one. First, the ratio of components in 
the column is constantly changing during the cycles and reaches a nearly steady proportion 
just after some switches. In addition to that, the recycling of certain regions of components 
to the downstream column requires the additional flowrates of inline dilution streams which, 
based on the selected starting point of the gradient, may slightly alter the composition of the 
mobile phase across the gradient. Furthermore, more complex aspects such as displacement 
effects or organic solvent stagnation in pores may be responsible for this initial mismatch. 
However, the degree of establishment of the cyclic steady state is evaluated from the UV 
signals output starting from the second cycles. A closer match is indeed observable across 
the remaining cycles, and this was further confirmed by the chromatographic analysis of the 
collected pools. The eluate quality and concentration were constant and comparable, 
eventually confirming the maintained separation capacity of the resins across the multiple 
steps. The robustness and effectiveness of the multicolumn experiment was confirmed by 
the process comparison. In Table 3, the values reported in “1.2 Process Parameters”, are 
reported and used to describe the two different strategies. 

 

Table 3 Performance parameters comparison of the two processes 
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Both processes delivered pools meeting the purity requirements. However, the MCSGP run, 
yet not optimized, dramatically boosted the overall recovery of material and the productivity. 
This means, that if with a single column set-up, only the 12.4% of the injected material was 
recovered with a purity above 99%, the remarkable amount of 95.5% was on the opposite 
pooled via MCSGP. Such a difference is as well appreciable from the pareto curve showed 
in Figure 18. 

 

Figure 18 Pareto curve of the batch run (25cm) and, in orange, the point representing the MCSGP performance at 

steady state. 

The reader should note that the reason why the productivity increase is slightly inferior 
compared with the mass recovery increase is because of the higher consumption of stationary 
resins in MCSGP (total column length comparison batch=25cm and MCSGP=30cm). 
Finally, the solvent consumption per gram of material produced at a certain purity is ca. five 
time less when operating the continuous run. With the aimed transition of the pharmaceutical 
industry to more sustainable and green processes, the reduction of mobile phase consumption 
is of great interest. Furthermore, saving of consumables during production has a beneficial 
impact on the manufacturing economics. In conclusion, a truly important aspect not 
accounted for previously in Table 3 are the advantages gained with the automatization of a 
process, among which reduction of human intervention, chances of errors and dead times, 
and improving consistency of product quality over manufacturing batches.    

4.3.2 Automatic isolation and enrichment of oligonucleotide impurities by means of the 

N-Rich technique 

In Paper IX the capabilities of continuous chromatography were furtherly assessed, but this 
time our attention shifted from target components to impurities and byproducts. Since a 
mandatory aspect of the pre-clinical drug development of biopharmaceutical drugs is the 
isolation and characterization of impurities, there is a need for effective and efficient 
methods to obtain sufficient amounts (in the range of milligrams) at high purities to conclude 
the required structural, biochemical, and toxicological elucidations. The current impurities 
seclusion scenario is characterized by tedious, inefficient, and time-consuming approaches. 
In fact, both batch chromatography and analytical-scale separation suffer from strong 
limitations: the high quantity recovery of impurities with batch chromatography (nonlinear 
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loading) comes at the cost of insufficient levels of purity of those. On the other hand, the 
high purities obtainable with analytical chromatography are counterbalanced by negligible 
mass recoveries per each run that would require months to obtain few micrograms. These 
tradeoffs may be alleviated by continuous chromatography, in specific by the twin-column 
countercurrent process N-Rich, thoroughly presented in section “3.2 N-Rich”. In this paper 
we developed a batch strategy and a N-Rich protocol to identify the most productive strategy 
leading to the collection of high quantities at reasonable purities of a wide range of 
byproducts part of a 24-mer double-stranded RNA therapeutic oligonucleotide. Analytical 
chromatography, carried out on an Acquity UPLC Oligonucleotide BEH C18 (2.1 mm i.D. 
× 50 mm, 1.7 µm) with mobile phases buffered with HFIP and TFA, proved a feed purity of 
75.6%. Thus, a quarter of the employed feed was composed of byproducts, equally 
distributed as weak and strong adsorbing species. The first step was the development of a 
batch protocol, which served both the purposes of representing the single column benchmark 
and the reference method for the continuous chromatography setup. Column, mobile phases, 
and protocol can be found in the paper attached at the end of this thesis.  

 

Figure 19 Batch chromatogram. The colored regions are determined with the selection of section borders (t1-t5): in blue 

the weakly adsorbing impurities region, in red the region containing the pure product and in green the strongly 

adsorbing impurities area. 

In Figure 19, the batch chromatogram obtained is shown. The resin was loaded up to 0.25 
g/L of target material, to maintain a certain degree of selectivity. Fractionation was 
performed during gradient elution and fractions were analyzed by offline UHPLC. By 
combining the batch chromatogram with the analytical results it was possible to identify 4 
zones using five section borders (𝑡1 − 𝑡5). Specifically, these section borders correspond to 
valves switching times ruling the N-Rich elution protocol. In particular, 𝑡1 corresponds to 
the modifier gradient starting time and it is employed by the ChromIQ software to set 
dilution parameters, 𝑡2 is the trigger point where the elution of the weakly adsorbing 
impurities begins that are internally recycled to the second column. The window defined by 𝑡3 and 𝑡4 corresponds to a region of nearly pure main compound, which underwent depletion 
at each switch. Eventually, in the 𝑡4 to 𝑡5  interval, strongly adsorbing impurities are eluted 
and inline diluted before entering the second column. Precisely, the switching times were 
selected as follows: 𝑡1 = 14.8 min, 𝑡2= 31.3 min, 𝑡3 = 52.8 min, 𝑡4 = 54.3 min and 𝑡5 = 64.3 
min. Once section borders for impurity recycling and product removal are configured, the 
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wizard automatically determines the load per switch, the in-line dilution factors for the 
recycling phases, and the gradient start and end concentrations of each section to be operated 
by the CUBE system pumps. Moreover, we made use of a threshold intensity value which 
triggered product removal, via a UV-based dynamic process control system. This feature is 
introduced so that any shift in product retention time due to column aging, buffer 
variabilities, and other possible inconsistencies over multiple cycles, would be compensated 
for and cause no impact on process performance. The success of this feature and of the 
overall recycling activity is graphically conveyed by Figure 20, with the superimpose of the 
progressive switches. 

