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ABSTRACT: Although the Classical Nucleation Theory (CNT) is the most
consensual theory to explain protein nucleation mechanisms, experimental
observations during the shear-induced assays suggest that the CNT does not
always describe the insulin nucleation process. This is the case at intermediate
precipitant (ZnCl2) solution concentrations (2.3 mM) and high-temperature
values (20 and 40 °C) as well as at low precipitant solution concentrations
(1.6 mM) and low-temperature values (5 °C). In this work, crystallization events
following the CNT registered at high precipitant solution concentrations (3.1 and
4.7 mM) are typically described by a Newtonian response. On the other hand,
crystallization events following a nonclassical nucleation pathway seem to involve
the formation of a metastable intermediate state before crystal formation and are
described by a transition from Newtonian to shear-thinning responses. A
dominant shear-thinning behavior (shear viscosity values ranging more than 6
orders of magnitude) is found during aggregation/agglomeration events. The rheological analysis is complemented with different
characterization techniques (Dynamic Light Scattering, Energy-Dispersive Spectroscopy, Circular Dichroism, and Differential
Scanning Calorimetry) to understand the insulin behavior in solution, especially during the occurrence of aggregation/agglomeration
events. To the best of our knowledge, the current work is the first study describing nonclassical nucleation mechanisms during shear-
induced crystallization experiments, which reveals the potential of the interdisciplinary approach herein described and opens a
window for a clear understanding of protein nucleation mechanisms.

1. INTRODUCTION
Crystallization starts with nucleation, a first-order phase
transition by which molecules pass from a wholly disordered
state to an ordered one.1 Small domains (i.e., nuclei)
spontaneously appear during a homogeneous nucleation
event, eventually evolving into a detectable crystal.2 Protein
nucleation requires extremely high supersaturation levels to
overcome the critical free energy barrier. Introduced by Volmer
andWeber in 1926, theClassical Nucleation Theory (CNT) is the
most consensual theory to explain protein nucleation mecha-
nisms. This classical approach describes nucleation as a process
involving the formation of a critical nucleus and its subsequent
growth.3 One of the assumptions of the CNT is that all clusters
exhibit the same crystallinity degree regardless of their size.4

However, the validity of some of these assumptions has been
questioned and even contradicted over the past 2 decades by
different theories/observations, which can be resumed as
follows.5−8

(i) Experimental observations: when the nucleation rate is
much faster or slower than the one predicted by the CNT
or when the observed nuclei size distribution differs
significantly from the theoretical predictions.

(ii) Thermodynamic calculations: when the thermodynamic
calculations (e.g., free energy barrier) are much different
compared to the values predicted by the CNTor when the

critical nucleus size significantly differs from the estimated
value.

(iii) Nonclassical nucleation theories: when the existence of
nonclassical nucleation pathways that do not involve the
formation of a critical nucleus, which might suggest that
the CNT does not fully describe the nucleation process.

A schematic representation of a protein crystallization process
involving classical (CNT) versus non-classical perspectives of
the nucleation mechanism can be observed in Figure 1.
The nonclassical approaches describe nucleation as a

multistep process involving metastable intermediate states
(i.e., precritical clusters). One of these nonclassical theories is
the two-step nucleation theory proposed by Galkin and Vekilov
in 20009 (lysozyme). Sleutel and van Driessche (2014)5 showed
evidence that clusters are liquid-like and metastable concerning
the emerging crystalline phase (e.g., lysozyme and insulin).
Ferreira et al. (2017)10 demonstrated the existence of clusters
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that do not give rise to crystals and remain in solution
(lysozyme). Kaissaratos et al. (2021)8 also stated that two-step
nucleation is a phase transformation over the classical pathway
due to a lower surface-free energy barrier. Mesoscopic insulin-
rich clusters form in solution and facilitate the insulin nucleation
process.8

One of the most widely used techniques to characterize
nucleation mechanisms (e.g. early stages of crystallization and
aggregation) is Dynamic Light Scattering (DLS). DLS detects in
situ scattering intensity fluctuations due to the Brownian motion
of particles,11,12 which are related to particle size and
polydispersity information.13 Moreover, this optical technique
allows to simultaneously determine the monodispersity of
species of interest and the presence of soluble high-order
assemblies and/or aggregates14 as highlighted in the revision
reported by Amin et al. (2014).11 Insulin crystallizes in a
hexameric form, while in solution, an equilibrium mixture of
monomers, dimers, tetramers, hexamers, and possibly higher
associated states occurs.15 Additionally, acid solutions (e.g.,
HCl) andmetallic ions (e.g., Zn2+) and insulinmolecules tend to
form dimers16,17 and hexamers,18,19 respectively.
Several authors have reported studies about the behavior of

proteins (e.g., lysozyme and serum albumin) and monoclonal
antibodies (e.g., immunoglobulin) in solution using DLS. First,
Bohidar (1998)20 conducted assays and observed equilibrium
aggregate formation, even at very low insulin concentrations
(0.04−0.15 mg mL−1). Li et al. (2011)21 monitored aggregation
in concentrated lysozyme solutions(<200 mg mL−1) and
determined the size of clusters, which provided further insights
into complex cluster formation scenarios. Amin et al. (2012)22

detected changes in denatured serum albumin solutions
associated with the appearance of insoluble aggregates at high
temperatures (60−80 °C) through an optimized DLS optical
microrheology setup. Pathak et al. (2013)23 performed
experiments with a monoclonal antibody (immunoglobulin,
10 and 107 mg mL−1) and concluded that monomers and
reversible clusters coexist in solution. Nicoud et al. (2015)24

