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Therapeutic oligonucleotides represent a recent breakthrough in the pharmaceutical industry due to their ability
to regulate gene expression with great specificity. This aspect allows treatment of a wide range of diseases.
However, since oligonucleotides are used for therapeutic purposes, the Active Pharmaceutical Ingredient (API)
must fulfill strict purity levels which require intensive purification steps. For oligonucleotides, and biomolecules
in general, preparative liquid chromatography is the technique of choice to perform large scale purifications,
typically in batch mode, i.e. using a single column. Specifically, since ONs are mainly large, hydrophilic and
charged molecules, Anion Exchange chromatography (AEX) and Ion Pair Reversed Phase chromatography (IP-
RP) are the preferred chromatographic modes for their downstream processing. Nevertheless, these approaches
suffer from a purity-yield trade-off, and for this reason, more than one purification step is usually required. The
two chromatographic modes can therefore be used consequently to remove different groups of impurities, thanks
to their orthogonality.

In this work, a multidimensional and orthogonal approach on a (semi)preparative scale, namely “Integrated
Batch process”, was applied for the purification of a single-stranded DNA oligonucleotide. This process combines
two chromatographic steps without any hold step, operator intervention or sampling of the first step. The per-
formance parameters of the Integrated Batch were compared to those obtained in the single batch runs under
different experimental conditions (chromatographic mode, eluent systems), showing the potential of this inte-
grated approach. This proof-of-concept study illustrates how this technique can considerably reduce overall
production time and how it allows to increase the robustness and reproducibility of the method, since the process
is highly automated.

1. Introduction

Oligonucleotides are gaining increasing attention in the pharma-
ceutical industry as an emerging class of compounds with significant
therapeutic potential. Their ability to modulate gene expression pro-
motes them as promising candidates for addressing a broad spectrum of
diseases [1,2]. Since unmodified oligonucleotide sequences are natu-
rally vulnerable to degradation when introduced into biological systems,
recent advances led to chemical modification to provide nuclease sta-
bility, establishing them on the market of novel biopharmaceuticals
[3-5]. As of today, thirteen oligonucleotides have been approved by the
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Food and Drug Administration (FDA), and many of them are undergoing
different stages of clinical trials, where the main application includes
neurological disorders, ophthalmic diseases, cardiovascular and meta-
bolic conditions [2,6-9].

These molecules are short nucleic acid chains that are mainly pro-
duced through solid phase synthesis, where nucleotide monomers are
progressively added to the growing polymeric chain. This cyclic pro-
cedure for oligonucleotide manufacturing can be generally performed in
four steps: deprotection, where the most used protective group is the
4,4-dimethoxytrityl (DMT), coupling, oxidation/sulfurization, and
capping. The interested reader is referred to literature [10,11] for more
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details on the synthesis. However, this method leads to a great number
of structurally similar impurities that can be classified as shortmers (n-1)
or longmers (n + 1) and differ from the full-length oligonucleotide (n
nucleotides) by the omission and addition respectively of one or more
nucleotides. Other impurities are produced by depurination, failure se-
quences, and other side reactions [8,10,12-14]. Therefore, therapeutic
oligonucleotides require extensive purification to fulfill the strict purity
requirements to obtain high-quality API ensuring patient safety (> 90
%) [4]. The depletion of these impurities happens during the down-
stream process, which is the most challenging and expensive part of
production.

Nowadays the most widely used purification technique for bio-
pharmaceutical products is preparative liquid chromatography [15].
However, since the impurities usually have a similar structure compared
to the product, their separation is often challenging, resulting in the
coelution of the target product and unwanted impurities, as schemati-
cally reported in Fig. 1 [4,5]. This leads to the purity-yield trade-off
typical of batch chromatography. Indeed, high product purity is ob-
tained at the expense of yield, since in that case the window chosen to
collect the product tends to be quite narrow. Basically, the windows
where the product and impurities coelute are discarded or reprocessed
in the following, and this is the main reason for the low recovery ob-
tained at high purities. On the other hand, widening the collection
window to increase the recovery results in a decrease of the total purity,
since some unwanted impurities are also collected. For this reason,
subsequent chromatographic steps are usually required to obtain a pu-
rity satisfying the requirements imposed. This results in higher pro-
duction and analysis costs, also related to high solvent consumption,
which decreases the overall sustainability of the process [16-20].

