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Abstract

The second virial coefficient A, (B,,) and diffusion interaction parameter kp, are used to assess
colloidal stability and the risk of undesirable high viscosity behavior of monoclonal antibodies
and other biologics at high concentration. These processes have conventionally been conducted
through discrete serial dilutions or multiple measurements at various concentrations in a well-
plate. Here, a single trajectory experiment is performed via an automatic cuvette-based method

to produce continuous dilution of the starting concentration of the material, that is, automatic
continuous dilution (ACD), while gathering static light scattering and/or dynamic light scattering
data during the process. The sample volume in the cuvette is kept constant during the process, and
the measurements are made without disturbance or motion of the spatial orientation of the inci-
dent laser beam and cuvette. This single-sweep approach yields weight average molar mass M,,,

A, (By,), apparent hydrodynamic diameter Dy opp, kp, and, where measurable, As;. The method
reduces sample consumption and eliminates artifacts due to plate motion, thereby increasing
reliability and reproducibility. The sample can be recovered after the measurements, as the final
withdrawal reservoir volume is only about 5x the cuvette volume. Examples include two globu-
lar proteins, where A, is positive and kp small, which are expected for globular proteins resem-
bling spheres. For natural polyelectrolytes, A, and an “effective kp” are both strongly positive for
sodium hyaluronate and A, is strongly positive. In contrast, effective kp, is strongly negative for
alginate. This reflects the effects of segment overlap and interactions for random coil polymers,
which makes the effective kp dramatically different than for kp of spheres. This concise method
may prove useful and economical for assessing formulation stability and providing an indication of
high viscosity behavior. ACD can also be used directly with any instrument accepting 1 cm cuvettes
to determine the impact of dilution on association states and other concentration-dependent
phenomena.

1. Introduction

Stabilizing biologic formulations and assessing their high concentration viscosity behavior are critical
development objectives in the biotechnology sector. Biologics are increasingly successful in therapeu-

tic applications and include monoclonal antibodies (mAbs) and other proteins, peptides, mRNA, lipid
nanoparticles, agents for gene therapy, polysaccharides, protein—polysaccharide conjugate vaccines, and
others. Two major characterization parameters are the second virial coefficient, A, (B;;) and the diffu-
sion interaction parameter, kp [1-3]. In short, A, thermodynamically averages the energetic interactions
between two particles over all mutual orientations and distances, and is directly related to their mutual
hard and soft (e.g. electrostatic) excluded volume. kp, the diffusion interaction parameter, is inherently
more complicated since it involves both spatial excluded volume and long-range hydrodynamic interac-
tions between particles.

© 2026 The Author(s). Published by IOP Publishing Ltd
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A, is a good indicator of the colloidal stability of a macromolecular or colloidal solution. This makes
it an essential characteristic for stabilizing biologic formulations. In general, the higher the value of
A, the more stable the biologic formulation. Low and negative values of A, generally signal a greater
propensity for aggregation.

In contrast, kp is related both to thermodynamic stability (A;) and purely hydrodynamic interactions
between particles, via the hydrodynamic term ky. Since there is intense interest in the biotechnology sec-
tor to produce high-concentration mAb formulations, the viscosity behavior of mAbs at high concentra-
tion becomes crucial. The motive for producing high concentration formulations is to allow parenteral
injection at high concentrations, rather than slow IV drips, typically lasting an hour or more, at low
concentrations.

kp does not reliably predict the high viscosity behavior of mAb and other biologic formulations since
its hydrodynamic component is not actually related to viscosity, but rather deals only with long-range
two-body hydrodynamic interactions. In addition, three-body and higher interactions quickly become
essential as biologic concentration increases, and these effects transcend the simple two-body interac-
tions and include overlap interactions, shape parameters, cluster kinetics, and other complex factors not
predictable merely from kp. Given that kp is inadequate for forecasting high concentration biologic dif-
fusive behavior—and is not directly predictive of low or high concentration viscosity—it has nonethe-
less become a critical screening tool since it is easy to measure with dynamic light scattering (DLS) and
requires only low amounts of scarce biologic material. High values of kp imply a better chance of low
viscosity at high concentrations, whereas low positive, or negative, values can imply the risk of higher
viscosities at high concentrations.

From a measurement science perspective, the determination of A, and kp traditionally relies on a
series of discrete measurements on independently prepared concentrations. For single sample nonflow
instruments, this may increase errors due to sample preparation and scattering impurities, leading to a
lower density of points, far longer measurement cycles, and results with higher uncertainty. The pres-
ence of scattering impurities, such as “dust,” can render measurements of later serial dilutions unusable.
For flow-based systems, the samples are also usually discrete and may involve more expensive sample
preparation and light scattering instrumentation. For systems that use robotics to prepare many samples
in microwells that move with respect to a single incident beam and detection optics, additional sources
of scattering artifacts may arise due to well edge effects, stray light, meniscus and evaporation effects.
Although robotic systems can be largely automated, they are complex and expensive, compared to the
automatic dilution of a single initial sample in a standard 1 cm cuvette, which produces a continuum of
concentrations.

Automated characterizations using continuous dilution have been explored, including earlier work
using a light-scattering flow cell, capillary viscometer, a differential refractometer, and continuous dilu-
tion trajectory [4]. Since these systems require relatively large sample volumes, they are well suited to the
studies of inexpensive synthetic polymers but less applicable to biologic formulations where the mate-
rial is often scarce [5, 6]. Other researchers subsequently used both continuous dilution in a flow cell
and discrete dilution in a cuvette with static light scattering (SLS) to investigate the binding properties
and nonideality of proteins [7, 8]. Correspondigly, discrete stop-flow, automated composition-gradient
light-scattering methods, including Wyatt CG-MALS implementations using flow cells, have been used
for biomolecular interaction analysis and nonideal solution behavior [9, 10]. The primary novelty of
the current device and method, compared to the previous continuous dilution trajectory [4], is that a
simple, disposable 1 cm cuvette can be used (nondisposable cuvettes can also be used), with much less
sample, which is also recoverable, and DLS has been added. Furthermore, since the shape of the con-
centration trajectory is known analytically from equation (11), the refractometer, used for concentration
determination with binary mixing pumps, is no longer needed.

