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The idea that we could rewrite our genetic code to cure 
diseases once seemed purely in the realm of science fiction. 
Yet scientific advances over the past 2 decades are rapidly 
making gene therapy a reality. 

Over 1,000 clinical trials involving gene ther-
apy are underway, according to clinicaltrials.
gov. The US Food and Drug Administration 
has predicted that, starting in 2025, between 
10 and 20 cell and gene therapy treatments 
could reach the market each year.1 

The advent of safe and effective delivery 
systems, or vectors, that contain and deliver 
nucleic acids is being hailed as an “inflec-
tion point” for gene therapy.1 This advent 
has created a surge of new development  
activity for vectors such as adeno-associated 
viruses (AAVs), lentiviruses, adenoviruses, 
and lipid nanoparticles (LNPs). 

Because gene therapy technologies are 
inherently heterogeneous products, they 
present unique characterization challenges. 
For example, gene therapy production yields 
particles of varying sizes, and not all parti-
cles end up filled with nucleic acid cargo. 

The success and safety of gene therapy 
programs depend on analytical methods 
for quality control across all stages of de-
velopment and production. Ideally, these 
methods are rapid, cost effective, easy  
to use, reproducible, and highly reliable.

Advanced techniques for nanoparticle 
analysis are coming of age. Light-scattering 
analysis—either as a stand-alone method 
or combined with separation techniques—
can quantify critical quality attributes 
(CQAs) such as particle size, concentration, 
and loading. The fast characterization of 
small lot-to-lot variations that these methods 
provide supports quick and thorough  
product development, process optimization, 
and quality control to help ensure safe and 
effective gene therapies. 

This e-book will illustrate how light-scat-
tering and size separation methods are 
poised to help accelerate and safeguard 
gene therapy programs throughout devel-
opment and into the clinic.
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Gene therapies fall into two primary categories. In the first 
category, a patient directly receives therapeutic nucleic acids, 
delivered in vectors such as adeno-associated viruses (AAVs), 
adenoviruses, and lipid nanoparticles (LNPs). 

In the second category, ex vivo therapy, 
a patient’s cells—most often from blood 
or bone marrow—are isolated, genetically 
manipulated in the laboratory, and then 
returned to the patient. Lentiviruses are 
commonly used to introduce genes to cells 
in ex vivo therapies. 

Despite the many advances in gene thera-
peutics, the efficient, reliable, and effective 
delivery of genetic material using viruses or 
LNPs remains technically challenging. To 
ensure safety and reproducibility, several 
key parameters need to be monitored and 
fully understood throughout development 
and production. These characteristics may 
become critical quality attributes (CQAs) 
for the purposes of regulatory filings with 
the US Food and Drug Administration. 

Robust, easily implemented analytical 
techniques are thus a core need in gene 
therapy development and production. The 
separation and light-scattering techniques 

described in this chapter—especially 
powerful in combination—characterize and 
analyze gene therapeutics at all stages 
of production, from research and product 
development to process development, 
manufacturing, and quality control.

Conventional analytical techniques 
Whether genetic material is to be delivered 
via a viral vector or by LNPs, assessing 
total titer and payload is critical for accurate 
and repeatable dosing. The following 
are techniques that are conventionally 
employed for gene vectors, along with 
some benefits and limitations. These 
methods can be used alone (in batch)  
or in combination with a separation such  
as size-exclusion chromatography or  
field-flow fractionation.

UV–vis absorbance 
Ultraviolet–visible (UV–vis) methods  
typically measure absorbance at 280 nm 
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or 260 nm to quantify protein and nucleic 
acid content. These techniques are useful 
for detecting nucleic acid cargo in capsids 
or LNPs. However, they have been shown 
not to correlate perfectly with payload 
analysis, such as AAV capsid content or 
LNP loading, and can suffer from artifacts 
for particles larger than ~50 nm in diame-
ter, such as AAV aggregates and LNP  
or other viral vector products.

Fluorescence
Fluorescence is helpful in detecting spe-
cific compounds, especially those in low 
abundance. As with UV–vis, it can be 
difficult to quantify quality attributes by 
fluorescence spectroscopy because the 
response can vary in a size- and composi-
tion-dependent manner.

PCR-based methods
The concentration of nucleic acid in 
viral and nonviral gene vectors can be 
determined by quantitative polymerase 
chain reaction (qPCR) or droplet digital 
PCR (ddPCR). For payload analysis, 
including AAV capsid content and LNP 
encapsulation efficiency, PCR-based 
methods must be combined with other 
techniques that measure total titer or  
total particle concentration.

Microscopy-based methods
Electron microscopy can directly visualize 
gene therapy vectors and may be able to 
differentiate between loaded and unloaded 
particles. Sample preparation can be time 
consuming and require specialized  
equipment and personnel.

Separation techniques 
Because of the inherent heterogeneity  
of preparations, separation is often the first 
step to characterizing a gene therapeutic. 
While many separation approaches exist, 
this e-book will focus on the particular 
utility of size-exclusion chromatography 
and field-flow fractionation, both of which 
are amenable to coupling with light-
scattering instrumentation.