The most common purification methods for therapeutic oligonucle-
otides include Anion Exchange (AEX) and Ion Pair Reversed Phase (IP-
RP) liquid chromatography. AEX takes advantage of the negative charge
on the phosphate linkage on the oligonucleotide at a typical operating
pH between 8 and 12. It allows a fine separation between the target
oligo, shortmers and longmers and the purification can be conducted
without the DMT protective group (DMT-off). The elution is generally
performed with a sodium salt gradient, and, which yields the product
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already in its sodium form at the end of the process, requiring only a
desalting step. On the other hand, IP-RP purification ensures to remove
not only charge-based residues, thanks to the ion pairing agent, but also
discriminates neutral lipophilic impurities [8]. Usually, in IP-RP-LC the
purification is conducted using mobile phases consisting of a mixture of
water and organic modifier, typically acetonitrile (ACN), while alkyl
amines are the most common ion pair agents. Moreover, to increase the
hydrophobicity of oligonucleotides, the DMT group is maintained
(DMT-on) and removed either on column by acidic condition or after the
purification. Besides, a salt exchange is required after the purification to
remove the ion pair reagent [1,8,11,14,21].

The combination of two types of chromatography based on different
interactions (e.g. AEX and RP) can be exploited to improve the separa-
tion. This approach is referred to as orthogonality [22-24]. Neverthe-
less, if the two chromatographic modes are not directly coupled, the
manual intervention of the operator is required, leading to a significant
amount of manual effort and time, since once the product is eluted from
the first column, it needs to be collected and re-analyzed in the second
column [9]. Coupling (“integrating™) these two techniques, meaning
that the effluent coming from the first column (using one separation
mode) is directed to the second column (using a second separation
mode), can save time, increasing the overall productivity of the process
[16].

In recent years, multidimensional chromatographic techniques have
been increasingly used, especially for analytical scale separations. The
rationale behind these techniques is the direct injection of the eluted
product from the first column (first dimension) into the second column
(second dimension) with the goal of increasing peak capacity [25-28].In
this study, a fully automated multidimensional approach, called “Inte-
grated Batch process”, was applied to a (semi)preparative scale purifi-
cation of a single-stranded DNA oligonucleotide. More in detail, two
orthogonal chromatographic techniques (AEX and IP-RP) were used.
Differently from the common procedure, the process takes place in a
single instrument, and thanks to a series of valves that facilitates the
online sample dilution, the solvent eluting from the first dimension is
made compatible with the stationary phase in the second dimension.

Phase 1

v

Fig. 1. Schematic Representation of the Integrated Batch process. Blue, red and green peaks are the schematic representation of weak impurities (W), product (P),
and strong impurities (S), respectively; the zones W/P and P/S represent the overlapping regions between weak and strong impurities with the product. The first
purification is reported on the left side (orange), while the second purification is reported on the right side (purple). This scheme shows how the two columns are
working on the three steps of the process. In phases 1 and 3 the columns are operating in batch mode (in parallel), while in phase 2 they are interconnected (in series).

The vertical axis, where volume is shown, is not on scale.
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2. Integrated batch process

Generally, a single column (batch) process employed for the purifi-
cation of oligonucleotides (and biomolecules in general) can be divided
into five steps: equilibration, loading of the feed, wash, gradient elution,
and regeneration, the last one including both the stripping of the column
(with a high modifier content to remove strongly adsorbed impurities)
and re-equilibration. In oligo purification, the elution is typically per-
formed under gradient elution conditions since the feed, after the solid
phase synthesis, contains many product-related impurities and oligo-
nucleotide retention depends on the content of the organic modifier (RP)
or salt (AEX) contained in the mobile phase. As previously stated, cur-
rent approaches employed for oligonucleotides purification are based on
discontinuous methods. This means that batch runs exploiting orthog-
onal selectivities are performed subsequently, either on the same or on a
different instrument. This implies that the product collected after the
first purification is reprocessed (diluted to lower salt concentration,
adjusting pH) before being loaded onto the second column for the sec-
ond purification, and that the instrument requires flushing with
compatible mobile phases.