The present work adapts this trajectory-based measurement concept to a single-cuvette automatic
continuous dilution (ACD) format compatible with the small sample volumes typical of biologics
research. The method reduces the trajectory-based measurement idea to a standard cuvette format with
minimal fluidic complexity.

By maintaining a fixed optical geometry while continuously diluting the sample within the cuvette,
the method produces a time-resolved dataset from which the concentration dependence of scattering
intensity and diffusion coefficient can be extracted. This allows the determination of parameters, such as
M,, A,, and kp, via a single concentration trajectory, reducing experimental handling steps and provid-
ing continuous data points.
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The method can be used with any existing light-scattering instrument, or any other spectroscopic
instrument, that accepts 1 cm cuvettes, without modification. The technique is hence a general mea-
surement approach for determining concentration-dependent macromolecular properties with reduced
number of samples and improved experimental consistency.

1.1. Relationship among A,, kp, and viscosity, n

The conceptual relationship among A, kp, and 7 is worth a closer look. As mentioned, A, integrates
pair-wise energetic interactions over all mutual orientations between the particles of mutual separation
r. If the particles are charged, as are all those dealt with in this work, then the electrostatic interactions
are screened by the added electrolyte and die off as e ="' /r, where 7 is the Debye screening parameter
and r is the distance between particles. A, directly affects the colloidal stability of the solution, such as
its propensity to develop associations and aggregates. In contrast, when the first-order hydrodynamic
perturbation dies off as 1/r, there is no equivalent screening term, and they exist apart from interparti-
cle potentials, because it is the viscous motion of the intervening fluid between the particles that con-
trols them, not the interparticle potential. This can also lead to collective hydrodynamic effects. In gen-
eral, the hydrodynamic interactions have a longer range than the interparticle potentials and can often
dominate kp.

It is easy to imagine how a particle in directed or diffusive motion entrains the fluid around it,
and perturbs the fluid flow field at distances far from the particle itself. A second particle can feel this
perturbation and have its own motion in the same direction enhanced, that is, its hydrodynamic drag
decreased. In contrast, depending on the type of motion, for example, vortical plus translational, the
perturbation can work to impede, or increase the second particle’s hydrodynamic drag. Hydrodynamic
theories often start with the Stokes form of the Navier—Stokes equation for viscous, incompressible flu-
ids, in the limit of low Reynolds number and for steady-state flow. The fundamental solution to this
involves the Oseen tensor, which represents viscous perturbations up to first order and is long range
[11-13]. These theories have been highly developed and are beyond the scope of this work to elaborate
further on.

kp refers here to values obtained from the diffusion coefficients obtained by DLS. To first order, kp
relates the mutual diffusion coefficient measured at finite concentration, Dy, (c) to the self-diffusion coef-
ficient D, obtained by extrapolating Dp,(c) to ¢ = 0;

Du (¢c) =Dy (14 kpc+0()) (1)

where O (cz) represents terms in ¢? and higher order. The plot of Dp,(c) vs ¢ at low ¢ (i.e. where O (cz)
terms are negligible) yields both Dy and kp. The fact that kp contains both thermodynamic and hydro-
dynamic information is often expressed, for dilute, nonoverlapping hard spheres, as follows:

kp = 2A5 + ku (2)

where ky is the purely hydrodynamic part, and A = A,M,,, which then gives consistent units of

cm?® g~! for all terms in equation (2). For dilute hard spheres kp and ky are often positive, but this is
no longer generally true for random coils and other polymer morphologies, especially in the semidilute
regime, for which it is possible that kyy and hence also kp can be negative.

It is possible, however, that even if A, > 0, ky < 0, so that kp may be negative. This can occur, for
example, in cases where there is high hydrodynamic drag and relatively weak thermodynamic repulsion.
In contrast, if A; < 0 and if there is a strong positive hydrodynamic interaction, then kp can be positive.
Note that equation (2) breaks down completely while dealing with polymers in the semidilute regime,
and for polyelectrolytes resembling charged random coils in the early overlap concentration regime,
where chain—chain overlap, entanglement, and possible microgel clustering can occur.

Importantly, even though the primary motive for determining kp is to assess the high viscosity
behavior of solutions, it is emphasized that kp, which is related to diffusive behavior, is not directly or
simply quantitatively related to solution viscosity, 77, even at low concentration, which is often expressed
as follows:

n=mo (1+ e+ K= e +0(c)) 3)

where 1 is the viscosity of the solvent, and [n] is the solute intrinsic viscosity related to its hydrody-
namic volume Vy and molar mass M by the proportionality:

(] o< —. (4)
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In equation (3), Kgu‘ggms is the dimensionless Huggins viscosity parameter, related to viscous flow under
applied stress, typically between 0.2 and 0.8, and should never be confused with the hydrodynamic term
ki in equation (2). The diffusion-based ky (units of cm® g™!) expresses long-range hydrodynamic inter-
actions, whereas Kgu%ms (dimensionless) relates to near-field interactions, including lubrication effects.
These latter refer to the variations in viscosity due to particles approaching each other, requiring the
fluid velocity between them to increase appreciably with increasing viscous stress.

This now brings us to the question: what is the actual relevance of kp for assessing the high vis-
cosity behavior of concentrated biologic formulations? In principle, there is no direct relevance, and
there is no general quantitative relation between kp and viscosity, even at low concentration, since kp
and Kﬁuggms have no general quantitative relationship. However, both diffusion and viscosity are hydro-
dynamic effects, albeit under different paradigms—random Brownian motion, versus stress-induced
motion—so that the behavior of diffusion in dilute conditions can act as a crude screen for viscosity
even at higher concentrations; for example, a high kp is more likely to yield a lower viscosity at higher
concentrations than a low or negative kp.

