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ABSTRACT

Analytical ultracentrifugation (AUC) provides the most widely applicable, precise, and accurate means for
characterizing solution hydrodynamic and thermodynamic properties. While generally useful, boundary sedi-
mentation velocity AUC (SV-AUC) analysis has become particularly important in assessing protein aggregation,
fragmentation and conformational variants in the same solvents used during drug development and production.
In early 2017 the only manufacturer of the analytical ultracentrifuge released its newest analytical ultracentri-
fuge, the Optima, to replace the aging second-generation XLA/I series ultracentrifuges. However, SV-AUC data
from four Optima units used in the characterization of adeno-associated virus (AAV) have shown evidence of
sample convection. Further investigation reveals this problem arises from the design of the temperature control
system, which makes it prone to producing destabilizing temperature-induced density gradients that can lead to
density inversions. The problem is intermittent and variable in severity within a given Optima unit and between
Optima units. This convection appears to be associated mainly with low rotor speeds and dilute concentration of
solvent components, i.e., AAV analysis conditions. Data features diagnostic for this problem and strategies for its

elimination or minimization are provided.

1. Introduction

Despite being nearly 100 years old, analytical ultracentrifugation
(AUC) continues its role as a useful and important analytical tool in both
basic and applied sciences [1-11]. Its longevity and modern capabilities,
recently summarized by Peter Schuck and coworkers in a comprehensive
three volume series [12-14], is a result of being the most accurate and
precise technique for characterizing a solution’s thermodynamic and
hydrodynamic properties. The availability of absorbance, refractive and
fluorescence detection allows AUC’s application to a broad range of
samples and solvents. In particular, size distribution analysis by
boundary sedimentation velocity AUC (SV-AUC) offers access to a wide
range of sample characterization information that includes the
following: structural heterogeneity (e.g., fragmentation, aggregation
and chemical composition) [13], concentration [15], interactions [14],
changes in conformation [16] and sample consistency [10] with few
solvent limitations, minimum sample manipulation and easy method
development [7]. Importantly, SV-AUC offers significant and unique
ways to characterize the new classes of very large, complex molecular
biopharmaceuticals that are now being actively developed in gene
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therapy that involve drug delivery systems such as viral vectors [17,18],
liposomes and nanoparticles [19-25].

AUC is a first-principle technique. Therefore, data interpretation
does not require comparison with standards. Consequently, to within a
~1%, sedimentation coefficient measurements made by one user should
be reproducible by another user with the same type of sample at any
other time and on a different machine. Any deviations between the two
sets of measurements beyond ~2% reflect sample differences. Clearly,
the proper functioning of every component of the machine is required to
achieve certainty in the significance of any such differences [26-31].

In an analytical ultracentrifuge there are several critical elements
requiring high precision and accuracy: 1) sample cell geometry and
alignment in the rotor, 2) machining of the rotor cell-hole positions and
sizes, 3) counterbalance machining for radial position calibration, 4)
temperature measurement and control, 5) optical system alignment and
focusing, 6) rotor speed control and 7) data acquisition timing. Except
for the actual cell alignment in the rotor, AUC users depend on the in-
strument manufacturer’s ability to ensure the required accuracy and
precision of these critical elements. Temperature accuracy is of central
importance for proper SV-AUC data analysis and interpretation due to its
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impact on solvent density and viscosity (at 20 °C, a 1 °C error results in a
4% sedimentation coefficient error). Exceptional temperature control is
also required to avoid thermally-induced density gradients that can lead
to convection [27-29,32-39].

During sedimentation a stabilizing density gradient (i.e., increasing
solution density with radius) builds up due to solvent component (e.g.,
salts, buffers and sugars) redistribution. If this stabilizing gradient is
weak, as occurs with solvents containing dilute concentrations of solvent
components at low rotor speeds, dilute samples can experience density
inversions that lead to convection. In AUC a key driver of density in-
versions is temperature gradients where a cooler and denser volume
element (dV) is centripetal to a warmer and less-dense volume element
(Fig. 1). This situation can occur when there is a positive radial tem-
perature gradient in the AUC cell. In the presence of a gravitational field
the higher density region will be driven into the lower density solution
resulting in the bulk exchange of material between the adjacent regions
(Fig. 1), i.e., turbulent flow (referred to as convection in the AUC
community). Historically, proper temperature control has been a chal-
lenging part of AUC’s development [32-39].

