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Abstract: 

Multimodal chromatography is a powerful tool that uses multiple modes of interaction, such as 

charge and hydrophobicity, to purify protein-based therapeutics. In this work, we performed 

molecular dynamics (MD) simulations of a series of multimodal cation exchange ligands 

immobilized on a hydrophilic self-assembled monolayer (SAM) surface at the commercially 

relevant surface density (1 ligand/nm2). We found that ligands that were flexible and terminated 
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in a hydrophobic group had a propensity to aggregate on the surface, while less flexible ligands 

containing a hydrophobic group closer to the surface did not aggregate. For aggregating ligands, 

this resulted in the formation of a surface pattern that contained relatively large patches of 

hydrophobicity and charge whose sizes exceeded the length scale of the individual ligands. On the 

other hand, lowering the surface density to 1 ligand/ 3 nm2 reduced or eliminated this aggregation 

behavior. In addition, the introduction of a flexible linker (corresponding to the commercially 

available ligand) enhanced cluster formation and allowed aggregation to occur at lower surface 

densities. Further, the use of flexible linkers enabled hydrophobic groups to collapse to the surface, 

reducing their accessibility. Finally, we developed an approach for quantifying differences in the 

observed surface patterns by calculating distributions of patch size and patch length. This 

clustering phenomenon is likely to play a key role in governing protein-surface interactions in 

multimodal chromatography. This new understanding of multimodal surfaces has important 

implications for developing improved predictive models as well as designing new classes of 

multimodal separation materials. 

1. Introduction 

Multimodal (MM) chromatography has recently emerged as a powerful tool for achieving 

challenging protein separations1. Unlike single mode chromatography methods such as ion-

exchange chromatography (IEX) or hydrophobic interaction chromatography (HIC), multimodal 

chromatography separates proteins using ligands that are capable of multiple modes of interaction, 

including charge, hydrogen bonding, hydrophobic, and aromatic interactions. By leveraging 

multiple modes of interaction on a single ligand, multimodal resins have been shown to be able to 

purify difficult-to-separate proteins2–5. Despite this, multimodal ligand-protein interactions have 
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proven to be challenging to understand and predict, limiting the use of multimodal chromatography 

in industry1,6. 

To address this challenge, our lab has carried out a series of fundamental studies to elucidate 

multimodal-ligand protein interactions. Cramer and co-workers4,7–10 have employed NMR in free 

solution and with ligand-coated nanoparticles as well as molecular dynamics (MD) simulations 

and AFM experiments to identify and study a preferred binding face for Ubiquitin interacting with 

two multimodal cation exchange resins, Capto MMC and Nuvia cPrime. In particular, they found 

that both ligands preferred to interact with a face of Ubiquitin containing proximal regions of 

charge and hydrophobicity4,7–10. In addition, Woo et al. and Robinson et al. used chromatography 

experiments to characterize the selectivities of many multimodal ligands on a library of model 

proteins resulting in the identification of heuristic design rules for the effect of ligand structure on 

selectivity11–13. One limitation of these studies was that they predominantly considered protein-

ligand interactions as a function of the individual ligand structure. In a chromatographic setting, 

multimodal ligands are often immobilized at a sufficiently high surface density, such that they can 

alter one another’s conformation and presentation to an adsorbing protein. 

Intermolecular interactions between molecules immobilized at high surface densities have been 

studied for a wide range of systems, including self-assembled monolayers (SAMs), polymer 

brushes, and high-density peptide coated surfaces. SAMs take advantage of lateral, non-covalent 

interactions between neighboring immobilized alkyl or aromatic chains to yield a molecularly 

ordered surface14–17. By adjusting the head group chemistry as well as by making perturbations to 

the chains themselves, such as adjusting their length or composition, researchers have leveraged 

intermolecular interactions to design surfaces to address a wide range of applications from 

biosensors to electronics17. 
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Polymer brushes represent another system that includes flexible molecules (typically polymers) 

grafted to surfaces18.  Polymer brushes exhibit a transition from a “mushroom” (molecules that are 

sufficiently spaced so as not to interact with one another) to “brush” (closely packed molecules) 

configuration with decreasing inter-polymer spacing and as a function of polymer radius of 

gyration19,20. Additionally, researchers have studied di-block co-polymers grafted to substrates and 

characterized complex relationships between polymer structure and block size, flexibility, and 

solvent affinity21,22. In recent years, these grafted co-polymers have been engineered to respond to 

specific changes in solvent conditions including salt and pH23–25. 

