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Abstract

Protein crystal nucleation remains difficult to predict and control and is still a critical issue
in structural biology, protein crystal formulations, and crystal engineering. Heterogeneous
nucleants can regulate protein crystallization by providing solid interfaces, enriching
protein molecules, and stabilizing prenucleation aggregates; however, their dominant
action stage, particle-size effect, and interfacial interaction mechanism remain unclear. In
this study, hen egg white lysozyme (HEWL) was selected as a model protein, and silica
nanoparticles (SNPs) with average diameters of 80, 120, and 200 nm were prepared using
the modified Stober method. Under a constant total particle surface area, the effects of
SNPs on HEWL crystallization, prenucleation aggregation, interfacial adsorption, and
subsequent crystal growth were systematically investigated. The results showed that,
under 30 mg-mL~! HEWL and 0.6 M NaCl conditions, all SNPs shortened the apparent
induction time, with 200 nm SNPs showing the strongest effect. In contrast, 80 nm SNPs
produced the largest crystal size at the fixed observation time of 72 h, suggesting that
crystal size within a fixed incubation period is jointly affected by nucleation rate, nucleus
number, local solute consumption, and subsequent crystal growth. Under low protein
concentration and low NaCl concentration conditions, SNPs promoted crystal formation in
systems with weak spontaneous nucleation. Zeta potential, UV-Vis, fluorescence, FT-IR,
CD, and DLS results suggested that SNPs interacted with HEWL at the interface and
promoted apparent aggregation behavior, whereas polarized optical microscopy indicated
no detectable influence on the later linear growth of visible crystals. These results suggest
that SNPs mainly affect processes before visible crystal formation and provide insight into
their application as heterogeneous nucleants for protein crystallization.

Keywords: silica nanoparticles; lysozyme; heterogeneous nucleation; protein

crystallization; interfacial adsorption; molecular simulation

1. Introduction

Protein crystallization is not only an essential prerequisite for single-crystal X-ray
diffraction structure determination [1], but it also has broad applications in protein crystal
formulations [2], protein purification and separation [3], and crystal engineering [4]. In
recent years, although cryo-electron microscopy (cryo-EM) [5] and structural prediction
methods such as AlphaFold [6] have significantly expanded the scope of structural biology,
high-quality protein crystals remain indispensable for high-resolution structural determi-
nation [7], ligand-complex analysis [8], crystal drug delivery [9], and crystallization process
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engineering [10]. For many protein systems, obtaining crystals with controllable nucleation
density, large size, and regular morphology while avoiding amorphous precipitation and
burst nucleation remains a major challenge in crystallization experiments [11].

Nucleation [11] is the most stochastic and difficult stage to control during protein
crystallization. Classical nucleation theory [12] emphasizes that nucleus formation must
overcome the nucleation barrier associated with solid-liquid interfacial free energy, whereas
the two-step nucleation theory [13] proposes that protein-rich dense liquid droplets or
prenucleation aggregates may form before the appearance of stable nuclei. Therefore,
promoting local protein enrichment, stabilizing prenucleation intermediates, and reducing
the nucleation barrier under low-supersaturation conditions are expected to improve
crystallization success and optimize crystal size distribution. Heterogeneous nucleants [14]
were developed based on these physicochemical principles. According to heterogeneous
nucleation theory [15], the major role of solid interfaces is not to directly accelerate all
crystal growth processes, but rather to increase the probability of critical nucleus formation
by reducing effective interfacial free energy, altering contact angles, or increasing local
protein concentration near the interface.

Naomi Chayen and co-workers systematically proposed the use of silicon-based
porous materials for protein crystallization [16] and demonstrated that porous silicon
could promote crystal formation for various proteins under conditions insufficient for
spontaneous nucleation. Subsequently, the concept of a “universal nucleant” and its
nucleation mechanisms in porous materials were further developed [14], emphasizing the
critical roles of pore size, surface properties, and interfacial geometry in protein nucleation.
Previous studies [17,18] suggested that pore confinement, wall stabilization, pore-size
matching, and interfacial stabilization synergistically reduce the nucleation barrier. In
addition, studies based on mesoporous silica templates such as SBA-15 [19] demonstrated
that pre-saturation adsorption of target proteins on the template could alleviate the rapid
depletion of protein concentration in the bulk solution, thereby expanding the metastable
region and improving heterogeneous crystallization efficiency. However, the mechanisms
involving pore confinement and two-dimensional nucleus stabilization in porous materials
cannot fully explain the action pathway of nonporous spherical nanoparticles.

