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ABSTRACT: Quantifying the composition of viral vectors used in vaccine development
and gene therapy is critical for assessing their functionality. Adeno-associated virus (AAV) < .
vectors, which are the most widely used viral vectors for in vivo gene therapy, are typically x O
characterized using PCR, ELISA, and analytical ultracentrifugation which require laborious S0 _ (<
protocols or hours of turnaround time. Emerging methods such as charge-detection mass
spectroscopy, static light scattering, and mass photometry offer turnaround times of minutes
for measuring AAV mass using optical or charge properties of AAV. Here, we demonstrate
an orthogonal method where suspended nanomechanical resonators (SNR) are used to
directly measure both AAV mass and aggregation from a few microliters of sample within
minutes. We achieve a precision near 10 zeptograms which corresponds to 1% of the
genome holding capacity of the AAV capsid. Our results show the potential of our method
for providing real-time quality control of viral vectors during biomanufacturing.
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deno-associated viruses (AAV) are the most widely used resonators'’ (SNR) to weigh AAVs in solution by measuring
viral vectors for in vivo gene therapy due to their their buoyant mass, referred to from this point on as “mass”
nonpathogenicity, low immunogenicity, and long-term gene (Figure 1a). The SNR is a hollow cantilever driven to vibrate at
expression.” However, AAV biomanufacturing is inefficient, its resonant frequency f; when a single particle, such as a virus,
producing only a small percentage (5—30%) of capsids flows through the cantilever, the resonant frequency of the
containing the therapeutic gene; the majority of the produced cantilever transiently changes by Af, in proportion to the
capsids are empty which decreases the efficacy of gene therapy, particle’s mass.'® Notably, the optical or charge properties of
increases its cost,”” and has safety considerations. the virus do not affect the readout signal Af, thus the
To increase the efficiency of AAV biomanufacturing, it is resonators are routinely calibrated with a solution of particles
critical to provide real-time quality control to the process. As with reference mass.'®
quality control is limited when using traditional molecular We previously used this approach to measure the mass of
biology methods PCR and ELISA, in part due to their long gold nanoparticles down to 10 nm in diameter'® corresponding
turnaround times,’ emerging methods based on mass measure- to a mass of 10 ag. However, a single AAV has a mass of 1—2
ment provide faster readouts for assessing the ratio of full (or ag (molecular weight of MW,,y = 3.8—5.4 MDa, >’ %2

“heavy”) to empty (or “light”) AAV capsids. In particular, mass
spectrometers have been enhanced to independently measure
mass through charge detection,”™” achieving attogram (or
MDa) resolution. Multiangle static light scattering detectors
optically measure mass with subattogram (or kDa) reso-
lution."”"" More recently, microscopy-based methods correlat-
ing interferometric contrast and mass have also achieved kDa
mass resolution.'”””"* These methods offer potential for real-
time quality control and, although they depend on the optical
or charge properties of a given AAV sample, this dependence is
addressed by usin% standard protein calibrants with corrections
for nucleic acids."

Here, we directly measured AAV mass using mechanical
resonators.'® In particular, we used suspended nanochannel

Supporting Information S1), thus the frequency change Af,
from a single AAV is occluded by noise. Although nano-
mechanical resonators have the potential to weigh single AAVs
in a vacuum environment,* weighing AAVs in aqueous
solution would enable rapid turnaround times which are
ultimately required for real-time quality control.
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Figure 1. Concept of measuring mass of AAVs in solution. (a) Schematic of SNR featuring a hollow cantilever of length L = 17.5 ym that vibrates
at first resonant mode with frequency f. Inside the cantilever, we flowed solutions of AAVs with different DNA content or genetic constructs
(denoted by orange color). (b) Sensitivity S of root-mean-square Af,,, of signal Af(t) versus length scale L of cantilever. Sensitivity is in units of
Hz? per nanoparticles of 1 ag buoyant mass at a concentration of 10" particles/ml. Dashed line and triangle denote theoretical scaling with length S
~ L%, and black points represent experimental designs (Supporting Information S4). (c) Experimental time-series signals of change Af(t) of
resonant frequency exclusively due to noise in the absence of AAVs (gray) and due to flowing AAVs with distinct genetic constructs, having
nominal number npy, of DNA kilobases (kb), npys = 0, 3.3, 4.9 kb (from top to bottom in orange). (d) Measured mass m,,y of AAVs calculated
from time-series data of panel c versus npy,. Each point represents an analyzed time-series trace of 30 sec. The central marks and black squares
respectively indicate the median and mean. The bottom and top edges of the boxes respectively indicate the 25th and 75th percentiles. The bottom
and top whiskers indicate the Sth and 95th percentiles. Percentiles are defined by assuming points follow normal distributions.