On the other hand, the advantage of the Integrated Batch process is
that it combines two orthogonal chromatographic steps into a single
process, since the product eluted from the first column is diluted inline
and directly loaded onto the second column, without hold step or
operator intervention. In order to establish a successful Integrated Batch
procedure, multiple batch runs under different experimental conditions
(IEX, RP with each counter ion) need to be performed. These will serve
both as design tools for the interconnected process and as benchmarks.

This allows to determine the appropriate portion of the chromato-
gram to be transferred from the first to the second dimension, namely an
elution “window” of satisfactory purity.

The whole process can be divided into three phases (Fig. 1), where
the two columns can work either individually (in parallel, phases 1 and
3) or interconnected (in series, phase 2). In phase 1, the columns are
operated in batch mode, meaning that they are disconnected: the first
column is loaded with the feed, using the same amount used in the
design batch method. After the loading phase, the gradient starts in the
first column, and at the same time the second column is regenerated.
When the window of interest of the chromatogram (chosen based on the
fraction analysis of the design batch) starts eluting, a connection be-
tween the two columns is established by means of a system of column
inlet and outlet valves, so that in phase 2 the columns are inter-
connected, and the selected portion of the chromatogram from the first
column is inline diluted and transferred onto the second column. Before
phase 3 starts, all relevant tubing of the system is flushed with water and
then flushed back with the equilibration buffer of the second column to
prevent incompatible solvents from entering the second column.
Depending on the dilution factor chosen, an appropriate flow rate must
be used for inline dilution. Lastly, during step 3 the columns work again
in batch mode (disconnected) and, while the first column is regenerated,
the gradient starts on the second column.

When using AEX and IP-RP elution modes, two sequences are
possible: AEX-RP and RP-AEX. Since AEX makes use of mobile phases
containing high percentages of salt, and usually extreme pH is used for
oligonucleotide separation, AEX-RP sequence implies that it is necessary
to dilute the product stream inline during the transfer. This is to decrease
the pH and salt concentration before entering onto the RP column, in
order for the recycling portion (meaning the portion to be transferred) to
be compatible with the second dimension. At the end of the process, if
the counterion is different from sodium, which is the form in which
oligonucleotides are usually formulated, a salt exchange step is required.
Conversely, with the opposite sequence (RP-AEX), the transfer can be
directly performed from the hydrophobic to the anion exchange column,
since in this case organic modifier content as well as pH and salt con-
centration are compatible with the features of the second dimension. At
the end of the process, since the second purification is conducted with
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anion exchange chromatography, a desalting step is needed.
3. Materials and methods
3.1. Chemicals

Sodium Acetate Trihydrate (NaOAc), Sodium Hydroxide (NaOH),
Sodium Chloride (NaCl), Acetic acid and HPLC grade Acetonitrile (ACN)
and Methanol (MeOH) were purchased from Merck Millipore (Darm-
stadt, Germany). Triethylamine (TEA) (> 99.5 %) was purchased from
Sigma Aldrich (St. Luise, MO, USA.), while 1,1,1,3,3,3-Hexafluor-2-
propanol (HFIP) (>99.5 %) was purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA.). The feed material was a 20-mer single
stranded DNA oligonucleotide DMT-off (5-ATA CCG ATT AAG CGA AGT
TT-3), synthesized by means of solid phase synthesis by NATIAS (Japan)
with an initial purity of 51 %, determined by HPLC. For each purifica-
tion, the feed was dissolved in the corresponding mobile phase-A to
obtain a concentration of 10 g/L.

