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6 Exploring Capillary Electrophoresis–Mass 
Spectrometry for the In-Depth Intact Native Analysis  
of Cysteine-Conjugated Antibody-Drug Conjugates
Florian Füssl, Lisa Strasser, Sara Carillo, and Jonathan Bones
This article explores the potential of microchip capillary 
electrophoresis–mass spectrometry (CE–MS) for the 
characterization of intact biopharmaceuticals, and how 
this technique can effectively be employed to monitor 
essential quality attributes of interest.

13 In Search of The Needle in The Mariana Trench:  
Host Cell Proteins and the Problem of Dynamic Range
Wolfgang Esser-Skala, Therese Wohlschlager,  
and Christian G. Huber
This article explores the analytical challenges 
associated with HCP monitoring and reviews recent 
advances in HCP characterization, with special 
emphasis on high performance liquid chromatography 
mass spectrometry (HPLC–MS)-based methods and 
HCP enrichment techniques.

20 Analytical Separation Methods for Therapeutic 
Oligonucleotides
Christina Jayne Vanhinsbergh
The diverse nature of oligonucleotide therapeutics leads 
to the requirement for multiple separation methods to 
characterize quality attributes. Highly chemically-modified 
to improve efficacy and resilience to nucleases, they are 
challenging to analyse using a single method. This article 
discusses multiple chromatographic separation methods, 
and the benefits of mass spectrometry (MS).

27 Physicochemical Methods for Vectors and Ancillary 
Materials in Cellular and Gene Therapies
Collin Hauskins, Hai Yue, Richard S. Rogers, and Taylor Zhang
Cellular and gene therapies (CGTs) have contributed 
significantly to the improvement of clinical outcomes 
for patients in the recent years. This paper discusses a 
range of physicochemical methods that play an important 
role in the difficult characterization of viral vectors, to 
meet the unique needs of CGT manufacturing process 
development, process and product characterization, and 
the quality control testing of these materials.

33 Rapid Adeno-Associated Virus Genome Integrity 
Analysis by Capillary Gel Electrophoresis
Jane Luo and Andras Guttman
In this paper, two adeno-associated virus (AAV) genome 
integrity analysis workflows are introduced; a standard 
sample preparation protocol and an accelerated 
procedure, both utilizing capillary gel electrophoresis 
with laser induced fluorescent detection (CGE–LIF) to 
analyze the released nucleic acids.
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Reshaping The Landscape
An introduction from guest editors, Koen Sandra and Davy Guillarme, on this special supplement from LCGC Europe 
focusing on recent developments in biopharmaceutical analysis.

Biopharmaceuticals have substantially reshaped the 
pharmaceutical landscape. These products are being developed at 
an explosive rate and have attracted great interest from both smaller 
biotech firms and big pharmaceutical companies. This has become 
especially visible during these COVID‑tormented times where all 
eyes are on biopharmaceuticals. Their success is driven by their 
efficacy in disease areas with a high‑unmet medical need such as 
oncology, autoimmune, and infectious diseases. Antibody‑based 
therapeutics, that is, monoclonal antibodies (mAbs), antibody‑drug 
conjugates (ADCs), bispecifics, fusion proteins, etc. reign supreme, 
but the biopharmaceutical market is further populated by other 
products from proteinaceous and, more recently, nucleic acid, that 
is, DNA, RNA, and cellular origin. All with one common denominator, 
an enormous therapeutic potential with a layer of immense 
structural complexity highly demanding towards analytics. Since 
the first LCGC supplement on Advances in Biopharmaceutical 
Analysis, we have witnessed an inspiring creativity amongst peers, 
and this has resulted in many innovative tools for the detailed 
study of these ever more complex molecules. Today, these 
fascinating study objects are subjected to two‑ (2D), three‑ (3D) 
and even four‑dimensional liquid chromatography (4D‑LC), and are 
introduced in the mass spectrometer (MS) under native conditions, 
coupling historically MS‑incompatible chromatographic modes 
such as ion‑exchange chromatography (IEC), size‑exclusion 
chromatography (SEC) or hydrophobic interaction chromatography 
(HIC), and are even separated using hydrophilic interaction liquid 
chromatography (HILIC) or on pillar‑based chromatographic 
columns. We further witnessed the introduction of new MS‑sensitive 
glycan labels, alternative proteases (for example, IdeS), 
implementation of inert columns and instruments, and a revival 
of capillary electrophoresis (CE), amongst many others. Several 
of these innovations have been published in LCGC Europe’s 

“Biopharmaceutical Perspectives” column, which was inaugurated in 
2017. With so many opportunities on the shelf, it is highly rewarding 
as a scientist to be involved in biopharmaceutical analysis today.

For the current supplement, we have selected several 
authorities, both from academia and industry, giving their view 
on different aspects of biopharmaceutical analysis. The first 
contribution by Füssl et al. explores chip‑based electrophoresis 
hyphenated to mass spectrometry for the characterization of 
ADCs. The described setup preserves higher‑order structures 
and non‑covalent interactions offering enormous potential for the 

analysis of labile proteins such as cysteine‑conjugated ADCs. This 
work further builds on earlier work from this group, hyphenating 
charge‑based chromatographic separations to native MS. 

Protein biopharmaceuticals are recombinantly produced in 
mammalian, yeast or bacterial expression systems. Next to the 
therapeutic protein, these cells produce endogenous host cell 
proteins (HCP) that can contaminate the biopharmaceutical 
product despite major purification efforts undertaken. Since HCPs 
can affect product safety and efficacy, they need to be closely 
monitored. Esser‑Skala et al. metaphorically describe the analytical 
challenges associated with HCP monitoring and review recent 
advances in LC–MS and HCP‑enrichment strategies that allow to 
cross over the 1‑ppm barrier in HCP detection, amongst others.

While the first two contributions have their primary 
focus on protein analysis, the subsequent manuscripts 
introduce us into the fascinating world of nucleic acids. 
Christina Vanhinsbergh sets the stage by highlighting the 
analytical challenges and different separation methods for 
therapeutic oligonucleotides such as antisense (ASOs) and 
splice‑switching oligonucleotides (SSOs), short interfering 
RNA (siRNA), aptamers, and messenger RNA (mRNA). 

Zhang et al. discuss different physicochemical methods, 
including chromatography, CE, MS, and light scattering, but also 
imaging and spectroscopic techniques, for the characterization 
of viral vectors, including adeno‑associated virus (AAV) and 
lentiviral vectors (LVV), and ancillary materials used in cell and 
gene therapy. The latter being a largely underexplored field for 
analytical scientists. Guttman and Luo further elaborate upon 
this topic, describing an elegant and rapid AAV genome integrity 
analysis method based on capillary gel electrophoresis (CGE). 

It has been a great pleasure working together with renowned 
colleagues in the field and we would like to thank all of them 
for their excellent contributions. We are already eager to 
learn what advances future supplements will bring.

Koen Sandra is Director at RIC, 
Belgium and Visiting Professor 
at Ghent University, Belgium.
koen.sandra@richrom.com

Davy Guillarme is senior lecturer and 
research associate at the University 
of Geneva, Switzerland.
davy.guillarme@unige.ch
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Exploring Capillary  
Electrophoresis–Mass Spectrometry 
for the In-Depth Intact Native 
Analysis of Cysteine-Conjugated 
Antibody-Drug Conjugates
Florian Füssl1, Lisa Strasser1, Sara Carillo1, and Jonathan Bones1,2, 1NIBRT – The National Institute for Bioprocessing Research and 

Training, Blackrock, Co. Dublin, Ireland, 2School of Chemical and Bioprocess Engineering, University College Dublin, Ireland.

Recent years have seen dramatic technological developments, paving the way for the hyphenation of native, 
salt-based or salt-assisted chromatographic modes and capillary electrophoresis, which separate biomolecules 
according to size, charge or hydrophobicity, to mass spectrometry (MS). Such techniques can be employed 
to unravel the heterogeneity of glycoproteins while preserving higher order structure and non-covalent 
interactions. Therefore, these methods offer great potential for the comprehensive analysis of complex and labile 
biopharmaceuticals such as antibody-drug conjugates (ADCs). This article explores the potential of microchip 
capillary electrophoresis–mass spectrometry (CE–MS) for the characterization of intact biopharmaceuticals, 
and how this technique can effectively be employed to monitor essential quality attributes of interest.

Monoclonal antibodies are produced 
in mammalian cell culture and thus 
possess a considerable complexity due 
to variable N-glycosylation and other, 
up- and downstream processing induced 
modifications (1). Related therapeutic 
formats like Fc-fusion proteins and 
antibody-drug conjugates (ADCs) show 
additional layers of complexity, either 
derived from higher levels of N- and 
O-glycosylation or in the case of ADCs, 
the presence of varying numbers of 
small cytotoxic compounds attached 
to the protein scaffold, which acts as a 
drug delivery system. In-depth analysis 
of the primary protein sequence as 
well as amino acid modifications is 
routinely performed by peptide mapping. 

However, peptide mapping fails to reveal 
the molecular structure and assembly 
on the intact protein level based on 
the use of proteases that digest the 
protein into peptides prior to analysis. 
Recent technological advances in 
separation science and high-resolution 
mass spectrometry (MS) have greatly 
expanded the utility of intact protein MS. 
Direct MS interfacing of highly selective 
separations based on molecule size 
(2), charge (3–6) and hydrophobicity 
(7–9) has been shown to be possible. 
These separation modes operate under 
physiological conditions and thus 
preserve the higher order structure of 
proteins (10). Thereby, when combined 
with native high-resolution mass 

spectrometry, they allow for the analysis 
of molecules of increasing complexity 
as a result of the chromatographic or 
electrophoretic separation of protein 
isoforms in combination with greater 
spatial mass spectral resolution in the 
higher m/z range that is characteristic of 
native MS. Moreover, the native analysis 
conditions facilitate characterization 
of highly labile molecules such as 
cysteine-conjugated ADCs (11).

The characterization of ADCs 
at the intact protein level is 
important for the determination of 
the average drug-antibody ratio 
(DAR). This measure determines 
how much cytotoxic compound is 
administered on average per protein 
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molecule and hence, is directly 
related to the clinical outcome.

Here, we employed microfluidic 
chip-based capillary electrophoresis–
mass spectrometry (CE–MS) for the 

characterization of a cysteine conjugated 
ADC mimic (6). Characterization was 
performed before and after enzymatic 
deglycosylation using two different 
acquisition modes. Firstly, via the 

infusion option which allows for static 
nanospray infusion of analytes when 
only pressure is applied across the 
microchip channel, and secondly, via 
charge variant separation prior to MS 
detection when the separation voltage 
is applied. The MS data obtained was 
then analysed to investigate whether 
the native-like protein structure and 
non-covalent interactions between 
conjugated heavy and light chains 
were maintained. Both approaches 
were compared to evaluate the depth 
of information gathered including 
information on the average DAR and 
other features such as N-glycosylation 
and charge sensitive modifications.

Materials and Methods
Chemicals and Consumables: The 
ADC mimic (MSQC8) was obtained 
from Sigma-Aldrich and consists of 
the SILu Lite SigmaMAb (MSQC4) 
conjugated to dansyl fluorophores 
via a LC-SMCC (succinimidyl 
4-[N-maleimidomethyl]cyclohexane-1-
carboxy-[6-amidocaproate]) crosslinker. 
MS grade water (Optima) was purchased 
from Fisher. PNGase F (Carbo Clip) 
was obtained from Asparia Glycomics. 
Vivaspin 500 10 kDa spin filters were 
obtained from Sartorius. The ZipChip 
Native Antibodies Kit and HRN chips 
were provided by 908 Devices. LC–MS 
grade dimethyl sulfoxide (DMSO) was 
obtained from Thermo Fisher Scientific.
Sample Preparation: For 
deglycosylation, 2.5 µL of PNGase F 
were added to 100 µg of glycoprotein 
and the reaction was maintained at 37 °C 
for 180 min under constant agitation 
at 400 rpm. Both glycosylated and 
deglycosylated samples were buffer 
exchanged using 10 kDa Vivaspin spin 
filters. Sample diluent was intact native 
background electrolyte, consisting of 
an ammonium acetate based buffer at 
pH 5.5 containing 4% DMSO (v/v) (12).  
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FIGURE 1: Intact native protein spectra acquired with the infusion option of the CE–MS 
interface. (a) Spectra obtained for the glycosylated molecule. The right panel shows 
a magnification of the most prominent charge state +24. (b) Spectra obtained for the 
deglycosylated molecule. The right panel shows a magnification of charge state +24. 
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FIGURE 2: Deconvoluted spectra of the glycosylated ADC mimic after direct infusion. The 
monoclonal antibody scaffold is presented in blue, the conjugated drug mimics are shown 
as yellow stars.

