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ABSTRACT: Crystallization of proteins, specifically proteins of medical
relevance, is performed for various reasons, such as to understand the protein
structure and to design therapies. Obtaining kinetic constants in rate laws for
nucleation and growth of advanced biotherapeutics such as capsids, an assembly of
macromolecules, is challenging and essential to the design of crystallization
processes. In this work, coupled population balance and species balance equations
are developed to extract nucleation and growth kinetics for the crystallization of
recombinant adeno-associated virus (rAAV) capsids. A comparison of model
results with that of experimental data for capsid crystallization in a hanging-drop
vapor diftusion system shows that the slow rate of vapor diffusion from the droplet
controls the initial nucleation and growth processes, and the capsid nucleation
occurs via heterogeneous nucleation in the microdroplet. Results also show that
the capsids, which are of very high molecular weight (~3.6 MDa), have a similar
tendency to nucleate as small organic molecules such as glycine (~75 Da), low-
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molecular-weight proteins, and small-molecule active pharmaceutical ingredients due to their ball-shaped outer structure/shape.
Capsids also show a prolonged nucleation period as for proteins and other macromolecules but have a slow growth rate with a
growth rate prefactor seven orders of magnitude smaller than that of lysozyme. The capsid crystal growth rate is weakly sensitive to
supersaturation compared to lysozyme and is limited by the transport of capsids due to slow Brownian motion resulting from the

very high molecular weight.

1. INTRODUCTION

Protein crystallization is important in the field of bioscience
and biotechnology research as it has numerous applications
including protein purification, low-viscosity drug substance and
drug product formulation, drug discovery, and target
identification and selection."” Apart from this, knowledge of
the detailed 3D structure of proteins facilitates the under-
standing of many fundamental mechanisms involved in
biological processes such as how interactions among biological
macromolecules helps in building supramolecular nano-
machines able to perform specific biological functions.”* X-
ray diffraction, which determines the 3D structure of protein
from crystals, needs higher-quality/diffraction-grade crystals.l’2
However, growing diffraction-grade crystals can be extremely
difficult as suggested by a comparison between the number of
nonredundant protein sequences deposited in UniProt (>20
million) and protein structures deposited in the Protein Data
Bank (about 230,000 as of late 2024).”

Hanging-drop vapor diffusion experiment is widely used in
protein crystallization to grow diffraction-grade crystals or for
analytical screening purposes due to requiring a low quantity of
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material, simple operation, and easy monitoring of crys-
tals."”*~'% Growing diffraction-grade crystals requires an in-
depth understanding of the system and the crystallization
process, the influence of solution parameters, knowledge of
crystallization kinetics, and control of crystallization con-
ditions. An integrated experimental and modeling approach
can be useful in this regard, as they are complementary.
Although mathematical modeling of crystallization processes
for small-molecule pharmaceuticals is common,"' ™" and
proteins such as lysozyme (~14.3 kDa) have been explored
to some extent,'®”'® there are no descriptions of modeling of
the crystallization process for large biological macromolecules
such as monoclonal antibodies (mAbs, ~150 kDa), mRNA
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Figure 1. (a) AAVS and AAVS capsid models produced by using UCSF Chimera. The capsids are rendered at 2 nm resolution and are radially
colored by distance from the center (red 9 nm, yellow 10 nm, dark blue 11 nm, cyan 12 nm, violet 14 nm). The atomic coordinates were obtained
from the VIPER database®® (https://viperdb.org). Models showing the 2-, 3-, and 5-fold symmetry axis for capsid as indicated by the circle,
triangle, and pentagon, respectively. (b) ngsid surface showing different VP3 subunits. Each VP3 subunit is colored such that the subunits do not

contact another subunit of the same color.
(green) capsids.

(c) Ribbon (left) and mesh (right) surface models of the VP3 subunits of AAVS (magenta) and AAV8

(200—500 kDa), and complex proteinaceous assemblies, such
as viral capsids (MW ~ 3.6 MDa).