SNPs [20] possess tunable particle size, abundant surface silanol groups, high chemical
stability, and good biocompatibility. In typical weakly acidic crystallization buffers such
as sodium acetate buffer (pH 4.6), SNPs exhibit negatively charged surfaces, whereas hen
egg white lysozyme (HEWL), with an isoelectric point of approximately 10-11, carries an
overall positive charge [21]. This complementary surface-charge profile provides a strong
electrostatic adsorption basis between SNPs and HEWL, while surface silanol groups also
provide potential hydrogen-bonding sites. Previous studies have preliminarily shown
that the addition of SNPs can expand the crystallization window of lysozyme and shorten
the induction time for crystal formation, while SNPs with different particle sizes exhibit
significantly different regulatory effects [22]. However, how particle size systematically
affects prenucleation aggregation kinetics, crystallization windows, and subsequent crystal
growth remains unclear. In addition, whether SNPs mainly function during interfacial
enrichment before nucleation or during later visible crystal growth still requires systematic
clarification through multidimensional characterization and theoretical simulation.

Accordingly, this study employed nonporous spherical SNPs and HEWL as a model
system to systematically investigate the influence of SNP particle-size effects on the key
stages of protein crystallization and the associated interfacial interaction mechanisms.
First, the structures and surface properties of three sizes of SNPs were characterized.
Subsequently, their regulatory effects on HEWL crystallization behavior were evalu-
ated under different protein concentrations and precipitant concentrations. Combined
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with Zeta potential analysis, spectroscopic techniques, DLS measurements, and micro-
scopic observations, mechanistic evidence involving “interfacial adsorption—prenucleation
aggregation—subsequent crystal growth” was constructed from a physicochemical per-
spective. Finally, molecular docking and molecular dynamics simulations were performed
to provide a preliminary molecular-level explanation for SNP-regulated protein nucleation.

2. Materials and Methods
2.1. Preparation and Characterization of SNPs

SNPs were prepared using the modified Stober method [23], as shown in Equations (1)
and (2). Different particle sizes were obtained by adjusting the ratios of tetraethyl orthosili-
cate, ammonia, ethanol, and water. The resulting particles were collected by centrifugation,
washed, and dried prior to characterization and crystallization experiments. PXRD was
used to analyze the crystallinity of the particles. FT-IR was employed to identify Si-O-Si,
5i-OH, and adsorbed water vibrations on the particle surfaces. SEM was used to observe
particle morphology and determine particle size distribution. Specific surface area was
measured using the BET method [24]. In crystallization experiments, to maintain a constant
geometric specific surface area, the actual addition mass of SNPs with different particle
sizes was calculated according to the BET surface area [24,25], ensuring that the initial
theoretical total surface area of SNPs in each crystallization solution remained constant at
1.0 x 10' nm?-mL~1.

Si(OCH,CHs), + 4H,0 229, 65(0H), + 4C,H50H (1)
. . NH;3-H,O ..
Si(OH), + Si(OCH,CH3), ™% 610, | +4C,Hs0H @)

2.2. Lysozyme Crystallization Experiments and Statistical Analysis

According to previous reports [26-35] (Table S1), HEWL solutions were prepared in
0.1 M sodium acetate buffer (pH 4.6), and NaCl was used as the precipitant. Crystallization
experiments were performed using the hanging-drop vapor diffusion method at 20 °C. Pre-
liminary screening experiments compared the effects of different NaCl concentrations and
different sizes of SNPs on HEWL crystal formation (Table S2). Subsequently, 30 mg-mL~!
HEWL and 0.6 M NaCl were selected as the primary comparison system, under which the
control group could still nucleate spontaneously and belonged to a relatively low supersat-
uration region [36]. Experiments included a particle-free control group and SNP-added
groups containing 80, 120, and 200 nm SNPs, respectively. The total SNP surface area was
maintained constant, and each group contained independent parallel experiments (1 = 3).
The crystallization state inside the droplets was observed every 30 min using polarized
optical microscopy, and the apparent induction time was recorded. Nucleation time was
defined as the induction time when the first protein crystal was observed within the central
concentric circle range (radius < 1500 pm) [37]. The ending time referred to the time
when the average crystal size change remained below 5% for three consecutive observation
points [38]. The maximum crystal size and crystal size distribution at the fixed incubation
time of 72 h were further statistically analyzed. Additional experiments were conducted
under lower protein concentration conditions (15 mg~mL’1 HEWL) and different NaCl
concentrations (0.3-1.5 M) to evaluate the ability of SNPs to expand the nucleation window.
The optimal addition range of 200 nm SNPs was also investigated.