143000 144000 145000 146000 147000 148000 149000 150000

Mass

0

25

50

75

100

ecnadnub
A evitale

R

Average DAR: 4.0

Monoclonal antibody

Conjugated drug mimic

FIGURE 3: Deconvoluted spectra of the deglycosylated ADC mimic after direct infusion. 
The monoclonal antibody scaffold is presented in blue, the conjugated drug mimics are 
shown as yellow stars.
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A final sample concentration of 0.1 mg/mL 
was used for infusion experiments and 
1.0 mg/mL for charge variant separations.
Instrumentation, Sample and Data 

Analysis: For CE–MS experiments, 
the 908 Devices ZipChip interface, 
equipped with a HRN chip and 
connected to a model 840 autosampler 
was attached to a Q Exactive Plus 
hybrid quadrupole-Orbitrap instrument 
equipped with the extended mass 
biopharma option (Thermo Fisher 
Scientific). To increase the sensitivity, 
the ZipChip background electrolyte 
contained 4% DMSO (v/v), while a 
constant field strength of 500 V/cm was 
applied for separation. Charge variant 
separations were based on the injection 
of 1 nL sample. MS data acquisition was 
performed in High Mass Range (HMR) 
mode. All analyses were performed at 
a resolution setting of 35 000 (at m/z 

200) and an in-source collision induced 
dissociation (CID) value of 100 eV, the 
number of microscans was 5 and AGC 
target and maximum inject time were 
5e5 and 50, respectively. Direct infusion 
data was acquired using the averaging 
function. Spectral deconvolution was 
performed using the ReSpect algorithm 
(Thermo Fisher Scientific). Deconvolution 
and further data analysis were performed 
in BioPharma Finder software version 
3.2 (Thermo Fisher Scientific).

Nano Infusion of ADC Mimic 
Before and After Deglycosylation
A requirement for the intact analysis of 
cysteine conjugated ADCs is to maintain 
conditions during analysis that prevent 
the dissociation of the conjugated 
heavy and light antibody chains. The 
microchip CE–MS system operated 
using a background electrolyte that 

is designed to maintain proteins and 
protein complexes in their native state. 
Besides the capabilities for CE–MS, the 
microchip device can also be used for 
nanospray infusion by applying pressure 
on the microchannel. Figure 1(a) shows 
the charge envelope obtained for direct 
infusion of the ADC mimic. Evidently, the 
major charge state z=+24 is situated 
close to m/z 6,000. For a molecule 
with a mass of 150 kDa, this clearly 
infers preservation of the higher order 
structure (13). A zoom into charge state 
z=+24 shown on the right-hand side 
of Figure 1(a) shows the heterogeneity 
derived from conjugation with up to 
eight payloads as well as the glycan 
heterogeneity within the DAR-distribution. 
Both the appearance in the high m/z 
range as well as the DAR distribution 
demonstrates that labile inter-chain 
interactions are being maintained during 
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the analysis. Figure 1(b) shows the 
appearance of the MS raw data after 
deglycosylation of the ADC mimic. The 
charge envelope is expanded and lower 
charge states become more prevalent, 
which is likely due to an exposure of 
additional charged residues by the 
deglycosylation process. The right panel 
of Figure 1(b) shows a similar distribution 
in terms of DAR but with a shift towards 
lower m/z and without the heterogeneity 
caused by various N-glycosylation.

Deconvolution of the spectra from 
Figure 1(a) yields a distribution of 
peaks in five distinct clusters (Figure 
2). Clusters represent DAR forms which 

differ by 1,336 Da, representing the mass 
shift caused by two payloads of 668 Da 
each. Hence, the five clusters represent 
DAR 0, 2, 4, 6, and 8 forms with varying 
abundance. The calculated average 
DAR is 4.2, which agrees well with 
the manufacturer’s specifications (14). 
Additionally, the glycoforms and their 
relative abundances can be obtained 
for each DAR form. The most abundant 
peak represents the glycoform pair G0F/
G1F followed by G0F/G0F and G1F/G1F 
or G0F/G2F. In general, experimental 
masses are in excellent agreement 
with the theoretical masses calculated. 
For example, mass deviations of the 

mentioned glycoforms of the DAR 4 
variant are all below 10 ppm, thereby 
generating high confidence in the 
data and its associated assignment.

Deglycosylation greatly reduced the 
overall spectral complexity, as shown 
in the deconvoluted spectrum in Figure 
3. The DAR distribution is similar to what 
was observed in Figure 2, however the 
calculated average DAR of 4.0 is slightly 
lower. Reducing glycan heterogeneity 
can simplify DAR determination and 
data analysis, but also has the potential 
to reveal formerly hidden modifications. 
As depicted in Figure 3, the main peak 
is accompanied by two peaks, one 
in the lower and the other one in the 
higher mass range. These species 
are deviating by -318 and +162 Da 
and represent isoforms derived from 
non-glycosylation-related modifications. 
Peptide mapping experiments revealed 
the occurrence of glycation events on 
several lysine residues which is likely 
the cause for the mass shift of +162 Da 
observed on the intact level. The -318 Da 
mass shift was seen in both, glycosylated 
and deglycosylated data sets. Also in this 
case, peptide mapping was allocating 
this modification to a specific site. The 
conjugated peptide of the antibody light 
chain was found with two modifications, 
either +668 Da representing the intact 
payload or +350 Da, representing the 
payload with a negative mass offset of 
318 Da. Hence, this modification very 
likely represents a modified form of the 
payload, most probably deriving from 
hydrolysis of the amide bond leading to 
the release of the dansylcadaverine.

Charge Variant Separation 
of ADC Mimic Before and 
After Deglycosylation
The CE–MS platform used herein allows 
for the separation of intact protein charge 
variants with direct MS detection and 
based on operation at flow rates in the 
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nL/min range and a sample consumption 
of only around 1 ng per run offers 
excellent sensitivity. Like strong cation 
exchange chromatography, CE separates 
molecules based on differences in their 
net surface charge, thus, resulting in 
similar charge variant patterns, albeit with 
a reversed elution order. Nonetheless, 
the fundamentally different separation 
mechanism, which is based on varying 
migration velocities within an electric 
field, can result in a different separation 
selectivity and in different information 
content (15). The charge variant profile 
shown in Figure 4 clearly indicates the 
separation of the main species and 
several lower abundant charge variants. 
Such can be seen in front of the main 
peak, which are caused by modifications 
inducing a positive or depleting a 
negative charge, and after the main peak 
with modifications having the opposite 
effect. Several charge variants can 
be found including species with mass 
offsets of -58, +42, and -318 Da. The 
variant bearing a payload modification 
with a mass shift of -318 Da was found 
to migrate significantly slower than the 
main species, which clearly suggests 
a lower positive net charge. The other 
charge variants were not previously seen 
during direct infusion experiments, hence 
the analysis of such species clearly 
benefits from charge variant separation. 
A mass shift of -58 Da and an additional 
positive charge is strongly indicative 
of C-terminal glycine loss and proline 
amidation on one of the heavy chains, the 
presence of such species was confirmed 
by peptide mapping (16). A mass of 
+42 and an additional negative charge 
infers acetylation of one of the N-termini 
which has been shown to be a charge 
sensitive modification on other proteins 
(17). Also in this case, peptide mapping 
strongly supports this assumption 
as the modification was allocated to 
the N-terminus of the heavy chain. 

Importantly, even though charge variant 
separation is performed, an average 
DAR well within the specifications is 
obtained, as is shown in Figure 4 on the 
right hand side, making this approach 
fit for the simultaneous determination of 
the average DAR, the glycan distribution 
and the charge variant heterogeneity. 
Obviously, the visibility of the lower 
abundant DAR forms is dependent on 
the overall relative abundance of the 
charge variants under investigation, 
hence, DAR 0 and 8 may not be 
detected for low abundant species.

Deglycosylation is drastically reducing 
sample heterogeneity, which further 
improves analytical sensitivity. Hence, 
while information about the glycan 
distribution is lost, other low abundant 
modifications may be rendered 
accessible for analysis. We found that 
this was also the case for the CE–MS 
analysis of untreated and deglycosylated 
ADC mimic. Figure 5 shows the 
electropherogram of the deglycosylated 
sample which resembles the trace of 
the untreated sample shown in Figure 
4. The signal intensity of the formerly 
identified modified species was strongly 
increased and one additional charge 
variant was detected showing a positive 
mass offset of 128 Da. A faster migration 
than the main species is indicating an 
additional positive charge. The mass 
shift of +128 Da paired with the migration 
behaviour indicates the presence 
of incompletely cleaved C-terminal 
lysine variants which can be found at 
a relative abundance of <1%. Notably, 
this modification was only found for the 
DAR 2 form which is certainly related 
to the unusual DAR distribution seen in 
this particular instance. A calculation of 
the average DAR after sliding window 
deconvolution yielded a value of only 2.0, 
much lower than reported in previous 
experiments and well outside of the 
specifications (Figure 5, right panel). 

Further analysis revealed that not only 
charge variants were separated during 
the CE–MS run, but also different DAR 
forms with DAR 0 migrating fastest, 
followed by DAR 2 and lastly DAR 4. 
Unlike in previous experiments, DAR 4 
was found to be of lower abundance 
than DAR 2, while DAR 6 and eight forms 
were not detected at all. Interestingly, this 
phenomenon was not seen when using 
the same sample for direct infusion and 
it only occurred after deglycosylation. 
A change in the physicochemical 
properties caused by deglycosylation, 
such as reduced solubility, likely changed 
the migration behaviour of especially 
higher DAR forms, effectively preventing 
their migration in the CE channel.

Summary and Conclusions
Native separation modes coupled 
on-line to MS offer great potential for the 
characterization of large, heterogeneous, 
and labile molecules such as 
cysteine-conjugated antibody-drug 
conjugates. Here, we explored the 
potential of microfluidic CE–MS for 
the characterization of an ADC mimic 
both by infusion and via charge variant 
separation. Direct infusion of both, 
untreated and deglycosylated samples 
resulted in clear native protein spectra 
with a characteristic DAR distribution 
showing either 0, 2, 4, 6, or 8 payloads. 
The calculated average DAR was 4.2 
and 4.0 for untreated and deglycosylated 
samples respectively, which is well 
within the specifications provided by the 
manufacturer. In case of the untreated 
sample, the glycan distribution was 
determined with the most abundant 
glycan pairs being G0F/G1F, followed by 
G0F/G0F, G1F/G1F, and G1F/G2F. Mass 
accuracies were within 10 ppm. The 
data quality was found to be excellent, 
which can be attributed to the infusion 
setup and the possibility to average 
hundreds of spectra acquired over the 
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course of several minutes. Infusion is 
operated at nL/min flow scale, and only 
requires a minimum of 10 µL of sample 
at a concentration of 0.1 mg/mL and thus 
can be performed with minimal sample 
consumption. The CE–MS device has 
also proven powerful for the separation 
of multiple charge variants of the ADC 
mimic. Among those were species with 
subtle to moderate mass shifts which 
were not detected in infusion experiments. 
Hence, charge variant separation offers 
an additional dimension of information, 
rendering the average DAR, the glycan 
distribution and the charge variant 
heterogeneity accessible to analysis. 
With the here applied technique, this 
vast information was acquired within 
only 15 min of analysis time and with a 
sample consumption of only 1 ng per 
injection. In the case of the analysis of the 
untreated sample, the average DAR was 
highly similar to that obtained in infusion 
experiments. Deglycosylation and charge 
variant separation resulted in increased 
analysis sensitivity but came at the cost of 
the distortion of the average DAR. Hence, 
sample treatment should be performed 
with care and under consideration of 
the analysis procedure desired. The 
CE–MS workflow herein employed 
showed excellent utility for the analysis of 
a cysteine-conjugated ADC mimic and 
thus offers great potential for the analysis 
of therapeutic ADCs of similar complexity.
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In Search of The Needle in The 
Mariana Trench: Host Cell Proteins 
and the Problem of Dynamic Range
Wolfgang Esser-Skala, Therese Wohlschlager, and Christian G. Huber, Bioanalytical Research Labs, Department of Biosciences and 

Christian Doppler Laboratory for Innovative Tools for Biosimilar Characterization, University of Salzburg, Austria

In the course of biopharmaceutical production, host cell proteins (HCPs) may end up in the final 
drug product despite extensive purification processes. Since these contaminants potentially affect 
the efficacy and safety of a drug, regulatory guidelines require their levels to be as low as technically 
feasible. Consequently, the low abundance of HCPs relative to the drug substance (typically, below 
100 ppm) poses a key challenge for analytical methods, which must cover a wide dynamic range 
of up to six orders of magnitude. Here, we outline the root of the analytical problem and review 
recent advances in HCP characterization, with special emphasis on high performance liquid 
chromatography mass spectrometry (HPLC–MS)-based methods and HCP-enrichment techniques.

The production of biopharmaceuticals 
involves recombinant expression 
of the therapeutic protein by host 
cells, followed by extensive protein 
purification in the course of downstream 
processing. In this context, residual 
proteins originating from the expression 
host are referred to as host cell 
proteins (HCPs). These process‑related 
impurities may affect the quality and 
efficacy of a drug product as well as 
patient safety (1). Consequently, they 
are regarded in the context of critical 
quality attributes, that is, “physical, 
chemical, biological or microbiological 
propert[ies] or characteristic[s] that 
should be within an appropriate limit, 
range, or distribution to ensure the 
desired product quality” (2). Regulatory 
guidelines require that HCP levels are 
as low as technically feasible, but do not 
explicitly specify acceptable limits (3,4). 
Hence, manufacturers typically employ 
a risk‑based approach (5) and aim 

at reducing HCP levels below 100 ng 
of HCP per mg of drug substance 
(that is, below 100 ppm) (6). These 
requirements entail a key challenge in 
HCP analysis: Due to the desired low 
abundance of HCPs relative to the drug 
substance, suitable analytical methods 
must cover a wide dynamic range of up 
to six orders of magnitude (Figure 1).