Size-exclusion chromatography
Size-exclusion chromatography (SEC)  
is widely used for the analysis of biologics 
and is also applicable to smaller gene 
vectors. Separation by SEC works best  
for particles smaller than 40–60 nm  
in diameter. 

Field-flow fractionation
Field-flow fractionation (FFF)1 is a 
separation technique that uses a narrow 
channel without a stationary phase and 
is effective for separating species that 
are 1–1,000 nm in diameter. Particles 
suspended in liquid are gently focused 
against a semipermeable membrane 
by a cross flow, perpendicular to the 
membrane. A second channel flow moves 
solvent along the channel with a parabolic 
flow profile (figure 1). The combination 
of forces separates particles by size. 
Because smaller particles diffuse higher  
in the channel than larger particles do, 
they elute first; larger particles elute later.
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Light-scattering analytical techniques 
Light-scattering offers simple, automated, 
and robust methods for characterizing and 
quantifying gene therapy vectors. Light-
scattering measurements can be employed 
independently, but their use on line and 
downstream of a separation technique like 
FFF or SEC, combined with UV and differ-
ential refractive index (dRI) detection, offers 
significant advantages over conventional 
analytical techniques. These methods can 
be implemented to quantify particle size, 
concentration, payload, and stability.

Dynamic light scattering
Dynamic light scattering (DLS)2 measures 
fluctuations in light-scattering intensity re-
sulting from the diffusion of molecules and 
particles in solution. It is frequently used in 
batch mode (i.e., without a separation tech-
nique) to measure hydrodynamic radius 
(Rh) from less than 1 nm and up to several 
microns. Even without separation, DLS can 
provide information about the presence of 

aggregates and other contaminants in as 
little as 30 s or less. DLS combined with 
simultaneous static light scattering (SLS) 
can provide particle concentration. 

Multi-angle light scattering
Multi-angle light scattering (MALS)3,4 
measures the intensity of scattered light at 
multiple angles to determine the absolute 
molar mass and size of molecules and 
particles in solution, as well as particle 
concentration. MALS is most frequently 
combined with a separation technique, 
like SEC or FFF, and one or more concen-
tration detectors, including UV–vis and 
dRI, as shown in figure 2. Both SEC-MALS 
and FFF-MALS can provide detailed quan-
titation of gene therapy vectors, payload 
analysis, and other quality attributes in a 
single 30–60 min assay. 

Figure 1: Field-flow fractionation separates particles by size using cross flow, diffusion, and a parabolic 
solvent front. Smaller particles (purple) diffuse higher in the channel against the cross flow compared with 
larger particles (green), thus experiencing a faster channel flow and eluting earlier. Credit: Wyatt Technology
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Wyatt DLS and ELS instruments for quantifying  
and screening gene vectors
Wyatt Technology offers three models of DLS and electrophoretic light-scattering 
(ELS) instruments:

• �DynaPro® NanoStar® measures particle size and concentration in sample volumes 
as small as 2 µL in microcuvettes. Its unique onboard touchscreen app provides 
simple stand-alone measurements.

• �DynaPro Plate Reader measures particle size and concentration in standard 
96, 384, or 1,536 microwell plates. The convenient plate format integrates with 
plate-based workflows for screening formulations, process conditions, or process 
fractions.

• �Mobius™ simultaneously measures particle size and zeta potential for sample 
volumes as small as 60 µL. The low applied voltage prevents damage to fragile 
bionanoparticles.

DYNAMICS® software provides smart data quality assessments, powerful data 
analysis features, and 21 CFR Part 11 compliance for all three models. Learn  
more at www.wyatt.com/products/DLS.

Figure 2: Examples of systems combining size-based separation with in-line light-scattering analysis.  
Left: an SEC-UV-MALS-dRI system consisting of industry-standard high performance liquid chromatog-
raphy modules, a DAWN MALS instrument, and an Optilab dRI detector. The size-exclusion column is 
located between the HPLC system and the detectors. Right: an FFF-UV-MALS-DLS-dRI system, consisting 
of industry-standard HPLC modules, an Eclipse™ FFF controller and separation channel, a DAWN MALS 
instrument with embedded DLS module, and an Optilab dRI detector. Credit: Wyatt Technology
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Light-scattering analyses  
for quality attributes
Already well established for characterizing 
biopharmaceuticals and vaccines, SEC-
MALS is regularly cited in regulatory 
filings for products like glycoconjugates 
and other biologics. Table 1 summarizes 
some key gene therapy attributes and 
how light-scattering tools can be applied 

to study them. Measurements of average 
size, particle concentration, and payload 
can also be performed in real time. The 
following chapters, which are categorized 
by specific gene therapy vectors, will 
explore how light-scattering measurements, 
with or without size-based separation, can 
be used to enhance gene therapy research, 
development, and production.5–10

Attribute Quantities Light-Scattering Techniques

Total titer,  
total particle  
concentration

• �AAV: Capsid particle titer (Cp) 

• �LNP: Number of LNP per mL, 
total lipid and nucleic acid 
concentration

• �Other gene vectors:  
Total number per mL

• �Batch DLS/SLS provide  
rapid, low-volume, high-throughput 
quantitation.