The Dy normalized derivative of equation (1) with respect to concentration yields kp; that is, it
shows how quickly diffusion is impeded or enhanced as concentration increases,

LODnl) (5)
Dy, Oc

A highly positive kp implies significant thermodynamic and hydrodynamic repulsion among molecules;
hence, the viscosity risk at high concentration should be lower than it would be for low values of kp;
that is, high kp is desirable for successfully creating high viscosity formulations. High kp is usually
linked to high colloidal stability, often due to strong net molecular charge and repulsive intermolecu-

lar interactions. In this sense, A, can also assess high viscosity behavior, but since it does not include
hydrodynamic effects, it is a weaker indicator of high viscosity behavior than kp.

In contrast, kp < 0 implies net attractive interactions, which lead to the O (cz) increasing rapidly,
with a corresponding large, undesirable increase in viscosity at higher concentrations.

The theoretical and experimental foundations for kp and its relation to the high viscosity behavior
has been amply documented [14-18], including kp determination using well-plates [19-23]. It should be
pointed out that, in some sense, kp is a “specialty parameter,” mostly used in the development of mAbs
but not widely used in general polymer characterization. With this caveat, two nonprotein systems, the
polyanions hyaluronate and alginate are measured here, for which A, is determined and an “equivalent
kp,” which lies beyond the assumptions of kp for nonoverlapping molecules.

Other methods have also been used to characterize biologic behavior under dilution, especially UV
absorption to characterize self-associations at high concentration and upon dilution [24-28].

2. Materials

Bovine serum albumin (BSA) was obtained from Sigma—Aldrich as a lyophilized powder with a purity
level of >99%. Low-viscosity alginate was obtained from Alfa Aesar. Lysozyme was obtained from
Sigma—Aldrich as a lyophilized powder with a purity of >98%. Sodium hyaluronate was obtained from
Thermo Scientific with a purity of 95%. Since biomacromolecules often have some variability in their
properties, 51 nm + 3 nm NIST traceable polystyrene nanosphere latex size standards from Thermo
Scientific (Fremont, California), with a nominal stock concentration of 0.01 g cm >, were used to com-
pare error bars due to instrumentation, from those due to inherent variability in the biomacromolecules.
It is noted, however, that these standards have a broad size distribution of +8.4 nm around the mean,
which is highly (poly)disperse.

All the measurements were performed at 25 £ 0.5°C, for which the water viscosity is 0.0089P
+ 0.9%.

3. Methods

3.1. SLS determination of A,

There are several analytical approaches to obtaining A, and kp that aid in these tasks, besides static and
dynamic light scattering (SLS and DLS, respectively). For A,, osmotic pressure measurements [29], sed-
imentation equilibrium from ultracentrifugation [30], small-angle x-ray scattering [31], and small-angle

4
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neutron scattering [32] can also be used. For kp, Taylor dispersion analysis [33, 34] and pulse-field gra-
dient NMR diffusion measurements [35, 36] have been employed.

A, is typically determined by light scattering, whereas B, with the same thermodynamic meaning
as A; (cm®—mol g~2), but with different units (volume mol™! ), is usually determined by measuring
osmotic pressure vs c¢. They are related in a monodisperse system by A, = ]E\%. Although the thermody-
namic meanings of A, and B,; are the same, but with different concentration units, it is essential to note
that in a disperse molecular population, the averages represented by A, and B,, are different, since A, is
intensity weighted (M?) over the population, whereas B,, is related to the number average (o< M). Since
this work deals with light scattering A,, further references to By, will be omitted.

If A, > 0, the net interparticle pair interactions are positive, which tends to stabilize the solution.

A, = 0 corresponds to the ideal polymer case—that is, no interparticle interactions—such as at the theta
temperature, whereas A, < 0 indicates a net interparticle attraction and greater potential for instability.

In the SLS method, the Zimm single-contact approximation is useful for determining M, A,, and
the z-average mean square radius of gyration, according to

Ke_ 1 (1 + &> +2A5c. (6)
L M, 3
Applicable for @ < 1, where Iy is the absolute Rayleigh scattering ratio (cm™1!), c is the concentra-
tion of the solute in g cm 3, and g is the magnitude of the scattering vector

T Mg

Ao

4
q (cmfl) = sind/2 (7)
where ng is the index of refraction of the solvent, n; = 1.333 for water, A, is the vacuum wavelength of
the incident laser and the detection angle in the scattering plane, where § = 90° for both light scattering
instruments used here. K is an optical constant, given by vertically polarized incident light by

e 47 2n2(On/dc)

SN ®)

where Ny is the Avogadro’s number, and the differential index of refraction is % =0.189 cm’g ™" is typ-

ical for proteins, whereas % 2 0.150 cm’ /g is typical for most polysaccharides, such as hyaluronate and
alginate. Iy was obtained from the raw light scattering voltage with reference to toluene scattering of
I =134 x 107> cm™ ' at T = 25 °C for A\ = 640 nm and 1.19 x 10">cm™! at 660 nm.
A, is determined in the low-angle limit (g = 0) by
Kc

1
T L M 3458 +...0(C) ©)

where Aj is the third virial coefficient, and O (c’) indicates terms in ¢® and higher powers. For the

. . . L (s
single-angle 90° measurement used in the SLS and DLS instruments here, it is important for @ to
be negligible if M,, is to be determined, but, to first order, this restriction does not apply to determining

Ay, which is angle independent in equation (6).

3.2.DLS

Brookhaven Instruments NanoBrook Omni (Holtsville, New York) was used for DLS and SLS. The pho-
ton count rate is proportional to intensity, and the rate was calibrated to the toluene count rate to con-
vert to the Rayleigh scattering ratio I for the SLS measurement. A\, = 640 nm was the vacuum wave-
length of the vertically polarized incident light, the light scattering detection was at 8 = 90°, which gives
the magnitude of the scattering vector:

q=185,066cm™". (10)

The z-average mutual-diffusion coefficient, <Dp,>,, and polydispersity index, Q, were obtained by stan-
dard second-order cumulant analysis.