2.3. Characterization of Interfacial Interactions and Aggregation Dynamics

Zeta potential analysis was performed to investigate the surface charge characteristics of
SNPs and the electrostatic interaction basis between SNPs and HEWL. UV-Vis spectroscopy
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was used to monitor changes in the characteristic absorption of aromatic residues near 280 nm.
Fluorescence spectroscopy was used to analyze the quenching behavior of intrinsic HEWL
fluorescence induced by SNPs. FI-IR spectroscopy focused on shifts in the amide I and amide
I bands of HEWL. CD spectroscopy was used to evaluate changes in the secondary structure
content of HEWL before and after adsorption. Considering that nanoparticles may introduce
scattering backgrounds during spectral measurements, all spectroscopic data were subjected to
baseline correction and interpreted comprehensively using multiple characterization methods.

DLS was employed to monitor the evolution of the hydrodynamic diameter (Rh-
average) of protein complexes or aggregates during the early crystallization stage before
visible crystal formation, thereby evaluating the apparent dynamics of prenucleation aggre-
gation. To clarify subsequent crystal growth behavior, visible crystals were continuously
observed under polarized optical microscopy, and the later linear growth rates of crystals
in the presence and absence of SNPs were calculated and compared.

2.4. Molecular Simulation

Molecular docking was used to predict potential binding sites and major interaction types
between SNP model clusters [39] and HEWL, including electrostatic interactions, hydrogen
bonding, and hydrophobic interactions [40]. Subsequently, based on the optimal complex
conformation obtained from docking, molecular dynamics simulations were performed to
investigate the conformational perturbation mechanism of SNP interfacial adsorption on local
flexible regions and secondary-structure microenvironments of HEWL. The simulation results
were used to provide molecular-level mechanistic support for the experimental observations.

AutoDock 4.2.6 (The Scripps Research Institute, La Jolla, CA, USA) and Materials
Studio (Version 2019, Accelrys Software Inc., San Diego, CA, USA) were used for molecular
docking and molecular dynamics simulations related to HEWL crystallization. Detailed
simulation information is provided in the Supporting Information.

3. Results and Discussion
3.1. Structural and Surface Properties of SNPs

PXRD results (Figure 1A) showed that all three SNPs exhibited a typical broad amor-
phous silica diffraction halo near 20 ~ 22°, without sharp crystalline diffraction peaks.
In the FT-IR spectra (Figure 1B), the absorption bands at 3000-3500 cm ! and 1633 cm !
were assigned to the O-H stretching vibration and bending vibration of adsorbed water,
respectively. Characteristic peaks at 467, 561, 803, 957, and 1100 cm ! corresponded to
vibrations associated with Si-O, 5i-OH, O-Si-O, and Si-O-Si groups. The FI-IR spectra of
the three particle sizes were highly similar, indicating consistent surface chemical composi-
tions. SEM images (Figure 1C) confirmed that all SNPs exhibited regular near-spherical
morphology with monodisperse particle-size distributions. The average particle sizes were
80.5 £ 0.7 nm, 120.3 & 0.6 nm, and 202.7 & 3.6 nm, respectively. BET nitrogen adsorption
analysis (Figure 1D) showed that the specific surface areas of the 80, 120, and 200 nm SNPs
were 77,39, and 33 m2- g’l, respectively. These results confirmed the successful preparation
of spherical amorphous silica nanoparticles with significant particle-size gradients while
maintaining highly similar structural and surface chemical characteristics.