There are some mathematical models describing the
crystallization of small proteins such as lysozyme, a globular
protein of ~14.3 kDa, but those models are mainly applicable
for relatively large-scale processes and/or do not consider the
mechanistic details.””'>'® Some of these studies propose
mechanisms of polynuclear crystal growth and self-assembly
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nucleation events, while other reports follow classical models.
As far as crystallization in the hanging-drop vapor diffusion
system is concerned, there are no reports describing the
crystallization of proteins/proteinaceous assemblies/macro-
molecular assemblies using integrated experimental and
population balance modeling approaches that incorporate
mechanistic details and solution thermodynamics.

https://doi.org/10.1021/acs.cgd.4c01720
Cryst. Growth Des. 2025, 25, 3687—3696
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In this work, we develop a mathematical model based on
coupling population balance and species balance equations for
a hanging-drop vapor diffusion system. The modeling includes
the effects of droplet volume reduction and solution
thermodynamics that are validated with experimental data for
capsid crystallization. This work uses recombinant adeno-
associated virus (rAAV) capsids as a model biological
molecule. rAAV is a commonly used vector for gene
transfer/therapy. The icosahedral virus particle, aka capsid, is
assembled from 60 protein subunits, VP1 (87 kDa), VP2 (72
kDa), and VP3 (62 kDa) in roughly a 1:1:10 ratio."” AAVs are
available in different serotypes 1 through 11. Two serotypes of
rAAV, derived from AAVS and AAVS, were selected for our
study. Figure la shows the corresponding capsid models,
where capsids are radially colored by distance from the center
(obtained from VIPER database,20 https://viperdb.org),
indicating the location of proteins and showing some
depression and protrusion regions. These two different AAV
species are about 58% identical across VP1 and the same
percent identity between the major capsid proteins, VP3.”!
Figure 1b shows the capsid surface with different VP3 subunits
marked by different colors.”” Each subunit is colored such that
it does not contact another subunit of the same color. From
the models of intact capsids as shown in Figure 1a, it is difficult
to understand the slight differences between two serotypes.
The best way to visualize the differences between the two
serotypes is by aligning VP3 ribbon or mesh surface models, as
shown in Figure lc.

Recombinant AAV manufacturing processes result in a
heterogeneous AAV vector product containing “full” capsids,
which contain single-stranded linear DNA (referred to as the
vector genome, vg) and are biologically active, and “empty”
capsids, which lack the genome and do not contribute to the
biotherapeutic activity and therefore may be considered as a
process impurity. Separating the empty from the full capsids is
difficult, however, due to the similar physicochemical proper-
ties of the two particles. For full and empty capsids, the
calculated pI for full and empty capsids, are 5.9 and 6.3,
molecular weights are 5.8 MDa and 3.8 MDa, and densities are
1.41 and 1.31 g/cm’, respectively. Thus, understanding their
crystallization kinetics will be useful in designing a separation
process based on crystallization. Although this work uses rAAV
capsids, a macromolecular assembly, as a model biological
molecule, the mathematical modeling framework can also be
applied for understanding the crystallization process and
predicting solution conditions suitable for crystallization of
other proteins including advanced therapeutics, small mole-
cules, and macromolecules. This modeling framework is also
applicable to other droplet-based crystallization systems such
as sitting- and sandwich-drop vapor diffusion systems.

2.1. MATERIALS

Chemicals used in the experiments were of molecular biology grade.
Sodium dihydrogen phosphate dihydrate (BioUltra, >99.0%), 1 M
hydrochloric acid (BioReagent, for cell culture), sodium hydroxide
(BioXtra, >98% anhydrous), sodium chloride (BioXtra, >99.5%),
potassium dihydrogen phosphate (BioUltra, >99.5%), potassium
chloride (BioXtra, >99.5%), polyethylene glycol (PEG-8000,
BioUltra; PEG-6000, BioUltra), and phosphate buffer saline (PBS
1X (150 mM sodium phosphate and 150 mM NaCl), pH 7.2;
BioUltra solution) were purchased from the Sigma-Aldrich.
Poloxamer-188 (Pluronic F-68, 10%, BioReagent) was purchased
from Thermo Fisher and added to rAAV-containing solutions at
0.001% to suppress binding to container surfaces.
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2.2. AAV Samples. Full capsids (capsid carrying transgene) of the
recombinant adeno-associated virus serotypes S (rAAS) and 8
(rAAVS) were purchased from Virovek at a concentration of 10™
vg/mL and pH 7.2 in PBS buffer. The “full rAAVS” and “full rAAVS”
samples actually contain 80% full and 20% empty capsids. The “empty
rAAVS” and “empty rAAVS8” samples actually contain 4% full and 96%
empty capsids. The full capsids contained a transgene of length 2.46
kbp. Virovek delivered samples in vials, each carrying 100 uL of
sample. The sample from each vial was divided into four equal parts
and stored for long-term use at —80 °C in a freezer. For immediate
use, a small vial was stored at 4 °C, at which AAV is stable for 4
weeks.