Systems containing multimodal chromatographic ligands importantly differ from SAMs and 

polymer brush systems in that these ligands are comparatively short and contain regions of charge, 

hydrophobicity, and hydrogen bonding in proximity to one another. Here, we investigate for the 

first time the formation of ligand clusters on multimodal chromatographic surfaces using MD 

simulations. We study the role that ligand chemistry, surface density, and linker length play in 

governing the location and relative accessibility of different ligand moieties on a multimodal 

surface. Further, we develop an approach for systematically quantifying pattern formation on 

multimodal ligand-coated surfaces. This investigation elucidates how previously studied self-

assembly phenomena extend to this class of short, flexible, multimodal molecules with important 

implications for improving our understanding of protein-surface interactions in multimodal 

chromatography.  

2. Methods 

2.1 Simulations of One, Two, and Three MM Ligands Immobilized on a SAM Surface 

Sets of one, two, and three ligands were immobilized on an alkyl thiol self-assembled monolayer 

(SAM) surface using the same setup as has been described by our group previously26,27. We 
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summarize this setup here for completeness. Each ligand was immobilized by covalently bonding 

its base atom (shown in green in Figure 1) to an alkyl thiol chain comprising ten carbons with one 

sulfur and carbon atom at the base as shown in Figure 2. The sulfur atom and seventh carbon from 

the sulfur were both restrained with a harmonic potential of 1,000 kcal/mol*Å2 to maintain the 

structure of the surface, as has been done previously26,28,29. The position and orientation of the 

SAM strands were specified based on parameters corresponding to an alkyl thiol SAM 

immobilized on a gold (1 1 1) surface as described by Love et al16. The box size was chosen to 

ensure periodicity in the x and y directions. Ligand parameters were consistent with General Amber 

Force Field (GAFF)30 and charges were calculated in Gaussian using the Restrained Electrostatic 

Potential (RESP) approach31. These parameters are consistent with our previous simulations of 

ligands in free solution32.  

The surface was constructed from an array of SAM strands terminating in either ligands or 

hydroxyl groups (to create a hydrophilic reference background). The hydroxyl-terminated strands 

were constructed similarly to ligand SAM strands, with OH groups parameterized based on GAFF 

parameters and RESP charges derived from methanol. This hydroxyl terminated SAM surface is 

hydrophilic26 and representative of the agarose or polyacrylamide base matrix found in Capto 

MMC and Nuvia cPrime resins respectively. For systems containing two or three ligands, ligands 

were separated by a distance of ~1 nm, corresponding to the expected separation on a 

chromatographic surface at a typical ligand density. Each simulation contained a total of 80 alkyl 

thiol strands. 

Each simulation was performed using AMBER1633 in the NVT ensemble. Four simulations of 

50 ns were performed with different initial velocities, each saving coordinates every 2 ps. 

Simulations were performed using the GPU accelerated version of pmemd34,35. Electrostatics were 
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calculated using the Particle-Mesh Ewald36 method with a grid spacing of 0.1 nm, an order of 4 

for the B-spline interpolation, and a direct sum tolerance of 10-5 (consistent with default 

parameters). The nonbonded cutoff was 0.9 nm. The Berendsen37 thermostat was used to maintain 

the simulation temperature at 298K and the box size was 4.0 x 4.3 x 6 nm3. The TIP3P model was 

used to model water and sodium counterions were used for electroneutrality38. The number of 

sodium ions matched the number of ligands in each simulation. Bonds containing hydrogens were 

constrained using SHAKE and a time step of 2 fs was used. 

2.2 Simulations of MM Ligands Immobilized on a SAM Surface at High and Low Densities  

To understand ligand conformational equilibria in commercially available resins, simulations 

were carried out at both high (1 ligand/nm2) and low (1 ligand/ 3 nm2) ligand densities, which 

correspond to the commercially available densities for Capto MMC and Capto MMC ImpRes, 

respectively11. The low density SAM surfaces were constructed as described in the above section, 

with the box size expanded to 10.0 x 10.4 x 10.0 nm3. Each simulation contained 480 alkyl thiol 

SAM strands with 30 strands terminating in a ligand and the remainder terminating in a hydroxyl 

group. The high density SAM surfaces were constructed with a slightly larger box size of 11.0 x 

10.4 x 10.0 nm3 in order to ensure that the ligand placement pattern was not affected by the periodic 

boundary conditions at the edge fo the box. Each simulation contained 528 alkyl thiol SAM strands 

with 132 strands terminating in a ligand and the remainder terminating in a hydroxyl group. Each 

setup was simulated 8 times for 50 ns with different initial velocities and the details of the 

simulation were the same as above. 