• �SEC-MALS or FFF-MALS provide 
concentration as  
a function of particle size.

Payload  
and payload  
distribution

• �AAV: Vg (viral genomes per mL), 
Vg/Cp (full:total ratio)

• �LNP: Size-based payload 
distribution, encapsulation 
efficiency

SEC-MALS and FFF-MALS  
can be used to simultaneously quantify 
payload and total concentration in  
a single, automated assay.

Purity and  
aggregation

• �Aggregate size and 
concentration

• �Quantitation of other impurities 
or released payload

• �High-throughput DLS is ideal for 
formulation, stability, quality control, 
and other product and process 
development.

• �FFF-MALS provides detailed 
quantitation of aggregates  
that may be missed by SEC  
and conventional techniques

Routine and 
extended 
characterization

• Size

• Molar mass 

• Stability 

• Formulation

Light-scattering techniques  
provide additional characterization  
simultaneously in the same assay  
as other quality attributes.

Table 1. Summary of gene vector attributes quantified by light-scattering techniques

Source: Wyatt Technology



9Light-scattering techniques to characterize therapeutic gene vectors

References

1. �“Understanding Flow Field-Flow Fractionation,” Wyatt 
Technology, accessed Mar. 17, 2023, https://www.wyatt.
com/library/theory/flow-field-flow-fractionation-theory.html. 

2. �“Dynamic Light Scattering (DLS),” Wyatt Technology, 
accessed Mar. 17, 2023, http://www.wyatt.com/DLS. 

3. �“SEC-MALS,” Wyatt Technology, accessed Mar. 17, 
2023, https://www.wyatt.com/solutions/techniques/sec-
mals-molar-mass-size-multi-angle-light-scattering.html. 

4. �“FFF-MALS: Advanced separation and characteri-
zation of macromolecules and nanoparticles,” Wyatt 
Technology, accessed Mar. 17, 2023, https://www.
wyatt.com/solutions/techniques/fff-mals-characteriza-
tion-of-nanoparticles-colloids-macromolecules.html. 

 
5. �Judit Bartalis, Michelle Chen, and Daniel Some, 

AN2004: Why and How to Quantify AAV Aggregates  
by FFF-MALS, Wyatt Technology, https://wyattfiles.
s3.us-west-2.amazonaws.com/literature/app-notes/
fff-mals/AN2004-How_to_quantify_AAV+aggregates_
by_FFF-MALS.pdf.

6. �US Food and Drug Administration, Guidance  
for Industry PAT—A Framework for Innovative 
Pharmaceutical Development, Manufacturing,  
and Quality Assurance, September 2004,  
https://www.fda.gov/media/71012/download.

7. �Amanda K. Werle et al., “Comparison of Analytical 
Techniques to Quantitate the Capsid Content of  
Adeno-Associated Viral Vectors,” Mol. Ther.— 
Methods Clin. Dev. 23, 254–262 (Aug. 30, 2021),  
https://doi.org/10.1016/j.omtm.2021.08.009.

8. �Nagarathinam Selvaraj et al. “Detailed Protocol  
for the Novel and Scalable Viral Vector Upstream 
Process for AAV Gene Therapy Manufacturing,”  
Hum. Gene Ther. 32, no. 15–16 (Aug. 17, 2021): 
850–861, https://doi.org/10.1089/hum.2020.054. 

9. �Nicole L. McIntosh et al., “Comprehensive 
Characterization and Quantification of  
Adeno-Associated Vectors by Size Exclusion 
Chromatography and Multi-Angle Light  
Scattering,” Sci. Rep. 11 (Feb. 4, 2021): 3012,  
https://doi.org/10.1038/s41598-021-82599-1.

10. �Xiujuan Jia et al, “Enabling Online Determination  
of the Size-Dependent RNA Content of Lipid 
Nanoparticle-Based RNA Formulations,”  
J. Chromatogr. B: Anal. Technol. Biomed. Life  
Sci., 1186 (Dec. 1, 2021): 123015, https://doi.
org/10.1016/j.jchromb.2021.123015. 

11. �US Food and Drug Administration, PAT — A 
Framework for Innovative Pharmaceutical Development, 
Manufacturing, and Quality Assurance, September 
2004, https://www.fda.gov/media/71012/download.