2.3. Experimental Section. All the experiments in this work are
performed at room temperature, 23 + 2 °C. Crystallizations were
performed using the hanging-drop vapor diffusion method (Figure 2)

AMV + PEG
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Figure 2. Schematic of hanging-drop vapor diffusion experiment in
one of the 24 wells in a VWR 24-well plate.

in VDX 24-well crystallization plates with glass coverslips at the top
(Hampton Research, California, USA). Each well contains a droplet
(2 puL) suspended from the glass coverslip covering the well and a
reservoir of volume 1 mL at the bottom of the well. Each reservoir
solution contains polyethylene glycol (PEG) 8000 and sodium
chloride (NaCl) dissolved in a phosphate-buffered saline (PBS)
solution. The droplet contained 1 uL of the rAAV sample and 1 yL of
reservoir solution. The concentrations of PEG and salt in the droplet
are half of that in the reservoir solution.

Over time, the water from the droplet diffuses into the volume of
the well and equilibrates with the reservoir solution. As the vapor
pressure of water in the droplet is greater than that in the reservoir,
due to the relatively low salt concentration in the droplet (vapor
pressure depression and colligative property), diffusion of water vapor
occurs to the reservoir, and the droplet volume shrinks. After
supersaturation is reached in the droplet, the nucleation of AAV
capsid crystals begins. Eventually, as the ionic strengths of the two
solutions equilibrate, the vapor diffusion rate decreases, and no further
reduction in droplet volume occurs.

Each droplet was monitored at regular intervals for a period of 1 to
2 weeks via an optical microscope (Imaging Source DMK42BUCO03)
and a cross-polarized light microscope (Leica Z16 APO) to observe
the outcome of the experiment. Images of the droplet containing
crystals were captured using a high-resolution camera installed in an
automated vapor diffusion setup at specific time intervals (see ref 7 for
a detailed description on the automated setup). The 24-well VWR
crystallization plate was placed under the high-resolution camera in
the automated setup, images were captured, and the plate was
removed from the instrument. Image] software was used to measure
the crystal dimensions such as length and radius in each droplet image
as obtained from the high-resolution camera. Then, the crystals were
classified into different size classes. Each size class is a bin of a specific

https://doi.org/10.1021/acs.cgd.4c01720
Cryst. Growth Des. 2025, 25, 3687—3696
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size range containing crystals of sizes falling that range. The crystal
surface area and volume were calculated from the crystal radius and
length as obtained from the Image] analysis. The total surface area of
all of the crystals in the droplet was calculated by multiplying the
number of particles in each size class with the surface area of a crystal
in that size class and then summing over all of the size classes. The
total volume of all of the crystals was similarly calculated.

Some crystallization conditions produce a large number of crystals
(~3000—4000) with different undefined morphologies. This work
considers only those experimental conditions, which produce only a
few crystals (~30—300) with well-defined morphology such as needle,
rod, and cylinder for the convenience of measurement.