3. Results 

Selectivity in multimodal chromatographic systems has been shown to be a strong function of 

both ligand structure and point of immobilization11,12. Here, we employ molecular dynamics 
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simulations to study the behavior of multimodal ligands on a model, hydrophilic self-assembled 

monolayer (SAM) surface representing the resin base-matrix. This investigation focuses on two 

commonly used, commercially available multimodal ligands: Capto MMC and Nuvia cPrime, 

shown in Figures 1a and 1b. Both ligands contain four chemical groups, of which three are 

identical: a carboxylic acid group, an amide group, and a phenyl ring. Capto MMC is immobilized 

to the chromatographic surface via an alkyl thiol group such that the phenyl ring is outward facing 

(illustrated in Figure 1a). In contrast, Nuvia cPrime is immobilized to the chromatographic surface 

by an amine group, such that the carboxylic acid group is outward facing (Figure 1b).  

In the commercially available resin, Capto MMC is immobilized via an ester linkage connected 

to the alkyl thiol group. In the first part of this paper, instead of the ester linkage we immobilize 

Capto MMC directly to the surface to facilitate direct comparison of the ligand chemistries of 

Capto MMC and Nuvia cPrime. In the second part, we explore the consequences of including the 

ester linker (illustrated in Figure 1c) and of reducing ligand density. To clarify, when we are not 

including a linker, we refer to Capto MMC without a linker as the “Capto Ligand” and Capto 

MMC with the linker as “Capto MMC”.  
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Figure 1. Chemical structures for the (a) Capto Ligand (Capto MMC without a linker), (b) Nuvia cPrime, and (c) 

Capto MMC (with a linker). Color indicates the type of chemical moiety. 

3.1 Capto Ligand and Nuvia cPrime: One, Two, and Three MM Ligands Immobilized on a SAM 

Surface 

Before investigating the behavior of complex higher ligand density systems, it was of interest to 

first examine the behavior of individual MM ligands immobilized on the SAM surface. The 

conformational preferences of the Capto Ligand and Nuvia cPrime can be characterized in many 

ways. Here, we quantified ligand conformational preferences with respect to the surface by 

calculating the density distributions of two chemical moieties in the ligand, the carboxylic acid 

group and the phenyl ring, in the x-y plane of the surface. We characterize conformation with 
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respect to the surface normal (z dimension) later in this manuscript. The first 5ns of each trajectory 

were used as equilibration time, and thus each density distribution shown represents the last 45ns 

of four 50ns simulations. An example snapshot of a simulation containing a single Capto Ligand 

immobilized on a surface is shown in Figure 2. 

 

Figure 2. A representative snapshot from MD simulations of a single Capto Ligand immobilized on a hydroxyl SAM 

surface (spacefill) in water (wireframe) with a sodium counterion (spacefill). The 3D periodic box had dimensions of 

~4 x 4 x 4 nm3. Color scheme: sodium, blue; hydrogen, white; oxygen, red; carbon, cyan; nitrogen, blue; and sulfur, 

yellow. 

Figure 3a shows the probability density distributions for a single Capto Ligand immobilized on 

the SAM surface. The base atom density (green) illustrates the position at which the ligand is 

tethered to the SAM surface. As expected, based on the ligand structure (Figure 1a), the carboxylic 

acid density (red) was constrained closer to the base atom and the phenyl ring density (purple) 

travelled farther from the point of immobilization. Further, the phenyl ring sampled positions in 

all directions relative to the base atom (although it displayed a preference for one direction due to 

the method angle of attachment to the tilted SAM surface, breaking symmetry).  

Figure 3b shows the probability density distributions for two Capto Ligands immobilized on a 

SAM surface at a distance corresponding to the average ligand density for the commercial Capto 

MMC resin. For this system, phenyl ring densities (purple) shift to the region between the two 
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ligands, indicating that interactions between neighboring ligands significantly impacted ligand 

conformational preferences. A representative snapshot (shown in Figure 3b) clearly shows the 

association of the phenyl rings, which is likely due to hydrophobic interactions. Similarly, phenyl 

ring densities were found to increase in the regions between ligands for three Capto Ligands 

immobilized on a SAM surface (shown in Figure 3c). For this system, ligands were found to either 

completely associate with one another, or to associate in pairs, excluding the third ligand (as shown 

in the snapshot in Figure 3c). In addition, minimal changes were observed in the carboxylic acid 

density (red) for either the two or three ligand systems. 

 

Figure 3. Top: Density distributions in the plane of the surface for the phenyl ring (purple), carboxylic acid group 

(red), and base atom (green). Results were obtained using four 50ns trajectories (averaged). Bottom: Representative 

snapshots of ligands where the phenyl ring, carboxylic acid, and base atom are shown in space-fill (same color scheme) 

and all other atoms are shown in white with licorice representation. (a), (b), and (c) correspond to systems containing 

one, two, and three Capto Ligands immobilized respectively and (d), (e), and (f) correspond to systems containing 

one, two, and three Nuvia cPrime ligands immobilized respectively. 