3.2. Offline analytics

An Agilent UPLC 1290 Infinity (Agilent, Santa Clara, CA, USA)
equipped with a diode array detector (DAD) was used for the offline
analysis of the collected fractions and feed. The injection volume was
1pL for each sample. The flowrate was set at 0.4 mL/min, the column
thermostat was set to 60 °C and the wavelength to 260 nm. A YMC-Triart
Bio C18, 150 x 2.1 mm, 1.9 pm was used as the stationary phase. The
mobile phase A (MP-A) consisted of 0.1 M HFIP + 4 mM TEA, while the
mobile phase B (MP-B) consisted of 100 % MeOH. The linear gradient
ranged from 10 % to 18 % MP-B in 33 min, then 2 min of stripping at 90
% MP-B was performed, followed by 3 min of re-equilibration at the
initial condition.

3.3. Batch operating conditions

Batch purification and Integrated Batch experiments were conducted
on a Contichrom® CUBE 30 (YMC ChromaCon, Zurich, Switzerland)
equipped with a fraction collector Foxy R1. The instrument was also
equipped with two buffer selection valves and two column bypass
valves, to be able to switch eluents between the purification and to
bypass the column during the wash of all tubing in the Integrated Batch
method.

For AEX and RP purifications a screening of mobile phases and
different temperatures was performed. Concerning AEX, the best per-
formance was obtained with 25 mM NaOH as Buffer A (to favor
adsorption) and 25 mM NaOH, 1.5 M NaCl as Buffer B (to promote the
elution of the compounds), both with a pH equal to 12, and a temper-
ature of 25 °C. A Tricorn column 100 x 5 mm packed with BioPro IEX
SmartSep Q30 resin was used as stationary phase. For RP chromatog-
raphy, two different buffers with different ion pair agents were screened.
In one case, 99/1 % 200 mM NaOAc/ACN (MP-A) and 80/20 % 200 mM
NaOAc/ACN (MP-B) were used. Even if NaOAc is not an ion pair agent
per se, it has shown suitable separation results [4]. In the other case,
99/1 % 100 mM Triethylammonium Acetate (TEAA)/ACN (MP-A) and
75/25 % 100 mM TEAA/ACN (MP-B) were mixed for the gradient, while
20/80 % 100 mM TEAA/ACN (MP-C) was employed as a stripping
buffer. All mobile phases used for the IP-RP-LC had a pH of 8.5. A
YMC-Triart Prep C18-S column, 100 x 4.6 mm, 10 pm from YMC (Kyoto,
Japan) was used as a stationary phase. Also, the RP column was kept at a
constant temperature of 50 °C for the first buffer system and 60 °C for
the second one, by means of a column thermostat AZURA® CT 2.1 from
Knauer (Berlin, Germany). UV detection was performed at 300nm.

For each batch, the column was first equilibrated with 3 column
volumes (CV), which represents the geometrical volume of a cylindrical
column, of mobile phase A with a flowrate of 600 cm/h. The feed was
then loaded at 40 g/Lcolumn both for AEX and the second IP-RP batches,
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while for the RP purification using NaOAc the loading was 35 g/Lcolumn
at 600 cm/h, to avoid breakthrough. After that, the column was washed
with 5 CV of MP-A at 600 cm/h in all runs. The linear gradient ranges
were chosen to perform the elution of the target compound at a com-
parable retention: from 5 % to 80 % MP-B for AEX, from 5 % to 60 % MP-
B for RP using NaOAc, and from 5 to 65 % MP-B for IP-RP using TEAA.
During the gradient elution, the flowrate was kept at 300 cm/h, and its
duration was 10 CV in all cases. During the elution step, a fractionation
was performed with a frequency of 1 fraction/min. In the end, a strip-
ping phase with 100 % MP-B (or MP-C in the case of the second IP-RP
batch) and a re-equilibration at 100 % MP-A, both 3 CV long, were
performed.