monitored the kinetics of aggregate growth (i.e., size and

morphology) of monoclonal antibody solutions (immunoglo-
bulin, <60 mg mL−1). More recently, Dharmaraj et al. (2016)25

studied an extended range of lysozyme concentrations, and three
different scenarios were reported at a low-temperature value
(5 °C): (1) at low concentrations (∼1 mg mL−1), the
hydrodynamic radius corresponded to one of a monomer; (2)
at intermediate concentrations (∼150 mg mL−1), a decrease in
the apparent hydrodynamic radius was captured due to
increased repulsions between the monomers; and (3) at high
concentrations (∼473 mg mL−1), attractions, clustering, and
hydrodynamic effects slow the diffusion, and the hydrodynamic
radius increased. Last, Gonçalves et al. (2016)26 distinguished
the presence of different oligomers (monomeric species with a
small percentage of dimeric and trimeric species) during the
assays performed with serum albumin (1 mg mL−1).
The main goals of this work are (i) to characterize the

rheology of insulin solutions in the presence of variable
precipitant solution concentrations at a broad temperature
range (5−40 °C), (ii) to analyze the insulin behavior in solution
using different characterization techniques [Dynamic Light
Scattering (DLS), Energy-Dispersive Spectroscopy (EDS),
Scanning Electron Microscopy (SEM), and Differential
Scanning Calorimetry (DSC)], and (iii) to provide a further
understanding of the insulin nucleation mechanisms, which
includes classical and nonclassical pathways. Thus, the results
can be divided into three main parts: (I) crystal formation
following the CNTmechanism, where the nuclei are formed and
grow until reaching a detectable size (crystal); (II) multistep
nucleation mechanism (non-classical CNT) governs the
crystallization process as crystal appearance seems to require
the presence of initially formed aggregates; and (III) aggregate
formation with no evolution to a crystalline phase.
Different research teams have presented nonclassical path-

ways to describe protein nucleation as highlighted by the reviews
reported by Vekilov (2004),6 Karthika et al. (2016),27 Sleutel
and van Driessche (2018),4 Gebauer et al. (2018),28 Jin et al.
(2020),29 Zhang et al. (2021),30 and Warzecha et al. (2021).31

Insulin is a unique case of benign in vivo crystallization with

Figure 1. Overview of classical [(I)−(II)] and nonclassical [(III)−(V) or (III)−(IV)−(II)] nucleation pathways from a supersaturated protein
solution to a crystalline phase [adapted from ref 5].
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relevant biological functions.8 However, only two studies
reported nonclassical perspectives of insulin crystals: Sleutel
and van Driessche (2014)5 and Kaissaratos et al. (2021).8

Therefore, to the best of our knowledge, the current study
constitutes the first work describing nonclassical pathways
associated with shear-induced insulin crystallization events. An
overview of the reported literature involving the rheological
investigation of proteins and antibodies was published elsewhere
by Ferreira et al. (2022).32

2. EXPERIMENTAL SECTION
2.1. Protein Solution Preparation. The studied protein

was recombinant human insulin (Sigma-Aldrich, 5808 g mol−1,
CAS-no. 11061-68-0). The solution preparation protocol was
previously reported by Ferreira et al. (2002)33 and Ferreira et al.
(2022),32 which includes the following: (i) insulin solution
[0.25 and 2.5 mg mL−1 (pH = 1.6)] and (ii) precipitant solution
[composed of 6.25 mM zinc chloride (Sigma-Aldrich, CAS-no.
7646-85-7), 62.5 mM trisodium citrate (Sigma-Aldrich, CAS-
no. 6132-04-3), and 12.5% (v/v) acetone (VWR International,
CAS-no. 67-64-1) (pH = 6.2)]. There are several experimental
protocols to crystallize insulin, not only in terms of cosolvents
(e.g., acetone and phenol) but also in zinc-providing salts (e.g.,
chloride, sulfate, and acetate). Chen et al. (2017)34 and
Hodzhaoglu et al. (2016)35 highlighted the importance of
cosolvents to obtain well-formed insulin crystals without face
defects.
2.2. Rotational Rheology Experiments. Shear viscosity

curves were measured using a stress-controlled shear rheometer
(Physica MCR301, Anton Paar) with a minimum resolvable
torque ofMmin = 0.1 μNm equipped with a cone-and-plate (CP)
geometry to ensure a uniform shear rate profile.36 The
temperature control was done through an integrated Peltier
temperate system set at the studied temperature value (5−
40 °C). Moreover, a solvent trap was used to minimize the
solvent evaporation. However, sample evaporation was still
observed under extreme experimental conditions [low precip-
itating agent concentration (1.6 mM zinc chloride) and high
temperature (40 °C) in assays taking more than 60 min]
promoting aggregate/agglomerate formation. The rheological
assays were performed at fixed insulin (2.5 mg mL−1, Cp) and
variable precipitating agent (1.6−4.7 mM) concentrations based
on previous work from the research team,32 which corresponds
to a supersaturation ratio (S = Cp/Cs, where Cs is the protein
solubility concentration) range of 85−140 at 20 °C. The
solutions were placed in a thermostatic bath (Huber�Ministat
125, accuracy ± 0.02 °C) at a set value (5−40 °C) for 30 min
prior to the measurement. After this time, the samples
(precipitant solution followed by insulin solution, pH = 6.2)
were pipetted to the rheometer. This procedure ensured no
temperature gradients during themixing procedure, which could
eventually lead to uncontrolled nucleation or aggregation/
agglomeration events. Further details about the rheometer
apparatus, experimental setup, and methodology can be found
elsewhere.32 The protein samples were initially presheared for
25 min at a shear rate high enough to ensure a homogeneous
mixture while avoiding any protein denaturation event (γ̇ = 5 ×
102 s−1). Denaturation due to high shear rates is only expected to
occur at γ̇ > 107 s−1.23 The steady-state shear rheology was
characterized by descending [↓ γ̇(t)] shear rate sweep
measurements within 10−4 ≤ γ̇ [s−1] ≤ 103 expressed in a linear
ramp (Δt = 60 min). Last, at least three independent
experiments were carried out to ensure data reproducibility.