Figure 3d shows the probability density distributions for a single Nuvia cPrime ligand on a 

SAM surface. In contrast to the Capto Ligand, Nuvia cPrime displayed limited flexibility, with 

each moiety extending in only one direction from the base atom. There are two effects that could 

be driving this difference in conformational preferences. First, Nuvia cPrime contains only five 

a. b. c. d. e. f.

Capto Ligand Nuvia cPrime
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freely rotatable torsion angles (compared to eight in the Capto Ligand) and these torsion angles 

are located above the phenyl ring and thus farther from the point of immobilization. This constrains 

the overall flexibility of Nuvia cPrime when immobilized. Second, Nuvia cPrime terminates in a 

hydrophilic carboxylic acid group, which prefers to remain solvated rather than collapse to the 

surface. In contrast, the Capto Ligand terminates in a hydrophobic phenyl ring, which has a 

propensity to desolvate and to associate with the SAM surface as will be shown later in this 

manuscript. These structural differences between Nuvia cPrime and the Capto Ligand result in 

significantly different conformational preferences when immobilized on a surface. 

Figure 3e shows the probability density distributions for two Nuvia cPrime ligands immobilized 

on a SAM surface at a distance corresponding to that of a standard chromatography resin. In 

contrast to the Capto Ligand, neighboring Nuvia cPrime ligands did not interact with one another, 

but rather maintained approximately the same density distributions as were observed for the single 

ligand case (Figure 3d). This effect is further illustrated in the representative snapshot shown in 

Figure 3e, which shows two neighboring ligands that are not contacting one another. This lack of 

interaction is consistent with 1) the inherent lack of flexibility resulting from the Nuvia cPrime 

structure and 2) electrostatic repulsion between carboxylic acid groups on neighboring ligands. 

For three Nuvia cPrime ligands immobilized on a SAM surface (Figure 3f), we again found that 

ligand conformational preferences were not affected by neighboring ligands. 

3.2 Ligands Immobilized at a Constant Ligand Density on a SAM Surface 

In a chromatography resin, ligands do not interact with just one or two neighboring ligands but 

have the potential to interact with a large number of neighboring ligands on a continuously ligand-

coated surface. Thus, it was of interest to understand how ligand conformational preferences 

changed in this more complex scenario. Figure 4a shows the density distributions associated with 
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the Capto Ligand immobilized continuously at the ligand density associated with the Capto MMC 

resin (1 ligand/1 nm2). As was observed for sets of 2-3 ligands, interactions were again observed 

between the phenyl rings of neighboring ligands (shown in Figure 4b). Importantly, for this more 

complex system, this resulted in the formation of large phenyl ring clusters (purple) containing 

roughly 3-4 phenyl rings that stayed together throughout the length of the simulation. Further, the 

carboxylic acid groups (red) were found to move closer to one another (although they did not form 

direct contacts), pulled by the phenyl rings which interact with each other. Thus, ligand-ligand 

interactions caused the aggregation of ligands leading to a complex, multimodal surface containing 

highly hydrophobic patches (purple) and regions of concentrated charge (red) that were on length 

scales larger than any individual ligand. We believe that the relative length-scales of these patches 

may play an important role in governing protein-resin interactions and selectivity in these systems. 

This principle is discussed in greater detail later in this manuscript.  

Figure 4c shows the density distributions associated with Nuvia cPrime immobilized at the same 

ligand density. As was observed in the previous section for one, two, and three Nuvia cPrime 

ligands, neighboring ligands at this continuous ligand density remained separate. This resulted in 

conformational preferences for each individual ligand that were similar to those of the single ligand 

alone on a hydroxyl SAM surface. This lack of interaction between neighboring ligands on the 

Nuvia cPrime surface is in sharp contrast to the results described above for the Capto Ligand and 

resulted in a multimodal surface that contained hydrophobic and charge patches on a 

fundamentally smaller length scale.  
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Figure 4. (a)/(c) Density distributions for the Capto Ligand and Nuvia cPrime, respectively, immobilized on a SAM 

surface at the ligand density associated with the Capto MMC resin. Results were obtained using a single 50ns 

trajectory. Atom density scale ranges from 0 (white) to 2 atoms/nm2 (relevant color).(b)/(d) Representative snapshots 

of Capto Ligand and Nuvia cPrime, respectively. Colors: Purple, phenyl ring; red, carboxylic acid group; green, base 
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atom. Ligand atoms are shown in space-fill (same color scheme) and all other atoms are shown in white with licorice 

representation. 