In early 2017 the only manufacturer of analytical ultracentrifuges
launched its third-generation analytical ultracentrifuge called the Op-
tima (preceded by the Model E, 1949-1972, and XLA/I, 1990-2017). In
upgrading any instrument, it is anticipated that the newest generation
instrument will perform as well as, if not better than its predecessors.
Today this is more important than ever since AUC is employed in critical
decision making in biopharmaceutical development. Unfortunately,
early Optima units exhibited a technical problem, see Berkowitz and
Philo [10], associated with convective mixing during SV-AUC. This
problem was uncovered by one of the authors (S.A. Berkowitz) while
collaborating with an early adopter of the Optima. It was observed and
reported back to the manufacturer that while normal sedimentation
patterns were obtained for a monoclonal antibody (mAb) run at 40K
rpm, no sedimentation was observed at lower rotor speeds (10-15K
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rpm), even after many hours of centrifugation. The manufacturer
determined that poor temperature control was causing
thermally-induced convection during centrifugation. To minimize
thermal gradients, the manufacturer introduced a thermal shroud within
the rotor chamber along with some software changes. With these mod-
ifications, it appeared that the Optima thermal convection problem was
resolved.

However, subsequent work by S.A. Berkowitz, in collaboration with
several other Optima users, revealed intermittent disturbances (arti-
facts) in data scans during SV-AUC experiments involving adeno-
associated virus (AAV). These artifacts are characterized by a sponta-
neous and unusual sharpening of the leading edge of the fastest moving
boundary and appear after the boundary has migrated ~%4 — % of the
way down the cell. Data presented in this paper supports the conclusion
that these artifacts result from thermally-driven convection in Optima
units. The most likely source of this problem (as well as the original
temperature problem) arises from the physical location of the Peltier
heating/cooling cells at the rotor’s edge. By considering the key criteria
for achieving convection-free SV-AUC (as discussed in Appendix A.
Supplementary data Part 1), recommendations are made for preventing
this convection. These recommendations should be considered short-
term measures for dealing with the situation until a permanent fix is
developed.

2. Material and methods
2.1. Adeno-associated virus

All AAV samples were produced and purified at the site associated
with the specific Optima centrifuges outlined in the section heading
“Analytical ultracentrifugation” below.

Fig. 1. Illustrates how a positive radial
temperature  gradient  (dT/dr)  with
increasing radius within the sample sector of
an AUC cell can cause convection during SV-
AUC. The density of aqueous solutions de-
creases with increasing temperature at tem-
peratures >4 °C). Hence, a positive dT/dr
will result in unfavorable temperature-
induce negative radial density gradient,
(dp/dr)r. As a result, if the value of dT/dr
across volume element dV is > 0, a higher
density region (A) will be located above a
lower density region (B). These conditions
are unstable in the presence of a gravita-
tional field, and the solutions in A and B will
1‘ exchange (as indicated by the blue and red
arrows), i.e., convective mixing. Neverthe-
less, if a stabilizing (positive) density
gradient can be formed by the sedimentation
of solution components (macromolecules,
salts, sugars, etc.) that is sufficiently large to
overcome the destabilizing negative (dp/
dr)r, convective mixing will be avoided.
However, this stabilizing density gradient
must be formed fast enough, relative to the
migrating boundary front of macromole-
cules; otherwise there can be a radial region
in the sample sector where convection can
occur. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

Cell base
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2.2. Analytical ultracentrifugation

Optima AAV SV-AUC experiments were carried out on one of four
different Optima units, designated as Optima_1, Optima_2, Optima_3
and Optima_4. In addition, at one site AAV experiments were conducted
on a XLA/I following the same protocol used with the Optima. All AAV
SV-AUC runs were carried out at 20 °C and 18K rpm, using an An-50 Ti
8-hole rotor and at AAV concentrations <1 OD at 230 nm unless
otherwise indicated. All AAV samples were in formulation buffers con-
taining concentrations of salt, buffer, etc. totaling between 0.1 and 0.2 M
and at a pH near 7. All data analysis was carried out using SEDFIT,
version 15.01b [40] and the continuous c(s) distribution model, where it
is assumed that all species migrate as independent, ideal components.