2.3. OpticalMicroscopy. Sheared samples were collected at
the end of each rheological measurement in an Eppendorf tube
(1.5 mL), stored at room temperature (22 ± 2 °C), and
periodically observed (up to 15 days) to capture the presence
and/or evolution of crystals and/or aggregates/agglomerates.
This procedure was carried out using a microscope (DMI5000
M, Leica Microsystems CMS GmbH) equipped with a digital
camera (DFC350 FX, Leica Microsystems CMS GmbH). The
analysis was performed by LAS v3.7.0 software (Leica Application
Suite).37

2.4. Dynamic Light Scattering. DLS measurements were
done using an ALV/DLS−5000F instrument equipped with an
SP-86 goniometer system (ALV-GmbH, Langen, Germany) and
a continuous-wave diode-pumped Nd/YAG solid-state Com-
pass-DPSS laser with a symmetrizer (Coherent Inc., Santa Clara,
CA). The laser operates at a wavelength of 488 nm with an
output power of 75 mW. The intensity scale was calibrated
against the scattering from toluene. Samples of mixed freshly
prepared protein and precipitant solutions were incubated in
glass cuvettes (1.0 mL) at fixed temperature values (5−40 °C:
wavevectors around 0.02 nm−1) and periodically analyzed at a
scattering angle of 90° to the incident beam. Last, the DLS
samples were diluted to a sufficiently low insulin concentration
(0.25 mg mL−1)24 both in the absence and presence of the
precipitant solution at variable concentrations (1.6, 3.1, and
4.7 mM) and temperature (5, 20, and 40 °C). The analysis was
also performed for different incubation times (up to 6 h) to
characterize the insulin behavior in solution and to explore the
equilibrium between the different oligomeric forms over time.
In a DLS experiment, the first-order correlation function

[g1(τ)] decays exponentially and is dependent on a decay
constant (Γ [s−1]) for macromolecules undergoing a Brownian
motion (eq 1).38

g ( ) exp( )1 = (1)

where τ [s] is the lag time. The decay constant (Γ, eq 1) is
directly related to the diffusion coefficient of insulin
(Dτ [m2 s−1]) (eq 2).38

D q2= (2)

where q [m−1] is the Bragg wave vector which is proportional to
the solvent (diluted HCl solution) refractive index
(n [�] = 1.3331) (eq 3).38

q
n4

sin
2

= i
k
jjj y

{
zzz (3)

where λ [m] is the wavelength of incident light (488 nm) and θ
[rad] the angle at which the detector is placed (90°).
Last, the hydrodynamic radius (Rh [m]) can be calculated by

the Stokes−Einstein equation (eq 4). The hydrodynamic radius
is defined as the radius of a hypothetical sphere that diffuses at
the same rate as the crystals under investigation.38

D
k T

R6
B

h
=

(4)

where kB [kg m2 s−2 K−1] is the Boltzmann coefficient (1.38 ×
10−23 kg m2 s−2 K−1), T [K] is the temperature, and η [Pa s] is
the shear viscosity of the solvent (diluted HCl solution).
2.5. Energy Dispersive Spectroscopy and Scanning

Electron Microscopy. EDS analysis and SEM imaging were
performed using a high-resolution scanning electronmicroscope
with X-ray microanalysis: JEOL JSM 6301F/Oxford INCA
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Energy 350. The samples collected after each rheological assay
were dried under vacuum and coated with a Au/Pd film by
sputtering for 100 s with a constant current value of 15 mA using
the SPI module coater equipment. Last, the conditions in which
images and the spectrum were obtained are indicated in the,
respective, labels. EDS was employed to identify which chemical
elements were present in the rheological samples at the studied
precipitant solution concentration values (1.6−4.7 mM) and
insulin concentration and temperature values of 2.5 mg mL−1

and 20 °C, respectively.
2.6. Differential Scanning Calorimetry. A SETARAM

DSC-III heat flux microcalorimeter with Hastelloy batch vessels
(900 μL) was used to determine the thermal behavior of insulin
solutions (0.25 mg mL−1). Temperature scans between 20 and
45 °C at 0.1 °C min−1 heating rate were performed. The
measurements were carried out during two heating steps.
Enthalpograms were analyzed by using Calisto SETARAM

software. At least three independent experiments were carried
out to ensure data reproducibility.

3. RESULTS AND DISCUSSION
Descending [↓ γ̇(t)] shear rate sweep measurements were
carried out at a fixed insulin concentration (2.5 mg mL−1) in the
presence of variable precipitant solution concentrations (1.6−
4.7 mM) and temperature range (5−40 °C). At the end of each
rheological assay, two distinct scenarios were obtained: (Shear-
Induced Crystallization States) crystallization states following
classical nucleation pathways and (Shear-Induced Aggregation/
Agglomeration States) aggregation/agglomeration states, which
will eventually evolve into crystallization states following
nonclassical theories. The samples were followed for several
hours and days (up to 15 days) by using optical microscopy.
3.1. Shear-Induced Crystallization States.The shear rate

(γ̇) dependence of the shear viscosity (η) at the studied

Figure 2. Steady-shear viscosity (η) as a function of the shear rate (γ̇) measured in the temperature range of 5−40 °C during descending shear rate
sweep experiments with fixed insulin concentration (2.5 mg mL−1) and variable precipitating agent (ZnCl2) concentrations: (a) 3.1 mM and
(b) 4.7mM. The dashed lines represent (i) theminimummeasurable shear viscosity based on 10× the minimum resolvable torque and (ii) the onset of
secondary flow due to Taylor instabilities [the bars indicate standard deviations from at least three independent experiments].