To circumvent the noise limit for weighing single AAVs in
solution, we flowed AAV samples at concentrations of 10'*—
10" particles/ml such that tens to hundreds of AAVs
simultaneously flow through the resonator (Figure la). This
results in a complex time-series signal of frequency change
Af(t) which contains information about the average mass of
the particles as well as the characteristics of the flow. This
concept has previously been used in microchannel resona-
tors”¥*> to measure the mass of polystyrene and gold
nanoparticles weighing 20 ag, which are an order of magnitude
heavier than AAVs. In addition, the signal Af(t) also measures
the volume of the particles™ in an approach similar to dynamic
light scattering.26 Here, we scaled down the resonators from
the micro- to nanoscale and used spectral denoising to enable
mass measurement of AAVs in the concentration range of
10'2—10" particles/mL achieving a precision near 10 zepto-
grams (zg) in a 10 min sampling window.
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To enable measurement of AAV mass, we first theoretically
characterized the root-mean-square Af,,, of signal Af(t) as a
function of the properties of the resonator in the form of a
vibrating cantilever. It has been shown that Af,,.. (equivalent
to the variance 6* when the mean is 4 = 0) is proportional to
the product cm,zlp of average concentration ¢ and average mass
My, of nanoparticles.”* Here, we derived Af,, = Scm} v where
maay is the average mass of AAV nanoparticles, and the
sensitivity S = f’ayV/(4m%;) depends on the resonance
frequency f, the volume V of the fluid channel, the effective
mass m,g of the cantilever,'® and the volume utilization factor
ay related to the resonant mode n,, and the dimensions of the
cantilever (Figure 1b, Supporting Information S2, S3, S4). The
sensitivity, S, for a length scale, L, of the cantilever scales as S ~
L3 (Figure 1b, Supporting Information S2) indicating that the
smaller the cantilever, the greater the Af, ... On the basis of the
scaling of S and the availability of previously characterized
cantilevers,”” we used the one with the smallest length L = 17.5
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um, a fluid channel with a cross-sectional area 700 X 700 nm?,
and a baseline resonant frequency f = 4.5 MHz (Supporting
Information S4).

Next, we measured AAV solutions with distinct genetic
constructs, having nominal number npy, of DNA kilobases
(kb), npna = 0, 3.3, and 4.9 kb (Supporting Information SS).
In the context of this study, we characterized the AAVS
serotype which is less prone to aggregation than AAV2 which
is most commonly used in gene therapy.”® Prior to testing, our
AAV solutions were filtered and their purity was verified with
SDS-PAGE and InstantBlue Staining (Supporting Information
S5). When flowing these AAV samples in the SNR, we
measured signals of frequency change Af(t) which were
visually distinct from the baseline noise (Figure Ic).
Furthermore, we calculated the mass m,,y from the signals
Af(t) and found that the measured mass for each AAV sample
is distinguishable from one another (Figure 1d).

To validate our measurements, we performed experiments
with nanoparticles of known mass as a reference standard for
calibration. In particular, we used gold nanoparticles of
nominal diameter dy,,0m = S nm (Supporting Information
SS). Using dynamic light scattering (DLS) we measured their
mean hydrodynamic diameter and converted it to reference
mass of My, ¢ = 1.51 ag which is similar to that of AAV
(Supporting Information S6). Furthermore, to gain insight into
the experimental measurements, we developed a computa-
tional model based on the advection and diffusion of
nanoparticles as they transit through the cantilever via a
laminar flow, determined by a low Reynolds number”
(Supporting Information S7, Video S1). However, when we
flowed gold nanoparticles in the cantilever, we found that
calculating Af,,, in the presence of noise overpredicts the
nanoparticle mass (m,, > 2 ag) in both the experiments and
simulations (Figure 2, gray).

To correct for the overprediction of nanoparticle mass, we
first simulated the “pure” signal Af(t) caused by the flow of
nanoparticles inside the cantilever in the absence of noise. We
found that Af(t) in the frequency domain is well-represented
by a canonical Gaussian form e‘ﬁfz, and when we calculated
Af s using a Gaussian fit in the frequency domain we correctly
predicted the nanoparticle mass (Supporting Information S8).
We then experimentally characterized the noise in our system
in the frequency domain and identified a canonical form 1/&°
of colored noise where £ represents the spectral frequency, and
the decay factor a lies in the range a = 1-2 (Supporting
Information S9). Combining the canonical forms for “pure”
signal and noise, we developed a spectral denoising method
that calculates Af,., in the frequency domain while
neutralizing the effect of noise (Supporting Information S9).
By applying spectral denoising to experiments and simulations
of gold nanoparticles, we obtained results which are consistent
with those obtained from dynamic light scattering (Figure 2,
blue and red). Remarkably, the spectral denoising method
applied to data from both the experiments and simulations
leads to a measurement precision of 10—100 zg (1 zg = 10~
ag), defined here as the standard error calculated over a 10 min
sampling window for concentrations of ¢ = 5—20 X 10"
particles/ml (Supporting Information S10).