3.4. Integrated batch operating conditions

The integrated Batch process was developed starting from the
separate design of the batch runs, to determine the appropriate quantity
of product to be transferred to the second dimension. Indeed, it is both
undesirable to obtain a highly pure product at low yield or to transfer
most of the impurities to the second dimension having high product
yield; therefore, it was decided for each sequence (AEX-RP, RP-AEX) to
transfer two different portions of the chromatogram onto the second
dimension.

In the first transfer, it was decided to transfer about 90 % of the
product based on the fraction analysis, even though part of the weakly
adsorbed impurities was also transferred. The beginning of the portion
to be transferred was set 8.5 min after the beginning of the gradient for
the sequence AEX-RP with both ion pairs, 10.0 min for the sequence RP
(NaOAc)-AEX, and 11.0 min for the sequence RP (TEAA)-AEX.

In the second transfer, about 85 % of the product was transferred to
the second dimension, almost completely cutting out the maximum of
the weak impurity peak (Fig. 2). The time for the beginning of the
transfer was set to 9.5, 11.0 and 12.0 min after the start of the gradient,
respectively, for the sequence AEX-RP, RP(NaOAc)-AEX and RP(TEAA)-
AEX. For both setpoints, the transfer was stopped at a UV signal value
corresponding to 37 % of the peak maximum of the chromatogram.
Since during product transfer from the first to the second dimension for
the AEX-RP sequence, in-line dilution is required to lower pH and salt
concentration, several offline dilution tests were conducted using the
mobile phase A of the second purification. As the dilution factor would
have been greater than 10 to obtain a pH level compatible with the
stationary phase of the RP dimension, it was decided to add 25 mM
acetic acid to mobile phase A. Therefore, for the sequence using NaOAc,
a 1:1 dilution was carried out with 99/1 % 0.2 M NaOAc/ACN and 25
mM Acetic Acid (pH 5.8), and for the sequence using TEAA the inline
dilution was 1:1 with 99/1 % 200 mM TEAA/ACN and 25 mM Acetic
Acid (pH 5.6). Since the flowrate of the gradient is 300 cm/h for both
batch and integrated batch, and the dilution factor was imposed to be 2,
the flowrate set for the inline dilution is 300 cm/h as well. Therefore,
since the flowrates are cumulative, it results that the product is loaded
onto the second column with the same velocity as for the batch. This is
however not a requirement when designing Integrated Batch processes.

As mentioned in Section 2, between operating the first and second
dimensions all relevant tubing of the chromatography system was
flushed with water and equilibration buffer of the second purification
method to ensure that only compatible eluent entered the second col-
umn. The same operation is done also at the end of the process but
purging the tubing with the equilibration of the first dimension instead,
so that both columns are equilibrated with their respective equilibration
buffer.

3.5. Process performance parameters
Process performance was evaluated using the four fundamental pa-

rameters for preparative chromatography: purity, yield, productivity,
and eluent consumption.
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The first parameter to consider is purity, which is expressed as the
ratio of the area of the product peak (Aarget) to the sum of the areas of all
peaks (Atota1) in the chromatogram in HPLC analytics, and it is expressed
as a percentage.

Purity [%] = Awee 109 1)
Atoml
Yield or recovery, on the other hand, is expressed as the ratio of the
mass of the product collected (myarget collected) in @ given pool or fraction
to the mass of product that has been injected (Marget injected) into the
column. This parameter is also expressed as a percentage.

Yield [o] = et collected 1 o) @

Myarget injected
As for productivity, it represents the amount of target product
collected (mypoo] collected) in a fraction or pool per unit of time and column
volume (CV). It is expressed as gproduct/Lcolumn/h.

mpool collected ( 3)

Productivity [g/L /h] = CVtime

Finally, the last parameter to consider is the eluent consumption and
it is typically expressed as the total volume of eluent required to purify a
defined mass of target product (Mgarget collected)- It is expressed as Lejuent/
8product-

Eluent Consumption [L/g] = Total Volume 4)
mtarget collected

As for the Integrated Batch runs, in the productivity and eluent
consumption the CV is the sum of the CVs of the two columns, while the
time and the buffer volume are intended for the duration of the entire
method, and the target collected is the product collected from the second
dimension.