Interference data were corrected in SEDFIT for radial- and time-
independent (RI and TI) variations. Both corrections also were applied
in processing Optima absorbance data to improve the fit to the data,
even though RI correction ordinarily is not required or recommended
with XLA/I absorbance data. Although it is not entirely clear why the RI
correction is needed for the Optima, it may be a consequence of differ-
ences in how the data are acquired by the two machines. For the XLA/I
absorbance system, data acquisition at a radial position involves first
collecting the reference intensity reading, followed immediately by
collecting the corresponding sample intensity (note, when using the
‘continuous scan’ mode these intensity readings are taken at slightly
different radial positions). In the case of the Optima all radial intensity
readings from a sample are acquired first, followed by the acquisition of
all corresponding reference intensity readings. The resulting time delay
between sample and reference intensity readings in the Optima may
result in slight source intensity shifts to occur (e.g., due to lamp
warming) that make the use of RI noise correction useful when analyzing
Optima data.
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2.3. Simulating SV-AUC experiments

Simulations were made for AAV, mAb and low molecular weight
(LMW) formulation buffer using the non-interacting discrete species
model in SEDFIT employing the program’s default settings along with
user input values for molecular weights, sedimentation coefficients,
rotor speed and the data interval of time between data scans. In all cases
radial data spacing of 0.001 cm, and S/N of 1 part 10 at a starting
arbitrary concentration unit of 1 was used. All simulations include the
rotor acceleration phase.

3. Results

3.1. Optima’s abrupt data scan sharpening artifact is associated with
convection

SV-AUC experiments on AAV material using Optima_2 (only equip-
ped with absorbance detection) revealed the intermittent appearance of
boundary disturbances (Fig. 2A) which appear as a limited, but
sequential block of data scans. The presence, absence and intensity of
the disturbances varies on a run-to-run basis both for a given Optima and
between Optima units. Most often the disturbances are associated with
the fastest moving boundary, appearing suddenly after the boundary has
migrated ~%4 — % of the way to the bottom of the cell, often with all
samples in the SV-AUC run exhibiting similar-looking artifacts. Though
some disturbances are irregular in appearance, in most cases the artifact
can be summarized as very abrupt boundary sharpening of the leading
edge of the fastest boundary that subsequently broadens and disappears
over subsequent data scans (Fig. 2A and in Fig. 3).

Analyzing just the scans acquired before the artifact is visible (so-
called “partial data scan analysis” of the data in Fig. 2 shown in part B)

Fig. 2. AAV SV-AUC data obtained from
Optima_2 (which only has an absorbance
detector) run at 20K rpm and 20 °C showing
the presence of the boundary sharpening
artifact and evidence for its association with
convection. A) Top plot is the overlay of the
processed absorbance data scans 1-35, which
encompasses the entire run, bottom left plot
is the resulting residual plot showing the
quality of the computed c(s) model fit to the
experimental data shown in the top plot and
the bottom right plot is the distribution of
the experimental residuals (shown in the re-
sidual plot) relative to their anticipated
normal distribution based on the data’s
RMSD, which is outlined in red. The result-
ing statistical parameters from this c(s)
analysis is the following: RMSD = 0.0093, Z-
test = 110 and H = 19.9%. The black dashed
oval encloses the radial region and block of
scans that show the characteristic sharpening
and its impact on the fitting residuals. The
red dashed oval in the residual plot shows
that fitting all of the data “falsely” reports
that scans 1-7 do not fit the model, when in
fact the poor fit is due to the appearance of
convective disturbances in later data scans.
B) Top plot shows the overlay of processed
data scans 1-7 from the same data scan set
shown in part A, bottom left is the residual
plot for these 7 scans showing the improved
fit to the c(s) model and bottom right plot
shows the experimental residuals now follow
the normal distribution based on the data’s