3.2. Size-Dependent Effects of SNPs on HEWL Crystallization Kinetics

To minimize interference from rapid spontaneous nucleation or amorphous precipita-
tion under highly supersaturated conditions, while maintaining measurable induction time
and crystal-size data for the particle-free control group within the experimental observation
window, 30 mg-mL~! HEWL and 0.6 M NaCl were selected as the representative crystalliza-
tion system for comparing SNP particle-size effects. Under these conditions, the addition
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of SNPs with different particle sizes significantly altered crystallization kinetics (Figure 2).
To reduce the influence of observation time differences on crystal-size comparison and
ensure that measurable crystals appeared in all groups after 24 h, 72 h was selected as the
fixed observation point according to the maximum induction time among all experimental
groups. At 72 h, crystal sizes in all SNP-containing groups were generally larger than those
in the particle-free control group (Figure 2A). The induction time of the control group was
803 £ 30 min, whereas the induction times decreased significantly to 482 + 18, 467 £+ 17,
and 400 £ 20 min after adding 80, 120, and 200 nm SNPs, respectively (Figure 2B). The
maximum crystal size in the 80 nm SNP group reached approximately 173 um, which was
larger than that of the control group (~94 um), whereas the maximum crystal sizes in the
120 and 200 nm SNP groups were approximately 136 and 116 um, respectively (Figure 2C).
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Figure 1. Structural characteristics and surface properties of SNPs. (A) PXRD patterns; (B) FT-IR
spectra; (C) SEM images of SNPs with three different particle sizes and the corresponding particle-size
distribution histograms. The blue curves indicate Gaussian fits to the particle-size distributions;
(D) BET nitrogen adsorption—-desorption isotherms (left) and linear fitting curves for specific surface
area analysis (right).
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Figure 2. Effects of SNPs with different particle sizes on the crystallization behavior of HEWL
(30 mg-mL*1 HEWL, 0.6 M NaCl). (A) Optical microscopic images of HEWL crystals. The colors
observed in the optical micrographs result from optical imaging effects and have no specific scientific
meaning. (B) Comparison of crystallization induction times. (C) Comparison of crystal sizes at 72 h.
(D) Crystal size distributions at 72 h.
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Based on heterogeneous nucleation theory, the decrease in induction time with increas-
ing SNP size suggests that larger nanoparticles may provide more favorable interfacial
environments for local enrichment of HEWL and early nucleation events at the solid-liquid
interface [41].

Notably, although 200 nm SNPs exhibited the shortest induction time, 80 nm SNPs
produced the largest crystal size within 72 h. Combined with the crystal size distribution
results (Figure 2D), the nucleation-promoting effect of SNPs may not exhibit a simple
positive correlation with crystal size within a fixed observation period. A possible explana-
tion is that larger SNPs may trigger earlier nucleation events. If more nuclei are formed
within the droplet, local supersaturation would be consumed more rapidly, limiting the
subsequent growth of individual crystals. In contrast, 80 nm SNPs may induce a relatively
moderate nucleation process, allowing some crystals to access sufficient solute supply and
growth space during subsequent incubation [36]. However, the present observations do not
allow a direct quantitative relationship among induction time, nucleus number, and crystal
size to be established. Therefore, this interpretation should be regarded as a plausible
mechanistic explanation rather than a definitive conclusion. Future quantitative studies
would be valuable to further evaluate this relationship.

3.3. Evaluation of SNPs for Expanding the Low-Supersaturation Nucleation Window

To further evaluate the nucleation-inducing ability of SNPs under conditions with in-
sufficient spontaneous nucleation, the HEWL concentration was reduced from 30 mg~mL_1
in the primary crystallization system to 15 mg-mL~!, and HEWL crystallization behavior
in the presence of SNPs with different particle sizes was investigated under low-protein-
concentration conditions (Figure 3A). This concentration is lower than the commonly used
concentration range in many HEWL crystallization screening studies [42]. Under the ob-
servation window used in this study, no visible crystals were observed in the particle-free
control group, indicating spontaneous nucleation was kinetically frustrated under these
conditions. In contrast, crystal formation was observed in all SNP-containing systems, with
200 nm SNPs showing the most pronounced nucleation-promoting effect.

At the original protein concentration (30 mg-mL~! HEWL), different concentrations
of 200 nm SNPs were added to investigate the influence of nanoparticle concentration
on crystallization behavior (Figure 3B). Moderate SNP dosage promoted crystallization,
whereas excessive dosage induced precipitation or uncontrolled nucleation. When the SNP
concentration reached 1.0 mg-mL~!, crystals and amorphous precipitates coexisted.