3. MODEL DEVELOPMENT

The design of a production-scale process for the crystallization
of full capsids requires characterization of the crystallization
kinetics. Direct measurement of crystal nucleation rates is
challenging due to the very small size of nuclei.”””** The most
accurate approach to extract nucleation rates from exper-
imental data is by use of the population balance model
(PBM)*

an o(nG,) N o(nG;)
ot or JL
dln Vi
= - ar + ]5(" - 0)5(L - Ro) (1)

where n(t, r, L) is the crystal population density (#/um>um?),
L is the crystal length, r is the crystal width, Ry is the dimension
of a crystal nucleus (um), t is time (h), V is the volume of the
droplet (um?), J is the nucleation rate (# /um?’s), and G; and
G, are the growth rates (um/h) along crystal length and radial

directions. ‘3—‘: represents the rate of decrease in the droplet

volume. The initial condition for the PBM for each droplet is

n(0, r, L) = 0. The PBM is accompanied by the solute mass
balance
deaav dln v /‘ /
WV _ _ ¢ Sy g G
dt A (G

m rAAV

+ Zm'GrL)ndrdL )
where ¢,y is the capsid concentration in aqueous solution
(number of capsids/um?), which has the initial condition that
aav(0) = canvor and Vmsaay is the volume of a single rAAV
capsid (4.2 X 107¢ um?®). 26

3.1. Modeling of Droplet Volume Evolution. As per
thermodynamics, a water vapor pressure depression develops
when a salt is added into a solution (colligative property).”’
Since the salt concentration is 2-fold higher in the reservoir
solution than in the droplet, vapor pressure depression will be
more for the reservoir solvent than in the droplet. Thus, vapor
diffusion resulting in a net transfer of water from the droplet to
the reservoir solution occurs. Initially, vapor from both the
droplet and reservoir diffuses into the open space inside the
chamber. Once the droplet water vapor pressure equals the
water partial pressure in the air, transfer of the vapor from the
droplet takes place to the reservoir water, as there will be a net
vapor pressure driving force. With the reasonable approx-
imation that the water density is constant through the
experiments, the rate of change in the water volume for the
droplet can be written as
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where p4 is the vapor pressure of droplet water, p,p is the
vapor pressure of reservoir water, p, ;. is the partial pressure of
the water vapor in the air in the open space in the closed well,
Ptair is the total pressure of air, p,, is the density of water, A, is
the area of the droplet-air interface, k is the mass transfer
coeflicient of water between the droplet and the air given in
the literature for room temperature and still air,”* ™ p{ is the
pure water vapor pressure at temperature T, M, is the total
mass of the air including water vapor, and x4 and xp are the
mole fractions of NaCl in droplet and reservoir solution,
respectively. The initial value of the droplet volume is V,4(0) =
Vo

3.2. Modeling of Nucleation and Growth Kinetics.
The nucleation rate was modeled by the classical nucleation
expression31

Jt) =k exp( fAG]

kT

16”}/ 1"m,rAAV
X 2

rAAV
(1) ©
where AG is the Gibbs free energy change of nuclei formation,
¢, is the solubility of rAAV capsids, y is the interfacial tension,
kg is the Boltzmann constant, T is the temperature, k, is a
nucleation prefactor, and f is the correction in the Gibbs free
energy barrier for primary nucleation. As the capsid nucleation
mechanism is not well understood, a correction parameter is
incorporated in the Gibbs free energy term in the classical
nucleation model, where f = 1 for homogeneous nucleation

and f < 1 represents a heterogeneous nucleation mecha-
3132 The §rowth rate models are the widely used power

AG =

nism.
law expressions

Gr(t) = kr[CrAAV(t) - Cs]g

GL(t) = kplepav(t) — ¢ I

where k, and k; are growth prefactors, and g, and g; are growth

rate exponents (between 1 and 2 for most active

pharmaceutical ingredients, APIs).”> ™’

(72)

(7b)
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The unknown kinetic parameters k,, f, 7, k, g, ki, and g
were fit to direct measurements of G,, Gy, n(t, r, L), n, L, 1, A,
and V, for multiple droplets, where n, L, r, A, and V, are the
total number density, total length, total radius, total surface
area, and total volume, respectively. The model values for the
latter variables are determined by applying the method of

moments to the PBM to give36’37
dn, g
t ©
st L R
—t —JR + f / nG,drdL
dt JRo o Jo L )
dr, L pR
— =JR, + / / nG,drdL
dt JRo o Jo (10)
dA L R
—L=JA + 271'/ / n(LG. + rGy + 2rG,)drdL
dt o Jo

(11)

