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Hypothesis: Production of corrugated particles generally introduces several morphological heterogeneities, 

such as surface roughness and local variations in the corrugation pattern, which are known from model system 

studies to significantly alter the colloidal interaction energy. Thus, realistic particle morphologies need to be 

investigated and compared to simple model shapes to yield insights into how interactions are influenced by 

such morphological heterogeneities. 

Experiments: We applied the surface element integration method to study the colloidal interactions of electron 

tomography-based, realistic, corrugated colloidal particles and their symmetric, concave polyhedral analogs 

by differentiating local surface features to vertices, ridges and ridge networks. We applied molecular modelling 

to assess the surface access of these features. 

Findings: Significant mixing of the interaction energy was found between the different surface features. Larger 

and smaller energy barrier heights and secondary minimum depths were observed compared to the concave 

polyhedral models with similar volume or surface area depending on the contacting surface feature. Analysis 

of surface area distributions suggests that the deviations originate from the altered effective contact distance 

as a result of surface roughness and other morphological heterogeneities. We also found that the surface access 

of nanoparticles is greatly impaired at the crevices between the surface corrugations. 

Keywords: Corrugated particles, Colloids, Lignin, DLVO Surface element integration, Coarse-grained 

simulation, Electron tomography, Interparticle forces, Concave polyhedron 

1. Introduction 

Surface morphology design is of considerable interest in particle technology. Concave noble-metal 

tetrahedrons and cubes [1–4] have colloidal parallels in corrugated spherical shells that possess features with 

concave indentations bound by a ridge system. These complex polyhedral-like shapes with varying number of 

surface depressions and shape symmetry allow for additional morphological parameters to be introduced that 

have the capability to alter their effective contact area and thereby tailor colloidal interactions. Related sharp 

geometrical features have been observed to improve the stability of colloids shaped as hedgehogs [5] or 

nanostars [6]. While corrugated morphologies can display improved aerosolization performance [7], the 

amplitude of the corrugations are known to influence how favorable the introduction of such surface 

modifications is [8,9]. With constantly improving preparative control over the buckled particle size and 

morphological homogeneity, the creation of more complicated assemblies necessitates aspects of their 

colloidal interactions to be investigated. Often, particle morphology plays a decisive role in their self-assembly 

behavior as demonstrated by the columnar assemblies displayed by bowl-shaped particles distinct from non-

concave hemispheres [10]. 
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Surface corrugations are the result of buckling of pliable spherical shells, as typically occurs, e.g., under 

drying-induced stresses [11]. By controlling the initial solution droplet size and onset of solute precipitation 

during drying, it is possible to customize the thickness of the crust of the formed solid particles, and thus the 

curvature of the surface corrugations [12–14]. Wrinkling can be incorporated during particle formation or in 

post-processing schemes that can be applied to a wide variety of systems [15– 21], offering a viable avenue 

for new material designs. Besides the size of the surface heterogeneities, the particle radius is an important 

variable since it controls the number of surface features that contribute to an interaction. The varied nature of 

colloidal interactions with surfaces bearing topographic heterogeneities emphasizes the importance of 

quantifying the distribution of interaction energies. For example, in surfaces that on average act unfavorably 

towards adsorption, local topographic features can contribute to the appearance of inverse, attractive 

characteristics [22]. Therefore, surface morphology remains an important consideration in the evaluation of 

particulate deposition, retention and surface accessibility [23–30]. However, more detailed insights into the 

colloidal interactions of corrugated particles are needed to facilitate their adoption, especially from the point-

of-view of realistic particle models with complicated surface heterogeneities that evade the use of simplistic 

model systems. 

In this paper, we focus on assessing the colloidal interactions of realistic, electron tomography-based 

corrugated surface morphologies in the framework of Derjaguin, Landau, Verwey and Overbeek (DLVO) 

theory. To this end, we compare the results to spherical particles with an equivalent volume and surface area 

in addition to computationally generated model particles resembling concave tetrahedrons and cubes with 

variable geometric parameters. Similarly symmetric, simple morphologies can be generated through 

corrugated particle preparation methods [15], and thus, the model particles represent circumstances wherein 

such topographic heterogeneities as surface roughness, contorted ridges and surface creasing (self-contact) 

have been eliminated. 