https://www.wyatt.com/library/theory/flow-field-flow-fractionation-theory.html
https://www.wyatt.com/library/theory/flow-field-flow-fractionation-theory.html
https://www.wyatt.com/solutions/techniques/dynamic-light-scattering-nanoparticle-size.html
https://www.wyatt.com/solutions/techniques/sec-mals-molar-mass-size-multi-angle-light-scattering.html
https://www.wyatt.com/solutions/techniques/sec-mals-molar-mass-size-multi-angle-light-scattering.html
https://www.wyatt.com/solutions/techniques/fff-mals-characterization-of-nanoparticles-colloids-macromolecules.html
https://www.wyatt.com/solutions/techniques/fff-mals-characterization-of-nanoparticles-colloids-macromolecules.html
https://www.wyatt.com/solutions/techniques/fff-mals-characterization-of-nanoparticles-colloids-macromolecules.html
https://wyattfiles.s3.us-west-2.amazonaws.com/literature/app-notes/fff-mals/AN2004-How_to_quantify_AAV+aggregates_by_FFF-MALS.pdf
https://wyattfiles.s3.us-west-2.amazonaws.com/literature/app-notes/fff-mals/AN2004-How_to_quantify_AAV+aggregates_by_FFF-MALS.pdf
https://wyattfiles.s3.us-west-2.amazonaws.com/literature/app-notes/fff-mals/AN2004-How_to_quantify_AAV+aggregates_by_FFF-MALS.pdf
https://wyattfiles.s3.us-west-2.amazonaws.com/literature/app-notes/fff-mals/AN2004-How_to_quantify_AAV+aggregates_by_FFF-MALS.pdf
https://www.fda.gov/media/71012/download
https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(21)00135-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050121001352%3Fshowall%3Dtrue
https://www.liebertpub.com/doi/10.1089/hum.2020.054
https://www.nature.com/articles/s41598-021-82599-1
https://www.sciencedirect.com/science/article/pii/S1570023221004967?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1570023221004967?via%3Dihub
https://www.fda.gov/media/71012/download


10Light-scattering techniques to characterize therapeutic gene vectors

Wyatt solutions for separating, quantifying,  
and characterizing gene vectors
Both SEC–MALS and FFF–MALS employ the DAWN® MALS instrument combined 
with HPLC  modules and an Optilab dRI detector. ASTRA® software provides 
powerful data analysis features with application-specific modules for viral vectors  
and LNPs. Both ASTRA and VISION,™ Wyatt’s software for designing and 
controlling FFF-MALS methods, offer 21 CFR (Code of Federal Regulations)  
Part 11 compliance. 

• �SEC-MALS for AAV: Quantify multiple quality attributes simultaneously in  
a single, 30-min, quality-control-ready assay.7–9 Wyatt’s SOP Guidance Manual, 
and Method Implementation and Training program, provide tools for adopting  
this platform method. Visit www.wyatt.com/solutions/aav-characterization.html  
for details.

• �FFF-MALS for aggregate quantitation: Eclipse™ FFF provides automated  
FFF separation with excellent resolution and repeatability for gene vectors  
and their aggregates.5

• �SEC-MALS and FFF-MALS for LNP: Both SEC-MALS and FFF-MALS can provide 
size-dependent RNA content for LNP formulations using ASTRA’s unique Lipid 
Nanoparticle-Nucleic Acid Analysis, which determines payload content information 
equivalent to fractionation and offline quantitation.10 Visit www.wyatt.com/LNP for 
more information.

The FDA has also issued guidance for process analytical technology (PAT), which 
emphasizes timely analysis of critical process parameters and CQAs throughout 
production.11 After implementing MALS for product development, real-time MALS  
can be employed in-line using an ultraDAWN™ for process development and to 
monitor CQAs during production. Visit www.wyatt.com/RT-MALS to learn more.

https://www.wyatt.com/solutions/aav-characterization.html
https://www.wyatt.com/solutions/lipid-nanoparticle-characterization.html
https://www.wyatt.com/solutions/techniques/real-time-mals.html
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Many gene therapy treatments have become possible thanks to 
developments in adeno-associated viruses (AAVs). With the rapid 
growth in AAV-based therapies, there is a heightened need for 
efficient and precise methods for characterizing and quantifying 
these vectors throughout product and process development. 

“Determining vector genome titer using a 
detection method specific for the genetic 
cargo is an essential metric for dosing,” 
says Darren Begley, principal scientist on 
the analytical development team in the 
Gene Therapy Franchise at Resilience. 
“But we also need to inform clinicians 
of the total capsid titer, and check for 
the presence of aggregates, for safety.” 
Researchers measure these qualities 
during product research, development, 
manufacturing, and as part of quality 

control (QC); depending on the chosen 
method, the process can be time and 
labor intensive. High-throughput methods 
may be particularly helpful during the early 
stages of AAV therapeutic development, 
when researchers need to screen large 
numbers of candidates and formulations. 
Streamlining the measurement of critical 
quality attributes (CQAs) can accelerate 
therapeutic development.