— =y T n(2r r ;

a T T (12)

where A, and v, are the nuclei surface area and volume,
respectively. More specifically, the parameters were fit by
maximum likelihood estimation, which solves the optimization

min(y, =y (K, k)" Ve (k)0 = (k) ko)) (13)

and
T
+V

&

ko (14)

9y,

0
V= 2|y 2
°0k,

T ok,

ko

where k’ is the vector of parameter estimates, k is the vector of
predetermined parameters, y, is the vector of experimental
observations, y, is the vector of model predictions, and V, is the
matrix of experimental data variance, which considers the effect
of predetermined parameter variances, and normal noise e.
Detailed derivations can be found in prior publications.**™**

Simulation and optimization are carried out in MATLAB.
The partial differential (eq 1) is discretized in the size domain
using a finite difference scheme to obtain a set of ordinarily
differential equations (ODEs) in the time domain. This set of
ODE:s is solved using a stiff differential equation solver odelSs
in MATLAB. The parameters are fit using a multistart
optimization approach with sequential quadratic programming
(SQP) used to search for a global minimum by minimizing
objective function locally from 1100 starting points.

4. RESULTS AND DISCUSSION

Control experiments and solubility analysis were carried out to
rule out the possibility that any of the particles formed in the
experiment consisted of NaCl or PEG.” Crystals were
observed under cross-polarized light microscopy to confirm
the crystallinity of particles. For detailed description of
polarized light microscopic identification of crystals, readers
are referred to the previous article from this group.” Cross-
polarized light microscopic images of crystals in a droplet at
different magnifications are shown in Figure 3. Crystals are
mostly cylindrical/rod/flat bar in shape.

The population balance equation with classical exponential
nucleation and power law growth models®>** agrees with the
experimental data for the crystal size distribution and crystal
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Figure 3. Images of crystals under a cross polarizer microscope. Row
1: (left) “empty” (2% PEG, 0.6 M NaCl, and 5.7 pH) and (right)
“full” (3% PEG, 1 M NaCl, and 5.7 pH) capsid crystals of rAAVS.
Row 2: (left) “empty” (0.3% PEG, 3 M NaCl, and 5.7 pH) and
(right) “full” (3.5% PEG, 0.4 M NaCl, and 5.7 pH) capsid crystals of
rAAVS.

growth rates for full rAAVS and full rAAVS (Figures 4a—d and
5). The model results also agree with the experimental data for
the total number density variation, total length of crystals, total
radius of crystals, total crystal surface area, and total volume of
the crystals with RMSE < 0.21 (Figures 6, 7, 8, 9, and 10,
respectively). The power law nucleation expression predicts
that nucleation occurs for positive supersaturation no matter
how small its value. In reality, nucleation does not occur for a
long duration of time (Figure 6). The fall in nucleation rate as
the supersaturation drops is captured well by the classical
exponential nucleation model (eq 6) (Figure 11).

For both full rAAVS and full rAAVY, the first crystal nuclei
appear after a long period 13—16 h (Figures 6 and 11). Vapor
diffusion causes the droplet to shrink by ~2.5% in volume ~13
h after the onset of experiment (Figure 11), and this causes the
rAAV concentration to increase by about 2.5%. The rAAV
concentration reaches a maximum at ~20 h (Figure 11).
Although thermodynamics suggests that the droplet volume
should shrink by 50%, the kinetics of vapor diffusion from the
droplet to the reservoir becomes so slow after a day that the
droplet volume is reduced by only 3% even after a couple of
weeks in contrast to that reported in the literature.*’

The model indicates that the nucleation induction time,
which is the time period between the instant when the
supersaturation is generated and the time instant when the
particles are formed, can range between 14 to 38 h (Table 1),
depending on the precipitant concentrations. This induction
time scales are quite similar to those (10 to 25 h) obtained for
small-molecule APIs such as paracetamol in hanging-drop
evaporation-based microfluidic system of starting volume §
uL.'*"® The calculated induction time scales are somewhat
higher than that reported for glycine for a droplet evaporation-
based microfluidic system of a starting droplet volume of 4.5
uL."* The comparable induction times are in contrast to the
orders of magnitude larger molecular weight of capsids
compared to glycine or paracetamol. In addition, capsid

https://doi.org/10.1021/acs.cgd.4c01720
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Figure 4. Comparison of model results with experimental data for
crystal size distribution for full rAAVS in (a) 3D and (b) 2D and for
rAAVS in (c) 3D and (d) 2D at time t = 60 h, 2.5% PEG, 0.75 M
NaCl, and pH 6 (see Table 1 for parameter estimates). Solubility: 5 X
10'° vg/uL for rAAVS and 4.6 X 10" vg/uL for rAAVS.