Figure 3.Representative samples from the rheological experiments with a duration of 60min at (a) 5, (b) 20, and (c) 40 °C after (1) 0, (2) 1, and (3) 5
days: insulin concentration of 2.5 mgmL−1 and a precipitating agent (ZnCl2) concentration of 3.1 mM [the indicated scale bars correspond to a length
of 100 μm].
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precipitating agent concentrations (3.1 and 4.7 mM) and
temperature range (5−40 °C) is presented in Figure 2, while the
outcome of the shear-induced experiments over different days
(up to 5 days) can be observed in Figure 3 and 4. At a moderate
concentration of precipitating agent (3.1 mM), the transition
from a shear-thinning behavior (low temperature) toNewtonian
behavior (high temperature) is captured at 20 °C (Figure 2a),
which is in accordance with a previous study.32 At the highest
precipitating agent concentration (4.7 mM), a Newtonian
response and similar shear viscosity values are observed,
regardless of the studied temperature value (Figure 2b).
Initially, rhombohedral insulin crystals35 are formed at a

moderate concentration of the precipitating agent (3.1 mM)
(t = 0, Figure 3). The crystals are larger at high temperatures
(T ≥ 20 °C), while a high number of smaller crystals are
produced at low temperatures (T = 5 °C). For this latter
temperature, a visible increase in the shear viscosity is also

observed [Figure 2a], which might be explained by the random
insulin molecular distribution in the presence of many tiny
crystals, thus contributing to increased flow resistance.
At high temperatures (T ≥ 20 °C), the larger crystals might

contribute to the molecular alignment of insulin molecules and,
consequently, lower shear viscosities by a decreased flow
resistance at the solvent molecular level. There is an indirect
contribution in protein−solvent interaction due to the
formation of larger crystals, which reduces the solvent accessible
surface area of insulin molecules. Although no substantial crystal
growth occurs at high temperatures (T ≥ 20 °C), visible growth
and appearance of new crystals take place over time (Figure 3,
t = 1 and t = 5 days) at low temperatures (T = 5 °C). No
detectable or very tiny crystals are initially observed at a high
concentration of the precipitating agent (4.7 mM) (t = 0, Figure
4). This outcome might justify the Newtonian response
[η(γ̇) ∼ 10−3 Pa s] characteristic of the studied temperature

Figure 4.Representative samples from the rheological experiments with a duration of 60min at (a) 5, (b) 20, and (c) 40 °C after (1) 0, (2) 1, and (3) 5
days: insulin concentration of 2.5 mgmL−1 and a precipitating agent (ZnCl2) concentration of 4.7 mM [the indicated scale bars correspond to a length
of 100 μm].

Figure 5. Steady-shear viscosity (η) as a function of the shear rate (γ̇) measured in the temperature range of 5−40 °C during descending shear rate
sweeps experiments with fixed insulin concentration (2.5 mg mL−1) and variable precipitating agent (ZnCl2) concentrations: (a) 1.6 mM and (b) 2.3
mM. The dashed lines represent (i) the minimum measurable shear viscosity based on 10× the minimum resolvable torque and (ii) the onset of
secondary flow due to Taylor instabilities [the bars indicate standard deviations from at least three independent experiments].
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range [Figure 2b]. Time-dependent rheological assays at a
constant shear rate (γ̇ = 200 s−1) performed in a previous study
showed no rheopectic effects.32 After 1 day (t = 1 day, Figure 4),
insulin rhombohedral crystals are formed at all of the studied
temperature values, which are slightly larger at the highest
temperature (T = 40 °C). Visible crystal growth and formation
of new crystals occur at T ≤ 20 °C (t = 5 days, Figure 4).
3.2. Shear-Induced Aggregation/Agglomeration

States. The rheological behavior of insulin solutions in the
presence of the precipitating agent with concentrations (1.6 and
2.3 mM) and temperature range (5−40 °C) promoting
aggregation/agglomeration events is presented in Figure 5.
The outcomes of rheometry experiments over different days (up
to 15 days) are listed in Figures 6 and 7. An evident shear-
thinning response is observed in most cases, except at high
temperatures (T = 40 °C) and intermediate precipitating agent
concentration (2.3 mM), where Newtonian behavior appears
[Figure 5b]. Moreover, temperature-independent shear viscos-
ity at γ̇< 100 s−1 andT≤ 20 °C is observed for both precipitating
agent concentrations (Figure 5).
At the lowest concentration of the precipitating agent

(1.6 mM), noncrystalline structures are initially (t = 0) observed
for the studied temperature range (5−40 °C). Dispersed
aggregates/agglomerates are clearly visible at low temperatures
(T≤ 20 °C), while a more tightly packed solution is exhibited at
40 °C (Figure 6). These distinct outcomes are also observed in
the rheological behavior. Although a yield stress behavior is

exhibited for all the temperature values, with the shear viscosity
ranging more than 6 orders of magnitude (solid-like behavior,
where the insulin solutions are almost not flowable), the shear
viscosity curves differ for the analyzed temperature range
[Figure 5a] as follows.