Typically, detection schemes 
for protein analysis such as 
UV‑spectroscopy or mass spectrometry 
(MS) are able to cover a dynamic 
range of only three to four orders of 
magnitude. Methodological approaches 
to enhance the dynamic range of 
protein detection include (i) highly 
selective detection, for example, 
based on immuno‑reaction with 
selective antibodies, (ii) suppression 
of compounds interfering with HCP 
detection, for instance, by selected 
reaction monitoring mass spectrometry 
(SRM‑MS) or computer‑based, targeted 

exclusion of mass spectrometric 
detection, (iii) increasing the mass 
loading capacity of separation 
systems and/or better separation of 
protein components in the sample 
mixture, such as by multidimensional, 
chromatographic separation, and 
(iv) enrichment of HCPs using 
selective sample preparation 
methods such as ultrafiltration 
or protein A chromatography. 

Overall, HCP research deals with 
two main questions: (i) What is the total 
amount of HCPs in a drug product? 
(ii) Which HCPs are present in a drug 
product? (And—if experimentally 
accessible—what are their quantities?). 
While initial studies were almost 
exclusively concerned with measuring 
total amounts of HCPs, contemporary 
research aims at obtaining a more 
detailed view on the HCP profile of a 
drug product, which culminates in the 
identification of individual HCPs and 
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their quantification. On the one hand, 
this shift of interest was facilitated 
by technological advances—in 
essence, the emergence of MS‑based 
methods (7). On the other hand, it 
was recognized that certain HCPs 
are more difficult to remove than 
others during purification of the drug 
substance (8–10) and that, on rare 
occasions, even a single HCP may 
compromize the quality of a drug 
product (11,12) or provoke an immune 
response upon its administration (13).

In line with these evolving research 
questions, the repertoire of analytical 

methods for HCP characterization has 
greatly increased. Traditionally, the 
total amount of HCPs in a sample was 
evaluated by immunospecific methods, 
such as enzyme‑linked immunosorbent 
assay (ELISA), Western blot, slot blot, 
and biosensors, while two‑dimensional 
gel electrophoresis was employed for 
qualitative analyses (see reference 
[14] for a comprehensive review). 
However, methods employing MS for 
HCP identification and quantification 
have emerged in recent years. 
Mostly, MS is hyphenated to one‑ or 
two‑dimensional high performance 

liquid chromatography (HPLC); 
however, setups that adopt capillary 
electrophoresis for separation have also 
been described (15–18). In this article, 
we review recent developments in HCP 
analysis in reference to established 
methodology, with a focus on automation 
of ELISA, two‑dimensional HPLC–MS, 
HPLC–MS with selective detection, 
and HCP‑enrichment techniques.

ELISA
For almost four decades, ELISA has 
been used to obtain the total content 
of HCPs in biopharmaceuticals; thus, 
this technique has been called the 

“workhorse method for HCP testing” (19). 
ELISA employs polyclonal antibodies 
(pAbs) raised against the supernatant 
of null cells (that is, cells that do not 
express the product gene) as primary 
antibodies for HCP detection (20–22). 
pAbs should have a broad specificity, 
which allows them to cover a large 
portion of the host cell proteome 
(23–25). Importantly, sensitivity of 
ELISA crucially depends on the 
immunogenicity of each individual HCP 
in the host system (for example, goat, 
rabbit) where the pAbs were raised. 
Consequently, this assay is unable to 
detect non‑immunoreactive HCPs (19).

In order to analyze a large number 
of samples, ELISA can be performed 
in a high throughput manner. Rey and 
Wendeler (26) have described a robotic 
system that fully automates sandwich 
ELISA on two 96‑well microtiter plates. 
This system allows processing of 
24 samples within 7 h. Recently, van 
Manen‑Brush et al. (27) implemented 
a new HCP immunoassay technology. 
This microfluidics platform employs 
cartridges containing 72 sample 
wells, each of which is linked to 
three individual glass nanoreactors, 
facilitating parallel measurements in 
triplicate. Precision and accuracy of 
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this new technology was found to 
be comparable to those of traditional 
ELISA; moreover, the automated 
system benefits from reduced sample 
volumes (25 µL vs. 100 µL per well) and 
assay time (75 min compared to 7 h).

Two-Dimensional (2D)-HPLC–MS
HPLC–MS is a relatively recent 
addition to the HCP analysis toolbox 
and orthogonal to immunospecific 
methods, because it does not rely on 
specific pAbs for detection. Instead of 
reporting a total HCP content, individual 
HCPs may be identified in a bottom‑up 
approach, which generally comprises 
(i) proteolytic digestion of a sample 
containing HCPs; (ii) separation of the 
generated peptides by HPLC; and 
(iii) peptide identification by tandem 
MS using an HCP sequence database. 
However, this simple strategy has 

several drawbacks: First, its dynamic 
range is limited to three to four orders 
of magnitude, which is too narrow 
for analysis of low abundant HCPs 
(28). Second, drug substance‑ and 
HCP‑derived peptides may co‑elute, 
which results in ion suppression of 
low abundant HCP peptides and 
prevents their detection (29,30).

Two‑dimensional HPLC represents 
one possibility to overcome these 
limitations. Setups for HCP analysis (31–
38) generally employ reversed‑phase 
(RP) separation in both dimensions, 
which differ in the pH value of the mobile 
phase (typically, pH 10 in the first and 
pH 2.5 in the second dimension). A 
widely used online 2D‑HPLC system 
by Doneanu et al. (31) and Farrell et 
al. (37) combines these RP dimensions 
with a quadrupole‑time of flight mass 
spectrometer (QTOF‑MS) operated in 

MSE mode. (MSE is a data‑independent 
acquisition [DIA] mode, which 
simultaneously detects peptide 
precursor and the corresponding 
fragment ions by alternating between 
low and high collision energy [39].) 
This setup lowers the detection limit 
to 50 ppm and allows label‑free 
quantification of HCPs via the so‑called 
Hi3 method, where the added MS 
signals of the three best responding 
peptides of each protein are compared 
to the signal of the top three peptides 
of spiked standard proteins (40). In 
this way, 33 HCPs could be quantified 
upon tryptic digestion of samples of 
PTG1, a chimeric anti‑phosphotyrosine 
IgG1 monoclonal antibody (mAb).

This prototypic system has been 
modified in different ways. For example, 
Doneanu et al. (35) were able to further 
decrease the limit of quantification 
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down to 1 ppm for HCPs in National 
Institute of Standards and Technology 
Monoclonal Antibody Reference 
Material 8671 (NISTmAb) and Infliximab 
by the following improvements: 
(i) Charge surface‑modified C18 
columns that minimized peak distortion 
allowed to load five times more sample 
(that is, 500 µg). (ii) A travelling‑wave 
ion mobility (TWIM) cell introduced 
a “third” dimension that separated 
co‑eluting peptide precursor ions in 
the gas phase. Thus, the complexity 

of MS spectra was further reduced, 
which in turn enhanced detection of 
low‑abundant precursors. (iii) The 
collision energy for fragmentation 
of precursor ions was correlated 
with their mobility drift time, which 
improved fragmentation efficiency 
for low‑abundant HCP peptides. The 
reproducibility of this system could 
be established via an interlaboratory 
study, in which 27 out of 34 NISTmAb 
HCPs were identified by at least 
two sites, and 14 by all three labs.

Based on the 2D‑HPLC system 
introduced by Doneanu et al. (31), Yang 
et al. (38) employed offline coupling 
with concatenation of fractions after the 
first dimension, that is, 60 fractions were 
pooled to 10 fractions by combining 
every sixth collected fraction with equal 
time intervals. This limited the number 
of samples for the second dimension 
while retaining separation of peptides 
with similar retention times in the first 
dimension. Thereby, they achieved a 
reliable limit of detection of 10 ppm.

HPLC–MS with Selective 
Detection
As an alternative to two‑dimensional 
systems, HPLC–MS setups that use 
a single chromatographic dimension 
have been developed, which reduces 
time but typically requires advanced 
MS acquisition modes and data 
evaluation strategies. Kreimer et 
al. (41) devised a four‑stage HCP 
identification and quantification 
assay. In stage 1, an assay library 
was prepared via 2D‑HPLC–MS and 
top 15 data‑dependent acquisition 
(DDA). For each peptide, this library 
comprised normalized retention time, 
precursor m/z, and relative intensities of 
characteristic fragment ions. In stages 2 
and 3, one‑dimensional HPLC–MS with 
DIA and targeted as well as untargeted 
data evaluation strategies yielded 154 
putative HCP and standard peptide 
identifications in a purified IgG1‑type 
mAb in the early preclinical stages of 
development. In the final step, these 
identifications were verified by parallel 
reaction monitoring, which allowed 
Kreimer et al. to identify and quantify 
all standards and 16 HCPs down to 
the low ppm level. Husson et al. (42) 
presented a similar workflow to monitor 
the impact of culture duration, harvest 
procedures, and protein A purification 
protocols on HCP content of an 
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FIGURE 3: Scheme of HCP enrichment by native digest, followed by HPLC–MS analysis. 
Reprinted with permission from reference (55). Copyright 2020 American Chemical 
Society.
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IgG4‑type mAb (Figure 2). Top 3‑isotope 
dilution (ID)‑DIA allowed to identify 
1454 HCPs on average in clarified cell 
culture fluid (with individual amounts 
between 0.5 and 16192 ppm), and 119 
HCPs in post‑protein A fractions (2646 
to 5386 ppm). Thus, a dynamic range of 
five orders of magnitude was achieved. 
In addition, ten selected peptides were 
absolutely quantified by ID‑DIA and 
compared to values from quantification 
via ID combined with selected reaction 
monitoring. Results confirmed that 
these methods were equivalent for HCP 
quantification, while ID‑DIA was cheaper 
and required less method setup. If 
only selected HCPs are required to 
be tracked over several batches of 
biopharmaceuticals or during process 
development, setups employing 
one‑dimensional HPLC and TWIM with 
multiple reaction monitoring (MRM) (43) 
or multiplex MRM (44) are also available.

HCP Enrichment
HCP enrichment (or, equivalently, drug 
substance depletion) techniques 
introduce an additional sample 
preparation step to increase HCP 
abundances relative to the abundance 
of the drug substance. The best‑known 
enrichment strategy makes use of 
immobilized protein A, a cell wall 
protein of Staphylococcus aureus 
that specifically interacts with the 
Fc domain of mAbs and Fc‑fusion 
proteins (45,46). Consequently, protein 
A affinity chromatography (PAAC) 
not only facilitates purification of Fc 
domain‑containing biopharmaceuticals 
from cell culture fluids, but also removal 
of excess drug substance prior to 
HCP characterization. Thereby, only 
a single chromatographic dimension 
is required during HPLC–MS analysis 
(47). In addition, separate analyses of 
PAAC flow‑through and wash fractions 
reveal HCPs that interact with the drug 

substance or PAAC resin (48–50). 
Since protein A‑coupled resins are 
commercially available and the method 
is generally simple to use, it has been 
widely adopted. Alternatives to protein A 
for selective removal of drug substance 
include protein L from Peptococcus 
magnus, which binds kappa light chains 
in the Fab domain (51), or pAbs that 
are usually employed in ELISA but can 
also be coupled to resin material (52). 
Reisinger et al. (53) further improved 
HCP identification in protein A‑depleted 
samples by supplementing both an 
exclusion and inclusion mass list for 
MS data recording. The exclusion 
mass list prevented peptide ions 
derived from the drug substance from 
being fragmented, while the inclusion 

mass list ensured that peptide ions 
derived from HCPs were preferentially 
(but not exclusively) fragmented. 

Huang et al. (54) developed a “native 
digest”, which involves tryptic digestion 
of HCP‑ and mAb‑containing samples 
under native conditions (that is, 25 mM 
Tris, pH 8) overnight (Figure 3). These 
mild conditions preserve the native 
state of the mAb. Hence, it remains 
largely intact or is only cleaved in 
the hinge region, as observed for 
immunoglobulins of subclass IgG4 
and IgG1, respectively. While almost 
no mAb peptides were generated, 
the majority of HCPs were digested 
under the applied conditions, except 
for HCPs containing a large number of 
cysteine residues. Following digestion, 
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FIGURE 4: Comparison of five commercially available, Fc domain-containing drug 
products by means of hierarchical clustering of their HCP profiles. The drug substance 
was depleted by protein A affinity chromatography. HCPs in the flow-through (F) and wash 
(W) fraction were identified as outlined by Esser-Skala et al. (62). Subsequently, they 
were compared by calculating Jaccard indices (as outlined in the inset) and assembling 
dendrograms and a heatmap as described by Madsen et al. (61). This analysis revealed 
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samples were reduced, and intact 
mAb was precipitated by heating 
and removed by centrifugation. This 
sample preparation procedure 
confined the required dynamic range 
to 3–4 orders of magnitude. Using 
native digest, 59 HCPs were detected 
in NISTmAb by at least two unique 
peptides in all of the three replicates. 
Furthermore, the method has been 
improved with respect to instrument 
time (21 min compared to previously 
8 h) (55) and the number of identified 
HCPs (602 vs. 55 HCPs) (56).