nucleation in hanging-drop vapor diffusion system occurs at
low supersaturation (~1.62) compared to the nucleation of
glycine or paracetamol (supersaturation >4) in a droplet
evaporation-based microfluidic system.'*'>*" As such, the
capsid nucleation rate/propensity is higher for capsids than for
small molecules, such as paracetamol and glycine. This
observation conflicts with the literature reports that the
propensity of proteins/macromolecules to nucleate decreases
as the molecular weight increases, due to the increase in the
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Figure 5. Comparison of simulation results with experimental data for
growth rate variation for full rAAVS and rAAVS at 2.5% PEG, 0.75 M
NaCl, and pH 6 (see Table 1 for parameter estimates). Solubility: 5 X
10'° vg/uL for rAAVS and 4.6 X 10" vg/uL for rAAVS.
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Figure 6. Comparison of model results with experimental data for
total number density of crystals for full rAAVS and rAAVS at 2.5%
PEG, 0.75 M NaCl, and pH 6 (see Table 1 for parameter estimates).
Solubility: 5 x 10" vg/uL for rAAVS and 4.6 X 10" vg/uL for
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Figure 7. Comparison of model simulation results with that of
experimental data for total length of crystals for full rtAAVS and
rAAVS at 2.5% PEG, 0.75 M NaCl, and pH 6 (see Table 1 for
parameter estimates). Solubility: § X 10'° vg/uL for rAAVS and 4.6 X
10'° vg/uL for rAAVS.
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Figure 8. Comparison of model simulation results with that of
experimental data for total radius of crystals for full rtAAVS and
rAAVS at 2.5% PEG, 0.75 M NaCl, and pH 6 (see Table 1 for
parameter estimates). Solubility: 5 X 10" vg/uL for rAAVS and 4.6 X
10'° vg/uL for rAAVS.
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Figure 9. Comparison of model simulation results with that of
experimental data for the total surface area of crystals for full rAAVS
and rAAVS at 2.5% PEG, 0.75 M NaCl, and pH 6 (see Table 1 for
parameter estimates). Solubility: 5 X 10" vg/uL for rAAVS and 4.6 X
10'° vg/uL for rAAVS.

number of degrees of freedom/conformations making the
conformational matching with the lattice sites increasingly
difficult.*” Capsids have an icosahedral symmetry (T = 1) and
2-fold, 3-fold, and 5-fold symmetry with a surface decorated
with recurrent protrusions of various sizes.'” This ball-shaped
outer structure with low degrees of freedom facilitates
conformational matching required to sit on the lattice sites
to form a crystal; ie., the overall symmetry and physically
constrained capsids minimize the orientation degrees of
freedom to achieve crystal formation. Thus, capsids possess
higher propensity to nucleate compared to many small
molecules, macromolecules, and heavy proteins even though
capsids possess a molecular weight (~3.6 MDa) that is much
higher than many of the heavy macromolecules such as mAbs
(~150 kDa) and mRNAs (~200—500 kDa)."*

The difference in induction time scale between two
serotypes is not significant given that the concentrations of
the precipitants used in the simulation are very similar for both.
For example, for precipitant concentrations of 2.5 w/v% PEG
and 0.75 M Na(l, the induction time scales for full rAAVS and
full rAAVS are 14.1 and 16.5 h, respectively, with only a ~2 h
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Figure 11. Model results for droplet volume variation (top left), vapor
pressure and air pressure variation (top right), full rAAV nucleation
rate variation (bottom left), and concentration variation (bottom
right) at 2.5% PEG, 0.75 M NaCl, and pH 6 (see Table 1 for
parameter estimates).

time difference (Table 1). Considering the stochastic nature of
the nucleation event, particularly in the droplet-based system
of microliter volume, this difference in time scale may not be
statistically significant as the induction time in these systems
may range more than 10 h."’