• At low temperatures (T ≤ 20 °C), the curves are similar,
which is in accordance with the similar observed
aggregation/agglomeration (Figure 6 at t = 0). The
insulin solutions become less cloudy (i.e., turbid), and the
aggregates/agglomerates tend to rearrange in solution
over time (Figure 6 at t > 0). This rearrangement is even
more evident after longer times at the lowest temperature
value (T = 5 °C), which seem to lead to the formation of
aggregated clusters (Figure 6 at t = 5 days).

The first crystals appear in solution after 15 days in the form of
either single rhombohedral crystals in a cloudy solution atT = 20
°C or simultaneously single large rhombohedral and needle-
shaped crystals in the presence of discrete aggregates/
agglomerates at T = 5 °C (Figure 6 at t = 15 days).

• At high temperatures (T = 40 °C) and high shear rates
(γ̇ > 200 s−1), the shear viscosity values are lower
compared to the values obtained at low temperatures (T
≤ 20 °C) [Figure 5a] by following the Arrhenius
equation.39−41 Conversely, at lower shear rates (γ̇ < 200
s−1), the shear viscosities are higher than those at low
temperatures (T ≤ 20 °C), which is probably due to the

Figure 6.Representative samples from the rheological experiments with a duration of 60min at (a) 5, (b) 20, and (c) 40 °C after (1) 0, (2) 1, (3) 5, and
(4) 15 days: an insulin concentration of 2.5 mg mL−1 and a precipitating agent (ZnCl2) concentration of 1.6 mM [the indicated scale bars correspond
to a length of 100 μm].
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formation of irreversible and insoluble aggregates/
agglomerates during the rheological experiment [Figure
5a]. Additionally, a visible decrease in the increasing shear
viscosity rate is registered at very low shear rates (γ̇ ∼ 10−2

s−1).

Time-dependent rheological assays at a constant shear rate
(γ̇ = 200 s−1) performed in a previous study showed no
rheopectic effects.32 This behavior might indicate that the
maximum level of closed-packed organization has been reached.
At this point (γ̇ < 10−2 s−1), a temperature-independent shear
viscosity response is captured [Figure 5a]. No significant
changes are observed in the final samples over time, even after
several days (Figure 7 at t = 15 days) [Figure 5a].
High temperatures are prone to insulin aggregation and

denaturation in acidic solutions.20 However, no denaturation
events were observed for the conditions promoting aggregation
and agglomeration, including the highest measured temperature
value (40 °C). Pathak et al. (2013)23 highlighted that
irreversible clusters contribute to shear viscosity increases of
immunoglobulin solutions, especially at low shear rates due to
nonequilibrium cluster formation.23 Castellanos et al. (2014)42

performed experiments with monoclonal antibody solutions and
observed aggregate formation at 40 °C, which exhibited a yield
stress response.42 Amin et al. (2014)43 reported that shear
viscosity increases are associated with the formation of insoluble
aggregates (i.e., nonequilibrium systems), particularly at low
shear rates.43 Nicoud et al. (2015)24 studied the impact of
aggregate formation on the changes in shear viscosity of
concentrated monoclonal antibody solutions. These authors
concluded that the viscosity of an aggregated protein solution is
lower than that of a monomeric protein solution with a similar
occupied volume fraction, probably due to a polydisperse
aggregate distribution.24 To further understand the significant

decrease in the increasing shear viscosity rate at γ̇ ≤ 10−2 s−1,
additional rheological assays were carried out at fixed shear rates
over time. The main results and discussion are provided in
Supporting Information, S1.
At an intermediate concentration of the precipitating agent

(2.3 mM), the largest rhombohedral crystals among all of the
studied experimental conditions are initially obtained at the
lowest temperature (T = 5 °C). In contrast, a few small crystals
in the presence of cloudy solutions with visible aggregates/
agglomerates are produced at high temperatures (T ≥ 20 °C)
(Figure 7 at t = 0). Although aggregates/agglomerates are
initially observed at T ≥ 20 °C (Figure 7), the shear viscosity
range values are not as high as the values obtained at the lowest
concentration of the precipitating agent (1.6 mM) (Figure 5).
Therefore, the presence of crystals seems to contribute to a
reduction of the shear viscosity.
A temperature-independent shear viscosity is captured at

T ≤ 20 °C (γ̇ < 100 s−1), where the formation of aggregates/
agglomerates is probably favored [Figures 5b and 8 at t = 0]. No
new nucleation events and crystal growth seem to take place
over time at T = 5 °C (Figure 7). At high temperatures
(T ≥ 20 °C), new rhombohedral crystals appear and grow in
solution, while the aggregates/agglomerates tend to disappear,
and the solution becomes less turbid (Figure 7 at t ≥ 1 min).
After 5 days, the larger rhombohedral crystals are obtained at
T ≥ 20 °C (Figure 7 at t = 5 min).
DLS experiments were performed to explore the role of zinc in

the insulin crystallization and aggregation and agglomeration
states and the equilibrium between the different oligomeric
forms. Besides these experiments, circular dichroism (CD) and
DSC measurements were carried out to understand the protein
behavior at high temperatures (40 °C). The main results are
presented along subsection (Insulin Behavior in Solution). Last,
a detailed discussion involving all of the obtained results is

Figure 7.Representative samples from the rheological experiments with a duration of 60min at (a) 5, (b) 20, and (c) 40 °C after (1) 0, (2) 1, and (3) 5
days: an insulin concentration of 2.5 mg mL−1 and a precipitating agent (ZnCl2) concentration of 2.3 mM [the indicated scale bars correspond to a
length of 100 μm].
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provided along subsection (Overview of the Results), which also
includes the main results from the EDS analysis and SEM
imaging.
3.3. Insulin Behavior in Solution. The intensity

distribution [%] as a function of the hydrodynamic radius
[Rh] for insulin solutions in the absence of precipitant solution at
different temperature values is displayed in Figure 8. No
significant changes in the intensity distribution were observed
after t = 2 h. Thus, the analysis was not performed for a longer
time.