Chen et al. (57) developed molecular 
weight cutoff (MWCO) enrichment: 
First, HCPs were dissociated from the 
mAb in a buffer containing anionic 
detergents. Subsequently, samples 
were filtered over a 50 kDa MWCO 
membrane. Since 80% of HCPs derived 
from Chinese hamster ovary cells are 
smaller than 75 kDa (compared to 
the mAb of approximately 150 kDa), 
this procedure efficiently separated 
HCPs from the mAb and allowed 
the identification of 164 HCPs in 
NISTmAb via standard tryptic digestion 
followed by HPLC–MS analysis.

Several other HCP enrichment 
strategies have been described. 
Wang et al. (58) applied hydrophilic 
interaction chromatography, where 
a wide pore (300 Å) amide column 
packed with 1.7 µm particles facilitated 
injection of 700 µg sample. Three 
fractions were collected from a water/
acetonitrile gradient. The second 
fraction comprised a large peak 
corresponding to the drug substance, 
whereas the bulk of HCPs eluted in the 
first fraction. In this way, 71 HCPs were 
identified in NISTmAb. Mortstedt et al. 
enriched HCPs using instrumentation 
that employs a bead‑based library of 
combinatorial hexapeptide ligands 
(59). If a sample containing the drug 
substance and HCPs is applied to 

these beads, binding sites for the 
high abundant drug substance 
are rapidly saturated, whereas low 
abundant HCPs are concentrated. 
Some HCP identification workflows 
include a peptide fractionation 
step between tryptic digestion 
and HPLC–MS analysis (55,60).

Conclusion
Both academic and industrial scientists 
have an ever‑growing repertoire of 
methods for HCP characterization 
at their disposal. Sophisticated 
2D‑HPLC‑MS‑based setups, 
1D‑HPLC‑MS with selective detection, 
as well as simple HCP enrichment 
techniques cover a broad range of HCP 
research topics with varying degrees 
of granularity. Application of current 
methodologies ensures that total HCP 
levels in a drug product are sufficiently 
low; moreover, it facilitates monitoring 
of individual HCPs that are known to 
be particularly problematic, thereby 
increasing drug safety. Furthermore, 
comprehensive knowledge on the 
HCP content of a sample promotes 
advanced data analysis strategies 
(and vice versa), such as hierarchical 
clustering for in‑depth comparison 
of HCP profiles of different cell 
lines, upstream and downstream 
processes (61) or commercially 
available drug products (62) (Figure 
4). Certainly, technological advances 
will provide increased sensitivity in 
the future, which will boost visibility of 
the “needle in the Mariana Trench”.
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Analytical Separation Methods for 
Therapeutic Oligonucleotides
Christina Jayne Vanhinsbergh, Department of Chemical and Biological Engineering, Sir Robert Hadfield Building, University of 

Sheffield, Sheffield, UK

The therapeutic oligonucleotide industry continues to grow due to increasing regulatory approvals and improvements 
in medicinal chemistry. The term oligonucleotide therapeutic encompasses a diverse range of oligonucleotide molecular 
structure and function. Among the types of oligonucleotide therapeutic are antisense and splice-switching oligonucleotides, 
short interfering RNA (siRNA), aptamers, messenger RNA (mRNA), antagomirs, and immunomodulatory oligonucleotides. 
Oligonucleotides function to manipulate the expression of proteins associated with disease states or pathogenicity. 
Currently there are 10 approved pharmaceuticals on the market. The diverse nature of oligonucleotide therapeutics 
leads to the requirement for multiple separation methods to characterize quality attributes. Chromatographic separation 
is required for post manufacturing purification, characterization of impurities and structural variants, pharmacokinetic 
studies, and analysis of drug formulations. As oligonucleotide therapeutics are highly chemically-modified to improve 
efficacy and resilience to nucleases, they are challenging to analyse using a single method. Multiple chromatographic 
separations can overcome challenges of broad peak shapes and low resolution between closely related analytes. In 
addition, mass spectrometry (MS) detection enables higher accuracy when characterizing complex samples.

The use of therapeutic oligonucleotides 
has gained momentum recently within 
the pharmaceutical industry as a result 
of increasing regulatory approvals and 
improvements in medicinal chemistry. 
The term “therapeutic oligonucleotide” 
encompasses many types of nucleic 
acid structure and function. These 
oligonucleotides (OGNs) manipulate 
the expression or function of “proteins of 
interest”, that is, those associated with 
disease states or pathogenicity. The vast 
number of active or completed clinical 
trials for this drug class suggests that the 
therapeutic OGN industry will continue 
to grow. Additionally, in the event of a 
global pandemic, the development of 
ribonucleic acid (RNA)‑based vaccines 
for SARS‑CoV‑2 will potentially shift 
notoriety of OGN therapeutics further into 
public media platforms. Currently, there 

are 10 approved OGN therapeutics 
on the market (see Table 1).

Among the types of OGN under this 
term are antisense oligonucleotides (ASOs) 
and splice‑switching oligonucleotides 
(SSOs), antagomirs, short interfering RNA 
(siRNA), aptamers, immunomodulatory 
OGNs, and messenger RNA (mRNA) 
(Figure 1). Initial development programmes 
observed that chemical modification 
led to increases in efficacy, resistance 
to degradative enzymes, and reduction 
in renal clearance rates. More recently, 
optimization of OGN delivery strategies 
has led to increased clinical success (1).

ASOs mediate the destruction of 
mRNA encoding “proteins of interest” 
by complementarily hybridizing with an 
mRNA sequence, which enables RNase 
H to bind to the ASO/mRNA complex and 
enzymatically digest the mRNA. SSOs 

interfere with splice‑switching events by 
sterically inhibiting the spliceosome when 
hybridized with the mRNA. This results in 
splice variants that lack aberrant exons 
contributing to disease states or proteins 
with homology to the healthy protein (2). 
Antagomirs (otherwise known as anti‑miRs) 
also complementarily bind to their target, 
but these target micro‑RNA (miRNA) 
molecules are involved with silencing of 
mRNA in disease states (3). ASOs, SSOs, 
and antagomirs are short, single‑stranded 
OGNs ranging between around 19–22 
nucleotides for ASOs or SSOs and 8–15 
nucleotides for antagomirs. siRNA OGNs 
are RNA duplexes that also mediate 
mRNA degradation, but use a different 
process to ASOs. The two strands of the 
siRNA are named the passenger and 
guide strand, and are 20–24 nucleotides 
long. The guide strand is integrated into 
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the cellular multiprotein RNA induced 
silencing complex (RISC), to enable 
sequence dependent degradation via 
hybridization with a target mRNA and 
sequential enzymatic digestion (4).

Increasing in size (approximately 
50 nucleotides long) are aptamers; 
RNA‑based OGNs that exhibit a 3D 
conformation and function to bind 
to ligands (5). These types of OGN 
therapeutics modulate the function of 
proteins of interest by sterically blocking 
receptor sites that are associated with 
disease or binding to free proteins. 
Aptamers can, in theory, be designed to 
bind to any target, much like antibodies. 
Immunomodulatory OGNs vary in size and 
structure to affect the immune response. 
Stimulation of the immune system using 
these molecules may co‑function with 
other medical programmes, such as 
vaccination (6). The largest therapeutic 
OGNs are mRNA molecules that are 
used for in vivo translation of proteins of 
interest. mRNA therapeutics can code 
for proteins that are absent in disease, 
stimulate immune responses or act as 
viral protein encoding vaccines (7).

OGN Manufacturing and 
Impurity Profiles
Most small OGNs are synthesized by 
solid phase phosphoramidite chemistry 
using a cyclic process of detritylation, 
coupling, and capping nucleotides of 
the growing oligomer (8). Although each 
cycle efficiency is high (> 98%), as the 
target molecule grows in size; product 
yield reduces. The manufacturing batch 
consists of both the target OGN (the FLP 
or full‑length product) and OGN failed 
sequences, which are closely related 
OGNs, that is, aberrantly made because 
of failures in the synthesis process. Among 
the cohort of OGN‑failed sequences are 

“shortmers”, “longmers”, diastereoisomers, 
depurinated OGNs, and OGNs that have 
not been fully deprotected, detritylated 

or chemically modified (9). Solid‑phase 
synthesis is unable to produce OGNs 
larger than 150 nucleotides and so larger 
mRNAs are produced by enzymatic in vitro 
transcription (IVT) (10). This is a process 
where RNA polymerase transcribes mRNA 
from a plasmid template encoding key 
structural elements, such as the 5’‑ and 
3’‑ untranslated regions, the open reading 
frame, and the poly A tail. OGN impurities 
caused by IVT may be failed sequences 
(lacking structural elements), duplexes 
caused by mRNA self‑complementarity, 
or originate from the DNA template 
used in the transcription process. 

OGN therapeutics are commonly 
chemically modified to increase efficacy, 
reduce renal clearance rates, and 
increase their resistance to degradation 
by nucleases (1,11). There are multiple 
sites for modification, including the OGN 
bases, ribose sugar, and phosphate 
backbone (Figure 2). Different types of 
OGN therapeutic contain varying levels 
of chemical modification according to 
how well modifications are tolerated in 
relation to molecular function. ASOs are 
generally fully phosphorothioated as 
thioation of the phosphate backbone does 

not impede RNase H enzymatic activity 
but protects the OGN from nuclease 
degradation. Phosphorothioation is less 
well tolerated in other OGN types (such 
as siRNA) due to negative effects on OGN 
efficacy (1). Use of phosphorodiamidate 
morpholino SSOs is gaining popularity due 
to the ability to inhibit mRNA degradation, 
which allows steric blocking of the 
spliceosome for exon skipping (11).

Common modifications to the ribose 
of RNA nucleotides targets the 2’ carbon 
position, where the hydroxyl group is 
substituted for another moiety, such 
as a 2’‑fluoro, 2’‑O‑methoxy or 2’‑O 
methoxyethyl. Modifications to the 
ribose can be used to tune efficacy 
and enzymatic resistance. For example, 
siRNA with a combination of fluoro‑ and 
O‑methoxy modifications demonstrates 
increased function and RISC loading 
efficiency (1). The ribose has a flexible 
conformation, which could be reduced 
by implementing locked nucleic acids 
(LNAs) into the OGN. LNAs constrain 
the movement of the ribose, which can 
assist to reduce off target interactions and 
associations, such as misloading of the 
siRNA passenger strand into the RISC. 
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The LNA modification also demonstrates 
high binding affinity and is commonly 
integrated with other modification types, 
such as in LNA‑2’‑O‑methyoxy‑RNA 
phosphorohioated antagomirs (12).

Modifications to the bases can 
affect immunogenic response to the 
pharmaceutical (11). 5‑methyl cytosine is 
commonly found in nature as an epigenetic 
modification. When found in OGN 
therapeutics, it increases duplex stability 
and reduces Toll‑like receptor activation 
(thus reducing OGN immunogenicity). 
Synthetic analogues such as C5‑thiazole 

or 5‑methoxy uridine have also been 
developed for implementation into OGN 
therapeutics. Incorporation of analogue 
bases into mRNA may also increase the 
translation rate of the encoded protein 
of interest as a result of their stabilizing 
effect on the RNA structure (7).

In the last decade, OGN therapeutic 
clinical progress suffered a bottleneck 
effect because of challenges with drug 
delivery. Difficulties were observed in 
regards to delivering the OGN to the 
correct tissue or penetrating the target 
cell. This meant that high pharmaceutical 

doses had to be administered, causing 
immunogenic responses and toxicity, 
which led to further improvements to 
OGN medicinal chemistry via conjugation 
or encapsulation strategies (13). OGN 
therapeutics are often delivered within 
lipid nanoparticles or conjugated to cell 
delivery molecules (such as GalNac or 
cholesterol) that target specific cell types. 
Increasing chemical modification either 
within the OGN or with the addition of 
delivery vehicles increases the complexity 
of manufacturing batches in respect to 
potential OGN structures that are present. 

Analytical Strategies for 
OGN Therapeutics
OGN therapeutics are not classified as 
either small molecules or biologics (14). 
However, they have characteristics that 
align with molecules in both categories. 
For example, like biologics, they 
contain complex chemistries but like 
small molecules, they are often made 
synthetically. Regulatory bodies and 
leading experts have published guidance 
on analytical strategies to characterize 
drug substance or product in respect to 
OGN identity, potency, quality, and purity 
(9,14,15). Analytical approaches contained 
within The International Council for 
Harmonisation of Technical Requirements 
for Pharmaceuticals for Human Use (ICH) 
guidelines are advised to be followed as 
much as possible. However, there is not a 

“one size fits all” methodology for reporting 
and monitoring critical quality attributes due 
to large differences in OGN structure and 
function. Standard methods for reporting 
typical attributes, such as residual solvents 
using gas chromatography are advised. 

Analytical strategies for the 
characterization of OGN therapeutics are 
multifaceted to identify critical attributes, 
such as sequence, conformation, and 
structure. Chromatography sits firmly within 
the analytical strategy for post‑manufacture 
purification, characterization of impurities 
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and structural variants, pharmacokinetic 
studies, analysis of drug formulations, 
and resolution of structures prior to 
mass spectrometry detection. Table 
2 outlines liquid chromatography (LC) 
columns and recommended mobile 
phases for the analysis of OGNs.