The trade-off between purity and yield in a batch process can be
represented through the Pareto curve. In the batch process, fractions are
collected periodically. Then, they are analyzed offline by means of HPLC
to determine the mass of both target and impurities for each. By
beginning with the purest fraction (which contains a small product re-
covery) and progressively adding adjacent fractions, purity and recovery
are calculated for all cumulative fractions, called pool. By enlarging the
product window, yield increases at the expense of purity, since also the
regions where the product overlaps with impurities are collected. These
hypothetical pools are then plotted on a graph, forming a curve of
optimal points that demonstrates how increasing recovery can only be
achieved by accepting a lower level of purity, and vice versa (Pareto
curve) [16].

4. Discussion
4.1. Batch results

As reported in Section 3.1, the feed material had an initial purity of
51 %. For the purification of the oligonucleotide, three methods have
been used, one using AEX chromatography and the other with IP-RP
with TEAA and RP with NaOAc.

From both the preparative chromatograms and the fraction analysis
of the three batches (Fig. 2), it can be noted that AEX (Fig. 2A) leads to a
different elution behavior of weakly adsorbing impurities; indeed, part
of these elutes during the wash after loading, while for the IP-RP
(Fig. 2B-C) only one peak is obtained. Another difference that can be
seen from the chromatograms is the absorbance, which is higher in the
purification using IP-RP compared to the AEX purification. This is due to
the difference in the pH of the mobile phases. As said in section 3.3, the
pH of anion exchange mobile phase is 12, while the mobile phases used
for both IP-RP purification have a pH of 8.5. At high pH level the DNA
bases are totally deprotonated, and this probably affects the UV absor-
bance properties. To confirm this hypothesis the UV absorbance was also
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measured by using a Nanodrop lite Spectrophotometer (see supple-
mentary information Section 1). Using Sodium Acetate the absorbance
at 260 nm resulted in 8.03 AU. For the second and third samples where
the range of pH was about the same (pH ~ 8), the absorbance values
measured at 260 nm were 7.03 AU and 7.74 AU. For the sample dis-
solved in Buffer A (pH = 12) the absorbance at 260 nm was 2.08 AU,
explaining the significantly smaller UV intensity in the AEX
chromatograms.

Results of fraction analysis are reported as Pareto curves in Fig. 4A.
From this figure it can be noted that a maximum purity of around 90 %
was achieved for all the three batch methods, with different recoveries:
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13.2 % for AEX, 16.4 % for NaOAc-RP and 20.8 % for TEAA-RP. These
data clearly indicate that a single batch method for oligonucleotide
purification is not sufficient to achieve the optimal desired product
purity under the selected gradient and load condition. In this context,
the combination of two different elution modes is usually advantageous.
While not required for Integrated Batch process design, but to compre-
hend the full potential and orthogonality of the combinations AEX-RP
and RP-AEX, as well as to correctly set the conditions for Integrated
Batch runs, a complete tracking of all impurities present in the purest
fraction of the batch runs was performed. The concentration profile for
each single impurity was overlaid with the concentration profile
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Fig. 3. Preparative chromatograms of the two sequences for Integrated Batch process. The sequence AEX-RP (A); the sequence RP-AEX (B) using TEEA as ion pair.
The blue area represents the product (90 % of yield) that has been transferred to the second dimension. For Purge is intended the flush of the tubing first with water
and then with the mobile phase used in the second column. Note the UV intensities are affected by operating pH.
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obtained for the product (see Figs S1-2).

Common impurity peaks to both the AEX purification and the two RP
purifications were identified, with the aim of understanding which im-
purities can be more easily removed during the transfer of the product to
the second dimension. The criterion to determine the better chromato-
graphic sequence was the achievement of the highest final purity.

As it can be seen from Fig. S1, comparing AEX purification and RP
purification with NaOAc, for the latter one, the common impurities
overlap with the product peak to a smaller extent, which makes them
easier to remove and thus making the sequence RP-AEX preferable. On
the other hand, regarding the comparison of common impurities be-
tween AEX and RP purification with TEAA as the ion pair (Fig. S2), in
both cases the impurity profiles overlap with the entire concentration
profile of the product, making it more difficult to separate them during
the transfer of the product.