Conventional approaches
The fraction of full and empty capsids is 
commonly quantified by combining two 
techniques: polymerase chain reaction 
(PCR)-based analysis for the genome 
concentration and a second assay, such 
as the enzyme-linked immunosorbent 
assay (ELISA), for protein concentration.1 
This approach often results in low accu-
racy and presents challenges in terms of 
throughput, reagent quality, and manual 
handling of samples.2

UV–vis spectroscopy, either in batch or 
in combination with separation, has been 
applied to estimate the overall capsid 

Figure 1: The outer protein coat of an adeno-as-
sociated virus, illustrated here, is icosahedral and 
about 25 nm in diameter. Source: Kateryna Kon /
Shutterstock
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titer and empty-full capsid ratio. As a 
stand-alone method, it cannot reliably 
quantify full and empty capsids when 
other species—such as free protein, free 
nucleic acid, and aggregated particles—
are present. “Measuring the ratio of UV 
absorbance at 260 nm and 280 nm is 
insufficient for determining capsid content 
and can cause significant underestimation 
or overestimation of the amount of encap-
sidated nucleic acid,” Wyatt’s director of 
analytical sciences Sophia Kenrick says. 
Along with absorbing light, AAV aggre-
gates and other large species scatter light, 
which can introduce significant error and 
make batch UV–vis absorption methods 
unsuitable for in-process AAV or stressed 
samples, she adds.

Other more sophisticated techniques are 
also available. Analytical ultracentrifugation 
(AUC) reliably differentiates empty, full, and 
partially filled capsids but requires spe-
cialized equipment, purified samples, and 
extended time for analysis.3 Though charge 
detection mass spectrometry, a relatively 
new methodology, produces reliable data 
and is amenable to high-throughput pro-
cesses, it requires specialized equipment 
and may have limited dynamic range and 
solvent compatibility.3 

Light-scattering methods
Light-scattering methods are uniquely 
suited to quantify multiple attributes simul-
taneously in a single assay. The analytical 
platform utilized by Begley’s team includes 
size-exclusion chromatography (SEC) on 
a high-performance liquid chromatogra-
phy (HPLC) system with UV, multi-angle 
light scattering (MALS), and differential 

refractive index (dRI) detectors. “SEC-
MALS gives us accurate, quantitative 
readout of total capsid titer on most down-
stream samples and a sense of encapsida-
tion efficiency by both UV260:UV280 ratio 
and the total mass by MALS,” he says. 
“It is a serotype-independent method, 
which means we deploy a single method, 
regardless of AAV serotype, with much 
higher precision than ELISA. It has some 
limitations but is very well suited to our 
purposes, both for supporting process 
development and as an analytical method 
for release of final materials.”

CASE STUDY
High-throughput formulation  
and stability screening 
A key early step in the development of 
AAV therapies is optimizing formulation 
conditions to maintain capsid stability. 
Batch dynamic and static light scattering 
are ideal here for measuring changes in 
apparent hydrodynamic radius (Rh) and 
particle concentration in each formulation 
condition or in response to stress. For 
example, large aggregates may appear as 
separate populations with Rh much larger 
than that of the monomer. Alternatively, 
the generation of small oligomers (e.g., 
dimer and trimer) may lead to an increase 
in average Rh and polydispersity.

In this study, researchers screened mul-
tiple AAV preparations with the DynaPro 
Plate Reader, which simultaneously mea-
sures dynamic and static light scattering 
(DLS and SLS).4 Analysis of size and 
particle concentration as a function of 
different buffers revealed conditions that 
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maintained the desired AAV structure and 
conditions that promoted aggregation. 
In addition, the researchers investigated 
whether varying capsid content impacted 
thermal stability (figure 1).

CASE STUDY
Comprehensive characterization
“Low-throughput, labor-intensive analyti-
cal methods such as AUC or electron mi-
croscopy are not a great fit for rapid AAV 

process development and optimization,” 
Begley says. To demonstrate an alter-
native approach, researchers assessed 
AAV samples with a method combining 
size-exclusion chromatography (SEC) with 
triple detection—MALS, UV, and dRI.5 

“The main advantages of SEC-MALS  
for the analysis of AAV samples—and 
other biologics—are ease and precision,” 
Kenrick says. “SEC-UV-MALS-dRI does 
not require standard curve preparation, 
reagents, or prior knowledge of structure 
or content.” In the study, researchers 
generated two AAV samples, one with full 
capsids and the other with empty capsids. 
They mixed the samples at ten different 
ratios and assessed these mixtures with 
SEC-MALS to determine the total number 
of viral capsid particles, the ratio of empty 
and full capsids, and the percentage of 
monomers or aggregates. The data from 
30-min SEC-UV-MALS-dRI runs were 
sufficient to quantify the full and empty 
capsids (figure 2) as well as the contribu-
tions of individual components (i.e., DNA 

Figure 1: Samples containing different ratios of 
empty AAV capsids (S1) and full AAV capsids (S2) 
were exposed to increasing temperatures in a 
DynaPro Plate Reader. Empty, full, and different 
ratios of empty and full capsids exhibited similar 
thermal stability. Credit: Wyatt Technology 

Figure 2: Left: empty and full virion concentrations of an AAV sample eluting from SEC, calculated once per 
second and overlaid with the UV chromatogram. Right: correlation between expected and measured viral 
genome concentration to capsid titer (Vg/Cp), obtained with SEC-MALS measurements on mixtures  
of known empty and full AAVs. Credit: Wyatt Technology
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and capsid) to the molar mass of  
viral particles. The researchers used 
that information to calculate the empty: 
full ratio and found excellent agreement 
between calculated and measured  
values (R2 = 0.9997). 