The set of morphological characteristics considered in the examined corrugated particles include (Fig. 1a): (i) 

The surface area distribution, which is extensively altered by crumpling to encompass regions near the particle 

center-of-mass. (ii) The form of the surface corrugations, which is greatly dependent on the spherical crust, 

with thickness h, achieved during the particle formation process. (iii) The surface decorations that form 

complex surface ridge network patterns composed of flat-sided ridges, with thickness 2h, that meet in (iv) 

multipronged vertex regions, resulting in highly heterogeneous surfaces with concave and convex domains. 

(v) Decreased surface accessibility owing to surface creasing, which also increases the local topographic 

curvature as two ridges are merged together. (vi) Notable increase in surface area-to-volume ratio compared 

to a spherical particle of equivalent volume (here up to 120%). 

We employ spherical harmonic models based on electron tomography reconstructions of two corrugated 

organic colloids (lignin particles) labeled CP-1 and CP-2 (Fig. 1b,c), acquired as previously reported [16,31], 

to assess the DLVO interaction energy with a flat substrate using the surface element integration (SEI) method. 

We investigate the anisotropic nature of the particle morphologies by evaluating the influence of directionality 

of interaction by approaching regions where different local morphological features, namely vertex, ridge and 

ridges networks, are at immediate contact. Herein, ridge network refers to a surface region where multiple 

ridges form the sides of a flat, often polygonal shape. The main justification for the categorization arises from 

their vastly different contact areas. Lastly, we visualize the kinetics of interparticle interactions through surface 

access. For this, spherical nanoparticle (NP) adsorption is studied over the topography of a coarse-grained 

particle model using a molecular, Langevin dynamics simulation. The results illuminate the broad variation 

and angular dependence of surface interaction strength of corrugated colloidal particles. 

2. Materials and methods 

2.1. Particle model generation 

The particle shape acquisition is described in a previous publication (Fig. 1b,c) [16]. The spherical harmonic 

expansion was acquired after smoothing with a 4° full-width-at-half-maximum Gaussian beam using the 
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HEALPix software package [32] in center-of-mass coordinates with a map resolution parameter 𝑁 = 32. The 

particle topographies are thereby described by 

 

𝑟(𝜃, 𝜙) ≈∑ ∑ 𝑎ℓ𝑚𝑌ℓ
𝑚(𝜃, 𝜙)

ℓ

𝑚=−ℓ

2𝑁

ℓ=0

, (1) 

where 𝑟, 𝜃, 𝜙 are spherical coordinates and 𝑎ℓ𝑚 is an expansion coefficient of a spherical harmonic function 

𝑌ℓ
𝑚 of degree ℓ and order 𝑚. Model particles were first generated in Blender 2.79b (Blender Foundation) based 

on tetrahedrons and cubes to create rounded ridges and vertices at different crust thickness values (Fig. 1d). 

Spherical harmonic representations of the shapes were then acquired using the HEALPix software package 

identically to the tomography-based particle models. 

2.2. DLVO interaction energy calculation 

The surface element integration (SEI) method [33] was used to calculate the DLVO interaction energies of a 

corrugated particle with respect to a flat substrate by evaluating 

 
𝑈 = ∫𝐸(𝑥)�̂� ⋅ �̂�d𝑆

𝑆

, (2) 

where 𝐸(𝑥) is the interaction energy per unit area of a particle surface element d𝑆 with normal �̂� at distance 𝑥 

from the substrate with an outward normal �̂�. The particle surface descriptions were based on the spherical 

harmonic models of two similar particles labeled CP-1 and CP-2 generated through cryo-electron tomography 

reconstruction (Fig. S1), for which SEI was carried out in center-of-mass coordinates using a quadrature 

routine implemented in Matlab R2018a (MathWorks) with 10-3 relative and 10-6 kBT absolute tolerances. The 

interaction energy comprised the retarded van der Waals (vdW) energy [34] 

 
𝐸vdW(𝑥) = −

𝐴H
12𝜋𝑥2

(
1

1 + 𝑏𝑥 𝜆⁄
), (3) 

where the lignin-lignin Hamaker constant 𝐴H = 1.7 × 10−20 J [35], b = 5.32 and characteristic wavelength 𝜆 = 

100 nm were used, and the linearized Poisson-Boltzmann solution to the electric double layer energy at 

constant surface potential [36] 

 
𝐸EDL(𝑥) =

1

2
𝜀0𝜀r𝜅(𝜓s

2 + 𝜓p
2) (1 − coth(𝜅𝑥) +

2𝜓s𝜓p

𝜓s
2 + 𝜓p

2 csch(𝜅𝑥)), 
(4) 

where 𝜀0 is the vacuum permittivity, 𝜀r = 78.4 is the water relative permittivity at T = 298 K, 𝜅 is the inverse 