3.3 Capto Ligand Immobilized at a Low Ligand Density on a SAM Surface 

In multimodal chromatography, resins are often available at multiple ligand densities. It was 

therefore of interest to investigate the role of ligand density on the previously described 

aggregation phenomenon. Accordingly, simulations of the Capto Ligand were carried out at a 

lower ligand density (1 ligand/3 nm2) corresponding to the Capto MMC ImpRes resin. The 

individual ligand density distributions, shown in Figure 5a, were found to resemble that of a single 

ligand on a surface (Figure 3a). At this ligand density, ligands were separated by large enough 

spacings that they were no longer able to interact strongly. This illustrates that by reducing the 

ligand density, it is possible to eliminate the ligand aggregation observed at higher ligand densities. 

Importantly, this illustrates that for ligands that aggregate with one another, increasing or 

decreasing the ligand density does not simply adjust the apparent affinity through an avidity effect, 

but can also change the fundamental nature of the resin surface presented to the protein. 

 

Capto Ligand (Low Density)a.

b.
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Figure 5. (a) Density distributions for the Capto Ligand immobilized on a SAM surface at the ligand density 

associated with the Capto MMC ImpRes resin for a single, 50ns trajectory. Results were obtained using a single 50ns 

trajectory.  Atom density scale ranges from 0 (white) to 2 atoms/nm2 (relevant color).  (b) Representative snapshot of 

Capto Ligand. Colors: Purple, phenyl ring; red, carboxylic acid group; green, base atom. Ligand atoms are shown in 

space-fill (same color scheme) and all other atoms are shown in white with licorice representation. 

3.4 Capto MMC (Capto Ligand with a Linker) Immobilized on a SAM Surface 

In the previous sections, we studied the conformational preferences of the Capto MMC resin 

without the linker (referred to here as the Capto Ligand). While excluding the linker provides a 

simpler system to study that can be more easily compared with the Nuvia cPrime (which does not 

contain a linker in commercial resin), the ligand in the commercial Capto MMC resin is 

immobilized to the base matrix via an ester linker (Figure 1c). Accordingly, it was of interest to 

explore the effect of this linker on the conformational preferences of Capto MMC. 

Figure 6a shows the density distributions for a Capto MMC (with linker) coated surface at the 

ligand density associated with the commercial Capto MMC resin (1 ligand/1 nm2). Although this 

surface displayed large regions of concentrated phenyl ring densities indicating ligand aggregation, 

these were accompanied by regions of diffuse phenyl ring densities. As illustrated in Figure 6b, 

regions containing ligand aggregates often included a larger number of ligands than were typically 

observed for the Capto ligand surface. These differences in conformational preferences were likely 

due to the fact that the linker enables additional ligand flexibility increasing the region on the 

surface accessible to the ligand. Further, this additional flexibility results in reduced ordering on 

the resin surface and allows for a greater number of ligands to interact with one another.  
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Figure 6. (a) Density distributions for Capto MMC (with the ester linker) immobilized on a SAM surface at the ligand 

density associated with the Capto MMC resin. Results were obtained using a single 50ns trajectory. Atom density 

scale ranges from 0 (white) to 2 atoms/nm2 (relevant color). (b) Representative snapshot of Capto MMC. Colors: 

Purple, phenyl ring; red, carboxylic acid group; green, base atom. Ligand atoms are shown in space-fill (same color 

scheme) and all other atoms are shown in white with licorice representation. 

Figure 7a shows the density distributions for Capto MMC immobilized at the ligand density 

associated with the commercial Capto MMC ImpRes resin (1 ligand/3 nm2). In contrast to the 

Capto Ligand (without the linker) at this lower ligand density, ligands with the linker were found 

to aggregate with one another, albeit to a lesser extent than the higher density system. This 

aggregation is expected as the length and flexibility in the linker allows neighboring ligands to 

travel farther to interact with one another. This observation points to the existence of a critical 

ligand-ligand separation beyond which ligands can no longer aggregate with one another. By 

introducing a linker to Capto MMC, we effectively increased this critical ligand-ligand separation 

Capto MMC (with linker)

b.

a.
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distance. Thus, we expect that it would be possible to eliminate ligand aggregation by further 

reducing ligand density. We believe that this is an important observation in that ligand aggregation 

on chromatographic surfaces is a function of the ligand chemistry and architecture, the linker 

chemistry and flexibility and the ligand density.  

 

Figure 7. (a) Density distributions for Capto MMC (with the ester linker) immobilized on a SAM surface at the ligand 

density associated with the Capto MMC ImpRes resin. Results were obtained using a single 50ns trajectory. Atom 

density scale ranges from 0 (white) to 2 atoms/nm2 (relevant color). (b) Representativef snapshot of Capto MMC. 

Colors: Purple, phenyl ring; red, carboxylic acid group; green, base atom. Ligand atoms are shown in space-fill (same 

color scheme) and all other atoms are shown in white with licorice representation. 