High resolution liquid chromatography–
mass spectrometry (LC–MS), 
size‑exclusion chromatography (SEC), and 
capillary gel electrophoresis (CGE) are 
used for analysis of molar mass, OGN size, 
and folding (16–18). These characteristics 
indicate OGN identity based upon retention 
time or mass. Differences in analytical 
retention time between manufacturing 
batches point towards changes to the 
OGN structure or conformation. CGE 
resolves OGNs by length and has been 
applied as a quantitative approach for 
purity analysis, although it requires a 
denaturant within the analysis buffer to 
linearize the OGN prior to the analysis. CGE 
is challenged by buffer effects, sampling 
bias, and cation adduction when coupled 
to mass spectrometry (MS) detection (19).

SEC may also be used to analyse OGN 
length, but can also point toward structural 
conformation when analysing molecules 
based upon their hydrodynamic radius 
(20). In relation to aptamers, it is especially 
important to characterize conformation 

as this is directly linked to ligand binding. 
SEC can also be used to understand the 
polydispersity of drug delivery conjugate 
molecules by analysing their hydrodynamic 
radii (14). SEC is challenged by low 
resolution and the chromatographer 
must optimize the pore size of the 
stationary phase, in relation to the size 
of the OGN, to achieve best resolution.

Further interrogation of structure is 
performed by analysing OGN sequence, 
which indicates why an OGN has an 
aberrant conformation or fails to hybridize 
accurately. MS interfaced with CGE or LC 
can identify potential mass differences 
between OGNs of smaller lengths 
(< 100 nucleotides) and be used for 
sequencing using a tandem approach 
(21). Electrospray ionization mass 
spectrometry (ESI‑MS) is a particularly 
useful MS technique to interface with 
chromatographic separation as it preserves 
OGN structures thanks to a soft ionisation 
technique. The OGN is further fragmented 
using collision induced dissociation 
to produce predictable fragment 
patterns, as outlined by McLuckey and 
Habbibi‑Goudarzi in the 1990s (22). 
OGN LC–MS sequencing is challenged 
by increasing chemical modification 
of the OGN because this reduces the 
predictability of MS fragmentation patterns. 

MS analysis is also challenged by 
compatibility of chromatographic modes or 
mobile phases that reduce the efficiency of 
ionisation (23,24). An alternative method of 
LC–MS OGN sequencing is to chemically 
or biologically digest the OGN prior to 
MS analysis. Chemical and enzymatic 
digestion of an OGN sample produces 
fragments that are resolved in high 
resolution mass spectrometry (HRMS), and 
the OGN “ladder” is then sequenced by 
calculating the mass difference between 
the fragments (25,26). MS sequencing 
can identify erroneous sequences, which 
are crucial for function, such as the 
mRNA 5’‑cap or siRNA failure sequences 
causing mismatches in duplex formation. 

Chromatography plays a crucial role in 
the separation of OGN impurities from the 
full length product. These failed sequences 
can be structurally and chemically very 
similar to the FLP and often co‑elute or 
exhibit low resolution from it (9). Failed 
sequences are resolved using a number 
of chromatographic modes, including 
string anion exchange (SAX), ion pair 
reversed phase (IP‑RP), Hydrophilic 
Interaction chromatography (HILIC), and 
mixed mode chromatography (MMC). 
Commonly, industrial laboratories use 
IP‑RP or SAX separation, depending on 
the target mechanism of separation. 

TABLE 1: Approved oligonucleotide therapeutics and their therapeutic targets

OGN Organisation Therapeutic type Target

Formivisiren – Vitravene Novartis Antisense Cytomegalovirus retinitis

Mipomersen – Kynamro Sanofi Genzyme Antisense Hypercholesterolemia

Exondys 51 – Eteplirsen Sarepta therapeutics Splice switching Duchenne muscular dystrophy

Spinraza – Nusinersen Biogen Splice Switching Spinal muscular dystropy

Inotersen – Tegsedi Akcea Therapeutics Antisense Hereditary transthyretin‑mediated 
amyloidosis

Golodirsen – Vyvondys 53 Sarepta therapeutics Splice Switching Duchenne muscular dystrophy

Patisiran – Onpattro Alnylam Pharmaceuticals siRNA Hereditary transthyretin‑mediated 
amyloidosis

Givosiran – Glivvari Alnylam Pharmaceuticals siRNA Acute hepatic Porphyria

Macugen – Pegaptanib Eyetech Pharmaceuticals Aptamer Age related macular 
degeneration

Defitelio – Defibrotide Jazz Pharmaceuticals Stimulatory Prevention of blood clotting
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TABLE 2: Common LC columns used for the analysis of oligonucleotides and nucleic acids in a range of chromatographic modes. Suggested mobile 
phase conditions are shown

Column
Particle 

size 
(μm)

Stationery 
Phase

Max 
pressure 

(bar)

Pore 
diameter 

(Å)

pH 
range

Max 
Temperature (°C)

Mobile phase (typical)

IP-RP

Clarity Oligo RP 
(Phenomenex) 3–10 Porous 345 110 1–12 60

50 mM TEAA, pH 7.5, 5% 
v/v MeCN + MeOH

Or 15 mM DMCHA:25 
mM HFIP + MeOH

Advance Bio 
C18 (Agilent) 2.7

Core shell
600 100 3–11 65

100 mM TEAA + MeCN or 
400:15 mM HFIP:TEA + MeOH

Accucore C18 
(Thermo Fisher) 2.6 1000 80-150 1–11 70

DNAPac RP 
(Thermo Fisher) 4 Polymeric 275 N/A 0–14 110

Acquity UPLC 
BEH C18 (Waters) 1.7

Hybrid

1241 130 1–12 90

Xbridge BEH 
Phenyl (Waters) 2.5

400 130
1–12 60

100 mM TEAA or 5 mM 
TBuAA + MeCNXbridge BEH 

Amide (Waters) 2.5 2–11 90

SEC

Advance Bio 
SEC (Agilent) 1.9–2.7

Porous

400-600 130-300 2–8.5 60
150 mM sodium 

phosphate buffer, pH 7Zenix SEC 
(Seepax) 3 310 150-300 2–8.5 80

Shimpac Bio Diol 
(Shimadzu) 2–5 200-450 60-300 5–7.5 50 100 mM sodium phosphate 

buffer + 2 M NaCl, pH 7

IEX

PL-SAX (Agilent) 8 Core shell 207 1000 1–14
60

7:93 v/v MeCN: 0.1 M 
TEAA, 1 M ClH4N, pH 8.5

Shimpac Bio IEX 
(Shimadzu) 3–5

Polymeric

250-350 N/A 2–12 10 mM NaOH, 1 M NaClO4

Clarity Oligo-SAX 
(Phenomenex) 5 345 N/A 2.5–

12.4
85 20mM Tris, 1.25 M NaCl 

or 1 M NaClO4, pH 8DNAPac PA200 Rs 
(Thermo Fisher) 4 689 N/A 4–12.4

HILIC

Luna HILIC 
(Phenomenex) 3–5 Porous 345 200 1.5–8

60

5 mM C2H2NO2 in H2O, 
pH 5.8: MeCN

HALO HILIC 
(AMT) 2–5 Core shell 620 90 1–8 90:10 v/v MeCN:0.1 M CH5NO2

Using SAX, OGN separation 
mechanisms are sequence dominant, 
which enables isomer and structural 
variant resolution (27). In addition to the 
ionic phosphate backbone, the OGN 
bases retain to the column in the order of 
adenine > thymine > cytosine > guanine 
at pH 8. Sequence dependent separation 
mechanisms may be further enhanced 

by increasing the mobile phase pH to 
ionize tautomeric guanine and thymine 
bases, which alters the retention order to 
adenine > cytosine > thymine > guanine 
(pH12) (28). OGNs with low levels of 
phosphorothioation (such as siRNA) are 
resolved using sodium chloride as the 
eluting salt. However, OGN elution from 
the column becomes more challenging 

as the level of phosphorothioation 
increases, leading to the requirement 
for a stronger displacer, such as sodium 
perchlorate. SAX is a useful tool to resolve 
OGN impurities that structurally differ from 
the FLP, such as linkage isomers that 
have undergone phosphoryl migration 
(29). In addition, the chromatographer 
can characterize diastereoisomer 
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conformations in OGNs with a small 
number of chiral phosphorothioate 
bonds. As levels of phosphorothioation 
increase, diastereoisomer conformations 
increase in number, leading to broad 
peak shapes of fully phosphorothioated 
OGNs using SAX–LC. 

Solid phase synthesis of fully 
phosphorothioated OGNs creates P=O 
impurities: phosphorothioated OGNs 
containing phosphodiester bonds. These 
are only partially resolved from the FLP 
using SAX because of the electronegativity 
difference between sulphur and oxygen 
on the phosphate backbone (30). 
However, this is also achievable using 
IP‑RP, as shown in Figure 3 where fully 
phosphorothioated OGNs and their 
phosphodiester impurities demonstrate 
differing retention behaviour (31). IP‑RP 
pairs the OGN with alkyl amines to 
neutralize the ionic charge imparted by 
the OGN backbone. Typical alkyl amine 
ion‑pair reagents (IPR) include triethylamine 
(TEA), diisopropylethylamine (DIPEA), 
tributylamine (TBA), diethylcylohexylamine 
(DMCHA), tetrabutylamine (TetBA) or 
hexylamine (HA) (32,33). The hydrophobic 
retention of OGNs is partly based upon 
OGN size as the IPR associates with 
each internucleotide bond. In addition, 
the OGN bases can hydrophobically 
interact with the reversed‑phase stationary 
phase in the strength order of cytosine > 
guanine > adenine > thymine (although 
uracil is not as hydrophobic as thymine), 
creating a sequence‑based separation 
mechanism (34). More hydrophobic 
IPRs tend to partition more strongly 
toward the stationary phase, which 
creates a saturated layer that sterically 
inhibits secondary interactions between 
the OGN bases and the stationary 
phase. Size or sequence separations 
can be manipulated depending on 
the aim of separation by using more 
hydrophobic, linear IPRs (such as 
HA) for size dominance, or branched, 

less hydrophobic IPRs (such as TEA) 
for sequence dominance (35).

Lower flow rates have a demonstrably 
improved effect on OGN resolution in IP‑RP, 
due to increased mass transfer effects 
(34). In addition, increased temperatures 
linearize OGN structures to further improve 
mass transfer. Analysis temperature 
can also be utilized to understand OGN 
duplex formation, which is useful for the 
analysis of siRNA OGNs. IP‑RP analysis of 
duplex formation is performed by melting 
temperature (Tm) analysis to indicate 
mismatches in the duplex and OGN 
sequence isomerism. IP‑RP applied at 
a range of temperatures indicates what 
temperature the duplex dissociates at. 
Changes to the OGN Tm indicate isomerism 
and mismatching within the duplex (36).

The majority of separations are 
conveniently achieved using methanol or 
acetonitrile as organic solvent. The use 
of IP‑RP in conjunction with a strongly 
hydrophobic IPR enables the analysis 
of highly phosphorothioated OGNs 
because it reduces the resolution of 
diastereoisomers of identical size, which 
results in narrower chromatographic peaks. 
This effect enables shortmer/longmer 
OGN impurity analysis of OGNs with high 
levels of the modification, such as ASOs 
or SSOs. Challenges of higher limits of 
detection remain in IP‑RP as a result of 
these broadened phosphorothioated 
OGN peak widths, which lead to higher 
reporting thresholds for OGN impurities (9). 

IP‑RP is a favoured choice for OGN 
separations because it is compatible with 
MS for impurity analysis, enabling a larger 
cohort of impurities to be characterized. 
The concentration of IPR within the 
mobile phase is usually decreased when 
coupling IP‑RP with MS because high 
concentrations of IPR reduce MS ionisation 
efficiency. This may, in some cases, lead 
to negative impacts upon resolution of 
OGN impurities from the FLP. An addition 
of acidic alcohol hexafluoroisopropanol 

(HFIP) to the mobile phase can increase 
ionisation efficiency by increasing the 
surface charge on the ESI droplet (37). 

Using a combination of TEA and HFIP in 
the mobile phase has demonstrated the 
ability to resolve a range of OGN impurities, 
such as shortmers/longmers and P=O 
variants. A TEA:HFIP mobile phase is 
also suitable for phosphorothioated OGN 
analysis as it reduces diastereoisomer 
resolution and narrows OGN peak widths 
(38). HFIP forces the IPR to partition further 
toward the stationary phase, reducing 
secondary phase‑OGN base interactions 
and increasing size dominant separations. 
Resolution of one nucleotide is achieved 
using these conditions (39). The classical 
C18 column is a reliable starting point 
when analysing OGN therapeutics, but the 
chromatographer is advised to consider 
alternate, bonded phase chemistries. 
Phenyl‑, amide‑ or cholesterol‑bonded 
phases provide alternate selectivities and 
may be more appropriate for impurity 
analysis of chemically modified OGNs 
due to the provision of alternate types of 
interactions, such as pi‑pi associations (40).

As the regulatory guidance on OGN 
therapeutic characterization is limited, 
orthogonal chromatographic techniques 
can provide enhanced selectivity and 
resolution (due to improvements in peak 
capacity). Examples of multidimensional 
chromatographic approaches for OGN 
therapeutics are limited, although 
demonstrate that a multitude of 
approaches can be taken. Various modes 
of LC can be combined (SAX, SEC, IP‑RP, 
HILIC) and applied with both heart‑cut and 
comprehensive separation approaches 
(41–44). Increases in 2D‑LC popularity, 
owing to its orthogonal nature, suggests 
there are sure to be more multidimensional 
methods developed in the near future.