Debye length, 𝜓p and 𝜓s are the particle and substrate surface potentials, respectively. Monovalent ionic 

concentrations 5, 15 and 30 mM were used (Debye length, λD < h). Orientation of the substrate was determined 

0.5–1 nm from the particle convex hull faces determined using Matlab, which guarantees that the substrate 

does not overlap with the particle. The profiles were visually selected and categorized into three groups with 

qualitatively different contact areas: vertex, ridge and ridge network (Fig. 1a(iii,iv)), which reflect the local 

morphological environment between the interacting bodies. As there is a certain degree of freedom in choosing 

the angle of approach, 1–3 profiles were manually selected for each surface feature for tomography-based 

particles and 3 for model particles. In the latter case, the average value is presented due to the high symmetry 

of the shapes. The substrate surface potential (𝜓s) was varied between -15, -20 and -25 mV, while 𝜓p was 

fixed at -20 mV in the case of tomography-based particle models. For model particles, both surface potentials 

were set at -20 mV. 

2.3. Coarse-grained molecular modelling 

To assess the effect of the surface corrugations on the particle interactions beyond planar substrates, the 

adsorption rate of spherical nanoparticles (NPs) onto the CP-2 particle was determined using the Large-scale 

Atomic/Molecular Massively Parallel Simulator [37] (LAMMPS) software. The simulations comprised two 

types of spherical particles with density of 1.3 g/cm3: (i) spatially fixed spheres with radius a1 = 13 nm set in 

space to approximate the size and shape of the CP-2 particle and (ii) mobile NPs with radius a2 = 11 nm ≈ h/2. 
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The CP-2 particle model was constructed from a close-packed, face-centered cubic lattice of the a1 spheres by 

selective removal to fit into the CP-2 particle shape using the Atomsk [38] program (Fig. 5a). The particle sizes 

were chosen to be sufficiently small to capture the essential morphological features and the surface structure 

of the CP-2 particle tomography reconstruction (Fig. S8a). 

The CP-2 coarse-grained model was fixed at the center of a cubic simulation box (side length 800 nm) with 

periodic boundary conditions in the x, y and z directions. The simulation system contained 1 vol% of NPs set 

initially in a random configuration. The NPs followed Langevin dynamics [39,40], where the total force exerted 

on a particle is given by the sum of particle interactions, viscous damping force and stochastic force due to 

solvent molecules (𝐹r ∝ √𝛾𝑘B𝑇), i.e. 

 �⃗� = −∇𝑈 − 𝛾�⃗� + �⃗�r, (5) 

where �⃗� is the particle velocity, 𝛾 = 6𝜋𝜇𝑎2 is the friction coefficient, 𝜇 = 0.89 mPa∙s is the dynamic viscosity 

of water and T = 298 K. The interaction between NPs and CP-2 coarse-grain spheres was modeled as a screened 

Yukawa potential (𝑈Y) with an integrated Lennard-Jones potential including the attractive (𝑈A) and repulsive 

(𝑈R) vdW interactions, i.e., 𝑈 = 𝑈Y + 𝑈A +𝑈R, where [41] 

 𝑈Y = 4𝜋𝜀0𝜀r𝑎12𝜓0
2e−𝜅[𝑟12−(𝑎1+𝑎2)], (6) 

 
𝑈A = −

𝐴H
6
[

2𝑎1𝑎2

𝑟12
2 − (𝑎1 + 𝑎2)

2
+

2𝑎1𝑎2

𝑟12
2 − (𝑎1 − 𝑎2)

2
+ ln(

𝑟12
2 − (𝑎1 + 𝑎2)

2

𝑟12
2 − (𝑎1 − 𝑎2)

2
)] (7) 

and 

 
𝑈R =

𝐴H
37800

𝜎LJ
6

𝑟12
[
𝑟12
2 − 7𝑟12(𝑎1 + 𝑎2) + 6(𝑎1

2 + 7𝑎1𝑎2 + 𝑎2
2)

(𝑟12 − 𝑎1 − 𝑎2)
7

+
𝑟12
2 + 7𝑟12(𝑎1 + 𝑎2) + 6(𝑎1

2 + 7𝑎1𝑎2 + 𝑎2
2)

(𝑟12 + 𝑎1 + 𝑎2)
7

−
𝑟12
2 − 7𝑟12(𝑎1 − 𝑎2) + 6(𝑎1

2 − 7𝑎1𝑎2 + 𝑎2
2)

(𝑟12 + 𝑎1 − 𝑎2)
7

−
𝑟12
2 − 7𝑟12(𝑎1 − 𝑎2) + 6(𝑎1

2 − 7𝑎1𝑎2 + 𝑎2
2)

(𝑟12 − 𝑎1 + 𝑎2)
7

]. 