 

Figure 20 Accumulation phase in N-Rich: A progressive and gradual increase of the concentration of the target 

compounds from cycle to cycle is demonstrated. Interfering substances are instead constantly depleted and reduced in the 

overall percentage. 

Indeed, a nearly perfect match in elution profiles and progressive growth of all impurities 
chromatographic profile in the recycling portions was achieved. Meanwhile, the main 
compound region, devoid of critical impurities, was successfully removed at each switch 
and consequently resulted at the same intensity values of a single column batch run. After 
successfully completing the “Accumulation” step, the “Depletion” method was applied. This 
method corresponds to a switch without loading new feed and thus leads to further depletion 
of any excess non-target compounds that would otherwise contaminate the desired target 
impurities. Consequently, a major increase of the target compounds purities and their relative 
enrichment was obtained.  

Eventually, the accumulated compounds were subjected to a conclusive fractionation, in 
which the pumps operated at halved mobile phase flowrate (100cm/h) performed an elution 
gradient from 20% to 60% MP-B in 25 CVs. Such a shallow and targeted gradient aimed to 
boost selectivity and increase the degree of separation between enriched impurities. 
Fractions were collected and their analytical characterization allowed to identify those 
containing impurities of a sufficiently high quality and to establish a comparison between 
the batch and continuous experiment outcomes. An analytical evaluation of the N-Rich 
outcome is shown in Figure 21 where the analytical chromatogram of the feed material is 
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presented (A) followed by its overlay with the chromatograms obtained injecting equal 
amount of material evaluating several fractions obtained during the final elution phase 
containing the enriched impurities (B). In this latter graph, singular peaks of high intensity, 
each representing an isolated target impurity, can be identified both on the weakly and 
strongly adsorbing regions of the chromatogram. This graphical comparison clarifies the 
enrichment capabilities of the continuous chromatography approach. The throughput of 
linear isotherm range HPLC separation (Fig. 21-A), with minor substances barely reaching 
detection limits, is outperformed by the N-Rich technology which progressively 
accumulated targeted substances and allowed their final separation and collection. 

 

 
Figure 21 A) Analytical chromatogram of the 24-mer oligonucleotide feed B) Overlay of the feed analytical 

chromatograms (black) and of the enriched impurities chromatograms.  

For the numerical comparison eight impurities isolated both batch-wise and towards 
continuous chromatography were chosen. Table 4 indicates their retention time and relative 
values obtained from purity and mass recovery assessments. For each listed compound, 
identified by its retention time, the highest purity values obtained via HPLC fraction analysis 
were selected as representative of batch or N-Rich isolation capabilities. Once selected the 
fractions containing the highest value of purity of each of the eight compounds, we then 
proceeded estimating their concentration, i.e., the mass of material dissolved in the pooled  
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eluate. Overall, N-Rich has proved advanced capabilities in alleviating the purity-
productivity tradeoff of batch chromatography. Singular components were obtained through 
this technique with values of purity and productivities up to 15-fold and 20-fold times higher, 
respectively. Finally, we also proposed a productivity scenario for the collection of 1 mg of 
the previously named impurity D (𝑟𝑡= 8.2 min) in which we estimated that N-Rich would 
necessitate 8 days of processing time, with batch chromatography and HPLC requiring in 
turn 10 to 87 days of processing time. 

 
Table 4 Purity and concentration performance of batch and N-Rich processes carried out on the CUBE system with the 

same stationary resin and mobile phase buffers. 

Additionally, the purity values obtainable for the same compound would correspond to the 
illustrated one in Tab 4., thus with analyte obtained via batch four time less pure than with 
continuous chromatography. In such scenario, we omitted purities for the HPLC-wise 
isolation since it was not possible to collect the compound in question (or any other) with a 
sufficient concentration for re-analysis. 

4.3.3 Closing remarks 

Given the challenges, which the biopharmaceutical industry is facing, biomanufacturing 
needs to be inevitably intensified. Especially, downstream processing needs to close the gap 
with the upstream scenario and become more effective and resource conscious.  
Continuous countercurrent techniques are recognized as valid alternatives to batch 
purifications, but still suffer resistances for their complexity. The twin columns techniques 
covered in this thesis, allow to alleviate common single column chromatography tradeoffs 
while decreasing hardware complexities compared to other periodic countercurrent (PCC) 
systems. In our experimental activity, we proved MCSGP able to consistently deliver 
purified material within high quality specifications and to avoid material waste (yield 
reduction) thus boosting process productivity in the purification of two therapeutic peptides. 
Such technology exhibited full automatization, robustness and cost-effectiveness, pivotal 
points of the next 4.0 Biopharmaceutical Industry. 
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