An important caveat in using DLS to disperse polymer and colloidal solutions, whose population
includes particles for which g*($?), £ 1, is that the measured diffusion coefficient, <Dy,>;, and poly-
dispersity index, Q, depend on the value of g of the DLS instrument used. There is a variety of g-values
among commercial DLS instruments because of their use of different laser wavelengths and detection

5
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Scheme 1. Simplified schematic of the ACD apparatus.

angles, so that the values of <D,,>,, and hence also kp from equation (1) will vary among DLS instru-
ments of different g. The reason is that scattering from larger particles decrease with increasing measure-
ment angle 6, so that at finite angles, for example, 90°, the larger particles are underweighted, yielding a
higher value of <Dp,>, than would be obtained via extrapolation to # = 0° [37]. Hence, based on fun-
damental principles, the values of <Dy,>, will be different among DLS instruments with different values
of g, and for disperse populations, there is no simple means of translating the results from one instru-
ment to another without a priori knowledge of the size and mass distributions.

3.3. Standalone SLS

SLS measurements, to obtain only M,, and A;, but at a much faster sampling rate (as high as 0.1 s, vs
120 s used in the DLS cycle) and higher sensitivity than the Brookhaven NanoBrook Omni, were made
on a Fluence Analytics (now Yokogawa Fluence Analytics, Houston, Texas) Argen device, equipped with
16 independent sample cells, each with its own adjustable temperature, incident laser source at Ay = 660
nm and detection at A, = 90°. Since SLS is insensitive to convective effects that require stop flow for
DLS measurements, it is possible to make continuous, uninterrupted SLS measurements with the Argen.
This yields a more precise value of A, but does not provide kp.

3.4.ACD
A simplified schematic of the ACD apparatus is shown in scheme 1. The automatic cuvette-based dilu-
tion method works as follows: the initial sample of biologics or other macromolecules at known concen-
trations is pipetted into a standard 1 cm cuvette. The volume is typically 0.8-2 ml, and is held constant
throughout the dilution process. This is achieved by diluting the cuvette solution with the desired sol-
vent via a pump delivering the solvent at a given flow rate (Q;) and a second pump removing the lig-
uid from the cuvette at exactly the same rate (Q, = Q;). The noncontact stir in the cell, provided by an
impeller in the solution driven by an overhead stepper motor, assures very rapid and complete mixing.
“Noncontact stir” means that the impeller contacts only the solution, not any part of the cuvette. This is
an important distinction because contact stir, for example, via a magnetic stir bar resting on the cuvette
bottom, has been shown to severely damage biologics [38, 39]. The motor/impeller and feed/withdrawal
ports are integrated into a cap assembly that fits directly into a standard 1 cm spectroscopic cuvette. This
system and method can be used with any instrument accepting such standard cuvettes. The device is
similar to the one used recently, but without the dialysis membrane [40].

The cuvette acts as a mixing chamber, such that the concentration of biologic or other macro-
molecules, in the cuvette, ¢(t), is computed by

c(f) =coe ¥ (11)

where ¢, is the initial concentration in the cuvette (g cm~3), V (cm?) is the constant volume in the
cuvette and Q (cm?® s! ) is the flow rate from the solvent reservoir into the cuvette. Fluid is extracted
from the cuvette with a separate pump, withdrawing at the same rate Q. For the measurements in this
work, V = 2 cm® and Q = 0.001 cm® s~! run for 2 hours. This gives a total of 4.6x final volume in the

6
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Figure 1. (a) Verification of equation (11). The average scattering from three independent runs of noninteracting spheres at the
concentration of 5.0 X 107> g cm™ was used. (b) The apparent mutual diffusion coefficient, Dy, qp vs stirring RPMs, showing
the expected increase due to increasing convection. For convenience, the apparent, convection-impacted apparent hydrodynamic

parameter D},{,ap is also shown. The sample is BSA, at a concentration of 0.001 g cm =3, in 100 mM aqueous NaCl.

withdrawal reservoir, that is about a 20% dilution of the initial sample concentration. With the current
parameter, this leads to 9.2 ml in the withdrawal reservoir, making sample recovery straightforward.
Figure 1(a) verifies the accuracy of equation (11). Nominally, 51 nm latex spheres at very low dilu-
tion, 5 x 107> g cm™>, were used so that A, effects are unmeasurably small, and the light scattering
intensity is linear in concentration. Figure 1(a) shows the logarithmic light scattering intensity, Ig, vs
t, where Iy was averaged over three runs. The linear fit is very close, with high correlation; therefore,
equation (11) is used to compute c(¢) in all the following experiments.
When used with DLS, the hydrodynamic size range is approximately 1 nm to 10 pms. For SLS, the

lower limit is approximately 0.001 g cm™> for a 1000 g mol ~! polymer. The upper limit is limited by
2(S),
3

the single 90° angle used here and requires < 1. This corresponds to a root mean square radius of
gyration of approximately 100 nm, whereas the mass depends on the morphology of the polymer or col-
loid, for example, random coils, rods, spheres, among others. This restriction is removed for multiangle
light scattering, where extrapolation of g —> 0 can be made.

3.5. The problem of convective motion for DLS

DLS for determining kp in this method involves measuring mutual diffusion coefficients, and their
dependence on concentration, Dp,(c). Convective motion of the solution, due to non-contact stirring,
can be combined with the diffusional portion of the scattering intensity autocorrelation function, leading
to erroneous measurements of D, (c).