3.5 Ligand Density Normal to the SAM Surface  

When proteins adsorb to chromatographic surfaces, their ability to interact with different ligand 

chemistries depends, in part, on the steric accessibility of the ligand. To assess the relative 

b.

a. Capto MMC (with linker, low 
density)
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accessibility of different ligand chemistries, we investigated the density distributions of individual 

chemical moieties along the direction normal to the SAM surface. 

Figure 8a shows the heavy atom density distributions for the Capto Ligand phenyl rings (purple) 

and carboxylic acid groups (red), with the grey vertical dotted line indicating the intersection of 

the hydroxyl SAM strand density and the solvent density. As shown in Figure 1a, the Capto 

Ligand structure contains the carboxylic acid moiety closer to the point of immobilization and the 

phenyl ring farther from the point of immobilization. As a consequence of this structure, the 

carboxylic acid density (red) in Figure 8a was distributed close to the surface-water interface. 

Interestingly, the density distribution for the phenyl ring contained two peaks, one at roughly the 

same location as the carboxylic acid group and one farther from the surface. This first peak 

indicates that the phenyl ring did not stretch out into solution, but rather preferred to collapse onto 

the SAM surface, likely due to its hydrophobicity. The second peak indicated the presence of 

phenyl rings further from the surface. A representative snapshot from the simulation is presented 

in Figure 8b which illustrates the buried carboxylic acid groups as well as the two populations of 

phenyl groups.  
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Figure 8. (a), (c), (e), (g), (i) Density distributions for the phenyl ring (purple) and carboxylic acid group (red) using 

the left axis and the hydroxyl SAM surface (dotted black) and water (dotted blue) using the right axis, with the interface 

between the surface and the solvent marked as a grey dotted line. (b), (d), (f), (h), (j) Representative snapshots showing 

the SAM surface from a side view (same color scheme as Figures 3-7. 

Figure 8c shows the density distributions for the Nuvia cPrime phenyl rings (purple) and 

carboxylic acid groups (red). As shown in Figure 1b, Nuvia cPrime contains a phenyl ring linked 
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to the SAM surface via an amine group as well as a carboxylic acid group farther from the surface. 

As a consequence of Nuvia cPrime’s structure, Figure 8c shows that the phenyl ring density 

overlapped with the solvent-surface interface while the carboxylic acid density was located farther 

from the surface. Unlike the Capto Ligand, the density distributions of the phenyl rings and the 

carboxylic acid moieties did not significantly overlap, illustrating that Nuvia cPrime preferred to 

collapse to the SAM surface. This behavior is further illustrated in Figure 8d, which shows a top 

carboxylic acid layer (red), and buried phenyl rings (purple). 

Figure 8e shows the density distributions for Capto MMC (with linker). The inclusion of a 

flexible linker increased the space sampled by the ligands, resulting in much broader density 

distributions along the surface normal. Interestingly, the density distribution of the phenyl rings 

shifted slightly closer to the surface relative to the density distribution of the carboxylic acid 

groups. A representative snapshot from the simulation is presented in Figure 8f which illustrates 

the broad distribution of the axial positions of both the carboxylic acid groups and the phenyl rings. 

This behavior was in sharp contrast to the Capto Ligand surface, for which phenyl rings were 

primarily exposed to the solvent. This difference in behavior can be attributed to the inclusion of 

the flexible linker which allowed the phenyl rings on the Capto MMC ligand to readily collapse 

back to the surface. This illustrates that linker length and flexibility can play an important role in 

governing the degree of accessibility of hydrophobic groups on multimodal ligands which 

introduces an important element into ligand design.  

Figure 8g shows the density distributions for the Capto Ligand at a low ligand density 

corresponding to that of the commercial Capto MMC ImpRes resin (1 ligand/ 3 nm2). At this lower 

ligand density, the carboxylic acid group and phenyl ring density distributions significantly 

overlapped, and the second phenyl ring peak disappeared. The overlap of these two peaks indicates 
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that the Capto Ligand at low density was readily able to collapse to the surface rather than extend 

into solution. In the previous section, we found that ligands at this density were separated by a 

large enough distance that they could not significantly interact with one another. As a result, the 

second peak observed in Figure 8a at the higher ligand density disappeared at this lower ligand 

density, suggesting that it results from interactions with neighboring ligands. Additionally, phenyl 

ring density was observed to penetrate slightly into the SAM surface. 

Figure 8i shows the density distributions for Capto MMC (with linker) at a lower ligand density 

corresponding to that of the Capto MMC ImpRes resin (1 ligand/ 3 nm2). As was observed for the 

Capto MMC resin at the higher ligand density, the phenyl ring and carboxylic acid group density 

distributions were broad, indicating that a range of behaviors could be observed on the surface. 