Conclusion
Chromatographic separations play 
critical roles within the multifaceted 
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analytical strategy for OGN therapeutic 
characterization. There is a diverse range 
of OGN therapeutic types and various 
levels of chemical complexity imparted 
by a number of modifications. This leads 
to large diversity in analyte nature and 
interactions within chromatographic 
separations, which creates the requirement 
for multiple orthogonal analytical methods 
for OGNs. Analytical challenges associated 
with OGN therapeutic chromatography are 
related to increased chemical complexity, 
OGN size, and chemical similarity of OGN 
impurities to the FLP. Increasing chemical 
complexity, such as phosphorothioation 
or conjugation, can broaden peak 
widths and raise limits of detection and 
quantification. Increased modification also 
increases the likelihood of impurity and 
FLP co‑elution. As OGN length increases, 
resolution is harder to achieve, which may 
impact upon the chromatography of larger 
OGNs, such as mRNA or aptamers. OGN 
impurities are chemically and structurally 
very similar to the FLP and benefit from 
advances in chromatographic technology 
(such as higher efficiencies) and higher 
peak capacities. This helps purify the 
products of manufacturing, identify 
impurities, and analyse pharmaceutical 
quality attributes. Further developments 
to analytical methods in the coming 
years will hopefully overcome some 
of these analytical challenges and 
make OGN therapeutics even safer 
and publicly accepted as a result.
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Physicochemical Methods for 
Vectors and Ancillary Materials 
in Cellular and Gene Therapies 
Collin Hauskins, Hai Yue, Richard S. Rogers, and Taylor Zhang, Product and Analytical Development, Cell Therapy Development 

and Operations, Bristol Myers Squibb, Seattle, Washington, USA

Cellular and gene therapies (CGTs) have contributed significantly to the improvement of clinical outcomes for patients 
in the recent years. As a result of their complexity and the nascent state of the field, the characterization of viral vectors 
and ancillary materials is challenging. In this review, the authors present a suite of physicochemical methods that 
play an important role in the characterization of viral vectors, including adeno-associated virus, lentiviral vector, and 
ancillary materials. These physicochemical methods are positioned to meet the unique needs of CGT manufacturing 
process development, process and product characterization, and the quality control testing of these materials.

Cellular and gene therapies 
(CGTs) are a rapidly growing 
sector because of their impressive 
efficacies in a range of diseases 
(1). Gene therapy offers patients 
the promise of one single treatment 
for a lifelong genetic disease. The 
efficacy of chimeric antigen receptor 
(CAR) T cell therapies have been 
remarkable for hematological 
malignancies. CGT manufacturing 
is complex and employs a wide 
range of critical raw materials 
and reagents. For example, a 
CAR-T manufacturing process 
(Figure 1) requires selection and 
activation reagents, cell culture 
media, cytokines, vectors for gene 
transfer, ribonucleoprotein for gene 
editing, and formulation buffer at 
several different process steps.

Vectors are critical components 
of cellular therapies as they deliver 
the genetic material to the target 
cells. The most common viral 
vectors used in gene and cell 

therapy are lentiviral vectors (LVV) 
and adeno-associated virus (AAV). 
USP <1043> defines the quality 
requirement for ancillary materials 
for gene and cellular therapies. 
Detailed characterization of all 
ancillary material used in vector 
production such as plasmids, 
cell culture media, or host cell 
line is considered necessary. 
Characterization of CGT vectors and 
ancillary materials requires multiple 
physicochemical techniques. 
Table 1 provides an overview 
of the applications of typical 
physicochemical methods in CGT 
development and manufacturing. 
Each technique is described in more 
detail in the following sections.

Chromatography 
Analytical chromatography is 
well established for protein and 
small molecule analysis because 
of its high resolution and ease of 
operation. The different modes 

of chromatography work well for 
proteins but cannot be applied to 
cellular drug products. The direct 
application of chromatography 
to lentiviral vector analysis is 
challenging due to the size and 
complexity of LVV. Nevertheless, 
chromatography can be used for 
AAV and other ancillary materials 
used in the manufacturing 
process. In the examples below, 
chromatography has been applied 
to resolve AAV product-related 
impurities, purification of lentivector, 
and gene-editing materials such 
as single guide ribonucleic acid 
RNA (sgRNA) and its impurities. 

Ion exchange chromatography 
(IEC) has demonstrated the ability 
to resolve full AAV particles from 
empty AAV particles, because full 
particles carry DNA that contain 
more negative charges (2,3). Since 
empty AAV could negatively impact 
cell transduction, the ratio of 
empty-to-full particles is a critical 
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quality attribute that needs to be 
monitored and controlled. In these 
studies, monolith columns can 
resolve the AAV variants and allow 
fast mass transfer. It is interesting to 
note that adding 2-mM MgCl2 could 
improve the peak shape and reduce 
the non-specific interaction between 
AAV and the resin (2). Utilizing the 
native fluorescence of the capsid 
proteins, the detection limit could 
be improved from 1011 vg/mL (vector 
genome per milliliter) with UV 
detection to 1010 vg/mL. The method 
run time is around 30 min and has 
a higher throughput compared 
with analytical ultracentrifugation 
(AUC). The IEC method has been 
qualified and demonstrates method 
performance suitable for quality 
control testing (2). We should note 
IEC has some limitations when 
discriminating fragment capsids 
versus full/empty capsids and 
additional orthogonal methods are 
needed to fully characterize them. 

Size-exclusion chromatography 
(SEC) has been developed as a 
sample preparation tool for LVV. 

Protein impurities can be removed 
during LVV sample preparation 
using columns, such as qEv 
columns, which are designed for 
large particles (4). The fractions 
separated by SEC were further 
characterized by tunable resistive 
pulse sensing technology, a single 
particle characterization method. By 
coupling the separation technique 
with the biophysics techniques 
within an integrated platform, the 
detailed profiling of the lentiviral 
vector can be obtained and support 
vector process development.

The purity and sequence 
of sgRNA is important for the 
clustered regularly interspace short 
palindromic repeats (CRISPR) 
gene editing technology because 
impurities in sgRNA can cause a 
potentially off-target cutting. For 
sgRNA close to 100 nucleotides, 
IEC has been shown to have a 
better resolution than ion pair 
chromatography, a common 
method that has been applied to 
oligonucleotide analysis (5). To 
develop the optimized method, 

RNA’s secondary structure and 
stability were considered. It has 
been found that the mobile phase at 
pH 12 could disrupt the base pairing 
and reduce secondary structure. At 
10 °C, the on-column degradation is 
negligible during the HPLC analysis 
time, but with an extra 15 or 30 min 
on the column, the peak heights 
slightly decrease (Figure 2). This 
assay could be a powerful tool to 
monitor the quality of sgRNA.

Capillary Electrophoresis 
Capillary electrophoresis (CE) 
has gained wide acceptance 
for the characterization of 
biopharmaceuticals. CE is also 
an important quantitative tool for 
DNA and RNA analysis. Three 
representative applications of CE for 
AAV capsid proteins, viral particles, 
and plasmids are highlighted below.

AAV viral capsids are composed 
of three main proteins: VP1 (87kDa), 
VP2 (73kDa), and VP3 (61kDa) 
(6). The purity of the AAV viral 
proteins is crucial for AAV gene 
therapy product safety and efficacy 
(7). Compared to sodium dodecyl 
sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) the 
well-established SDS capillary gel 
electrophoresis (SDS-CGE) method 
used for AAV capsid protein analysis 
provides advantages in terms of 
method versatility and performance. 
For example, the integration of more 
sensitive detectors and a variety 
of online sample preconcentration 
techniques to increase sensitivity. 
Laser-induced fluorescence (LIF) 
detection offers higher sensitivity 
than UV or PDA detection by a 
factor of greater than 100-fold 
(8). The implementation of LIF 
with CE separation enables 
analysis of low concentration AAV 

Leukapheresis Selection and
Activation

Gene
Transfer

CAR T Cell
Expansion

Infusion

Gene

T cell

Formulation Buffers
Cell Culture Media

Cytokines

Formulation Buffers
Cell Culture Media

Cytokines

RNPs
LVV, AAV

Formulation Buffer

FIGURE 1: A typical CAR-T process, with reagents and vector additions in the different 
process steps.
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samples. Another online sample 
preconcentration technique in CE 
to improve analytical sensitivity is 
field-amplified sample stacking (9). 
By injecting and then concentrating 
samples electrokinetically, the 
stacking occurs concurrently at 
the head of the capillary during 
injection. The operation is simple 
and effective, and little sample 
matrix is injected. The sample 
stacking (Figure 3) shows 
improvement in signal-to-noise 
ratio compared to SDS-CGE (10).

In addition to capsid protein 
analysis, CE can be used for intact 
AAV particle analysis in upstream 
and downstream samples of the 
AAV drug product manufacturing 
process. A method published 
in 2017 (11) showed that AAV 
particles can be separated from 
matrix components, such as cell 
debris, residual cell DNA, and/or 
proteins on a PVA-coated capillary, 
which enables one single method 
to reliably and rapidly quantify 
intact AAV particles throughout the 
full process. The results obtained 
from the CE method and qPCR 
showed equivalency, with the CE 
fast run times resulted in an overall 
time-to-result of less than 4 hours 

for 30 samples compared to 3 days 
by qPCR. Moreover, the precision 
and accuracy were also improved: 
CE method showed precision on 
AAV concentration of ≤5% RSD and 
accuracy (as spike recovery) of 90–
110%, while qPCR and AEX-HPLC 
have precisions of 10–25% RSD 
and accuracies of 70–130%.

Plasmids are used as a key 
intermediate for processes like 
viral vector production for gene 
therapy and ex-vivo protein 
synthesis for cell therapy. Most 
plasmid DNA preparations contain 
several topological variants or 

isoforms, including the supercoiled, 
open circular, and linear forms 
of the molecule. Regulatory 
agencies recommend having 
more than 80% of the supercoiled 
isoform for the bulk release of 
plasmid products. Capillary gel 
electrophoresis with laser-induced 
fluorescence detection (CGE-LIF) 
can provide fast, sensitive, accurate 
plasmid isoform purity analysis 
over the traditional agarose gel 
electrophoresis analysis (12). In 
this method, different separation 
polymer matrix concentrations 
and DNA staining dyes are key 

TABLE 1: Categories of physicochemical methods and their applications for vectors and ancillary materials

Technique Methods Application(s) Vectors and Ancillary Materials

Chromatography IEC, SEC, RP-HPLC Purity and impurities, release testing LVV, AAV, Cytokines, single guide(sg)
RNA, Ribonucleoproteins (RNPs)

Capillary Electrophoresis CZE, cIEF, CGE Identity, vector capsid protein 
ratios, charge variants

AAV, plasmids, gene 
modified DNA, sgRNA

Mass Spectrometry Peptide Mapping and 
intact MS analysis Protein modification, Identity AAV, LVV, Cell culture media, cytokines

Biophysical AUC, MALS, DLS, other 
particle counting methods

Process and product 
characterization, release testing, 

particulate characterization
LVV and AAV

Imaging SEM, PLM, Microfluidic 
Imaging (FlowCamTM)

Characterization and release 
testing of particulates, 

process characterization
LVV, AAV, cell counting

Spectroscopy FT-IR, Raman, UV
Fluorescence

Identity, characterization, 
enzymatic activities

Media, formulation buffers, 
enzyme, cell culture media

mAU
100nt
RNA(2’OH)

Extra
15 min

Extra
30 min

800

600

400

200

0

10 20 30 40

Time (min)

FIGURE 2: DNAPacIEX HPLC profiles and on-the-column stability of 100nt RNA(2’OH) 
in pH 12 at 10  °C. The dashed straight line of the peak height indicates a slight decrease 
with time, consistent with on-the-column degradation. Reprinted with permission from (5). 
Copyright 2019 Springer Nature.
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parameters to evaluate for optimum 
separation resolution. The optimized 
method can separate 7 kb plasmid 
DNA of different topological forms, 
including supercoiled monomer 
and dimer, as well as open circular 
monomer with baseline resolution.

Mass Spectrometry 
Mass spectrometry (MS) is 
a powerful tool for analyzing 
therapeutics with great specificity. 
Application of high-resolution MS 
techniques (HRMS) has resulted 
in improved characterization of 
the attributes that are important 
for biologic activity and efficacy of 
complex biotherapeutics, including 
gene and cell therapies (13,14). 
The characterization of host cell 
proteins (HCP) in vectors, post 
translational modifications of capsid 
proteins by peptide mapping, and 
intact vector protein analysis by 
CE–MS are described below, to 
illustrate the great utility of MS.

In 2018, Johnson et al. (15) 
compared host cell proteins in 

LVV produced in the transient 
transfection system expressing 
the VSV-G envelope protein and a 
stably transfected system using a 
non-toxic envelope protein derived 
from cat endogenous retrovirus 
RD114, RDpro. The purified LVV 
from each system was digested 
and analyzed by LC–MS/MS. 
The sequence coverage of the 
detected viral vector proteins was 
reported. Among the 93 HCPs 
detected, significantly fewer host 
cell proteins were present in the 
stable transfection system. One 
protein, AHNAK (Desmoyokin), was 
unique to the stable transfection 
system. For both systems, 
AHNAK, ALIX, or TSG101 were all 
targeted for down-regulation in 
the vector-producing cells and the 
absence of these proteins did not 
adversely affect vector production. 
The authors concluded that the HCP 
profile associated with viral vectors 
could vary. Leveraging MS to 
characterize the HCP profile could 
lead to a better understanding of 

which HCPs impact viral production 
and/or transduction efficiency. 