Most commercial autocorrelators, including the NanoBrook Omni, use homodyne detection, which
means that the time-dependent intensity of the light scattered from the sample is autocorrelated directly,
yielding the scattered intensity autocorrelation function g(7) and does not mix with any portion of the
incident beam. In the latter mixing case, heterodyne detection yields the scattered electric field auto-
correlation function g;(7). In the homodyne detection mode, if the velocity ¥ of all scatterers is exactly
constant, then g;(7) is given by [41]:

P
i (r) = e o7 (12
where the complex exponential shows the effect of the convective motion on g (7). Under the Gaussian

assumption—the fact that the independent random phase shifts of scattered light from all the scatterers
lead to a sum of electric fields, which is Gaussian distributed—g¢, (7) and g, (7) are related by

(1) =1+plg (1) (13)

where 3 is a constant that depends primarily on the ratio of the coherence area of the DLS detector to
the photoactive area of the detector. For completely constant ¥, the effect of convection disappears in the

7
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measured g, (7), when taking the complex conjugate in |g (7)|* in equation (12):

o(r)=1 +ﬁe’2quzT. (14)

However, the convective motion no longer disappears in g (7) if there is a distribution of velocities
P(¥). In this case, g; (7) is averaged over all ¥ in the velocity space:

g (T) = e Dnd'T / P(#) T dy = e PmITE(F,7) (15)

where F(q,7) represents the integral in equation (15), which is the Fourier transform of P (V) over the
velocity space, and contains the effects of convection. Hence,

@ (1) =1+ Be 2Pn07|E (G, 7). (16)

Equation (16) shows the effect that convection has on when there is a distribution of velocities, P (¥),
such as in stirred motion. For a sample stirred by a rotating shaft in the z-direction and detection in the
scattering plane, which is perpendicular to this axis, the problem of computing F(g,7) is quite complex
and will not generally yield a simple exponential, such as in equation (14). The analysis is beyond the
scope of this work and not necessary to understand the implications of the stirring. Figure 1(b) shows
the measured apparent mutual diffusion coefficient Dy, o, for BSA, at a concentration of 0.001 g cm ™7,
when the resulting intensity correlation under stir is force-fit to a simple exponential. Dy, (cm?® s™! )
increases by a factor of 53% going from 0 RPM to 1000 RPM. For convenience, the apparent hydrody-
namic diameter D'y ,,(nm) is also shown from the Stokes—Einstein for monodisperse spheres

kgT
L T (17)
3T T]DH
where Dy is the true hydrodynamic diameter of the monodisperse spheres, and D'y, includes the effect
of both the convection and z-averaging

D{I,ap = 1/<1/DH I>Z (18&)

where Dy’ is the convection-affected hydrodynamic diameter, obtained from the force-fit of the autocor-
relation function to a single exponential (Brackets, < >, indicate averaged values, throughout this work).

The apparent hydrodynamic diameter, Dy, is the zero-stir value extrapolated to ¢ = 0 and is
termed

DH,apzlim1/<1/DH>z (181))
c—0

and is the value cited in the results.

The (poly)dispersity index, Q, from the DLS autocorrelation function is the ratio of the second
moment to the first moment squared of the cumulant expansion of the logarithm of the electric field
autocorrelation function:

Q= il (19)

3.6. Stop-flow cycle for DLS

Since the convective effect distorts the determination of Dy, as just shown, the method here follows a
cycle between measurements as continuous dilution occurs; (i) tens of seconds of rapid, efficient stirring
with the noncontact impeller; (ii) a quiescent period of tens of seconds where the stirring is stopped;
and (iii) subsequent DLS measurements on the quiescent solution for tens of seconds. An entire cycle

is typically 2 min, although it can be shortened or lengthened. A typical cycle involves 20 s of stirring,
40 s of stopped stirring, and 60 s of DLS autocorrelation measurement. These periods can be flexibly
modified by programming the stir motor and DLS data gathering software. The minimum amount of
time to come to quiescence for a given stir rate was assessed by measuring DLS for a series of times and
comparing them to a fully quiescent (never stirred) sample, to find where they converged.
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4. Results and discussion

4.1.BSA

Figure 2(a) shows the averaged <Kc/Ix> and <D, ,> results of three separate ACD runs for BSA

in aqueous 100 mM NaCl, starting at a concentration of 0.060 g cm~>. The error bars are the stan-
dard deviation of the three measurements at each point. The average <M,,> = 67 600 is within

2% of the known value of 66 430 g mol~!, whereas A, is within the expected order of 107*—107>
cm?®—mol g~2 and depends on ionic strength, pH, and temperature. There is significant upwards cur-
vature to <Kc/Ir>, such that <A3;> can be computed by equation (9).

Since BSA is a globular protein, the hydrodynamic interactions are weak; therefore, a very slightly
positive kp is found. Small and negative kp values have variously been reported for BSA, depending on
conditions [42, 43].

Figure 2(b) shows continuous data during ACD measurements on the Argen instrument. The results
compare favorably and are within the error bars of figure 2(a).

The relationship for hard spheres among A,, molar mass M, and diameter d is given by

21 d°Ny
Ay=——— 2
Ve (200)
and Aj; is related to A,, generally, by
As = BMA; (20D)

where 3 is a dimensionless constant of order unity, whose value depends on the details of the polymer
or colloid and its solution environment.

Using d = Dy, = 9.06 nm, and M = 66 500 g mol ~! in equation (20a) vields Ay theoretical = 2.12
x 107* cm®—mol g=2. The fact that the average measured A, = 8.45 x 10~> cm®—mol g2 is about
40% of this value, suggesting that there are attractive surface patches on BSA that lower the net inter-
action energy below that of an equivalent hard sphere while still remaining net-repulsive. Other factors
causing the deviation may include hydration layers, and some asphericity of BSA. By taking the average
measured value of A = 8.45 x 107> cm®—mol g2, and computing an effective d in equation (20a) a
yields d = 6.68 nm, compared to Dy,p = 9.06 nm, explicitly showing the reduction in effective diameter
for BSA compared to a pure hard sphere. Using the experimental values of A, and A3 in equation (200)
yields 8 = 1.47, which is a reasonable value for a protein.

4.2. Sodium hyaluronate (HA)

Figure 3 shows ACD data for the averages <Kc/Ig> and <Dp,,> for sodium hyaluronate (HA), a vital
biomacromolecule used in a large number of pharmaceutical applications [44—46]. Although the single
angle measurement at 90° is not sufficient to report an accurate M,, it both establishes a lower bound
for the latter. More importantly, it shows that A, and kp are both positive. A, in the approximations of
equations (6) and (9) is angle-independent. HA is a semi-rigid polyanion with persistence length around
10 nm at 150 mM NaCl [47]. Because of this, inter-HA interactions resemble the interactions of rigid
rod segments, leading to repulsive hydrodynamic interactions, which, coupled with positive A,, gives a
large positive increase of Dy (c) vs ¢ [48, 49], and hence a large kp. Positive increases in Dy, (c) vs ¢ have
also been found for other semirigid polyelectrolytes, such as xanthan [50, 51] and DNA [52, 53].