(8) 

 

Jointly these equations constitute the DLVO interaction potential U [42], where 𝑎12 = 𝑎1𝑎2 (𝑎1 + 𝑎2)⁄ , 𝑟12 <

𝑟c is the distance between particle centers with a cutoff 𝑟c = 37 nm, 𝜓0 = -20 mV is the surface potential for 

both a1 and a2 particles, 𝜅−1 = 𝑎1 4⁄ ≈ ℎ 8⁄  and 𝜎LJ is the Lennard-Jones diameter of the integrated particles 

set to 0.3 nm (Fig. S8d). The NP-NP interaction was modeled as a repulsive Yukawa potential (Eq. (6)) with 

𝑟c = 35 nm to avoid aggregation and multilayered adsorption (Fig. S8e). The simulations employed the NVT 

ensemble and were run for 11.6 ms using a time step of ca. 6 ps. Three repeat runs of each studied setup 

corresponding to different, random initial configurations were examined. The population area fraction of 

adsorbed NPs was estimated from their circular footprint (𝜋𝑎2
2) relative to the amount of accessible surface 

area on the coarse-grained particle model determined using the alpha shape [43] (𝛼 = 𝑎1) of the grain model 

surface coordinate point cloud in Matlab. Simulation snapshots were visualized with the VMD software 

package [44]. 

3. Results and discussion 

The interaction energy was calculated for the tomography-based particles labeled as CP-1 and CP-2 close to 

surface morphological features, namely, vertices, ridges and ridge networks (Fig. 1a), in order of increasing 

contact area. The equivalent sphere volume radius (RV) is used throughout as a reference point to evaluate the 

effect of surface corrugations on the interaction energy. Although the sphere radius that encloses the particle, 
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i.e., the spherical envelope radius, is easier to estimate from scanning electron microscopy images, its relation 

to RV depends on the specific configuration that the particles adopt through crust thickness and corrugation 

amplitude. 

3.1. Tomography-based particle models 

In both particles CP-1 and CP-2, the energy barrier height (Umax) trended in magnitude as ridge network > 

ridge > vertex, with ridge networks having around 2–4 times larger Umax relative to the lower end of the 

values given predominantly by the vertex regions (Fig. 2a–f and Fig. S2a–c). As corrugation results in a 

morphology where flatter regions lie closer to the particle center-of-mass, in configurations wherein the 

substrate contact is maximal (ridge networks), the distance to the center-of-mass is among the smallest. This 

effect shows as a decreasing barrier height with increasing value of the Umax radial distance (Fig. 2d–f). 

Increasing (𝜓s–𝜓p = +5 mV) and decreasing (𝜓s–𝜓p = -5 mV) the substrate surface potential decreases and 

increases Umax, respectively, while keeping the relative magnitudes of Umax roughly constant between the 

morphological features. Negative energy barrier values were present at higher ionic strength (30 mM) with +5 

mV relative substrate surface potential. This was most notable for ridge networks, which suggests that this 

transition concentration in corrugated particles is likely surface feature dependent. At an elevated substrate 

surface potential (-15 mV) and ionic strength (30 mM), the primary maximum and secondary minimum vanish 

as the interaction profile becomes fully attractive. The most distant values of U suggest a small Umin (<0.8 

kBT) at 5 mM ionic strength which are not shown due to the limited spatial resolution at these distances (Table 

S4). 

The secondary minimum depth (Umin) follows an identical trend with Umax in absolute magnitude, namely 

ridge network > ridge > vertex (Fig. 2h,i and Fig. S2d,e). An opposite relation is present in Umin and its radial 

distance, i.e. increasing the distance decreases the secondary minimum depth. All of the results are in 

qualitative agreement with CP-1 particle (Fig. S2). Thus, similar to surfaces that contain nanoscale roughness 

features [22], in addition to acting more favorably towards deposition, corrugated particles can also act less 

favorably than their smooth EVS/EAS counterparts, depending on the direction of approach (see also 

discussion in the Supplementary data). 