Also similar to the high ligand density system, the average phenyl ring density shifted closer to 

the surface relative to the carboxylic acid group, due to the phenyl ring’s preference for collapsing 

to the surface. As was observed for the lower ligand density without the linker, the ligands have 

sufficient room to stretch out along the surface as well as to aggregate with one another. This 

resulted in a highly heterogeneous surface, whose height varied as a function of position on the 

surface, shown in Figure 8j. 

3.6 Quantifying Pattern Formation on a Ligand-Covered SAM Surface 

In the previous sections, we have investigated ligand aggregation and the formation of patterns 

of different ligand chemistries on a variety of multimodal SAM surfaces. To systematically study 

large numbers of resin systems and to create models that capture these surface patches, it is 

necessary to quantify these patterns. To this end, we have developed an approach for quantifying 

the size and shape of patches of specific moieties on the ligands.  

 



 22 

 

Figure 9. Schematic illustrating approach for obtaining patch distributions for a given ligand chemistry. 

Figure 9 illustrates this approach. First, the density distribution was normalized by dividing the 

density at each point by the average density of the species throughout the surface. This distribution 

was then converted to a binary distribution based on a cutoff threshold of 0.75. Thus, every grid 

point in the plane of the surface was assigned a value of 1 if the normalized density exceeded 0.75 

or a value of 0 if the normalized density was less than 0.75.  This binary distribution was then 

filtered using a Gaussian filter with a standard deviation of 2 to remove noise around the edges of 

patches. Finally, using the MATLAB image toolbox, each patch was identified, assigned a 

centroid, and patch statistics (area, major axis, and minor axis) were calculated. To avoid analyzing 

noise, patches with an area of less than 0.08 nm2 (corresponding to ~30% the size of an isolated 

phenyl ring) were not considered for this analysis. The parameters employed in this approach for 

quantifying patch distributions were selected to enable good representation of the clusters in the 

SAM surfaces evaluated. In future work, we will more systematically develop the criteria for 

determining the relevant parameters in this analysis.  

Figure 10a shows analysis using this approach when applied to the phenyl rings on the Capto 

Ligand surface. The far-left graph shows the binary density distribution for the phenyl rings, with 
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patch centroids labelled. The resulting area distribution, shown in the center-left graph, illustrates 

that the average patch size was about 1 nm2 in size, with some patches reaching areas as large as 

~6 nm2. The major and minor axes (the two right figures) show that these patches were often 

elongated and could reach major axis lengths of more than 5 nm. 

The tendency of the Capto Ligand surface to form large phenyl ring patches has important 

implications for selectivity in chromatographic systems. In Figure 10b and 10c, we illustrate two, 

previously studied proteins, ubiquitin and a Fab, with a scale bar. Previous work in our group using 

NMR, AFM and MD simulations has identified a preferred binding region on the face of ubiquitin 

for interactions with multimodal ligands and SAM surfaces4,7–10. Figure 10c illustrates that this 

face is only roughly 1-2 nm2 in size and thus the binding region previously identified is likely to 

interact with only 1-2 phenyl ring patches upon binding to the ligand surface. Additional prior 

work in our group has suggested that the CDR loops (located at the top of the Fab) play an 

important role in governing Fab retention in multimodal chromatographic systems39,40. Figure 10c 

shows that this region is roughly 4-5 nm in length, suggesting that this protein may only interact 

with 1-3 phenyl ring patches upon binding to the surface. This analysis suggests that proteins that 

differ in their patch sizes and/or distributions may interact differently with these large ligand 

patches, resulting in potentially distinct or advantageous selectivities. 

Another important aspect to consider is that these large phenyl ring patches are likely to be more 

hydrophobic than smaller phenyl ring patches. Previous work in the Garde group41,42 has shown 

that the hydrophobicity of hydrophobic patches on a hydrophilic surface undergoes a transition 

around roughly 1 nm2, such that small hydrophobic patches below this threshold do not 

significantly affect local water structure, while larger patches dramatically increase local water 

density fluctuations. Thus, the association of neighboring phenyl rings on the Capto Ligand SAM 
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surface results in the crossing of this critical threshold, and likely results in a significantly more 

hydrophobic surface.  

 

Figure 10. (a), (d) Patch statistics for the Capto Ligand. Far-left: Representative filtered, binary, phenyl ring density 

distribution from a single 50ns simulation with centroids labelled in purple. Center-left: Distribution of patch areas. 

Center-right: Distribution of patch major axes. Far-right: Distribution of patch minor axes. (b), (c) Ubiquitin and an 

example of a Fab fragment shown as a transparent surface with a ribbon structure underneath. Length scales of 1 nm 

are shown in the corner to illustrate the length scale of the protein. 