The data from figure 3 yield kp = 372 cm ™2 g, using the slope and intercept of <Dy, ,> vs
concentration.

Using <My >angle-corrected = 1.01 X 10® + 7% from table 2, where <M > angle-corrected = 18 given by
Mycor in equation (25), and the average <A,> for A, in equation (2) yields kg ~ —9800 cm® g~ !. This
is a physically meaningless high negative value under the spherical approximation, and simply illustrates
that equation (2), only valid for dilute spheres, is conceptually mismatched to the case of a large, semi-
rigid random coil with coil interpenetration.

It is reminded that HA is a large, highly charged polyanion; therefore, all values, except M,,, are
strongly dependent on ionic strength, which for figure 3 is 100 mM. A, increases as ionic strength
decreases from this value, while <Dy ,> decreases, and kp increases.

4.3. Alginate
Figure 4 shows ACD data averaged over three separate runs, <Kc/Ix> and <D, ,> for alginate, a natu-
rally occurring polyanion. A, = 7.3 x 10™* cm®—mol g2, which shows a strong repulsion between the
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Figure 2. (a) <Kc/Ir> and <Dp,;> vs ¢ for BSA in aqueous 100 mM NaCl, using the Brookhaven NanoBrook Omni. (b)
<Kc/Ig> vs c for BSA in aqueous 100 mM NaCl, using SLS from the Argen instrument. This instrument has higher sensitiv-
ity than the Brookhaven NanoBrook Omni, and data can be gathered continuously, without the stop-flow cycle required for DLS.

negatively charged chains. In contrast, kp is strongly negative, with Dy, (¢) showing a scaling law of
(D (¢)) = 7.34x10~10c 704 (21)

This is actually a classical result for semi-dilute solutions of flexible polymers, first predicted by De
Gennes [54], confirmed theoretically [55, 56] and experimentally [57, 58].
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Figure 3. The average values, <Kc/Ix> and <Dp,;>, from three independent runs for HA in aqueous 150 mM NaCl. Kc/Ig.
The average values for <M,90>, the angle-corrected value <My >angle-corrected> <Qa/>, <‘effective kp’>, <D,.>, and the
average apparent hydrodynamic diameter <Dy qp > computed from <Dy, >.

3
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Figure 4. The average values, <Kc/Ix> and <Dp, >, from three independent runs for alginate in aqueous 100 mM NaCl. Kc/I.
The large, negative kp shows that there are chain overlap and entanglement effects, such that equation (2) is not applicable. The
red data points are the linear region of <Kc/Ix> from which <Q,/> and <Mp> are determined.

Further evidence demonstrates that the semidilute regime is reached in figure 4 can be seen in the
way Kc/Iy flattens out as concentration increases. Normally, in the dilute regime, with no chain over-
laps, positive As effects would occur at higher concentration, causing Kc/Ix to have a positive second
derivative (upward curvature). The flattening is most likely due to transient, small clusters forming as
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Figure 5. Determination of <M >, <Q,/>, and <kp >, etc, for lysozyme, in 100 mM aqueous NaCl.

concentration increases. Alginate is known to self-associate as ionic strength increases even with mono-
valent salts [59, 60], and forms complex “egg-box” association with divalent ions [61]. Further evidence
of this is shown in figure 8, where the polydispersity index Q increases vs concentration, opposite to the
other three macromolecules, indicating increased polydispersity in size due to clustering.

4.4. Lysozyme

Figure 5 shows M, falls on the known value of 14 300 g mol~! for lysozyme. A, = 2.63 x 10~*cm?
—mol g2 is strongly positive. In contrast to BSA, M,, is too small over the concentration range for
an A; to be measurable. The computation of A, by equation (20a), using d = <Dy ap> = 4.05 nm
yields Az theoretical = 4.09 x 10~#*cm®—mol g=2. The fact that the average measured A, = 2.63 x 10~*
cm’—mol g=2 is 64% of this value suggests that, similar to the BSA results above, there are attractive
surface patches on lysozyme that lower the net interaction energy below that of an equivalent hard
sphere while still remaining net-repulsive. The attractive interaction effect is less for Lysozyme than for
BSA, with BSA A, at 40% of the average measured value, and 64% for that of Lysozyme. Computing
an effective d in equation (20a) yields d = 3.5 nm, compared to Dy,, = 4.05 nm, making explicit the
lower effective diameter of lysozyme compared to a hard sphere.

4.5. Latex nanosphere size standards
Figure 6 shows there is no measurable concentration dependence for <D, ,> for the latex spheres so
that kp is unmeasurably small. Likewise, since the concentration range of the measurements was so low
(~5.0 x 10°g cm %), the concentration dependence of <Kc/Ix>> is not discernible and can have a
slightly positive or negative value, depending on how the points are weighted. Hence, A, ~ 0.

Using equation (20a) for hard spheres with d = 5.71 x 10~ %cm and M = 8.47 x 107 g mol~! yields
a very small theoretical A theoretical = 2.96 X 1078 cm®—mol g~2. At the highest concentration of 2.5
x 107%g cm 3, 24, theoreticalMwe = 1.32 x 10~%; that is, at the highest concentration, the A, term in
equation (9) is only 0.013% of the M,, term. This is unmeasurably small, and the lack of a significant A,
term justifies the use of the spheres in verifying the validity of equation (11).

4.6. Error comparison among samples

The error bars shown in the above figures are based on standard deviations obtained over three inde-
pendent experiments. The size of the error bars varies noticeably among the samples, and seems to be
related to the sample’s “quality”. One means of comparing the errors is to find the concentration of each
sample at which I has a set comparison value, I comp> and then lists the corresponding error bars. Here,
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Figure 6. <Kc/Ix> and <Dp,,> for the nominal 51 nm nanosphere size standards in salt-free water. Error bars are the standard
deviation from three independent ACD measurements.