At low temperatures (5 and 20 °C) in the absence of a
precipitant solution, the insulin solutions exhibit a homoge-
neous distribution, which is characterized by a single peak
(Figure 8). The average hydrodynamic radius is around 2.45 nm
(diffusion coefficients of 5.1 × 10−11 m2 s−1 and 8.13 × 10−11 m2

s−1 at 5 and 20 °C, respectively), thus suggesting that insulin is
highly hexameric44 (Figure 8). The data presented in the
literature is consistent with the predictions of the current study.
Link and Heng (2022)45 (insulin concentration values below
1 mg mL−1) and Jensen et al. (2014)46 (insulin concentration
around 0.6 mg mL−1) obtained a hydrodynamic radius below
3 nm and a diffusion coefficient around 1× 10−10 m2 s−1. Yousefi
et al. (2016)47 (insulin concentration of 0.2 mg mL−1) reported
values for the hydrodynamic radius around 1 nm.
At high temperatures (40 °C), oligomeric forms and/or

aggregates/agglomerates are pointed out by the appearance of
two distinct peaks at around 0.7 and 7 μm. The single-peak
distribution is recovered by lowering the temperature, which

might suggest reversible structural changes. The suspicious
doubts about the insulin behavior at 40 °C and the possible
formation of amyloid fibrils can be discerned through CD
spectroscopy.48 Amyloid fibrils consist of the partial unfolding of
the insulin structure and, consequently, changes in the CD
spectra, which indicate the extensive conversion of the
molecular conformation from α-helical to β-sheet structures.49
In a previous study, CD measurements performed at 20 °C
revealed a reduction of α-helical content, while excluding the
appearance of structures rich in β-sheets or random coils.33 CD
experiments conducted at 40 °C revealed no significant changes
in the secondary structure of insulin when compared to the
results at 20 °C (Supporting Information, S2). Attending to the
available literature for insulin, the formation of amyloid fibbers
only occurs at temperatures higher than 60 °C.49−51 The DSC
data from the consecutive heating steps are displayed in Figure
9a, while Figure 9b represents the first-order correlation
functions before and after the heating steps (measurements
performed at 20 °C).
The DSC data reveal that the heat flow during the two

consecutive heating steps significantly differs over the studied
temperature range. The exothermic behavior observed during
the second heating step is similar compared to the first one until
temperatures within the range of 25−30 °C. At higher-
temperature values, the heat flows of the second step are
lower. This trend might indicate that aggregates are being
formed [Figure 9a]. These results might suggest that irreversible
aggregation is occurring, which seems to explain the
observations during the rheological assays [Figures 5a and 6].
Before the insulin samples were exposed to the heating steps,
insulin monomers (or eventually dimers) with small scatters
seem to be present in solution. However, after the heating steps,
the presence of oligomers is registered at longer times, which
again suggests the presence of aggregates [Figures 8 and 9b]. To
further investigate this distinct behavior at 40 °C, the DLS
analysis was extended to an incubation time of 6 h.
The experimentally measured count rates and first-order

correlation functions for the studied scenarios are shown in
Figures S2−S8 (Supporting Information, S3). Moreover, DLS
experiments were conducted at three different concentrations of
precipitant solution (1.6−4.7 mM) and temperature values (5−
40 °C), and the analysis was conducted over time. The main
results are presented in Figures S10−S15 and Tables S1−S3
[Supporting Information, S3; see eqs 2 and 4].
For a precipitant solution concentration of 3.1 mM, the

studied cases are characterized by single narrow peaks [Figures

Figure 8. Hydrodynamic radius distribution at different temperatures
and fixed insulin concentration (0.25 mg mL−1) in the absence of a
precipitant solution.

Figure 9. (a) Heat flow in function of temperature during two consecutive heating steps (arrow indicates the thermodynamic flow sign) and (b)
normalized first-order correlation function in function of the lag time at 20 °C before and after the heating steps; fixed insulin concentration (0.25 mg
mL−1).
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S10−S12b]. For a high precipitant solution concentration
(4.7 mM), the hydrodynamic size range seems to be located
around 103−104 nm [Figures S10−S12c]. The hydrodynamic
size distributions at low temperatures (5 °C) reveal two different
aspects: the existence of two peaks for the incubation time (15
min) and the existence of narrower peaks for longer incubation
times (2 and 3 h) [Figure S10c]. At high temperatures (40 °C),
more than one peak is registered for some of the incubation
times [Figure S12c]. Last, at low precipitant solution
concentrations (1.6 mM), the hydrodynamic size range seems
to be located around 102−103 nm. However, the hydrodynamic
size distributions significantly differ along the incubation time
[Figures S10−12a], which is especially clear at 40 °C [Figure
S12a].
In the presence of zinc salts, Kadima et al. (1993)52 reported

that the hydrodynamic radii of the monomer, dimer, tetramer,
and hexamer are 1.5, 2, 2.5, and 3 nm, respectively. Hvidt
(1991)53 obtained an average hydrodynamic radius of 5.6 nm,
close to the crystallographic size of the insulin hexamer. More
recently, Smith et al. (2012)54 (insulin concentrations below 5
mg mL−1) concluded that insulin monomers with an average
hydrodynamic radius of 2 nm are formed in the presence of
sodium chloride. Last, insulin forms hexamers in the presence of
zinc salts even at insulin concentrations below 0.1 mg mL−1.46