Precipitant concentration gradient experiments further showed that, in the 0.5 M
NaCl system, SNPs shortened the nucleation time from several days to within 24 h. Un-
der the even lower 0.3 M NaCl condition, only the 120 and 200 nm SNPs successfully
induced crystallization (Figure 3C), confirming that larger nanoparticles could establish
local microenvironments satisfying critical nucleation requirements under lower bulk
supersaturation conditions. However, when the precipitant concentration increased to
1.5 M, the system entered a high-supersaturation spontaneous burst-nucleation region,
and all systems exhibited coexistence of amorphous precipitates and small microcrystals
(Figure 3D). These results indicate that the primary advantage of SNPs as nucleants lies
in expanding the “low-supersaturation” crystallization window rather than suppressing
disorder precipitation under highly supersaturated conditions.

3.4. Evidence for SNP-HEWL Interfacial Adsorption and Local Microenvironmental Perturbation

To further investigate the possible solid-liquid interfacial interactions involved in SNP-
induced nucleation, systematic characterization of interfacial interactions was performed
(Figure 4). Zeta potential analysis showed that the surface potentials of the 80, 120, and
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200 nm SNPs in pH 4.6 buffer were —0.86, —3.29, and —13.2 mV, respectively, indicating
that SNPs were negatively charged overall, whereas HEWL carried a net positive charge
under these conditions. Therefore, charge complementarity may contribute to the interfacial
association between SNPs and HEWL, although electrostatic interactions are likely screened
under the relatively high ionic strength of the crystallization solution, and hydrogen
bonding and surface hydration may also be involved. The more negative surface potential
of the 200 nm SNPs was consistent with their shorter induction time and stronger nucleation-
promoting effect, although Zeta potential reflects only the average surface charge state in

solution and cannot independently prove interfacial binding strength or nucleation ability.

without particle 80nm 120nm 200nm

0.45 mg/mL 0.75 mg/mL 1.0 mg/mL

120nm 200nm

without particle - 120nm 200nm

Figure 3. Effects of protein concentration, SNP dosage, and NaCl concentration on the crystallization
behavior of HEWL. The colors observed in the optical micrographs result from optical imaging
effects and have no specific scientific meaning. (A) Crystallization induction effects of SNPs with
different particle sizes under low-protein-concentration conditions (15 mg/mL HEWL, 0.6 M NaCl;
the total surface area of SNPs was maintained at 1.0 x 10'® nm?-mL~1). (B) Effects of different
dosages of 200 nm SNPs on HEWL crystallization (30 mg-mL~! HEWL, 0.6 M NaCl). (C) Crys-
tallization induction behavior of SNPs with different particle sizes under 0.3 M NaCl conditions.
(D) Crystal morphologies obtained in the presence of SNPs with different particle sizes under 1.5 M
NaCl conditions.

Spectroscopic results further suggested interfacial interactions between SNPs and
HEWL. After adding SNPs, a slight increase in UV absorption near 280 nm was observed,
indicating possible changes in the microenvironment surrounding aromatic residues, al-
though the magnitude of this change was relatively small. Fluorescence spectra showed
significant quenching of intrinsic HEWL fluorescence, and the quenching effect became
stronger with increasing SNP size, suggesting that the microenvironment surrounding
Trp/Tyr residues was affected by SNP adsorption. Combined with the Zeta potential
results, a reasonable interpretation is that HEWL molecules adsorbed onto SNP surfaces,
resulting in local microenvironmental changes.

Slight shifts in the amide I and amide II bands were observed in the FT-IR spectra,
suggesting that interactions between SNPs and HEWL may involve hydrogen bonding,
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side-chain interactions, or local backbone vibrational changes. CD spectra showed that the
far-UV spectral profiles of HEWL, HEWL + 80 nm, HEWL + 120 nm, and HEWL + 200 nm
remained generally similar. Positive peaks near 190-195 nm and negative peaks near
205-210 nm were still present, and no obvious new peaks appeared in the 220-240 nm
region, indicating that the overall folding framework of HEWL remained preserved after
the addition of SNPs. Combined with the Zeta potential, UV-Vis, fluorescence, and FT-
IR results, these findings suggest that interfacial interactions occurred between SNPs
and HEWL without significantly disrupting the major secondary-structure characteristics
of HEWL.
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Figure 4. Spectroscopic and Zeta potential characterization of the interfacial interactions between
SNPs and HEWL. (A) Zeta potentials of SNPs with different particle sizes. (B) UV-Vis absorption
spectra of HEWL after interaction with SNPs. (C) Fluorescence quenching spectra of HEWL. (D) FT-IR
spectra. (E) CD spectra.