RMSD, which is outlined in red. Resulting statistical parameters from this c(s) analysis are also significantly improved (over that achieved in part A): RMSD = 0.0034,
Z-test = 15 and H = 0.9%. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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supports the hypothesis that the artifact results from a convective
disturbance that developed well after the experiment is initiated. This is
shown by comparing the c(s) analysis using all 35 data scans (Fig. 2A)
with the c(s) analysis using just the first 7 data scans (Fig. 2B), which
were acquired prior to the onset of convection. When only these early
scans are analyzed, the c(s) model fits the data well (Fig. 2B) as shown by
the absence of systematic residuals, and the low values for the statistical
parameters RMSD, H [41] and runs test Z [41,42]. However, when all 35
scans are analyzed (Fig. 2A), the fit is degraded (i.e., by the appearance
of significant systematic residual errors and increased RMSD, H and Z
values) by the inclusion of the convection-perturbed scans.

In cases where the Optima had absorbance and refractometric de-
tectors (e.g., Optimas_1, _3 and _4), similar disturbances are observed by
both detectors when monitoring the same samples, at the same radii and
at the same time (Fig. 3A and B). Since these two detectors provide in-
dependent, orthogonal sample observations it is highly unlikely that the
disturbances are a detector artifact. Rather, the disturbances must be
due to events occurring in the samples.

While concentration-dependent hydrodynamic non-ideality may
result in boundary sharpening [12,34,36,43], its effect is observed at
concentrations orders of magnitude greater than those employed here
(Figs. 2 and 3). Furthermore, concentration-dependent boundary
sharpening is observed from the start of an experiment, with boundary
steepness increasing progressively over time. In contrast, the Optima
convective artifacts appear abruptly long after the rotor has reached
speed and subsequently disappear (Figs. 2A and 3). Consequently,
concentration-dependent hydrodynamic non-ideality cannot explain the
data scan sharpening.

Importantly, it should be noted, no such artifacts are observed for
AAV samples run under the same experimental conditions using an AUC
instrument with a different temperature control design (XLA/I). Even
samples that showed the artifact when run on the Optima did not show
the artifact when run on the XLA/I. Consequently, the problem is iso-
lated to the Optima. It is important to note that the artifact’s appearance
is sporadic in terms of frequency and intensity varying both in a
particular Optima unit and between Optima units. In some cases, the
artifact can be quite subtle. We surmise that slight variations in thermal
component properties and/or operation may cause the observed
variability.

Analytical Biochemistry 631 (2021) 114306

Fig. 3. AAV SV-AUC data obtained from an
Optima_1 run at 15K rpm and 20 °C showing
the data scan sharpening artifact for data
collected concurrently with A) absorbance
detection (at 230 nm) and B) interference
detection. In each case the top plot corre-
sponds to the overlay of processed experi-
mental data, while the bottom left plot is the
resulting residual plot and the bottom right
plot is the distribution of the fitting residuals
relative to their anticipated normal distribu-
tion based on the data’s RMSD, which is
outlined in red. Areas highlighted by a black
dashed oval indicate the radial region and
block of data scans that show the convective
artifact. As in Fig. 2, the red dash oval
highlights the radial region where the poor
fit in the early scans actually is a conse-
quence of convective disturbances in later
data scans. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

3.2. Simulations reveal that weak buffer density gradients formed during
low-speed SV-AUC

Convection-free sedimentation requires a positive radial density
gradient (a “stabilizing” gradient) throughout the sample sector (i.e.,
dp/dr > 0, preferably > 0, as outlined in Appendix A. Supplementary
data Part 1). Since the AAV concentrations used here are very dilute,
sedimentation of the solvent components (e.g., salts, buffer, sugar, etc.)
in the formulation buffer must provide the necessary stabilizing density
gradient (see discussion concerning eq. 4 in Appendix A. Supplementary
data Part 1). However, at the rotor speeds used for AAV SV-AUC anal-
ysis, the AAV sediments rapidly compared to the formulation buffer
components. As a consequence the AAV boundary moves into regions
where dp/dr ~ O, i.e., regions where there is insufficient buffer
component sedimentation to establish an adequate stabilizing density
gradient. Under these conditions, even tiny density disturbances could
result in regions where dp/dr < 0, thus permitting AAV convection.