3.2. Model particles 

The model particles T1–3 and C1–3 differ in the total number of vertices, ridges and ridge networks that they 

contain, as well as the number of ridges that contribute to each ridge network (Table S2). Due to the different 

scaling factors used to acquire the constant volume (CV) and constant surface area (CSA) conditions, the 

dimensions and morphology of these features vary as a result. Similarities between T1–3 and C1–3 include 

their exclusively 3-pronged vertices with a radius of curvature approximately that of the crust thickness. They 

also have a similar ℎ 𝑅𝑉⁄  span of around 0.15–0.4 (Table S3). Differences with respect to the tomography-

based particle models include the absence of surface roughness, contorted ridges and surface creasing. 

Additionally, in the tomography-based particles, ridge networks are not necessarily fully enclosed by ridges 

but can be open from one or two of its sides. 

The model particles therefore depict situations wherein the number of concave indentations (4 in T1–3 and 6 

in C1–3) varies due to different volume changes [45] during the crumpling process and different crumpling 

rates [46]. The CV condition corresponds to varying the crust thickness, while the solution droplet size, from 

which the particles form, is kept constant under similar precipitate densities. Thereby, sharper features, with a 

smaller crust thickness, are found in larger particles. The CSA condition represents a preparation process that 

starts from the same pre-corrugated spherical shell radius with different crust thicknesses to yield solid, 

corrugated particle morphologies. Herein, sharper features, with a smaller crust thickness, are found in smaller 

particles. 

3.2.1. Constant volume 
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At CV conditions, significant increase in Umax of ridges and ridge networks is present, attaining 2–3 times 

larger values compared to the tomography-based particles (Fig. 3h–k). This is associated with their longer 

absolute length (Table S1, S3) as well as their highly flat shape devoid of surface roughness and contortions. 

Contrarily, the angle that the ridges meet (𝛼V, Fig. 1d) in a vertex region does not markedly influence Umax 

or Umin at the investigated sharp angles (ca. 25° for T1–3 and 45° for C1–3) (Fig. 3a,e). Similarly, the length-

normalized (LR , Fig. 1d) ridge Umax does not show great variability between the two morphologies and across 

different h (Fig. 3b), though as the volume is distributed to higher number of ridges (C1–3), the ridge length 

invariably decreases which is shown as a drastic drop in the absolute magnitude of Umax and Umin compared 

to T1–3 (Fig. 3h). The ridge networks in T1–3 have much larger Umax values compared to C1–3 especially at 

low ionic strength, which is explained by their longer total ridge length (LRN, Fig. 1d) comprising the ridge 

network (Fig. 3j). Thus, the interaction strength of a ridge network is roughly a sum of the associated slanted 

ridges at the ionic concentrations investigated despite the differences in the concave regions they bound. 

Though ridge networks are not mere generalizations of ridges to larger ridge lengths, at least if the ridge 

network length is measured through the contact length, as the normalized Umax and Umin are smaller in 

absolute value (Fig. 3b,c and Fig. 3f,g). The non-perpendicular approach of the ridges does not influence the 

results significantly as the angle that the ridges create with the plane of the ridge network (𝛼RN, Fig. 1d) is ca. 

20° for T1–3, while for C1–3 it is 45°. The above results were qualitatively similar for CP-1 (Fig. S3). 

3.2.2. Constant surface area 

When the particles are allowed to keep their surface area constant, while taking various corrugated shapes as 

represented by the model particles, the qualitative remarks made for the constant volume condition apply with 

the exception that the surface feature lengths take an inverse relationship compared to the CV condition. Here, 

large crust thicknesses have larger feature lengths as the surface area-to-volume ratio decreases with increasing 

ℎ 𝑅𝑉⁄ . This leads to longer ridges relative to the constant volume models whereby the magnitudes of Umax 

display larger (smaller) values above (below) the tomography-based particle ℎ 𝑅𝑉⁄ , where h is determined 

from the spherical shell with identical surface and volume to the particle which is larger than the measured 

ℎ 𝑅𝑉⁄ . For both model particle types, this transition takes place at around ca. ℎ 𝑅𝑉⁄  ≈ 0.25 (Fig. 3d), wherein 

the CSA and CV model particles are approximately equal in size. Quantitatively, the values of Umax and Umin 

given by CSA condition deviate ca. 10–30% below and above from those acquired under CV conditions when 

ℎ 𝑅𝑉⁄  takes the extremal values of around 0.15 and 0.4, respectively. While the crust could be made thinner in 

both model particle types, ℎ 𝑅𝑉⁄  = 0.4 is near the limit when constructing a concave tetrahedron or cube is still 

meaningful, i.e. the 30% represents in this case close to the maximum positive deviation from the 

corresponding CV value. 