4.2. Integrated batch results

Four sequences were tested for the Integrated Batch runs: i) AEX-
NaOAc RP, ii) AEX-TEAA RP, iii) NaOAc RP-AEX and iv) TEAA RP-
AEX. Moreover, based on the results of fraction analysis and impurity
tracking of the three design batch runs (Fig. 2 and S1-2), two different
portions of the target peak were chosen to be transferred to the second
dimension, i.e. 90 and 85 % of the target recovery, resulting in a total of
8 purifications. For simplicity, Integrated Batch profiles of only two
sequences (AEX-RP and RP-AEX using TEEA as ion pair) are shown in
Fig. 3.

For the sequence where the AEX purification is in the first dimension
and RP with both ion pair agents in the second dimension, inline dilution
is needed during the transfer of the product, as previously mentioned in
Section 3.4. This is necessary to ensure an adequate pH level and salt
concentration while the product eluting from the first column enters the
RP column. On the other hand, for the opposite sequence (RP-AEX),
since the AEX column characteristics are compatible with pH, salt and
organic solvent concentration typical of RP conditions, no inline dilution
is needed. Moreover, this sequence, having the AEX purification as a
second dimension, allows to obtain the oligo in its sodium form without
an additional step of salt exchange.

The Pareto curves for the 8 purifications are shown in Fig. 4B-C. In
general, all sequences resulted in an increase of the maximum purity,
thanks to the combination of the two orthogonal separation mecha-
nisms; nevertheless, it is well-known that a high purity is usually asso-
ciated with a low yield. Interestingly, when considering the same purity
level reached in batches, a considerable gain in yield can be obtained by
combining two techniques in an integrated approach, as reported in
Table 1. This result is clearly observed in Fig. 4B and 4C, where the
Pareto curves of all Integrated Batch runs are located above the Pareto
curves of the three batch methods, since they show the yield of the
second step. This means that, at a given purity, the higher the curve, the
greater the recovery. In case of TEAA as ion-pair reagent, for purities
below 85 %, the curves of Integrated Batch and single column batch
cross, hence single column operation would be more favorable than
integrated batch chromatography (Fig 4C).

More in detail, for both sequences (AEX-RP and RP-AEX) with
NaOAc, the use of the second setpoint (85 % of target product trans-
ferred) leads to a better performance in terms of purity if compared to
the first setpoint (90 % transferred). As previously hypothesized from
impurity tracking (Fig. S1), the sequence RP-AEX showed superior
separation capabilities with respect to AEX-RP, being able to reach a
purity > 95 %. Conversely, the use of TEAA as ion pair leads to a less
marked improvement in purity between all the Integrated Batch runs,
with maximum achieved purity in the range 93-94 %. In this case, the
transfer of 85 % of the product to the second dimension did not lead to
an overall better performance. Indeed, at high yield the pareto curves for
the first setpoint (90 % transferred) show better results in terms of
purity.
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Yield, productivity and eluent consumption were calculated and
compared for the single column batches and for the Integrated Batch
runs and are shown in Fig. 5. These values were calculated at two fixed
purity levels: at 89 % purity, a value common to all batch methods, and
at 91 % purity, a value reached only with Integrated Batch runs. It must
be stated that for oligonucleotides the purity required for a product of
clinical grade is generally > 90 % [4].

Regarding the yield calculated at 89 % purity (Fig. 5A), RP using
TEAA showed the best performance among the three single batches.
Nevertheless, Integrated Batch sequences with both ion pairing agents
lead to an increase in yield when compared to single batches.