Since the radial density gradient, dp/dr, is directly proportional to
the concentration change with radius, dc/dr, (see discussion concerning
eq. 4 in Appendix A. Supplementary data Part 1 ), simulating the sedi-
mentation of AAV and its formulation buffer components is useful. By
overlaying the radial concentration profiles of AAV and the buffer
components as a function of time, it becomes clear why AAV is
vulnerable to convection (Fig. 4).

Using SEDFIT’s simulation capabilities, ideal sedimentation data
were generated for an AAV sample (containing a 50:50 mix of two key
species, empty and full AAV virus particles) and its formulation buffer.
In both cases data were computed for the experimental conditions
commonly used to conduct AAV SV-AUC analysis (18K rpm and 20 °C)
using the molecular weights (MW) and sedimentation coefficient values
provided in Fig. 4. The concentration profiles for AAV and the formu-
lation buffer are overlaid in Fig. 4A-F.

These data reveal that early in the SV-AUC run the formulation buffer
components in the solvent forms a stabilizing (dp/dr > 0) gradient
immediately adjacent to the sample meniscus and base (Fig. 4A). Over
the course of the experiment the solvent density gradient propagates
throughout the cell (Fig. 4B-F). However, before this stabilizing density
gradient can be fully established there is a period of time where dp/dr ~
0 over central portions of the cell (indicated by horizontal bars). The
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Fig. 4. Simulated SV-AUC data for a hypothetical AAV sample consisting of a 50:50 mixture of empty and full virus particles, having a MW of about 3.9 MDa and a
sedimentation coefficient of about 62 S, and a MW of about 5.3 MDa and a sedimentation coefficient of about 95 S respectively (shown in red), overlaid with the
corresponding simulated SV-AUC data for a typical AAV formulation buffer system having a weight-average MW of 100 Da and sedimentation coefficient of 0.2 S
(shown in blue), at 18K rpm and 20 °C. Data scans for both the AAV mixture and formulation buffer were calculated for the times intervals of 10 min yielding data
scans for the following same time points (from the start of the run): A) 10 min, B) 20 min, C) 30 min, D) 40 min, E) 50 min and F) 60 min for the same radial
positions. Black vertical dotted line corresponds to the position of the leading boundary edge of the full AAV material. In both cases the initial starting concentration
was an arbitrary concentration of 1. The length of the horizontal grey bars indicates the radial region where the formulation buffer density gradient is the weakest
(where the potential for convection is most significant); while the lighter the grey the less prominent is the instability (or weakness) in this density gradient. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

lack of a stabilizing density gradient means that material migrating into
these marked regions has very limited protection against transient,
thermally-generated destabilizing density gradients. Fig. 4C and D
shows that the boundary for full AAV particles is in this poorly stabilized
region between 30 and 40 min after the start of the experiment. Quali-
tatively this corresponds to the observed time-window where convec-
tion is seen experimentally (Figs. 2 and 3). Other simulations with
smaller biopharmaceutical molecules, e.g., mAbs, (see discussion in
Appendix A. Supplementary data Part 2 and Fig. 1S) reveal why con-
vection problem is more of an issue at lower rotor speeds in SV-AUC
work on very large molecules where: 1) stabilizing density gradients
develops slowly relative to boundary sedimentation of very large mol-
ecules and 2) resulting in stabilizing density gradients that are much
weaker.

3.3. Comparing the temperature control systems on three generations of
analytical ultracentrifuges

If the stabilizing buffer density gradient, (dp/dr)g, is less than a
thermally-induced negative radial density gradient, (dp/dr)r, so the sum
of these two density gradients is less than zero (i.e., dp/dr = (dp/dr)g +
(dp/dr)t < 0), convection will occur (see discussion concerning eq. (6) in
Appendix A. Supplementary data Part 3). Thus one goal of the AUC
temperature control system (besides maintaining the running tempera-
ture of the AUC experiment) is to prevent situations where (dp/dr)t < 0.

This is more difficult than it may seem, and designing a suitable tem-
perature control systems for analytical ultracentrifuges has been a
challenge [27-29,32-39]. Preventing situations where (dp/dr)r < O can
be achieved by either making certain rotor heating/cooling uniform or
by ensuring (dp/dr)r > O (i.e., the edge of the rotor is cooler than the
center) for all heating/cooling scenarios. Different strategies have been
used on the three generations of Beckman analytical ultracentrifuges.