3.2.3. Comparison of model particles and tomography-based particles 

Vertex regions of the tomography-based particles (CP-1, CP-2) show a considerable increase in mean Umax 

relative to the model particles (Fig. 3a, Fig. S3a). This is also present in the secondary minimum depth, 

whereby CP-1 and CP-2 possess deeper Umin (Fig. 3e, Fig. S3e). Thus, the model particles, as herein 

constructed, do not provide a particularly realistic model for the interactions exhibited by tomography-based 

vertices. Conversely, the length-normalized Umax of CP-1 and CP-2 are somewhat smaller compared to the 

model particles, especially at low ionic strength (Fig. 3b, Fig. S3b). Similar differences exist in the length-

normalized ridge networks with the exception that the attenuation of Umax is more severe and takes place over 

wider ionic concentration range (Fig. 3c, Fig. S3c). For both ridges and ridge networks, the normalized Umin 

values do not significantly differ from those of the model particles at the studied ionic strengths (Fig. 3f,g, Fig. 

S3f,g).  

These discrepancies can be related to the notable differences that exist between the tomography-based particles 

and the model particles in relation to the shape of their surface area distributions near contact with the different 

surface features (<10 nm, Fig. 4). CP-1 and CP-2 lack the increasing trend present in all model particles in the 

distribution of surface area near ridges and ridge networks. While the relative order of the amount of surface 

area persists on average, their relative differences are much smaller near contact (Fig. 4c). Conversely, vertices 
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have excess surface area, likely due to blunting of its surface curvature and the more obtuse angles at which 

the ridges meet in the vertex region (𝛼V). These differences likely originate from additional surface topographic 

heterogeneities observed visually such as surface roughness and contorted ridges, which act to increase the 

effective distance  between the interacting bodies especially at the sub-10 nm range near ridges and ridge 

networks, while an opposite effect would manifest near vertices due to blunting. The presence of surface 

creasing is likely important at small ionic concentrations when the absence of the concave region would impede 

any additional contributions to the interaction energy. Additionally, the fully attractive interaction regime 

transits to higher ionic concentrations for the smoother model particles, i.e. the heterogeneities further hinder 

the colloidal stability of corrugated particles. Furthermore, the interaction energies of the different surface 

features have a considerable overlap, which could hinder efforts to fine-tune the interaction strength. Ridge 

networks are particularly affected by the drastic weakening of the interaction above the EAS/ EVS strength, 

making it easier to weaken than to strengthen the interactions compared to EAS/EVS unless heterogeneity-

free particle shapes, akin to the model particles, are used. Thus, to allow for the most morphological control 

over the interactions of corrugated particles compared to similarly sized spheres, the occurrence of such 

morphological heterogeneities should be mitigated. 

3.3. Surface accessibility 

Another property displayed by corrugated particles, as suggested by the molecular modelling, is that the rate 

of NP adsorption is highly location dependent. This dependency is shown in  the accessible surface of CP-2 

particle and the corresponding average NP surface population fraction curves, for three regions: (i) 𝑟 𝑅𝑉⁄ ≤

0.8, (ii) 0.8 < 𝑟 𝑅𝑉⁄ ≤ 1.1 and (iii) 𝑟 𝑅𝑉⁄ > 1.1 (Fig. 5b). In the ridge and vertex-containing region (iii), the 

accessible surface area fraction and the NP population are the largest, which indicates the NPs highest tendency 

to adsorb on these locations due to their better accessibility. Additionally, the population versus simulation 

time results (Fig. 5c) show that the population rate in region (iii) is the highest during the simulation. As the 

ridge structure defines the physical reach of the particles, the ridges act as primary contact-points for 

approaching NPs, which leads to a significantly higher adsorption rate for surface regions associated with 

vertices and ridges compared to crevices in region (i) under high ionic concentration. Consequently, the degree 

of corrugation of the particles can be used to tailor surface adsorption. 

Overall, the results highlight the broad variability in the interaction energy that corrugated colloidal particles 

develop with flat surfaces brought by their highly non-symmetric shape. This variability is greatly diminished 

by surface roughness and ridge contortions by increasing the effective surface-to-surface distance between the 

particle and the substrate. The results support the expectation that initial adsorption of CPs on smooth surfaces 

is most likely at the location of vertex regions, whereas configurations that maximize contact area, i.e., ridge 

networks, are likely more stable towards detachment if the desorption barrier does not negate the correlations 

found for the energy barrier heights. For ridge networks, the shape of the concave region that the ridges bound 

did not influence the results markedly, while the Umax and Umin of tomography-based vertices were 

underestimated by the model particles. The extent of surface creasing during particle formation is an important 

variable as its presence increases the length at which the surface is locally curving by bringing adjacent ridges 

together and thereby also decreasing the overall surface area. Although such considerations were outside the 

scope of this study, the control of these aspects during the formation of corrugations could be highly beneficial. 