Figure 10d shows this approach applied to phenyl ring density for Nuvia cPrime. As was 

observed in Figure 4c, Nuvia cPrime’s phenyl rings did not associate with one another, but rather 

remained separate. As a result, the patch areas were much smaller than those observed for the 

Capto Ligand, and the distribution was highly mono-dispersed about 0.25 nm2, with each patch 

representing one phenyl ring. Similarly, the major and minor axis distributions were relatively 

monodispersed around much smaller values, varying primarily due to the orientations of the phenyl 

rings. The differences in shapes and lengthscales of hydrophobic patches on Capto and Nuvia 
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ligands – large vs small, broad vs monodispersed – will impact the behavior of vicinal water and 

govern the mechanistic details as well as the strength of protein interactions with the surfaces. 

Such differences will be important to selectivity despite the chemistries of the two ligands being 

similar to each other. As described above, we expect that this reduction in the length scale of the 

hydrophobic patches on the Nuvia cPrime surface affect how many different patches a protein 

contacts as it adsorbs to the surface and will affect the local water structure in the vicinity of the 

hydrophobic patches, resulting in a reduction in the strength of hydrophobic interactions. 

4. Conclusions 

We have performed extensive MD simulations to investigate the formation of ligand clusters on 

a SAM surface for ligands varying in chemistry, surface density, and linker length. Interestingly, 

the Capto Ligand was found to aggregate to form a multimodal pattern on the SAM surface, while 

Nuvia cPrime did not aggregate. Lowering the surface density of the Capto Ligand eliminated 

clustering, while introduction of a flexible, hydrophilic linker enhanced aggregation and allowed 

clusters to form at lower surface densities. Finally, we developed an approach to quantify pattern 

formation on multimodal surfaces and found that the Capto Ligand surface contained patches as 

large as 6 nm2, while the Nuvia cPrime surface patches were only ~0.25 nm2. This work represents 

the first in depth look at multimodal chromatographic ligand patch formation in the context of a 

surface. 

A comparison of the ligand structures shows that while the Capto Ligand has a hydrophilic group 

near its base and a hydrophobic group at its terminus, Nuvia cPrime contains the reverse: a 

hydrophobic group near its base and a hydrophilic group at its end. As a consequence, the 

hydrophobic phenyl rings on the Capto MMC ligands tended to aggregate and form hydrophobic 

clusters, while the Nuvia cPrime phenyl rings did not have the flexibility to do so. This 
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phenomenon is related to the self-assembly behavior previously observed for grafted diblock co-

polymers with differing solvent affinities. Zhulina et al21. showed that tethering the less soluble 

block closer to the surface and the more soluble block farther from the surface resulted in the 

formation of an “onion”-like dense core phase near the surface. In contrast, the opposite 

arrangement caused the outward facing insoluble block to aggregate resulting in micelle-like 

structures. The Capto Ligand and Nuvia cPrime can be thought of as a special case of this behavior 

where each “block” is much smaller and more position restrained than in a traditional block co-

polymer. Thus, instead of forming distinct, 3-dimensional phases, we observed the formation of a 

relatively shallow surface pattern. 

In addition, we showed that by reducing the surface density of the Capto Ligand, ligand 

aggregation was eliminated. In this system, the ligand-ligand spacing was lowered below the Capto 

Ligand’s length, preventing the ligand from interacting with its neighbors. In contrast, Capto MMC 

(with the linker) represented a system with an increased length, and thus increased accessibility to 

a larger volume on the surface. Consequently, at the same lowered surface density, Capto MMC’s 

length now exceeded the ligand-ligand spacing, allowing for it to form clusters. This relationship 

between the ligand-ligand spacing and the length is analogous to the mushroom to brush transition 

associated with reducing inter-ligand spacing below the radius of gyration of the ligand described 

by de Genne et al19. For the case of multimodal ligand coated surfaces, since there are additional 

sources of ligand-ligand interactions, this transition may occur at a larger spacing than for 

polymers interacting only through excluded volume. 

Previous work in our group8,39,40,43 has illustrated that understanding the behavior of patches on 

the protein surface is important for understanding and predicting chromatographic behavior of 

proteins in multimodal systems. Here, we show for the first time that hydrophobic and charge 
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patches exist on not just the protein surface, but also the multimodal ligand surface and it is 

anticipated that the nature of these surface patterns will have important implications for selectivity 

in multimodal chromatography. In the future, we aim to apply these characterization approaches 

to larger libraries of ligands to develop a fundamental understanding of the relationship between 

individual ligand structure and pattern formation in the context of a surface. Further, we plan to 

extend these methods to create new classes of molecular descriptors for multimodal surfaces and 

to employ these descriptors for the development of improved QSPR models for the a-priori predict 

of protein elution and selectivity patterns in novel multimodal resin systems. 

 

Supporting Information. Moiety density distributions for every ligand setup for 5 ns sections 

during a single simulation and averaged over 45 ns for three different simulations. 
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