The post-translational modification 
of viral capsid proteins also has 
the potential to significantly affect 
the stability and effectiveness of 
the viral vectors. Giles et al. (16) 
specifically focused on deamidation 
of AAV8 and seven other AAV 
serotypes. Deamidation appears 
when the amide group of an 
asparagine side chain is lost after 
nucleophilic attack from an adjacent 
main-chain amide. Deamidation 
of large molecule therapeutics 
has been shown to affect stability 
and the activity of the therapeutic 
product. The authors used structural, 
biochemical, and MS approaches 
to identify the sites of deamidation 
and characterize the effects of the 
deamidation. MS is an ideal tool for 
identifying the site of deamidation. 
The mass shift for a deamidated 
asparagine is 0.984016 Da, which 
is easily and confidently detected 
by standard high resolution/high 
mass accuracy mass spectrometers. 
The authors demonstrated that viral 
capsid protein deamidation could 
affect transduction efficiency. They 
discussed strategies to stabilize 
amide groups and improve vector 
performance. Post-translational 
modification profiling of viral 
vectors and subsequent molecular 
optimization of the amino acid 
sequence has the potential to 
yield improved viral vectors.

The peptide mapping/mass 
spectrometry studies relied on 
denaturation and digestion-based 
sample preparation. These methods 
require multiple sample preparation 
steps, relatively large sample 
quantities, and lengthy data analysis 
time (17). Zhang et al. described a 
rapid identity test for AAV capsid 
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proteins using a CE–MS method (18). 
The authors demonstrated that the 
method could differentiate between 
wild-type AAV2 and an AAV2 mutant. 
The AAV samples were simply 
diluted with the manufacturer’s 
peptide diluent and then loaded 
onto the autosampler. The total 
method time was 10 min. The mass 
errors for the three capsid proteins 
were equal to or less than 60 ppm, 
which was reported to be within the 
acceptable assay variability. The 
authors propose that this method 
could be applied for serotype 
confirmation or monitoring capsid 
protein heterogeneity to support 
AAV gene therapy development.

Biophysical Methods 
There are many biophysical methods 
for viral vector analysis. Three 
specific techniques to highlight are 
analytical ultracentrifugation (AUC), 
multi-angle light scattering (MALS), 
and dynamic light scattering 
(DLS). Other methods, such as 
resistive-pulse sensing, nanoparticle 
tracking analysis, and electron 
microscopy, will not be discussed 
here because of review length. 

AUC can separate a large range of 
biomolecules in different buffers and 
concentrations. This technique has 
been widely used in pharmaceutical 
development (19). Its use for cell 
therapy applications is mainly in 
the area of vectors or other gene 
editing materials. For example, 
AUC can be used to confirm 
chromatographic separations 
of AAV. AUC is demonstrated to 
be a good orthogonal analytical 
method in a publication describing 
the purification of AAV (20). In 
this study, the final products of 
the chromatography were also 
analyzed by AUC to determine 

the percentage of full and empty 
AAV capsids and reveal the 
efficiency of the purification. 

Another biophysical technique 
that can be employed to analyze 
ancillary materials is light scattering, 
either in MALS or DLS format. Light 
scattering is commonly used in 
combination with a separation 
technique, such as SEC or field-flow 
fractionation (FFF) (21). The analysis 
of nanoparticles or virus with these 
methods can provide the purity and 
identity information in a single assay.

Imaging and Spectrometry 
Technologies 
Imaging and spectroscopic 
technologies are also of interest 
for CGT products because of their 
spatial and temporal resolution. 
Microfluidic imaging can provide 
unique visuals and insight into 
the composition of the products 
and incoming raw materials. The 
images allow manufacturers to 
enumerate and visually identify 
the various particulates in the 
drug product and raw materials 
that go into the manufacturing 
process. These particulates could 
be aggregates of vectors, cellular 
debris, or intact cells depending 
on the drug product. These images 
also reveal the particulate source 
and provide valuable information 
to the drug manufacturers. 

A recent study indicates that 
particulates in CGT can be 
challenging to distinguish, and 
microfluidic imaging offers a sound 
solution. This study compares 
light obscuration and microfluidic 
imaging. Light obscuration, being 
complementary to microfluidic 
imaging, has been used historically 
to count particulates in biologics. 
The differences in particulate 

counting using light obscuration and 
microfluidic imaging were compared 
using samples of particulates 
and components of cell therapy. 
The study further illuminates the 
kinds of particulates that are 
enumerating using each technology 
and where each may excel. For 
example, larger cellular debris may 
be best enumerated using light 
obscuration relative to microfluidic 
imaging and this comparison 
highlights the need for further 
characterization of particulates in 
the CGT manufacturing space (22). 

The forensic technologies, which 
have been traditionally applied to 
biologics for analysis of particulates, 
can also be used to characterize 
the particulates in CGT products. 
These technologies include 
scanning electron microscopy 
combined with energy dispersive 
X-ray spectroscopy (SEM-EDS), 
polarized light microscopy (PLM), 
transmission electron microscopy 
(TEM), and Fourier-transform 
infrared spectroscopy (FT-IR). 
They provide information about 
the presence, frequency, and 
identity of novel residuals and 
potential contaminants. 

Forensic technologies can be 
used in the context of viral vector 
manufacturing or identification of 
particulates. Specifically, TEM has 
been used to accurately quantify 
and characterize viral particles (23). 
These technologies provide imaging 
and spectroscopic identification 
of particulates. In addition to the 
quantification and characterization 
of the vector particles, particle 
aggregates, or other particulates 
can be analyzed. Aggregates can 
change under certain concentration 
conditions, or when formulated in 
specific buffers (24). The acceptability 
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of these aggregates depends on the 
size, frequency, and composition 
of the materials, as well as the 
biological relevance and potential 
impact on the potency of the drug 
product. Although the USP guidance 
recommends a limit on particulates 
based on the size and frequency, 
it can be challenging to measure 
the particulates in CGT products 
because the products themselves 
may be considered particulates. 
With these multiple orthogonal 
techniques the complete picture 
of particulates in drug products 
or vectors can be depicted. 

Conclusions
The rapid growth of CGTs calls for 
the adaptation of physicochemical 
methods to analyze vectors and 
ancillary materials. These diverse 
characterization methods have 
enabled detailed characterization 
of vectors and ancillary materials 
used in the process and ensured 
the consistent quality of these 
critical materials. The advance 
of physicochemical methods will 
provide additional insight into 
the quality of these materials and 
their impact on the CGT products. 
This will further accelerate the 
drug development to ultimately 
serve patients in need. 
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Rapid Adeno-Associated Virus 
Genome Integrity Analysis by 
Capillary Gel Electrophoresis
Jane Luo1 and Andras Guttman1,2, 1Sciex, Brea, California, USA, 2Horváth Csaba Memorial Laboratory of Bioseparation Sciences, Research 

Center for Molecular Medicine, Faculty of Medicine, University of Debrecen, Hungary

Adeno-associated virus (AAV) is a propitious gene therapy vector to be translated to the clinical practice and 
pursued accordingly by the biopharmaceutical industry. However, genome integrity and nucleic acid impurities 
in the final product may represent a problem with the therapeutic use. In this paper, two AAV genome integrity 
analysis workflows are introduced. The standard sample preparation protocol (~2.5 h) included benzonase 
treatment to degrade any nucleic acids outside of the AAV capsid, which were then filtered out. The residual AAV 
capsids were digested by proteinase K, followed by a DNA purification process involving guanidine hydrochloride. 
The accelerated protocol (~15 min) utilized the DNA purification step only. In both workflows, the released 
DNA was analyzed by capillary gel electrophoresis with a laser induced fluorescent detection (CGE–LIF) in 
less than 15 min with ≤ 0.33% RSD on migration time and ≤ 2.06% RSD on peak area reproducibility.

Adeno‑associated viruses (AAVs) 
are non‑enveloped icosahedral 
protein shell capsids of ~20 nm 
in diameter, containing a 
single‑stranded DNA genome of 
about 4.7 kb in length (1). AAV 
vectors feature no pathogenicity, 
low immunogenicity, wide tropism 
for multiple cell types, and 
persistent transgene expression 
for both dividing and quiescent 
cells (2). Therefore, AAV represents 
a strong translational option to 
treat a plethora of diseases (3). 
The genome of recombinant AAV 
comprises two inverted terminal 
repeats required for multiplication 
and encapsidation, a promoter 
region to regulate transgene 
expression, the transgene encoding 
the therapeutic protein, and a 
polyadenylation signal for RNA 

stabilization (4). Since there are 
no Rep and Cap gene sections 
in the transgene‑containing AAV 
genome, it is replication deficient. 

One of the main challenges 
during AAV manufacturing is the 
characterization and identification 
of product‑related impurities at 
the genome integrity level as its 
quality inside the viral vector may 
affect infectivity, efficacy, and 
safety (5). The most important of 
such quality issues are instances 
when the transgene‑containing 
genome is not present or only 
partially present (truncated); or 
the capsid contains fragments of 
host cell genome or plasmid DNA. 
Therefore, genome integrity and 
purity analysis is crucial, requiring 
robust, reliable, and high resolution 
methods. Techniques currently used 

for such analysis include denaturing 
agarose gel electrophoresis, 
Southern blot tests, quantitative 
polymerase chain reaction (qPCR), 
size‑exclusion high‑performance 
liquid chromatography (SEC–HPLC), 
and next generation sequencing 
(6). Denaturing agarose gel 
electrophoresis is a low cost and 
easy‑to‑use method, but time 
consuming with limited precision 
(7). Southern blotting is another 
conventional technique that can 
confirm the presence of the target 
gene with correct size determination, 
however, suffers from low precision 
and cannot detect impurities (8). 
Real time polymerase chain reaction 
(PCR) can readily quantitate the 
target AAV genome sequence, but 
does not provide size determination 
and cannot detect fragments that 
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do not contain the target sequence 
(9,10). SEC–HPLC features good 
sensitivity, reproducibility, and 
quantification of the intact genome 
and other DNA fragments in 
the capsid, nevertheless lacks 
adequate size assessment (11). 
Finally, next generation sequencing 
can determine the sequence 
of the AAV genome along with 
any contaminants, although 
cannot be easily adopted as a 
routine quality control test in the 
biopharmaceutical industry (12). 

Capillary gel electrophoresis 
(CGE) is a well‑established 
automated bioanalytical method, 
especially applicable at the nucleic 
acid separation field, where it 
was extensively used for the initial 
sequencing of the human genome 
(13). Equipped with laser induced 
fluorescent (LIF) detector, a limit 
of detection (LOD) down to 10‑11 M 
can be routinely obtained (14). 
In this paper, a standard and an 
accelerated sample preparation 
workflow (Figure 1) are introduced 

in conjunction with CGE–LIF 
separation for AAV genome 
integrity and purity analysis. 

Materials and Methods
Materials: The SYBR Green II 
RNA gel stain (10 000 × in DMSO) 
and the 10× DNase I buffer were 
obtained from Thermo‑Fisher 
Scientific (Waltham, Massachusetts, 
USA). Polyvinylpyrrolidone 
(PVP, MW 1.3 MDa), benzonase, 
EDTA, Transcript RNA markers 
(0.2–10 kb), 10× Tris Borate EDTA 
(TBE) buffer, and the Amicon 
Ultra‑0.5 centrifugal filter units 
(MW cutoff: 100 kDa), and all other 
chemicals were from Millipore 
Sigma (St. Louis, Missouri, USA). 
The QIAquick PCR purification Kit 
and Proteinase K were from Qiagen 
(Germantown, Maryland, USA). 
Packaged AAV8 serotype (titer: 
~1013 GC/mL) and its formulation 
buffer (1× PBS with 0.001% 
Pluronic F68) were from Vigene 
Biosciences (Rockville, Maryland, 
USA). The AAV2 and AAV5 serotype 

samples were from SignaGen 
(Rockville, Maryland, USA). 
AAV Genome Preparation: The 
nucleic acid impurities in the AAV 
samples were digested in 20 µL 
reaction volume containing 10 µL of 
sample, 7 µL of formulation buffer, 
2 µL of 10× DNase I buffer, and 
1 µL tenfold diluted benzonase 
in 1× DNase I buffer of 10 mM 
Tris‑HCl (pH 7.5), 2.5 mM MgCl2, 
and 0.1 mM CaCl2. All digestions 
were performed for 30 min at 37 °C 
and terminated by the addition of 
2 µL of 50 mM EDTA and 278 µL of 
AAV formulation buffer. Benzonase 
and any degraded nucleic acids 
were removed by centrifugation 
for 2 min at 14 000 × g through an 
Amicon centrifugal filter (100 kDa 
cutoff). The residue was collected 
by inverting the filter unit, spun for 
2 min at 1000 × g and diluted with 
the AAV formulation buffer (95 µl). 
AAV capsids were disassembled 
by the addition of 5 µL of 20 mg/
ml Proteinase K and incubated 
for 2 h at 37 °C. The released 

AAV
sample

AAV
capsids

Puri�ed nucleic
acids from AAV

sample

AAV genome and
disassembled

capsids

Puri�ed 
nucleic acid 

from AAV
sample

CGE-LIF

QPK

QPK

PK

B + F

FIGURE 1: Standard (upper track) and accelerated (lower track) workflows for AAV genome integrity analysis. B: benzonase treatment, F: 
filtering, PK: proteinase K digestion, QPK: guanidine hydrochloride mediated nucleic acid purification protocol.
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AAV genome was purified by the 
QIAquick PCR Purification Kit 
including guanidine HCl, and 
eluted by 30 µL of nuclease free 
water. The eluted sample was 
incubated for 2 min at 70 °C and 
put on ice before CGE–LIF analysis. 
Capillary Gel Electrophoresis: 

The PA 800 Plus Pharmaceutical 
Analysis System equipped with a 
solid‑state laser induced fluorescent 
detector (excitation wavelength 
488 nm, emission band pass filter: 
520 nm) and the pre‑assembled 
EZ‑CE Capillary Cartridge were from 
Sciex (Framingham, Massachusetts, 
USA). The separation gel‑buffer 
system contained 1% PVP 
(1.3 MDa), 89 mM Tris – Boric acid 
(pH 8.3), 2 mM EDTA (1× TBE), 4 M 
urea, and SYBR Green II (1–25 000 
dilution). The samples were injected 
electrokinetically at 5 kV applied 
potential for 3–10 s. The separation 
voltage was 6 kV (200 V/cm) in 
reversed polarity mode (cathode at 
the injection side). Data acquisition 
and analysis were performed 
using 32 Karat software V10.3.