The influence of different ridge network configurations on allowable ridge and vertex morphologies could 

possibly further restrict attainable interaction energy profiles. Although the surface chemical heterogeneities 

were not included in the model, any chemical heterogeneity associated with the possible amphiphilic nature of 

lignin during the particle formation process likely does not influence the corrugation formation process as it 

takes place prior to the buckling and would thus be evenly distributed across the surface of all morphological 

features. The large characteristic length (crust thickness) associated with the analyzed particles could further 

average out possible patchiness of the surface chemistry over the topographic variations. The introduction of 

such chemical heterogeneities would likely significantly influence the primary minimum depth and desorption 

barrier [47]. Combined with chemical modifications, more precise morphological control might allow for 

tailored adhesion mechanisms as displayed by, e.g., pollen particles [48–51]. 
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4. Conclusions 

Highly corrugated particle morphologies that defy simple model system studies due to their many topographic 

heterogeneities was addressed by using realistic, electron tomography-based, corrugated colloidal particle 

models, with a highly anisotropic surface access, to investigate their DLVO interaction energy distributions 

with respect to a flat substrate. A surface morphological categorization to vertex, ridge and ridge network 

regions was employed, based on increasing nominal contact area to represent more discretely the variation of 

interaction energy near the corrugated interface. Analogous, smooth model particle shapes, based on concave 

tetrahedrons and cubes, were used to investigate the influence of surface morphological heterogeneities on the 

interaction energy. 

Ridge networks had on average the largest energy barriers compared to ridges and vertices, though 

considerable mixing of these values was observed among the surface features of the tomography-based 

particles. The decrease in secondary minimum depth and the increase in energy barrier height associated with 

reducing the ionic strength was more pronounced for high contact area features such as ridges and ridge 

networks, while vertices remained less affected similar to large dimpled surface features [52]. The transition 

over to fully attractive interaction profile was dependent on the local surface morphology, whereby ridge 

networks experienced this transition at a lower ionic strength than vertices. Considering the variation in the 

distance between the particle center-of-mass and the ridge networks, ridges and vertices, and the differences 

in the local surface curvature relative to the equivalent-volume sphere, the action of hydrodynamic forces on 

adsorbed corrugated particles could vary significantly, allowing possibilities to modify particle adhesion and 

release under hydrodynamic shear [53,54]. These results likely hold also more generally for particle–particle 

interactions of similar sized particles as too large corrugations can decrease aerosolization performance due to 

aggregation, while some corrugation can be beneficial [8,9]. Therefore, control over the ridge network 

formation governs the strong region of the interaction distribution. 

The presence of surface topographical heterogeneities in ridges and ridge networks was attributed to the greatly 

diminished interaction energy barrier of the tomography-based particles relative to the smooth model shapes 

[23,55,56], while their secondary minima were not significantly altered on average. An opposite relationship 

was found with regards to vertices as the model particles likely overestimate the realistic surface curvature 

leading to underestimation of the energy barrier and secondary minimum values. Though topographic 

heterogeneities can make adsorption more favorable [23,52,55,57,58], they contributed to the tailoring of 

corrugated colloidal interactions mainly at the strong region, and thus, are most effective in permitting also 

highly corrugated particles to have utility in creating particulate systems with weaker interactions compared 

to their spherical equivalents through the size and shape of these heterogeneities [22,55,59,60]. Therefore, in 

aiming to create corrugated particles with strictly weaker interactions than their spherical counterparts, the 

ridge networks necessarily need to be decorated with small scale topographic heterogeneities [47,56]. Relying 

on too simplistic models will thus invariably impair the accurate assessment of the colloidal behavior of 

corrugated particles and preparative methods need to be employed to better control the introduction of such 

morphological heterogeneities. The low-throughput, tomography-based route of acquiring realistic particle 

surface descriptions would benefit from the development computationally generated topographies that could 

capture realistic corrugated ridge networks with multiscale undulations. 
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Fig. 1. (a) Electron tomography reconstruction of a corrugated lignin particle (CP-2). The red solid line 

represents the convex hull of the particle, while the red arrows show examples of profiles bounded by the 

particle’s convex hull, which defines the substrate outward normal in the surface element integration method. 