3.5. Dynamic Analysis of Prenucleation Aggregate Formation

According to the two-step nucleation theory, protein crystallization in some systems
may involve protein enrichment or prenucleation aggregate formation before stable nucleus
formation. Therefore, DLS was used to monitor changes in the apparent hydrodynamic
size of particles or composite aggregates in solution before visible crystal formation to
evaluate the influence of SNPs on prenucleation aggregation behavior (Figure 5A,B). The
particle-free control group exhibited slow hydrodynamic-size growth, suggesting that
HEWL molecules gradually formed larger spontaneous aggregates. After introducing
SNPs, scattering signals with larger hydrodynamic diameters appeared, indicating that
HEWL may adsorb onto SNP surfaces and form protein—particle composite aggregates.
The apparent size evolution trends of aggregates after adding different total surface areas
of 200 nm SNPs (Figure 5C) further indicated that, within a certain range, the total surface
area of SNPs strongly promoted the increase in aggregate hydrodynamic size.

Kinetic calculations (Figure 5D) showed that the apparent aggregation rate of the
control group was 20.7 nm/min, whereas the rates for the 80, 120, and 200 nm SNP
groups were 25.3, 400.0, and 86.8 nm-min~!, respectively. The 200 nm SNP group ex-
hibited the highest apparent aggregation rate, suggesting that larger SNPs may more
effectively promote local HEWL enrichment and protein—particle aggregate formation
at the solid-liquid interface. This trend was consistent with the shorter crystallization
induction time observed in this system and supports the conclusion that SNPs mainly affect
prenucleation processes.
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Figure 5. DLS kinetic characterization of prenucleation aggregate formation in the HEWL crystal-
lization system. (A) Light scattering intensity distribution of the particle-free system. (B) Evolution
curves of the apparent average hydrodynamic size after the addition of SNPs with different particle
sizes. (C) Evolution curves of the apparent average hydrodynamic size after the addition of 200 nm
SNPs with different total surface areas. (D) Comparison of apparent aggregation rates after the
addition of SNPs with different particle sizes.

3.6. Subsequent Growth Dynamics of Visible Crystals

To decouple the respective impacts of SNPs on nucleation and crystal-growth stages,
visible single crystals were tracked using polarized optical microscopy (Figure 6). Image
analysis showed that the linear growth kinetics of characteristic crystal facets in the particle-
free control group was 2.7 nm-s~!, whereas the growth rate in the presence of 200 nm
SNPs was 2.8 nm-s~!. The nearly identical growth rates indicate that, once crystals reached
optically visible sizes, 200 nm SNPs did not measurably affect subsequent linear crystal
growth. Therefore, SNPs are unlikely to regulate HEWL crystallization by accelerating later
crystal-face growth. These results suggest that the primary role of SNPs in HEWL crystal-
lization is more likely associated with prenucleation aggregation and nucleus formation.
Subsequent crystal growth may mainly depend on local supersaturation, solute diffusion,
ordered incorporation of protein monomers into the crystalline lattice, and competition
among neighboring crystals.