In developing the Model E, temperature control was achieved by
constantly cooling a shroud surrounding the rotor while heating was
provided by a nichrome heating wire below the rotor and 3 cm out from
the rotor center (Fig. 5A). The refrigerated shroud was kept ~1-2 °C
below the desired rotor temperature, and current to the nichrome wire
was switched on and off to maintain a thermistor located at the bottom
center of the rotor at the desired temperature. This temperature control
arrangement ensured that a slight negative dT/dr (i.e., stabilizing)
gradient was maintained throughout an experiment. Care had to be
taken in establishing the shroud temperature in order to minimize dT/
dr, especially if a protocol required using multiple temperatures.

In the XLA/IL, both cooling and heating are provided by Peltier
cooling/heating modules firmly attached to the bottom of an aluminum
thermal shroud and located ~6.5 cm from the center of rotation
(Fig. 5B). In this design, the high thermal conductance and low thermal
inertia of the shroud keeps thermal gradients to a minimum during
heating/cooling cycles (i.e., the system is designed to provide a uniform
thermal bath). Furthermore, the rotor’s high thermal inertia tends to
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‘smooth out’ the effects of any small residual thermal gradients in the
shroud. As a result, rotor heating and cooling are applied relatively
uniformly, especially compared to the Model E.

In the Optima temperature control system the Peltier modules are
connected by heat pipes to towers located around the rotor periphery
(Fig. 5C). Given, the towers are not attached firmly to the thermal
shroud, makes the towers appear to be point heat sources rather than
providing a uniform thermal bath, as in the XLA/I design. The Optima
design can thus generate destabilizing thermal/density gradients
whenever heat is called for. During heating, a thermally-induced,
localized density inversion band will propagate from the rotor’s edge
to its center (see Fig. 3S in Appendix A. Supplementary data). As
described above, if sufficiently large these density inversions can cause
convection during portions of an SV-AUC experiment, especially where
radial density gradient is the weakest (Fig. 4C-D). The Optima tem-
perature control system clearly places excessive dependence on the sam-
ple generating an adequate positive (dp/dr)g gradient to override the
presence of any negative (dp/dr)r gradients.

Analytical Biochemistry 631 (2021) 114306

Fig. 5. A schematic view of the layout of the tem-
perature control systems of three different models of
analytical ultracentrifuges. A) In the Model E analyt-
ical ultracentrifuge the bottom area shows the
approximate location of the nichrome wire heating
element (shown as orange horizontal bars at the bot-
tom of rotor) and the refrigerated cooling coils located

Wall Cooling
(refrigeration)

of the Peltier cooling/heating cells (shown as orange/
blue horizontal bars at the bottom of rotor located
between the rotor’s center of rotation and the radial
position of the rotor holes). C) In the Optima analyt-
ical ultracentrifuge the cooling/heating Peltier cells
are located along the outside wall of the rotor cham-
ber (shown as orange/blue vertical bars). In all cases
the solid red arrows indicate the directional flow of
heat during heating while the dashed red arrows
indicate the directional flow of heat during cooling.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

E -> along the outside wall of the rotor chamber (shown as
i - blue vertical bars). B) In the XLA/I analytical ultra-
y - centrifuge the bottom area shows the rough location

S Peltier cells

Heating/Cooling
Tower

fefét
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3.4. Reducing the chances for experimental temperature-induced
convection in the Optima