Results and Discussion
The main goal of this work was to 
develop rapid, but reliable analytical 
methods to assess the quality and 
size of encapsulated AAV genomes. 
A standard and an accelerated 
sample preparation protocol were 
applied and the released DNA 
molecules were separated by CGE 
(Figure 1). The standard workflow, 
shown in the upper track of Figure 
1, started with treating the AAV 
samples with benzonase to digest 
all nucleic acid contaminants 
outside of the capsid. This was 
followed by filtering (100 kDa cutoff) 
to remove the enzyme and all small 
size oligonucleotides (~ 4‑6 bases 

long). The next step of the standard 
workflow was to break down the 
capsid with proteinase K, followed 
by purification of the released DNA 
using a guanidine hydrochloride 
mediated protocol. The released 
DNA was then analyzed by CGE 
using LIF detection for enhanced 
sensitivity. The lower track in Figure 
1 delineates the accelerated method 

skipping both the benzonase and 
proteinase K treatments, only 
utilizing the DNA purification step 
(involving guanidine hydrochloride) 
before CGE–LIF analysis.

Evaluation of the 
Two Workflows 
First, the standard workflow (Figure 
1, upper track) was applied to an 
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FIGURE 2: Genome integrity analysis of an AAV8-4.5 kb sample by CGE–LIF after 
following the two sample preparation protocols delineated in Figure 1. (a) Conventional 
workflow; (b) Accelerated workflow. Peaks 1–2: smaller size impurities (0.5–0.9 kb), 
Peak 3: larger size impurities (0.9–1.3 kb), Peak 4: intact genome (4.5 kb), Peaks 5 and 
6: potential secondary structure forms of the intact genome. Conditions: 20 cm effective 
length (30 cm total) 50 μm i.d. bare fused silica capillary, separation gel buffer: 1% PVP 
(1.3 MDa), 89 mM Tris – Boric acid (pH 8.3), 2 mM EDTA, 4 M urea with SYBR Green II (1 
to 25 000 dilution). Injection: 5 kV for 10 s. Applied electric field strength:  
200 V/cm at 25 oC.
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AAV8 sample with the genome 
size of 4.5 kb and the released 
nucleic acids were analyzed by 
CGE–LIF. This sample preparation 
route was initiated with benzonase 
digestion. Using this non‑selective 
endonuclease, all nucleic acid 
impurities possibly present in the 
samples outside of the AAV capsid 
such as DNA and RNA (probably 
originated from degraded host 
cells and/or the plasmid vector) 
were broken down to very short 
oligonucleotides (~ 4‑6 bases). After 
the digestion step, the reaction 
mixture was filtered through a 
100 kDa cutoff filter to remove 
the benzonase and the digested 
small nucleic acid molecules. The 
filtration residue, containing the AAV 
capsids, was subject to proteinase 
K treatment to release its genome 
content, which was cleaned by a 
guanidine hydrochloride‑mediated 
DNA purification protocol before 
CGE–LIF analysis. The upper trace 
in Figure 2 shows the resulting 
electropherogram of the extracted 
AAV8 genome following the standard 
protocol. Lacking commercially 
available single stranded DNA 
standards at the size range of 
up to 10 kb, approximate sizing 
was established by using an RNA 
ladder (0.2–10.0 kb, fragment sizes 
are given by the upper x‑axis in 
the figures), with the assumption 
that single stranded RNA species 

migrate similarly to that of their 
single stranded DNA counterparts. 
Based on the size assessment, as 
a first approximation we considered 
Peaks 1 and 2 as smaller and 
Peak 3 as larger size impurities 
in the 0.5–0.9 and 0.9–1.3 kb 
ranges, respectively. Peak 4 is 
the 4.5 kb intact genome of the 
AAV8 viral vector. The small Peaks 
5 and 6 are probably different 
secondary structure forms of the 
intact genome. The migration time 
and peak area reproducibility of 
the separated components of 
interest in Figure 2 (trace a, Peaks 
1, 2, 3, and 4) were ≤ 0.33% RSD 
and ≤ 2.06 %RSD, respectively, 
based on eight consecutive runs.

An accelerated and simplified 
sample preparation approach was 
also evaluated (lower track in Figure 
1) to shorten the time requirement of 
approximately 2.5 h of the standard 
workflow. Here, the AAV8‑4.5 kb 
sample was neither digested by 
benzonase, nor by Proteinase K, 
but purified with a spin column 
using the method described in the 
experimental section. Apparently, 
the guanidine hydrochloride content 
in the purification binding buffer 
sufficiently opened up the capsids 
allowing to release its DNA content 
for downstream CGE–LIF analysis. 
In this instance, the entire sample 
preparation and CGE–LIF analysis 
procedure required less than 

30 min. Trace b in Figure 2 shows 
a very similar electropherogram to 
trace a, where the standard sample 
preparation approach was used, but 
with somewhat decreased signal 
intensity. Here, Peak 2 is broader 
than the corresponding peak in 
trace a, suggesting inclusion 
of some nucleic acid impurities 
from outside of the capsid, that 
this approach does not remove. 
In trace b, Peak 5 migrated as 
a tailing shoulder of Peak 4 and 
Peak 6 was almost not visible. If 
such slight decrease in sensitivity 
is acceptable, this accelerated 
method can be the choice of use 
during AAV manufacturing as a fast 
in‑process analytical technology 
approach, with the understanding 
that nucleic acids outside of the 
capsids are co‑measured with 
the ones inside. Please note that 
the injection parameters can be 
optimized in the rapid method to 
increase detection sensitivity. 

Analysis of the Origin 
of Impurities
As suggested above, the origin of 
the smaller size impurities in Figure 
2 (Peak groups 1 and 2) were 
considered as host cell or plasmid 
related fragmented nucleic acid 
artifacts. To prove this assumption, 
both full and empty AAV8 samples, 
the latter containing almost no viral 
genome, were evaluated with and 

TABLE 1: Quantitative genome integrity analysis of empty and full AAV8-4.5 kb samples treated with (+B) and without (-B) benzonase followed by 
proteinase K digestion (+PK) and guanidine hydrochloride mediated purification (+gHCl). The prepared samples were analyzed by CGE–LIF with 
conditions given at Figure 2. Smaller size impurities: 0.5–0.9 kb; Larger size impurities: 0.9–1.3 kb; (N/D: non-detectable)

Sample AAV8 
(4.5 kb)

Smaller size impurities Larger size impurities Intact genome peak

Peak area Area % Peak area Area % Peak area Area %

Empty - B + PK + gHCl 133247 99.40% N/D N/D 802 0.60%

Empty + B + PK + gHCl 59341 98.83% N/D N/D 691 1.17%

Full - B + PK +gHCl 2019 16.09% 619 4.93% 9914 78.98%

Full + B + PK +gHCl 1585 12.53% 909 7.20% 10161 80.27%
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without benzonase treatment, with 
the assumption that benzonase 
digests all nucleic acid impurities 
outside of the viral capsid. In 
both instances, the samples were 
centrifuged through a 100 kDa 
filter and the residues were subject 
to proteinase K digestion. All 
samples were then purified with the 
guanidine hydrochloride mediated 
method as described in the 
Experimental section and analyzed 
by CGE–LIF. The quantitative 
results based on the resulting 
peak areas are compared in Table 
1. The non‑benzonase treated (‑B), 
proteinase K digested (+PK) and 
purified (+gHCl) empty AAV8 vector 
showed the highest amount of 
smaller size nucleic acid impurities 
(peak area: 133247), apparently 
representing the total amount of 
impurities in this particular sample. 
Applying the benzonase treatment 
to the same empty capsid (+B), 
followed by filtration and proteinase 
K digestion (+PK) and purification 
(+gHCl), on the other hand, 
significantly reduced the amount 
of nucleic acid impurities detected 
(peak area: 59341). Small peaks 
representing the intact genome were 
also detected in these two empty 
capsid samples with peak areas 
of 802 and 691, respectively. This 
could be manufacturing related, for 
instance due to the co‑collection 
of a small amount of full capsids 
together with the empty capsids 
during the preparation of the empty 
capsid sample after iodixanol 
density gradient ultracentrifugation. 

As a control, full AAV8‑4.5 kb 
samples were processed by the 
same way as described above 
with and without benzonase 
treatment (+B/‑B) followed by 
proteinase K digestion (+PK) and 

guanidine hydrochloride mediated 
sample purification (+gHCl). The 
quantitative results obtained with 
these two samples are also listed 
in Table 1. As expected, practically 
the same amount of intact genome 
was found after both sample 
processing steps. Please note that 
measuring the peak area differences 
between the full (9914 and 10161) 
and empty capsid (802 and 691) 
might offer a titer determination 
prospective. On the other hand, the 
low peak area values of the smaller 
size impurity peaks appeared in 
the full AAV8 capsid analysis with 
and without benzonase treatment 
(+B: 1585 and –B: 2019) indicated 
apparently high sample purity. 
Some larger size impurities were 
also detected with peak areas of 
909 and 619, for the benzonase 
treated and non‑treated full capsid 

samples, respectively, providing 
sufficient information about the 
integrity of the AAV genome. 
Based on these quantitative 
results, it was considered that 
the larger size impurities were 
most likely from inside of the 
capsids, while the smaller size 
impurities were present both 
outside and inside of the capsids.

Application of the 
Accelerated Protocol
The accelerated sample 
preparation protocol was applied 
to the following three samples with 
different serotypes: AAV2 (4.69 kb 
genome), AAV8 (2.8 kb genome), 
and AAV5 (2.35 kb genome). The 
resulting electropherograms are 
compared in Figure 3. The AAV2 
sample (trace a) was found to be 
reasonably clean, with a few small 
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FIGURE 3: Rapid genome integrity analysis of different serotype AAV samples. (a) 
AAV2-4.69 kb; (b) AAV8-2.8 kb; (c) AAV5-2.35 kb. Peak cluster 1 – nucleic acid impurities 
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peaks (Peak group 1) representing 
smaller size impurities (0.5–0.9 kb) 
and Peak 2, the genomic DNA 
load. Peak 3 is probably the same 
intact genome but with a different 
secondary structure, separated by 
the high resolving power of CGE. 
The middle trace (b) depicts the 
CGE–LIF analysis of the released 
DNA from the AAV8‑2.8 kb sample. 
Here the broad Peak 1 depicts the 
cluster of all smaller and larger 
size impurities in the sample 
ranging approximately from 0.2 to 
1.2 kb, while Peak 2 represents the 
intact 2.8 kb DNA. Similar to trace 
a, Peak 3 is probably a different 
secondary structure bearing 
intact genome. The lower trace (c) 
shows the electropherogram of the 
AAV5‑2.35 kb sample. Similar to the 
other traces, smaller size impurities 
were also detected here with 
better resolution and a somewhat 
narrower size range of around 
0.5–0.8 kb. These minor variations 
were probably due to the actual 
manufacturing processes applied. 

Conclusions
In this paper, a standard and an 
accelerated sample preparation 
method were compared for genome 
integrity analysis of AAVs to assess 
their size and quality as well as 
the proportion of the impurities 
possibly present. The standard 
2.5 h workflow provided more 
in‑depth analysis including the 
benzonase treatment to remove any 
nucleic acid impurities outside of 
the capsid simplifying in this way 
the data interpretation. Genome 
integrity analysis using the 
accelerated workflow (skipping both 
the benzonase and proteinase K 
digestion steps, but still having the 
guanidine hydrochloride mediated 

purification step), on the other 
hand, took only 30 min including 
CGE–LIF separation, but did not 
allow differentiation of nucleic acid 
impurities outside and inside the 
capsid. The accelerated workflow 
was applied to the analysis of 
various AAV serotypes with different 
size genome loads. Based on the 
results, the accelerated method 
could be considered appropriate 
for fast in‑process quality testing 
during AAV manufacturing, 
however, for in‑depth impurity 
analysis the standard technique 
is recommended. It is important 
to note that the analysis methods 
presented in this paper may have 
the potential for titer determination 
upon further fine tuning. 
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