As shown in Fig. 5A and Table 1 productivity and eluent consump-
tion were best with the RP batch method using TEAA, despite the rather
low yield of 48.7 %, outperforming also Integrated Batch sequences
using the same ion pair agent. Instead, AEX and RP with Sodium Acetate
had worse productivity and eluent consumption values than integrated
batch chromatography, which can be attributed to their low yields of
22.9 % and 16.4 %, respectively. Additionally, in the mathematical
calculation for these two parameters, it is important to consider that, as
mentioned in Section 3.5, the CV is the sum of the CVs of the two col-
umns, while the time and volume are intended for the entire duration of
the method.

Upon comparing the two different sequences, AEX-RP and RP-AEX, it
was observed that for both productivity and eluent consumption pa-
rameters there is a slight overall gain when using the AEX-RP sequence.
This is due to the different column size in first dimension, which results
in a different absolute load, moreover, as already said in Section 3.3, the
loading for the two IP-RP purification is different, for the one using
TEAA the loading is 40 g/ Leolumn, While for the NaOAc it is 35 g/Lcolumn-

As for the process comparison calculated at 91 % purity (Fig. 5B),
none of the three batches reached that value. Even in this case, by using
the second set point (85 % transferred) for the product transfer to the
second dimension, a generally better performance in yield, productivity,
and eluent consumption can be obtained.

5. Conclusions

The Integrated Batch process has proven to be a promising alterna-
tive method for the purification of oligonucleotides when compared to
individual batches, since it allows to significantly reduce analysis times
and to completely automate the purification process. This has several
advantages not only in terms of productivity, but also in the fact that
there is no need to offline analyze the fractions between one dimension
and the next one nor to perform any sample preparation step before
injecting the feed into the second column. This allows to keep the QC
demand the same as for the single-column batch process, while
improving process performance parameters. It must be mentioned that
in this work sequential batches were not run as a comparison, since
similar performance parameter and purity results as the Integrated
Batch would be expected.

In this way, once the experimental conditions are defined for the
individual batch steps, this technique allows to directly combine two
chromatographic steps, by automating the transfer of the selected
portion of the chromatogram from the first column to the second one,
thus increasing the reproducibility of the process while saving time.

Regarding the two possible sequences, AEX-RP and RP-AEX, they
both led to quite a significant improvement in yield at fixed values of
purity, with respect to the corresponding batch. Nevertheless, even if
from a mere practical consideration, the RP-AEX sequence would seem
the best choice, at least for the specific experimental conditions and
target oligonucleotide used in this work, since there is no need of inline
dilution and sodium is the counterion, which is the form in which oli-
gonucleotides are usually formulated.
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Table 1
Process performance improvement (in terms of Yield, Productivity and Eluent consumption) between the three batches and the Integrated Batch runs calculated at 89
% of purity.
Yield Yield Yield Productivity [g/L/ Productivity [g/L/ Productivity [g/L/ Eluent Eluent cons. [L/  Eluent cons. [L/
[%] [%] [%] h] h] h] cons. gl gl
vs TEAA vs vs AEX vs TEAA vs NaOAc vs AEX [L/g] vs NaOAc vs AEX
NaOAc vs TEAA
AEX- - +333 % +210 % - +54 % +40 % - —34% -31%
NaOAc_1
AEX- - +388 % +249 % - +75 % +59 % - —40 % —38 %
NaOAc_2
AEX-TEAA_1 +72 % - +265 % —40 % - +55 % +108 % - —36 %
AEX-TEAA 2 +60 % - +241 % —45 % - +44 % +85 % - —44 %
NaOAc- +379 % +243 % - +40 % +27 % —25% —21%
AEX 1
NaOAc- - +403 % +260 % - +46 % +33 % - —28 % —25%
AEX 2
TEAA-AEX_1 +56 % - +233 % —53 % - +23 % +123 % - -32%
TEAA-AEX 2 +56 % - +231 % —53% - +21 % +123 % - -32%
A Yield [%] Productivity [g/L/h] Eluent Consumption [L/g]
83.6 825 PO s
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Fig. 5. Histograms showing the process performance (yield [%], productivity[g/L/h], and eluent consumption [L/g]) of the three batch methods and of the Inte-
grated Batch sequences. A) Process comparison calculated at 89 % purity; B) process comparison calculated at 91 % purity.
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