For distilled water, change in density as a function of temperature,
dp/dT, are greater than O over the temperature range of 0-4 °C, how-
ever, values for dp/dT are less than O for temperatures >4 °C and
become increasingly more negative with increasing temperature (see
Fig. 2S in Appendix A. Supplementary data). Since dp/dT < 0 may lead
to convection in the Optima (see discussion concerning egs. (6) and (7)
in Appendix A. Supplementary data Part 3) the more negative dp/dT is
the greater the chance for thermal-induced convection. This observation
suggests we can take advantage of the variation of dp/dT for water with
temperature. At 10 °C the magnitude of dp/dT for water is reduced
~50% of what it is at 20 °C (see Fig. 2S in Appendix A. Supplementary
data). Similarly, a comparison of the dp/dT values for water at 20 and
30 °C, nearly the same relationship is observed. As a result, conducting
SV-AUC experiments at 30 °C should increase the possibility for con-
vection relative 20 °C, while running at 10 °C should decrease the
possibility for convection relative to 20 °C. It should be noted that there
are parallel viscosity changes with temperature that also may help limit
convection, but viscosity differences are not the driving force for
reducing convection.
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Based on the above information, AAV SV-AUC experiments were
conducted on Optima_4 (which routinely showed convection at 20 °C) at
10 and 30 °C to assess the impact of these changes in temperature on
convection, in terms of its presence or absence. Consistent with our
model, data acquired at 20 and 30 °C exhibited convection, while data
acquired at 10 °C showed no evidence of convection (data not shown).
Furthermore, no convection has been detected in any subsequent ex-
periments at 10 °C using Optima_4 and Optima_3. These observations
are consistent with our assertion that the Optima temperature control
system is the root cause of convective disturbances. The results also
suggest that operating the Optima at lower temperatures may provide a
route to prevent convection.

4. Discussion

Recent developments in gene therapy over the last decade or so has
drawn the renewed attention of many researchers and companies to the
use of viral vectors (using various virus systems, e.g., adenovirus
[44-48] and AAV [49-51]), along with completely synthetic particles,
involving liposomes and nanoparticles [52-57], as gene therapy drug
(nucleic acid)/delivery systems. Initially, interest in this area was pre-
dominately concerned with the delivery of DNA therapeutic material;
however, interest in gene therapy has widened to include the use of RNA
therapeutics [58] such as interference ribonucleic acids, RNAi [59,60],
and messenger ribonucleic acids, mRNA [61,62], along with gene edit-
ing payload material [63-66] as the active pharmaceutical ingredient
(API). Given the success and potential offered by these new classes of
biopharmaceuticals, they are revolutionizing drug development. This
has been clearly demonstrated by the incredible rapid development of
vaccines and therapeutic agents for dealing with the recent COVID-19
pandemic [67-70]. These and other events are driving the future
appearance of a whole new array of more effective therapeutics. As a
result, drug development is progressing rapidly into producing much
larger and more complex biopharmaceuticals [71]. These developments
will require analytical tools capable of characterizing their homogeneity
with respect to incomplete assembly, fragmentation, drug content and
aggregation. Such information is important in making sound and timely
decisions in the development of these new drugs, as well as in assessing
their manufacturing consistency. As of today the AUC can meet these
challenges, in some cases uniquely so [17,18,25]. It is a golden oppor-
tunity for this instrument to shine and fill an important analytical void.

In this paper, work carried out on a number of different Optima units
has exposed a performance issue that appears to be a remnant temper-
ature problem uncovered when the Optima was first released 3+ years
ago. Our analysis shows that the problem is a consequence of a design
flaw in the Optima temperature control system.

Other than rotor cooling and heating via the Optima’s temperature
control system, other sources of heating and cooling can be encountered
during AUC include:

1. The continuous heat transfer from the drive shaft to the rotor [32-34,
36].

2. Cooling from the adiabatic rotor stretch during acceleration [27,35,
36].

3. Heating due to adiabatic fluid compression during acceleration [36,
72] and rotor compression at the outer edge of the sample cell during
the acceleration [36].

4. Frictional heating of the rotor due to the residual air still present
inside the rotor chamber [32,33,36].

Case 1 leads to (dp/dr)t > 0, which provides a stabilizing density
gradient against convection. Taken together, Cases 2 and 3 could lead to
situations where (dp/dr)tr < 0, thus producing a destabilizing density
gradient [36]. However, the low rotor speed (coupled with the low
compressibility of the materials involved) in the examples provided here
make this an unlikely contributor to convection. For Case 4 the high
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vacuum used in AUC prevents rotor warming from frictional heating.
Finally, it is important to recognize that all these heating and cooling
sources exist for the XL series analytical ultracentrifuge where no similar
problem was seen or has been reported.