To obtain a validation of our AAV measurements with the
SNR, we first used established methods for characterizing
AAVs™*° (Supporting Information S5). Specifically, we
characterized an AAV sample encompassing a genetic
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Figure 2. Validation of SNR measurements using nanoparticles of
known mass. Mass of gold nanoparticles of nominal diameter dy, ,om
= S nm versus nominal concentration ¢ (nonlinear scale) specified
with or without spectral denoising in experiments (exp, blue or gray)
and simulations (sim, red or gray) (Supporting Information S9).
When spectral denoising is used, the mass measurements from
experiments and simulations are independent of concentration and
consistent with the results from DLS (green band) revealing a mass of
Mayres = 1.51 ag corresponding to hydrodynamic diameter of d = 5.4
nm (Supporting Information S6). Box plots have similar notations as
in Figure 1. The symbol * denotes p < 0.05, ** denotes p < 0.01 for
the t test, and ns denotes nonsignificant difference between
experiments and simulations.

construct of green fluorescent protein (GFP) with a nominal
number npy, = 3.3 kb using alkaline agarose gel electro-
phoresis (AAGE) and analytical ultracentrifugation (AUC)
(Figure 3a,b). AAGE revealed the presence of two distinct
DNA bands; the “heavy” (2.8 kb) is close to the nominal
number of the construct, and the “heavy cs” (4.7 kb) likely
corresponds to a maximum-size construct that can be packaged
inside the capsid as a result of an unintended formation of a
self-complementary (cs) DNA sequence31 (Figure 3a). AUC
and AAGE consistently revealed the presence of these two
constructs. In addition, AUC identified residual DNA, “light”
(~0 kb) and “intermediate” (<3.3 kb) capsids as well as
aggregates (Figure 3b, Supporting Information S11).

We found that Af,, from SNR method (Figure 3d)
measures AAV mass that is consistent with the results from
AAGE and AUC. By using spectral denoising (Supporting
Information S9), simulations (Supporting Information S7) and
conversions of measured AAV mass to DNA content
(Supporting Information S1), our measurements are within
the margin specified by AUC (Figure 3d). In addition, our
results are consistent with static light scattering (SLS)
measurements, an orthogonal method recently used for
characterizing AAVs'' (Figure 3d, Supporting Information
S12). Overall, we found that our SNR measurements are
reliable down to a concentration limit of ¢ 2 § X 10" particles/
ml (Figure 3d). Below that limit, the contribution of noise to
Afims is higher than that of the AAV signal (Supporting
Information S13). Notably, the precision of AAV mass
measurements, similar to that of gold nanoparticles (Figure
2), is maintained at a near 10 zg level at the upper
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Figure 3. Measuring AAV mass and aggregation. (a) alkaline gel electrophoresis (AAGE) analysis of AAV-GFP (top) versus marker (bottom)
measuring number of DNA bases (kb). (b) Analytical ultracentrifugation (AUC) analysis of AAV-GFP usmg refractive index (RI) signal (green)
and 260, 280 nm UV wavelengths (red, blue) (i). cy¢0/c250 > 1 indicates AAV capsids filled with DNA’ (e.g, “heavy capsids”.) Population
percentage (ii) extracted from (i) with numbers corresponding to peaks indicating different types of AAV (insets). The letters “cs” in “AAV heavy
cs” denote complementary strand, filling up the capsid to its maximum holding capacity (4.7 kb) (c) Example of experimental signal Af(t) showing
the simultaneous measurements of the average AAV mass m,,y of concentration ¢ (Af,,,), and the mass m, of individual aggregates (Af, < 0). Box
plots have similar notation as in Figures 1 and 2. (d) Mass m,,y of AAV viral vector with genetic construct of GFP versus nominal concentration ¢
(nonlinear scale) measured using spectral denoising in both experiments (exp, blue) and simulations (sim, red). The purple band indicates the
range of mass specified using static light scattering (SLS) where its width is standard deviation from n = 3 experiments. The green bands
correspond to the types of AAV from panel b. (e) Probability density functions of mass m, of aggregates (top horizontal axis), also expressed as
equivalent number of AAVs per single aggregates (bottom horizontal axis) for three concentrations (i—iii). The limit for detection of aggregates
(orange) is governed by Af,,, being dependent on c.