Table 1. Comparison of error bars among samples.

dn/dc Coomp@ IR Y%error <Kc/Ix> Known M,,
Sample (cmg™1) K My, (gmol 1) =1x10"* @R=1x10"* (gmol™1)
BSA 0.185 2.09 x 107 66 500 7.20 x 1079 3.4 66 430
HA 0.15 1.37 x 10~ 1.10E 4 06 6.62 x 107 8.4 Varies
Alginate 0.15 1.37 x 10797 1.60E + 06 4.55 x 107% 10.2 Varies
Lysozyme 0.185 209X 1077 14300 335 x 102 2.6 14 300
Latex spheres 0.185 1.76 x 10~%7 ~4.470E + 07 6.44 x 1070 1.6 ~4.40 x 107

a convenient value is Ig comp = 107* cm™!, which is roughly 10x the value of toluene scattering. The
concentration for comparison ceomp is found from

_ Ircomp

Ccomp - KMW (22)

and is shown in table 1, along with each sample’s dn/dc, K, and M,,. The % error at this concentration is
the rightmost column in table 1.

The lowest error, 1.6%, is for the latex spheres, and the highest, 10.2%, is for the alginate. This sug-
gests that the latex sphere error is close to the natural error bar of the Brookhaven DLS (the count rate
for each measurement was converted to I in the figures) at I comp, and that the other error bars, which
are higher, are attributed to the inherent complexities of biological macromolecules. Nonetheless, the
error bars for BSA and Lysozyme, 3.4% and 2.6%, respectively, are low, as might be expected for nomi-
nally monodisperse globular proteins. In contrast, the higher error bars of the polysaccharides, 8.4% and
10.2%, for HA and alginate, respectively, reflect the significantly higher heterogeneity of these samples.

4.7. Influence of the A, and A; terms in equation (9)
Figure 7 shows the ratio of the A, and Aj; terms in equation (9) to the leading 1/M,, term, which is the
dimensionless quantity 2A,M,,c+ 3A5M,,¢%:

A, and A, term in Bq. 9
230G A MM B4 7 5 A, Myc+ 343 My 2. (23)

1 .
3 termin Eq. 9
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Figure 7. The dimensionless 24, My,c + 3A3 M, term vs ¢ for the four biomacromolecules investigated. Only BSA had a mea-
surable A3 term, so that the other macromolecules only involve. 2A; M.

Table 2. Summary of macromolecular characteristics from ACD measurements.

BSA

HA

Alginate

Lysozyme

57 nm spheres

<Myap> (gmol™1)

<Mygeor> (g mol 1)
<Az/> (em®—mol g=2)

68 500 & 5%
68 600 & 5%
7.3 x 1073 £ 20%

902 000 +/7%
1.01 X 10° &+ 7%
3.53x 1073+ 4%

566 000 =+ 11%
1.60 x 10° & 11%
2.08 x 107* +/14%

14 300 & 2%
14 300 & 2%
2,63 x 1074 £ 8%

8.47 x 107 4+ 2%
8.94 X 107 +/2%
~0

<As/> (cmS-molg™?) 68 x 10+ 17% NM NM NM NM

<Dy>, (em?s™1) 539 %1077 +2% 626 x 1073 +5% 221 x 1078 +£3% 1.22x 107°+2% 858 x 1078 £ 1%
<Duap> (nm) 9.06 +0.5% 70.0 6% 169 £ 6% 4.05 £3% 57.1 nm 1%

d (nm) from A, 6.48 3% NA NA 3.5 4+2% ~47 nm

<kp> (cm® g~ 1) 1.55 + 21% NA NA 1.04 +37% ~0

<‘effective kp’> (cm® g=!) NA 372 £21% —342 £+ 8% NA NA

NM = not measurable.
NA = not applicable.

This represents the light scattering relationship between the A, (two body) plus A; (three body) interac-
tions and the single-molecule value, M,,. The values used in the computations for figure 7 are the aver-
age values <M,,>, <A,> and <As> (the latter for BSA only) from the ACD results in table 2. Only
BSA and HA had measurable A; terms over the concentration ranges used, so the other macromolecule
results in figure 7 involve only 2A;cM,,. The values of 2A, M+ 3A3M,,c* are shown over the range of
concentration measured for each macromolecule. The term for alginate has been cut off for concentra-
tions above 0.0033 g cm™>, as above that it begins to enter the semidilute chain overlap regime where
the virial expansion of equation (9) no longer holds.

Figure 7 shows that at their highest concentration the virial terms are 18x and 9x greater than the
M, term for HA and BSA, respectively, and 2.5x and 0.45x for alginate and lysozyme, respectively.
Below the dashed line in figure 7, the sum of the virial coefficient terms is less than 10% of the M,,
term. At the lowest concentration for each, the virial sums are as follows: HA 4%, alginate 0.6%, BSA
2%, and lysozyme 1.2%. Since the data are extrapolated to ¢ = 0, only angular corrections for HA and
alginate are needed. A procedure for estimating the angular correction is given below.

4.8. Polydispersity behavior
Figure 8 shows the (poly)dispersity parameter Q, defined in equation (19), and obtained from the linear
and quadratic terms of the logarithmic autocorrelation expansion in the delay time 7.

For HA and lysozyme Q increases as concentration decreases. This may be due to one or more
mechanisms; i) In a broad polymer population where A, oc M~%2 the virial term is 24,Mc oc M*8¢. This
means that the larger the M, the larger its contribution to the virial term. As concentration decreases,
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Figure 8. <Q> vs ¢ for all the samples.

the A, suppression of scattering at larger M decreases, making their scattering more prominent while
decreasing Dy, , and increasing polydispersity Q. ii) Even in low dispersity populations, if there is a
small, stable population of large impurities, such as aggregates, entanglements, or “dust,” each parti-

cle produces a spike as it transits the scattering volume, which perturbs the autocorrelation function
away from a single exponential; that is, increases Q. Upon dilution, the perturbing effect of these par-
ticles becomes larger as the polymer signal decreases, even though they transit the scattering volume less
frequently as they are diluted. iii) As dilution continues, there is some chance of scattering impurities
becoming more numerous due to possible sloughing off from the noncontact stir impeller and possibly
from the dilution solvent even though this enters the cuvette via a 0.22 pm filter on the outlet of the
syringe pump feeding the cuvette.