3.7. Molecular-Level Mechanism Investigation

To further investigate the possible molecular basis of SNP-HEWL interfacial interac-
tions, molecular docking and molecular dynamics simulations were performed (Figure 7).
The calculation results showed that SNP model clusters may bind to local charged or polar
regions on the HEWL surface, with a minimum binding free energy of approximately
—2.27 keal-mol !, suggesting the existence of weak noncovalent interactions between SNPs
and HEWL.
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Figure 6. Subsequent growth process of HEWL crystals observed by polarized optical microscopy
(upper panel: crystal images recorded at different time intervals within 30 min; lower panel: evolu-
tion of characteristic crystal edge length with time). (A) Particle-free control group without SNPs;
(B) 200 nm SNP-containing system. The different colors observed in the crystal images arise from
optical birefringence under polarized light and do not indicate differences in crystal composition or
crystal form. The white double-headed arrows indicate the characteristic crystal dimension (L) used
for growth analysis. Black diamonds represent the experimentally measured crystal lengths, and the
red lines are linear fitting curves.
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Figure 7. Possible mechanism supported by molecular docking and molecular dynamics simulations.
(A) Possible binding conformations and key interacting residues between SNPs and HEWL. (B) Local
surface topological changes before and after MD simulation. The simulation results provide a
molecular-level interpretation of the proposed mechanism but do not constitute definitive proof of
the nucleation mechanism.

Interaction analysis indicated that polar residues such as Arg112, Asp48, and Asp52
may participate in electrostatic interactions or hydrogen bonding, while residues near

https://doi.org/10.3390/cryst16070441


https://doi.org/10.3390/cryst16070441

Crystals 2026, 16, 441

11 0f 13

Trp62, Trp63, and Alal07 may also contribute hydrophobic contacts, collectively stabiliz-
ing the SNP-HEWL interface. Notably, Trp62 and Trp63 were located near the predicted
binding region, which was consistent with the fluorescence quenching behavior observed
experimentally and may provide a possible explanation for changes in the aromatic residue
microenvironment. MD simulations further showed that the SNP-HEWL complex main-
tained interfacial contact during the simulation process, providing auxiliary support for
the interaction modes predicted by docking. The residues identified by docking should
be interpreted as possible adsorption-related residues in the SNP-HEWL model, not as
residues defining the final crystal packing contacts. SNPs mainly promote prenucleation
precursors and local enrichment. Even at the SNP—precursor interface, the SNP only affects
the first-layer arrangement; subsequent packing is governed by HEWL-HEWL interactions.
Thus, overlap with packing residues does not imply templating. Docking and MD results
provide qualitative support for interfacial adsorption, not crystal-packing control.

4. Conclusions

This study investigated the influence of 80, 120, and 200 nm SNPs on heterogeneous
nucleation of HEWL. The results showed that all SNPs shortened the induction time of
HEWL crystallization, with the 200 nm SNP group exhibiting the shortest induction time,
whereas the 80 nm SNP group produced the largest crystal size at the fixed observation
time of 72 h, suggesting that nucleation rate and crystal size within a fixed observation
period do not exhibit a simple monotonic correlation. Low-protein-concentration and
low-NaCl-concentration experiments further demonstrated that SNPs promoted HEWL
nucleation under conditions with weak spontaneous nucleation. Zeta potential, UV-Vis,
fluorescence, and FT-IR results supported the existence of interfacial interactions between
SNPs and HEWL, while CD spectra indicated that the overall folding framework of HEWL
remained preserved. DLS and microscopic observations further suggested that SNPs mainly
influenced prenucleation protein—particle aggregate formation, whereas no measurable
effect on subsequent visible crystal growth was detected. Overall, these results support
a prenucleation-stage regulatory role of SNPs in HEWL crystallization, and their inter-
facial stabilization effects may involve electrostatic interactions, hydrogen bonding, and
hydrophobic contacts. Although HEWL was used as a model, the SNP-assisted nucleation
may extend to other net-positively charged proteins with exposed polar/charged patches
that interact with negatively charged /hydrated silica. This applicability is conditional, not
universal, as protein pl, surface properties, conformational stability, and solution conditions
strongly influence the behavior. For acidic proteins, unmodified SNPs may be unfavorable
without surface modification.
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receptor protein model for molecular docking: (a) crystal structure of HEWL downloaded from PDB
database, (b) HEWL structure after removing water molecules, (c¢) HEWL structure after hydrogena-
tion; Figure S3: Visual representations of the helical structure and 10 A silica spherical clusters before
and after MD simulations: (a) SEG 1; (b) SEG 2; (c) SEG 3. Surface topological structures of the 10 A
silica spherical clusters before and after MD simulations: (d) SEG 1; (e) SEG 2; (f) SEG 3; Table S1:
Summary of HEWL crystallization conditions; Table S2: Effect of precipitant concentration on HEWL
crystallization in the absence and presence of silica nanoparticles. References [24-35,39,40] are cited
in the supplementary materials.
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