Consequently, the Optima’s temperature-induced convection prob-
lem appears to be rooted in the design of the Optima’s temperature
control system. Specifically, the physical location of the Optima’s
cooling/heating elements, and inadequate coupling to the thermal
shroud, leads to the generation of adverse positive radial dT/dr gradi-
ents and thus negative radial (dp/dr)r gradients (see discussion con-
cerning eq. (5a) in Appendix A. Supplementary data Part 3) when
heating the rotor. If (dp/dr)r is sufficiently large (see discussion con-
cerning eq. (6) in Appendix A. Supplementary data Part 3), convection
will occur.

It should be noted that the Optima’s convection problem becomes
apparent under conditions that are particularly susceptible to convec-
tion (i.e., analysis of dilute solutions of very HMW solutes and formu-
lation buffer components at low rotor speeds [36,73-76]). In these cases
the stabilizing density gradient, generated by the sedimentation of sol-
vent buffer components, is absent or very weak at best over large por-
tions of the sample in the AUC cell (Fig. 4A-D). Should the HWM sample
boundary move into this radial region or “zone”, any weak destabilizing
perturbations can give rise to convection. In short, whether convection is
possible is controlled by the rate of (HMW) boundary movement relative
to the rate of formation of an adequate stabilizing density gradient.
Simply raising the rotor speed may actually increase the chances for
convection since the (HMW) boundary can move into an even more
unstable (weaker density gradient) zone faster (see Fig. 4S and discus-
sion in Appendix A. Supplementary data Part 4). It is recommended that
sedimentation simulations be conducted for the macromolecule and
solvent components to determine conditions that will minimize the time
the HWM sample material being studied spends in the unstable zone.

4.1. Experimental approaches for avoiding convection in the Optima

Interim (though dissatisfying) methods to minimize the chances for
convection include:

1. Add a solute such as sucrose [76,77], to strengthen the stabilizing
properties of (dp/dr)g.

2. Intentionally induce a small negative temperature gradient across
the rotor in order to generate a positive (stabilizing) density gradient.
This might be achieved by initially choosing an equilibration tem-
perature that is slightly higher than the desired final run tempera-
ture, which is then dropped to the desired final running temperature
shortly before starting the SV-AUC run.

3. Decrease the experimental temperature to take advantage of the
reduced dp/dT at lower temperatures (see Fig. 2S and part B in
Fig. 3S in Appendix A. Supplementary data).

Method 1 negates one of the greatest strengths of AUC, which is its
ability to characterize a sample in its native solution. Such changes can
potentially alter the physicochemical properties of the sample and thus
provide misleading information, especially about aggregation. Howev-
er, if this approach is pursued, the added solute(s) should have a high
density increment, dp/dc, to achieve the highest radial density gradient
(see discussion in Appendix A. Supplementary data Part 1). Sucrose is a
good option.

Method 2 actually takes advantage of the Optima’s thermal control
system to generate a small negative temperature gradient across the
rotor by equilibrating the rotor at a temperature setting that is slightly
higher than the desired running temperature, which on the initiation of
the run is reduced to the actual desired running temperature. This
approach is similar to that used on the Model E. However, this approach
adds uncertainty to the experiment’s accuracy and may result in analysis
problems. At present, this approach has not been investigated and is
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fraught with potential problems.

Method 3 constitutes the simplest and most practical approach for
dealing with the Optima’s temperature control problem, by conducting
SV-AUC experiments at a lower temperature (<10 °C). However, it
should be noted that the temperature change may impact data inter-
pretation, particularly when comparing data acquired at different
temperatures.

5. Conclusion

Analytical ultracentrifugation provides the most powerful means for
solution size distribution analysis. The Optima analytical ultracentrifuge
has a thermal control problem that can negatively impact the quality of
the data generate from this instrument. Such attributes can limit its
utility in the critical and rapidly-evolving field of biopharmaceutical
development and in other scientific areas where high quality data is
needed to make critical assessments. The problem has been defined, the
cause found and possible temporary work arounds (conducting experi-
ments at lower temperatures, adding a stabilizing solute) have been
suggested. Nevertheless, the manufacturer needs to provide a permanent
fix to this problem. To do less is a disservice to the instrument, to the
users and to science.
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