The unique combination of ease of 
use, automation, speed, serotype 

independence, accuracy, and repeatability 
of the SEC-MALS approach has been well 
received in the AAV gene therapy field. 
Several reports by authors in the biophar-
maceutical industry discuss the advan-
tages of this method—as well as those 
of ion-exchange chromatography (IEX)-
MALS—to comprehensively characterize 
AAV preparations.3,6,7

Large aggregates 
Identifying aggregates is an important step in AAV quality control because large 
aggregates have increased potential to trigger an immune response. However, 
the SEC stationary phase can disrupt or filter larger aggregates, which might then 
go undetected.5 “FFF-MALS is an ideal tool for characterizing AAV aggregates,” 
Kenrick says. “These larger species may be removed by the SEC column but are not 
removed by the FFF channel. The same UV-MALS-RI detection platform employed 
for SEC-MALS can be used with FFF to ensure complete quantitation of the AAV 
aggregates in addition to the monomer, fragments, and process impurities.” FFF-
MALS can quantify the large aggregates more reliably than SEC-MALS can. In a study 
conducted by scientists at Novartis Gene Therapies and Wyatt, FFF was able to retain 
aggregates that were filtered out by the SEC column. Furthermore, only MALS was 
able to quantify aggregates accurately.8 Simple quantitation by UV or fluorescence 
peak area significantly overestimated the amounts of these impurities.
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Lipid nanoparticles
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Lipid nanoparticles (LNPs) consist of ionizable lipids, 
phospholipids, and functionalized lipids that encapsulate 
nucleic acids, forming spherical packages ranging from 30 
nm to 250 nm in radius (figure 1). LNPs were first approved 
as a drug delivery vehicle in 2018 for the small interfering RNA 
(siRNA) drug Onpattro. More recently, they have received global 
recognition as the delivery system for mRNA in COVID-19 
vaccines developed by Moderna and BioNTech. This technology 
holds much promise for a variety of advanced therapeutic 
applications, including transient gene suppression, transient 
gene expression, and gene editing.1 

Unlike AAVs, which are uniform, well-defined 
structures, LNPs are polydisperse in size and 
nucleic acid loading. This variability can im-
pact dosing and biodistribution.2 “Quantifying 
not only the total amount of lipid and nucleic 
acid but the full size-based payload distribu-
tion as well is key to formulating the optimal 
effective dosage,” Kenrick says.

Traditional approaches
In addition to the techniques described in 
chapter 1, an array of techniques is avail-
able to quantify LNP quality attributes, each 
with its distinct advantages and disad-
vantages.3–5 Zeta potential measurements 
determine surface charge for stability. 
Analytical ultracentrifugation can assess 
encapsulation efficiency, but, as with viral 
vectors, this technique requires specialized 
equipment and personnel. Batch DLS and 
nanoparticle tracking analysis (NTA) can 
reveal LNP size and concentration but may 
miss key details of the size distribution, 
and the dilute conditions required for NTA 
may destabilize the particles. Fluorescence 
measurements to assess encapsulation 
can be complicated by the presence of 
common salts or functionalized lipids.

Figure 1: An illustration of a lipid nanoparticle, 
where lipids form a spherical coating around 
smaller collections of lipids that hold therapeutic 
genetic material. Credit: Wyatt Technology
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Light-scattering methods
While DLS is a first-line tool for many 
labs to estimate LNP size distribution and 
stability,6 size-based separation combined 
with MALS provides multi-attribute quan-
titation of LNP-based gene vectors in a 
single run (figure 2). SEC-MALS is often the 
best place to begin, but FFF-MALS may 
be required for certain formulations—for 
example, to eliminate shear and address 
larger size ranges.7

Scientists at Wyatt and the Norwegian 
research organization SINTEF collaborated  
to establish a robust protocol outlining the 
use of a multidetector FFF for LNP analy-
sis.7,8 Using an Eclipse FFF instrument and 
a DAWN MALS detector, they demonstrat-
ed how FFF–MALS can be implemented 
to comply with regulatory requirements 

for LNP characterization (figure 3). Results 
from their method correlated with those 
from nanoparticle tracking analysis (NTA) 
and extended the quantitation beyond the 
range that is measurable with NTA. “This 
analytical technique is set to take on the 
standards of reproducibility, accuracy, and 
reliability needed in the pharmaceutical 
regulatory space,” Kenrick says.