In both serotypes, nucleation lasts for a period of ~10—24 h
(Figure 11). The prolonged nucleation is associated with a
broad size distribution for both serotypes (Figure 4a,b). Capsid
nucleation is a slow process compared to the LaMer burst
nucleation (i.e., instant nucleation resulting in monodisperse
particles) observed in chalcogenides/metals/metal-oxides/
some semiconductors, but this prolonged nucleation period
is comparable to that observed in the crystallization of
lysozyme, a low-molecular-weight 4Is)rotein, in a continuous
stirred tank reactor of 100 mL.">**~* However, the nucleation
rate starts decreasing as soon as the solute concentration
begins to drop (4—S h after the onset, see Figure 11) and
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Table 1. Values of Nucleation and Growth Kinetic Constants for Experiments at a pH 6 and Capsids at 8 X 10" vg/uL

PEG NaCl L, ko X 1073

w/v % M)t (h)  (um)  [# (vg) (pm)s7']
rAAVS full 2.50 0.75 141 220 10.00
2.60 0.83 172 41.0 15.30
2.60 0.92 183 355 13.35
2.70 127 21,5 372 17.85
rAAVS 1.98 0.15 367 397 12.40
empty 2.00 0.20 325 35.1 13.70
2.30 0.27 292 430 14.18
rAAVS full 2.50 0.75 165 260 1.00
2.70 0.05 223 240 1.30
2.75 0.10 245 254 1.45
2.75 0.20 261 299 213
rAAVS 3.10 0.06 313 285 2.51
empty 3.10 0.15 384 193 3.07
320 0.15 36.1 18.5 3.12

Key: t,: induction time/nucleation onset time scale, L.: crystal length.

ky, % 10° k. x 107
X107 () vge ] g [um)Ce ) vges] g
7.900 2,90 110 3.50 0.80
7.910 2.79 1.09 3.56 0.82
7.902 2.85 1.07 3.51 0.87
7.905 2.87 112 3.48 0.78
7.897 2,96 L11 3.45 0.81
7.908 2.98 1.09 3.57 0.85
7.898 3.06 111 3.53 0.89
7.940 3.85 110 5.00 0.60
7.937 3.95 1.04 5.07 0.57
7.936 3.89 125 511 0.62
7.945 3.84 101 5.16 0.65
7.942 392 117 496 0.56
7.946 3.86 113 497 0.53
7.939 3.88 1.09 493 0.57

eventually nucleation stops. The classical nucleation model
captures this duration quite well with a dimensionless
correction parameter f of 7.9 X 1077 and 7.94 X 1077 for full
rAAVS and full rAAVS, respectively, and nucleation prefactors
k, of ~1 X 10* #/um® s and ~1 X 10 #/um?> s for full rAAVS
and full rAAVS, respectively. The value of the nucleation
prefactor is found to be lower than that of 10’—10"7 #/um® s
for primary homogeneous nucleation of metal and oxides
reported in literature.*®

The extremely low values of the free energy correction factor
indicate that the free energy barrier for nucleation is quite low.
As such, the nucleation is feasible at low supersaturation, which
suggests that the nucleation process is dominated by a
heterogeneous nucleation mechanism. A ~2.5% increase in
supersaturation resulting from an ~2.5% decrease in droplet
volume due to vapor diffusion was sufficient to cause the onset
of nucleation as the free energy barrier for heterogeneous
nucleation is relatively low. Although nucleation periods and
induction times for capsids and low-molecular-weight proteins
such as lysozyme are comparable, the growth rate prefactor for
the former is almost seven orders of magnitude smaller than
that of the latter, and the growth rate exponent is nearly half of
that of the latter. The growth of capsid crystals could be
limited by transport of the capsids to the crystal surface,
surface integration, or 2D surface diffusion. Integration into a
kink site is unlikely to be limiting, since the capsids have a few
orientation degrees of freedom. Having one of the transport
steps being limiting is probably characteristic of macro-
molecular assemblies such as capsids possessing extremely
high mass (resulting in slow Brownian motion), which
prevents the capsids from approaching the crystal surface to
integrate into the crystal or limits the surface diffusion. This
effect of high molecular mass is incorporated implicitly into the
growth rate prefactor and is reflected by its very low value.