On the one hand, for all the studied temperatures (5−40 °C),
a fast decay of the first-order correlation function is observed for
a precipitant solution concentration of 3.1 mM [Figures S13−
S15b]. This observation is related to the appearance of
monomers (below or around 1 nm), which contributes to
small scattering differences and thus fast diffusion (high
diffusion coefficients) (Tables S1−S3). On the other hand, a
slow decay of the correlation function is observed for a
precipitant concentration of 4.7 mM [Figures S13−S15c],
regardless of the studied temperature value.
The correlation functions present fluctuations over the

incubation time [Figures S13−S15c], which means large
fluctuations in the average hydrodynamic size (Tables S1−
S3). Except at 40 °C [Figure S15c], the absence of a baseline in
the correlation functions might exclude the hypothesis of large
particle formation [Figures S13c and S14c]. The large decay
gradient indicates sample polydispersity [Figures S13−S15c].
Last, for a precipitant solution concentration of 1.6 mM, the
studied cases exhibit correlation functions with slow decay
[Figures S13a and S15a], except at 20 °C [Figure S14a]. This
slow decay is translated into large average hydrodynamic sizes
(Tables S1 and S3) and large sample polydispersity [Figures
S13a and S15a]. The incubation time seems to play a critical
role, as significant differences in both correlation functions
[slower decays at longer incubation times: Figures S13a and
S15a] and average hydrodynamic sizes (larger hydrodynamic

sizes at longer incubation times: Tables S1 and S3) are
registered. These observations might suggest aggregation and
agglomeration events, especially at 5 °C (average hydrodynamic
size larger than 100 μm) (Table S1).
Dharmaraj et al. (2016)55 performed experiments with

lysozyme and concluded that an additional slow mode appeared
at high protein concentrations (150−473 mg mL−1). This
observation revealed that a simple exponential could not fit the
first-order correlation function at low temperatures (5 °C).
Pathak et al. (2013)56 associated monomers with the smallest
scatters and fastest diffusion during experiments conducted with
immunoglobulin (10 and 107 mg mL−1). Additionally,
aggregation was characterized by large hydrodynamic sizes
and the appearance of more than one peak. Amin et al. (2012)57

observed narrow peaks while conducting experiments with BSA
(2−10 mg mL−1) at high-temperature values (60 and 80 °C),
which indicated that the particles were well dispersed and not
aggregated. Moreover, the authors captured a slight evolution to
longer decay times. This behavior was attributed to the slow
evolution of the protein structure with increasing incubation
time.
3.4. Overview of the Results. For the studied experimental

conditions (temperature and precipitant composition) along
(3.1), the experimental findings support the CNT as each
cluster, after reaching a critical size, leads to the formation of a
crystal without the appearance of any intermediate stage (e.g.,
aggregate). These observations suggest homogeneous nuclea-
tion since nuclei are spontaneously generated through clusters,
thus originating the crystals.58,59 The CNT mechanism lies in
two main assumptions: (i) prenucleation clusters are crystalline
and (ii) clusters have a critical size. Even though the current
experimental techniques [rheometry characterization�Figure 2
and optical microscopy�Figures 3 and 4, see subsection
(Shear-Induced Crystallization States)] are unable to inspect
the initial stages of nucleation, the crystallization outcome
suggests the validity of the CNT’s assumptions. Following the
classical pathway to explain the experimental results, the
proposed crystallization mechanism is highlighted in Figure 10.
For a precipitant solution concentration of 3.1 mM, the

existence of single narrow peaks suggests the presence of well-
dispersed particles (crystals) [Figures S10−S12b]. Crystal
growth seems to be promoted at high temperatures
(T ≥ 20 °C) since larger hydrodynamic sizes are captured
[Figures S11b and S12b]. These results entirely agree with the
results presented in Figure 3, where larger insulin rhombohedral
crystals are produced at high temperatures (T ≥ 20 °C).
Except at 20 °C [Figure S11b], where significant differences in

the hydrodynamic size distribution are observed as a function of
the incubation time (probably due to the formation of new
crystals), at the remaining temperatures values, no new particles

Figure 10. Schematic representation of the CNT pathway based on experimental evidence from the liquid bulk until the crystalline phase for
precipitant solutions with concentrations of 3.1 and 4.7 mM.
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seem to appear and/or no aggregation/agglomeration events
seem to take place as no significant changes in the hydrodynamic
size distributions are observed [Figures S10b and S12b]. These
observations disagree with the shear-induced crystallization
outcome as new crystals appear over time at low temperatures
(T = 5 °C) (Figure 3). However, the rheological analysis also
excludes the aggregation/agglomeration event hypothesis.
For a high precipitant concentration (4.7 mM), the

hydrodynamic size distributions at low temperatures
(T ≤ 20 °C) reveal that more dispersed particles (crystals)
form over the incubation time. Although two peaks are initially
observed (incubation time of 15 min), at T = 5 °C, the peaks
tend to be narrow after longer incubation times [Figure S10c],
which might result in the formation of new crystals with no

significant crystal growth. At T = 20 °C, broad hydrodynamic
size distributions after long incubation times reveal sample
polydispersity, which might result in the formation of new
crystals [Figure S11c]. These outcomes are in accordance with
the shear-induced assays as crystal growth and formation of new
crystals are observed at T ≤ 20 °C (Figure 4). At high
temperatures (40 °C), crystal growth and/or formation of new
crystals might occur asmore than one peak is registered for some
of the incubation times [Figure S12c]. The rheological assays
reveal slightly larger crystals at this temperature over time
(Figure 4).
For the studied experimental conditions (temperature and

precipitant composition) along (Shear-Induced Aggregation/
Agglomeration States), the non-classical multistep nucleation

Figure 11. (a) Schematic representation of the proposed multistep nucleation mechanism based on experimental evidence from the liquid bulk until
the crystalline phase with aggregate dissolution over time [‘?’ indicates the unknown initial stage and “(···)” the unfinished pathway] and (b) outcome
of the rheological assay at different stages for precipitant solutions with a concentration of 2.3 mM.