Figure 2: A collection of techniques to measure critical quality attributes and other key properties of lipid 
nanoparticles carrying nucleic acid for gene therapy. Most techniques only measure some of these proper-
ties. SEC or FFF followed by MALS measurements can quantify all these attributes in one analysis. Credit: 
Wyatt Technology

Figure 3: With simultaneous determination of 
particle size and concentration during size-based 
separation, FFF-MALS can provide fully quantitative 
size distributions. Credit: Wyatt Technology
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CASE STUDY
Payload and payload distribution
SEC- or FFF-UV-MALS-DLS-dRI enables 
online quantification of the nucleic acid 
cargo as a function of particle size in LNP-
based gene therapy. “Traditional methods 
using only UV cannot accurately quantify 
the payload of intact LNPs,” Kenrick says. 
“Particles larger than 50 nm in diameter 
scatter UV light in a manner that depends 
on particle size, shape, and encapsu-
lated payload. Thus, for LNPs, the total 
measured UV absorbance at 260 nm is 
the combined result of absorption by the 
cargo and scattering.” Wyatt’s proprietary 
method accounts for this phenomenon, 
quantifies the correct nucleic acid concen-
tration, and determines the encapsulated 
payload as a function of LNP size along 
with the encapsulation efficiency.

Researchers at Merck and Wyatt devel-
oped a protocol to validate the SEC- or 
FFF-MALS approach against tedious offline 
methods that require rupturing the parti-
cles with surfactants to extract the nucleic 
acids prior to UV measurement.9 The online 
method eliminates the need for offline 
sample handling and analysis, successfully 
revealing the size-dependent RNA pay-
load distribution (figure 4). “Using SEC or 
FFF coupled with MALS, DLS, UV, and RI 
detection, scientists can quickly and easily 
quantify size-dependent payload distribu-
tion and get a more in-depth understanding 
of their intact drug product,” Kenrick says. 
“Having this kind of a robust technique that 
provides multiple quality attributes can give 
them new insights into their dosing and 
toxicity profiles.”

Figure 4: Combining size-based separation with on line MALS, DLS, UV, and dRI detectors can quantify 
encapsulation efficiency and the amount of lipid and nucleic acid encapsulated in particles of a given size. 
Shown here are the results of two LNP-RNA preparations, which exhibit quite different size dependencies. 
Credit: Wyatt Technology
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CASE STUDY 
Process development for in-line  
monitoring of LNPs
Often during manufacturing processes, 
specific quality information is determined 
only at the end of the process. In contrast, 
real-time MALS can provide a constant 
readout of particle size, concentration,  
and other key attributes online or in-line 
with the manufacturing product stream. 
Product meeting specifications can be 
collected for further processing, and  
triggers can be set up to flag the operator 
and divert the stream when the product 
falls out of specification. 

To demonstrate the utility of real-time 
MALS, Wyatt researchers simulated an 
undesirable process change in the homog-
enization of a liposome solution.10 At the 
25-min point in the production process,  
a sudden pressure change was introduced, 
which resulted in a decrease in the lipo-
some radius. Figure 5 shows the radius 
measured in real time; the change in lipo-
some size at the point of increased pres-
sure is visible. The red vertical line at ~28 
min indicates where the liposome crossed 
the user-defined threshold (2 nm from the 
target size) and a signal was sent from 
the ultraDAWN to trigger diversion of the 
product. Had the deviation been observed 
in bulk with final QC testing alone, an entire 
batch would likely have been discarded. 
This immediate feedback can also enable 
more rapid process optimization.
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Lentiviruses and adenoviruses
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While AAVs and LNPs are the most popular gene therapy 
vectors, other viral vectors are under investigation for in vivo 
or ex vivo gene therapy. Lentiviruses are a subcategory of 
retroviruses. They are about 100  nm in diameter, spherical, 
enveloped with a lipid bilayer, and they contain single-stranded 
RNA (figure 1). They have particular utility in cell-based gene 
therapies, including cancer immunotherapies such as Kymriah.1 
Adenoviruses, which are nonenveloped viral particles 90 nm 
in diameter, generally deliver DNA and because of their 
immunogenicity are often employed as vaccines (figure 2).2

Lentiviruses and adenoviruses pose addi-
tional challenges for analysis because of 
their large size, complex morphology, and 
polydispersity. “Their size typically makes 
SEC a poor option for separation, and 
the polydispersity of lentivirus means that 
batch techniques, like DLS, can miss key 
information,” Kenrick says.

CASE STUDY 
Optimizing retroviral vector 
purification
Scientists from Baylor College of Medicine 
and Wyatt Technology conducted a study 
to identify how retroviral vector (RVV) puri-
fication methods can influence the critical 
quality attributes of purity, size distribution, 
and concentration.3 In this study, one 
production run of lentivirus particles was 

Figure 1: Illustration of the structure  
of an enveloped retrovirus. Credit:  
bekirevren/Shutterstock

Figure 2: Illustration of the structure of adenovirus. 
Credit: Christoph Burgstedt/Shutterstock



purified using three different methods. First, 
researchers used batch DLS analysis as a 
quick screen of particle size and concentra-
tion. A wide size range was common to all 
three preparations (figure 3).

A separation method was required for de-
tailed size distribution and concentration. 
In a head-to-head comparison of SEC 
versus FFF for retroviral analysis, recovery 
was significantly reduced under SEC, with 
particles larger than 87 nm either degrad-
ed or removed.3 FFF-MALS revealed the 
entire size distribution with high resolution.

Figure 4 shows the FFF-MALS fractogram 
of the three retrovirus preparations. The 

desired particles elute between 48 and 68 
min with radii ranging from 50 to 150 nm; 
the measured hydrodynamic size of the par-
ticles from sample 1 is overlaid in blue dots. 