The aspect ratio (length/diameter) of full rAAVS crystals is
smaller than for full rAAVS crystals (Figure 4a,b), due to the
faster axial growth and slower radial growth for full rAAVS8
compared to full rAAVS (Figure S). rAAVS crystals have a
higher total length (Figure 7), total radius (Figure 8), and total
surface area (Figure 9) than rAAVS. The lower aspect ratio of
the rAAVS crystals is associated with the lower total surface
area and a lower surface area-to-volume ratio (cf,, Figures 9
and 10). While the full rAAVS crystals have a higher total
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number density (Figure 6), the full rAAVS crystals have higher
growth rates (Figure S) so that the average mass per crystal is
higher, and the total volume of crystals is the same for both
serotypes throughout the course of the experiments (Figure
10).

The nucleation and growth kinetics and the time scale for
the onset of nucleation were calculated for different
experimental conditions (Table 1). As expected, the time
scale for onset of nucleation varies nonlinearly with the
concentration of the precipitant. The data also show the
strongly nonlinear interaction between precipitant, solute, and
solvent. Variation in the values of nucleation and growth
kinetics from different sets of experiments probably suggests
the dependence of nucleation rate on many properties such as
surface tension variation with precipitant, solute—solvent—
precipitant interaction, and variation in cluster—cluster
collision frequency.

5. CONCLUSIONS

We derived a mechanistic model for AAV capsid crystallization
based on coupling population balance and species balance
equations, which (1) includes the effect of droplet volume
evolution and solution thermodynamics and (2) captures the
experimental variation of crystallization kinetics and crystal
properties such as length, radius, surface area, and volume with
inclusion of a correction factor in the classical exponential
nucleation and power law growth models. For the first time, it
is found that the crystal nucleation of AAV capsids in a
microliter-volume hanging droplet occurs by heterogeneous
nucleation, and the nucleation process is driven by water
molecule diffusion dynamics from the droplet. The vapor
diffusion from the droplet to the reservoir eventually is so slow
that the droplet volume shrinks by only 3% after a couple of
weeks, in contrast to the theoretical equilibrium value of 50%
reduction in droplet volume, which is similar to values reported
for protein crystallization in droplet-based systems.”’ Hetero-
geneous nucleation makes crystallization feasible at the low
supersaturation associated with the 2.5% droplet volume
shrinkage. Nucleation induction times for capsids are
comparable to those of small molecules such as glycine and
paracetamol (API). Despite the capsid’s much higher
molecular weight, they possess a similar propensity to nucleate
as low-molecular-weight proteins and small-molecule pharma-
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ceuticals (APIs). The capsid’s icosahedral symmetry and 2-
fold, 3-fold, and S-fold symmetry with ball-shaped outer shape/
structure,’” which is unique among macromolecules/macro-
molecular assemblies/heavy proteins, has low conformational
degrees of freedom, which facilitates faster alignment into an
ordered arrangement to form a crystal nucleus. Thus, capsids
show a higher tendency to form nuclei and crystallize than the
other macromolecules such as mAbs or mRNA:s.

As with other proteins and biological macromolecules,
capsids show a prolonged nucleation period, which leads to the
formation of polydispersed crystals. Capsid crystals have a slow
growth rate, with growth rate prefactors seven orders of
magnitude smaller than that of lysozyme and growth rate
exponent nearly half of that of lysozyme, and the crystal growth
rate for capsids is more weakly sensitive to the supersaturation
than for lysozyme. Slow growth rate is probably limited by
either the transport of capsids to the crystal surface or 2D
surface transport because of the slow Brownian motion of
larger macromolecular assemblies such as capsids. Finally, the
modeling framework presented herein can be useful to explain
the crystallization process and predict and control crystal-
lization conditions of other advanced therapeutics/biological
micromolecules such as mRNA and mAbs as well.
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