Figure 12. EDS profiles of the rheological samples performed at 20 °C with a fixed insulin concentration (2.5 mg mL−1) and variable precipitating
agent (ZnCl2) concentrations: (a) 1.6, (b) 2.3, (c) 3.1, and (d) 4.7 mM. The figure insets are SEM images of the samples’ regions of interest used for
the EDS analysis.
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theory might justify our observations since crystal formation
seems to require the presence of initially formed aggregates/
agglomerates. However, these aggregates/agglomerates tend to
disappear over time (less cloudy solution) before the first
crystals have started to be observed. On the one hand, these
events suggest that nuclei might be formed within the
mesoscopic protein clusters. On the other hand, these clusters
might act as heterogeneous nucleation sites.5 For this last case,
the clusters proceed as catalysts, lowering the critical energy
barrier by transforming clusters into nuclei. The proposed
crystallization mechanism following a nonclassical pathway
accompanied by experimental images is highlighted in Figure 11.
For low precipitant solution concentrations (1.6 mM), the

hydrodynamic size distributions significantly differ along the
incubation time [Figures S10−S12a]. This observation, together
with the appearance of more than one peak for different
incubation times at 20 °C [Figure S11a] and 40 °C [Figure
S12a], suggests the formation of aggregates/agglomerates.
Aggregation/agglomeration events and the, respective, for-
mation of noncrystalline structures are captured during the
shear-induced assays (Figure 7). However, these results reveal
significant differences between low (T ≤ 20 °C) and high
(T = 40 °C) temperatures. Therefore, the DLS analysis is
insufficient to justify the distinct behaviors: formation of
dispersed aggregates/agglomerates and rearrangement over
time (T ≤ 20 °C) and tightly packed solution (T = 40 °C)
(Figure 7).
DSC experiments were carried out, and the results revealed

exothermic aggregation within the range of 25−30 °Cduring the
two heating cycles. The fact that the exothermic signal during
the second heating step is less intense compared to the one
during the first cycle might indicate that the aggregation events
are irreversible [Figure 9a]. Last, the samples collected after each
rheological experiment were used to perform EDS assays for
chemically characterizing the samples. The main results of the
EDS analysis and SEM imaging are shown in Figure 12.
The EDS profiles reveal significant differences between shear-

induced crystallization and shear-induced-aggregation/agglom-
eration events. At high insulin concentrations [Figure 12b−d],
the most abundant chemical elements correspond to the peaks
of carbon (insulin), oxygen (insulin), and sodium (buffer).
Small peaks of sulfur (insulin) and chlorine (solvent and
precipitant solution) might also appear [Figure 12b,c]. The
SEM images reveal well-defined crystals with rhombohedral
shape. At low insulin concentrations [Figure 12a], sodium is the
most abundant chemical element followed by oxygen, carbon,
chlorine, and aluminum. The presence of a significant amount of
chlorine might be responsible for the aggregation and
agglomeration events and absence of insulin crystals.

4. CONCLUSIONS
The interdisciplinary nature of this work builds up on the
integration of rheological analysis, protein crystallization and
aggregation/agglomeration experimentation, and characteriza-
tion of the insulin behavior in solution for a broad temperature
(5−40 °C) and precipitant (ZnCl2) solution concentration
(1.6−4.7 mM) ranges. First, crystallization events either follow
the CNT or a nonclassical nucleation pathway (multistep
nucleation mechanism). Although a typical Newtonian behavior
(high precipitant solution concentrations: 3.1−4.7 mM)
represents crystallization events in accordance with the CNT
route, the nonclassical pathway is characterized by a transition
from Newtonian to shear-thinning (intermediate precipitant

solution concentrations: 2.3 mM). Second, aggregation/
agglomeration events are characterized by a dominant shear-
thinning response (low precipitant solution concentrations:
1.6 mM) with shear viscosity values ranging more than 6 orders
of magnitude. Last, the employed characterization techniques
(DLS, EDS, CD, and DSC) contribute to a significant
understanding of the crystallization and/or aggregation and/or
agglomeration mechanisms and might open new perspectives to
crystallize other macromolecules (e.g., hard-to-crystallize
proteins) in a more controlled manner.
The DLS analysis explores the equilibrium between different

insulin oligomers over time and, consequently, extrapolates
particle size distributions and polydispersity information,
especially relevant in the context of aggregate/agglomerate
formation. The EDS data identify the chemical elements present
in solution and contribute to a better understanding between
crystallization and aggregation/agglomeration events. Although
the CD analysis is not able to detect changes in the insulin
secondary structure at different temperature values, the DSC
characterization determines the thermal behavior of the protein
solutions, which reveals that irreversible aggregates are formed
at high-temperature values (40 °C) and complements the DLS
analysis. Moreover, aggregation events are characterized by
lower heat flows.
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