Sample 1 displays additional peaks at ~26 
min with Rh of ~3.5 nm and at 27–40 min 
with sizes ranging from 10 nm to 45 nm. 
These impurities correspond to small pro-
teins in the formulation buffer, likely residual 
cell culture components. Sample 3 shows 
the greatest purity but at the expense of the 
lowest concentration. Table 1 shows the 
RVV titer measured by batch DLS com-
pared with more detailed quantitation by 
FFF-MALS for each of the three samples.
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Figure 3: Size distributions of a retroviral vector  
purified under three different conditions, as ana-
lyzed with batch DLS. Credit: Wyatt Technology 

Figure 4: FFF-MALS analysis of retroviral vector 
purified under three different conditions. Total light 
scattering is shown as smooth lines, and dots show 
measured Rh. Credit: Wyatt Technology 

Table 1: Hydrodynamic radii (Rh,z ¬and Rh) and particle concentration (PC) compared between measure-
ment by FFF-MALS and stand-alone DLS for retroviral preparations purified by three different methods.

Source: Wyatt Technology

Sample
Rh,z from  

FFF-DLS (nm)
PC from  

FFF-MALS (mL-1)
Rh from

DLS (nm)
PC from  

DLS (mL-1)

1 99.2 ± 0.6 (1.62 ± 0.01) . 1010 79.2 ± 0.8 (1.3 ± 0.2) . 1010

2 94.9 ± 0.4 (9.68 ± 0.02) . 109 85.3 ± 1.1 (5.1 ± 0.1) . 109

3 114 ± 2 (1.98 ± 0.01) . 109 92.0 ± 0.9 (1.5 ± 0.1) . 109



CASE STUDY 
Real-time monitoring of downstream 
adenovirus processing
While offline techniques such as DLS, 
SEC-MALS, and FFF-MALS provide 
detailed assessment of product attributes, 
the time lag between production and mea-
surement precludes their use for imme-
diate feedback on process changes and 
real-time process control. Implementation 
of MALS as a PAT tool helps accelerate 
downstream process development and 

ensure product quality by discriminating 
viral vectors from free proteins and nucleic 
acids, identifying potential degradation 
and determining titer in real time. 

Process development scientists at 
Janssen Vaccines and Prevention demon-
strated how MALS can provide essential 
data on relevant adenoviral vector attri-
butes during ion-exchange purification 
and ultrafiltration/diafiltration unit oper-
ations.4 Figure 5 compares the UV chro-
matogram obtained during ion-exchange 
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Figure 5: Left: UV and MALS titer (viral particles/mL) traces during the loading and wash phases of IEC 
purification. Right: RT-MALS (size and titer) and UV measurements during the elution phase. The real-time 
titer values can be integrated to obtain overall titer in the pool. Credit: Wyatt & Janssen 

purification with MALS-derived size and 
titer traces. On the left side of figure 5, 
portions of the loading and wash phases 
that have strong UV absorbance with  
no corresponding MALS titer indicate  
free biomacromolecules, whereas the 
during the load phase, matching UV and 
MALS peaks just before 14 min point  
to viral breakthrough.

On the right side of figure 5, the entire 
eluting peak is seen to consist of particles 
of a constant size corresponding to the 
monomeric virus, with no appreciable 
aggregates. Instantaneous titer values 
track closely but are not identical to UV 
extinction; the titer is integrated over the 
collection period to determine the num-
ber of virions in the final pool. Size and 



titer determined by in-line RT-MALS are 
compared with off-line measurements in 
table 2, indicating close correspondence. 
Similar corresponding size and titer values 

were obtained between on line RT-MALS 
measurements during tangential-flow 
filtration and samples taken in the course 
of the operation.
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Table 2: Comparison of in-line, real-time and offline measurements of adenovirus size and titer in the  
pool collected from ion-exchange purification

Source: Wyatt and Janssen

Size (nm) Titer (1/mL)

RT-MALS Rgeom: 45.7 7.31 x 1011

Reference offline method Rh: 48.6 6.07 x 1011
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Conclusions

25Light-scattering techniques to characterize therapeutic gene vectors

Analytical techniques based on light scat-
tering, stand alone and in conjunction with 
size-based separations, offer versatile and 
powerful capabilities for quantifying and 
characterizing gene vectors. Plate-based 
screening of formulation conditions and 
process fractions by DLS/SLS rapidly 
evaluates size and titer. In-depth separation 
and analysis of gene vectors to determine 
accurate size distributions, concentration, 
and payload can usually be accomplished 
in a single run using detectors with 

standard HPLC components for SEC-
MALS or an Eclipse FFF system for FFF-
MALS. An ultraDAWN RT-MALS detector 
serves to perform in-line and on line moni-
toring of product attributes during process 
operations such as viral vector purification 
or LNP production. Increasing utilization of 
these techniques may improve productivity 
and quality while accelerating the time to 
market of these novel and promising thera-
peutic modalities.