In light of these effects, for HA, the most plausible cause of Q increase upon dilution is i), the virial
effect on a highly dispersed population upon dilution. For lysozyme, i) does not apply and explanation
ii) and/or iii) is most probable. For BSA and spheres, there is only a small increase in Q upon dilution
so that either ii) or iii) are plausible. Mechanism i), based on virial effects, only applies to HA.

In contrast, Q for alginate decreases with decreasing concentration. This reinforces the finding in
figure 4: Kc/Ix vs ¢ flattens out at higher concentrations, rather than becoming concave upward, due to
the formation of clusters in the semidilute regime. <Dy, ,> decreases with increasing concentration due
to the formation of the larger, more slowly diffusing clusters. The increasing polydispersity for alginate
in figure 8 shows the size distribution widening as clusters are formed.

4.9. Angular correction to My; My,angle-corrected (Mw,cor)

Although the determination of M,, is not the principal aim of this work, it can nonetheless be accurately
determined when @ < 1. Single-angle measurements were used (90°) so that if this latter condition
does not hold, then M,, underestimates the true M,,, normally found by a multiangle extrapolation to

0 = 0. The angle-corrected My,, My, cor, can be estimated from the value of Iz/Kc (=M, ) extrapolated
¢ = 0 value obtained from the concentration dependent Kc/Iz data. The relation between the root mean

square radius of gyration (Szﬁ/ * and the hydrodynamic diameter for an ideal random coil is

()2 =0.75Dy (24a)

whereas, for a solid sphere of uniform density

1 /3
(). = 5\/2DH. (24D)
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Approximating Dy = Dy ,, from the extrapolation to ¢ = 0, the angle-dependent term in equation

(6) is
chor q2<52>
— =1+ —=2. 25

Mw90 < * 3 ( )

Using the hard sphere equation (24b0) for BSA and lysozyme and the random coil equation (24a) for HA
and alginate in Equation yields the M, . given in table 2.

4.10. Tabulated data
Table 2 collects the data on all samples, for ready summary and comparison.

5. Summary

Cuvette-based ACD is shown to be a rapid, efficient means of simultaneously determining M,,, A, (and
Aj; at high enough concentrations), Dy ,p, polydispersity Q (equation (19)), and kp, with a relatively
small number of samples. The sample can also be recovered, if desired, from the final diluted cuvette
output reservoir, which is typically diluted 5x from initial sample concentration, yielding about 10 ml of
fully diluted sample for recovery, with the ACD flow rate and volume parameters used here.

Full ACD measurements can typically be completed in about 1 h, and no sample beyond the initial
amount at the highest concentration is required. The accuracy of the method benefits from the fact that
the cuvette, incident laser, and detector remain fixed throughout the experiment while maintaining con-
stant optical geometry. In addition, the continuous dilution trajectory eliminates the need to prepare
and measure multiple discrete samples, reducing sample consumption and simplifying the experimental
workflow. Since the measurement is performed entirely within a single cuvette, the diluted sample can
also be readily recovered after the experiment if desired.

The relationship between A,, the diffusive hydrodynamic parameter ky (from equation (2)) and kp
is discussed as well as the fact that these parameters do not quantitatively predict formulation viscosity,
7, even at low concentrations of biologic material. However, since both kp and 7 are related to hydrody-
namics, albeit in very distinct ways, kp can be useful as an empirical screening for the risk of unwanted
high viscosity behavior of biologics at high concentration. Direct measurement of high concentration
viscosity is usually impractical due to the quantity of biologic material needed and possible artifacts in
measurements.

The results are shown for three important paradigms: i) the case where strong repulsive thermody-
namic and hydrodynamic interactions lead to positive A, and “effective kp” (HA), ii) where A, is pos-
itive and strong, yet “effective kp” is negative and strong due to polymer coil overlap, chain entangle-
ment, and the resulting hydrodynamic drag (alginate), and iii) A, is positive, whereas ky, is very small
for globular proteins, such as BSA and lysozyme.

The random errors among the samples are compared and show that the latex spheres are closest
to the instrument precision, whereas the globular proteins (BSA and lysozyme) are only slightly above
this, whereas the polysaccharides (HA and alginate) have much greater error bars, reflecting the inherent
inhomogeneity of these coil-like biomacromolecules.

A, is an important parameter for colloidal stability of biologic formulations—the higher A, is gen-
erally more stable the solutions—whereas the higher kp the more likely that high concentration formu-
lations will have relatively low viscosity, which is desirable for parenteral injection of mAbs and other
biologics.

Beyond light scattering applications, since the method uses a standard 1 cm spectroscopic cuvette,
ACD measurements can be made directly on any spectroscopic instrument accepting such cuvettes,
without any modification to the instrument. This can include monitoring fluorescence, circular dichro-
ism, UV/visible absorbance, and Raman, as samples are diluted, leading to changes in association states,
solvochromaticity effects, and others.

Furthermore, two input reservoirs can be used, one containing the sample at twice the initial concen-
tration of the sample in the cuvette, the other with a desired solvent or solvent plus excipient, whereas
withdrawal occurs at twice the input flow rate. This maintains both volume and sample concentration
constant in the cuvette. This method is termed “automatic continuous mixing” and can be useful, for
example, in mapping the behavior of the sample as pH changes continuously. The pH (and electrical
conductivity) of the cuvette can be directly monitored inside the cuvette, using an ion selective field
effect transistor, as was previously demonstrated for a cognate cuvette-based dialysis monitoring method
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[62]. It is also noted that the method is complementary to the cuvette platform’s dialysis-based buffer
exchange apparatus and method [40].
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