Panels (i–v) show features commonly found in corrugated morphologies. (i) Arbitrary cut of the particle 

showing the large radial span of the surface area distribution. (ii) Spherical crust with thickness h that crumpled 

during the process of particle formation, creating (iii) flat-sided surface corrugations (ridges) with thickness 

2h that form fairly flat ridge networks. (iv) Three ridges meeting in a vertex region. (v) Surface self-contact 

(creasing) resulting in inaccessible surface area. Tomography-based particle models (b) CP-1 and (c) CP-2. 

(d) Model particles (dimensions used are associated with CPs volume or surface area) based on a concave 

tetrahedron (T1–3) and cube (C1–3) with increasing crust thickness from left to right. Parameter 𝛼V is the 

vertex angle, 𝐿R is the ridge length, 𝐿RN is the ridge network length and 𝛼RN is the ridge network angle. 
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Fig. 2. Energy barrier height (Umax) and secondary minimum depth (Umin) associated with the tomography-

based CP-2 particle DLVO energy profiles. (g) Spherical harmonic model of the CP-2 particle with its convex 

hull shown in purple used to acquire profile coordinates. The exemplary locations of profiles in which the 

particle is approached are labeled vertex, ridge and ridge network as indicated with black arrows, whose 

respective DLVO energy profiles are shown in (a–c) as a function of distance to surface contact (d) at ionic 

strengths (a) 5 mM, (b) 15 mM and (c) 30 mM. The insets show the potential barrier height as a function of 

the radial coordinate (r) of Umax scaled with the particle equivalent-volume sphere radius (RV). (d–f) Umax 

and (h,i) Umin for all analyzed profiles as a function of ℎ 𝑅𝑉⁄  at varying ionic concentrations as shown. The 

substrate surface potential (𝜓s) is varied between -15, -20 and -25 mV, while the particle surface potential is 

kept constant at 𝜓p = -20 mV. Also values for the equivalent-volume sphere EVS and equivalent-area sphere 

(EAS) are shown. The lines are guides for the eye. Note that 1-3 slightly different profiles were chosen for 

each surface feature type to more accurately represent the spread of data. 
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Fig. 3. Interaction energy barrier height (Umax ) and secondary minimum depth (Umin) as a function of the 

crust thickness to equivalent-volume sphere radius ratio (ℎ 𝑅𝑉⁄ ) for vertices (V), ridges (R) and ridge networks 

(RN) as indicated (see top left schematic) for model particles T1–3 and C1–3 defined at constant particle 

volume (CV) with respect to the tomography-based particle model CP-2. The respective mean values for CP-

2 are also shown in (a–c,e–g) with their standard deviations. The model particle numbering goes from low to 

high ℎ 𝑅𝑉⁄ . In (b,f) and (c,g), Umax and Umin have been normalized using the ridge length (LR) and ridge 

network length (LRN), respectively. (d) Ratio of Umax determined at constant surface area (CSA) and constant 

volume (CV) conditions. Each data point corresponds to the average of three values for the model particles. 

Fig. 4. Surface area distributions determined as a function of distance from a substrate located at a vertex (V), 

ridge (R) and ridge network (RN) at constant particle volume for model particles (a) T1–3, (b) C1–3 when the 

volume is set based on the tomography-based particle (c) CP-2. The solid line in (c) denotes the mean of all 

surface features used in the interaction energy calculations, while shaded regions correspond to their standard 

deviation. The values are reported for each 2.5 nm step from the morphological feature examined. As an inset, 

to aid readability, T2, C2 and CP-2 are depicted. 
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Fig. 5. (a) Snapshots from the particle based molecular modelling simulations of nanoparticle (NP) adsorption 

on a coarse-grained model of the CP-2 particle (blue) with increasing time from left to right. Only adsorbed 

nanoparticles (red) are shown. (b) Surface area accessible to the NPs and the corresponding average populated 

fraction at the end of the simulations as a function of radial distance (r) from the particle center of mass 

normalized with respect to the particle equivalent-volume sphere radius (RV). The error bars denote standard 

deviation. (c) Average surface population fraction within the three accessible surface area regions shown in 

(b): (i) 𝑟 𝑅𝑉⁄ ≤ 0.8, (ii) 0.8 < 𝑟 𝑅𝑉⁄ ≤ 1.1 and (iii) 𝑟 𝑅𝑉⁄ > 1.1 as a function of time. The shaded regions 

correspond to standard deviations of three simulation runs. 