concentration range of ¢ = 2 X 10'® particles/mL (Supporting concentration (Supporting Information S8). However, within
Information S10). the limits of aggregate detection, we found that the mass

Simultaneously with measuring AAV mass, we determined heterogeneity of aggregates was similar for the three tested
the mass m, of single aggregates, each of which manifests as a AAV concentrations in the range ¢ = 5—20 X 10" particles/ml
transient decrease in resonant frequency (Figure 3c, Af, < 0) as (Figure 3e).

each aggregate passes through the cantilever. As a basis for
comparison, we confirmed the presence of soluble aggregates
in our AAV sample using DLS although DLS cannot in
principle resolve the heterogeneity of aggregates (Supporting
Information S6). The presence of aggregates was not only
evident in analytical ultracentrifugation (Figure 3b) but also in
chromatographic methods. In articular, anion exchange
chromatography analysis (AEX)”” exhibited long tailing at
higher elution times (Supporting Information S14) while size
exclusion chromatography (SEC) showed long tailing at the i } ‘ = ‘
lower elution times (Supporting Information S15). Using SNR, heavy-to-light capsids (Figure 4a). In addition, given the

We leveraged the measurement of AAV mass to convert our
readout to a ratio of full to empty or “heavy to light” capsids
which, along with aggregation, is a critical quality attribute of a
given AAV product.” We thus measured the mass of AAV
mixtures with different volume ratios of AAV heavy as AAV-
GFP (npna = 3.3 kb) and AAV light as AAV-empty without a
nominal DNA construct (npys = 0 kb). We observed that our
experimental results are consistent with our simulations with a
trend of increasing mass for mixtures of higher percentage of

we directly measured the mass of these single aggregates and theoretical mass values for AAVs based on their DNA content,
characterized their heterogeneity (Figure 3e). Importantly, the (Supporting Information S1), we converted the mass m,,y to
detection limit for weighing single aggregates by our method percentage of heavy AAV capsids, obtaining consistent
depends on the baseline frequency noise of Af(t) which is percentages with those determined by static light scattering
essentially governed by Af,., being dependent on the AAV for the same mixture ratios (Figure 4b).
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Figure 4. Calculation of percentage of heavy capsids using mass
measurement of AAV. (a) Mass m,,y of mixtures of two types of AAV
samples: (i) GFP heavy and (ii) empty light versus mixing volume
ratio for experiments (exp, blue) simulations (sim, red). (b)
Percentage of heavy capsids, defined as Py, = (mpay — mhght)/
(m]leavy - mlight) for SNR (vertical axis) versus SLS (horizontal axis)
where Mg, My, are theoretical values for buoyant mass of AAV
(Supporting Information S1) when they respectively contain no DNA
(npna = 0 kb) or DNA of the genetic construct of GFP (npy, = 3.3
kb). The horizontal axis corresponds to the percentage of full capsids
calculated using SLS, also denoted by purple diamonds. Error bars
denote standard deviation in SLS experiments (n = 3 per mixing
volume ratio). Boxplots have similar notation as in Figures 1, 2, and 3.

Our SNR results establish the foundations for a real-time
method for characterizing AAV-based viral vectors in solution.
It requires minimal amount of sample (1—5 xL) and as a flow-
through method, it is amenable for integration with
manufacturing unit operations for online characterization of
AAV products. Importantly, it simultaneously and within
minutes quantifies both the average DNA context and
individual aggregates, which constitute two critical quality
attributes of a given AAV product.’

In addition to SNR, characterization methods such as
analytical ultracentrifugation, charge-detection mass spectros-
copy, mass photometry, or light scattering rely on different
principles to measure DNA content of AAV with distinct
strengths and limitations.” Therefore, we envision that the
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success of AAV characterization will rely on a synergistic
pipeline of multiple orthogonal methods that provide different
signal detection readouts. Preceding this downstream charac-
terization, upstream purification is equally important to
minimize biases due to the presence of impurities.” In
particular, chromatography-based methods, such as size
exclusion or anion exchange chromatography remain indis-
pensable elements of the overall pipeline of AAV character-
ization™'"*>** despite their limitations in resolving capsid
heterogeneity. Such characterization coupled with molecular
engineering, process development,35 as well as mathematical
modeling/simulation®® of the AAV biomanufacturing process
may lead to new paradigms for scaling up production of viral
vectors. Although our approach is showcased here for AAV, we
envision it is also applicable to a broader context of viral
vectors, thereby paving the ground for increasing the efficacy of
gene therapy treatments while maintaining their affordability
and clinical safety.
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