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A Crowding Barrier to Protein Inhibition in Colloidal Aggregates

Parnian Lak, Henry O’Donnell, Xuewen Du, Matthew P. Jacobson, Brian K. Shoichet
Department of Pharmaceutical Chemistry, University of California, San Francisco, San Francisco, 
California 94143-2550, United States

Abstract

Small molecule colloidal aggregates adsorb and partially denature proteins, inhibiting them 

artifactually. Oddly, this inhibition is typically time-dependent. Two mechanisms might explain 

this: low concentrations of the colloid and enzyme might mean low encounter rates, or colloid-

based protein denaturation might impose a kinetic barrier. These two mechanisms should have 

different concentration dependencies. Perplexingly, when enzyme concentration was increased, 

incubation times actually lengthened, inconsistent with both models and with classical chemical 

kinetics of solution species. We therefore considered molecular crowding, where colloids with 

lower protein surface density demand a shorter incubation time than more crowded colloids. To 

test this, we grew and shrank colloid surface area. As the surface area shrank, the incubation time 

lengthened, while as it increased, the converse was true. These observations support a crowding 

effect on protein binding to colloidal aggregates. Implications for drug delivery and for detecting 

aggregation-based inhibition will be discussed.
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INTRODUCTION

Many organic molecules, including drugs, investigational new drugs, clinical candidates,1–4 

and especially early leads in drug discovery,5–8 aggregate into densely packed colloids at 

micromolar or even submicromolar concentrations in bio-chemical buffers.9 These 

aggregates sequester 105 to 106 protein molecules,10,11 leading to their partial 

denaturation12,13 and typically their inhibition. Such inhibition is among the dominant 

mechanisms for false-positive results in early drug discovery.14–17 Understanding its 

mechanism has been key for avoiding this phenomenon and, increasingly, for exploiting the 

unusual properties of the colloidal particles for useful applications, such as drug delivery.
18–22

A curious feature of colloidal inhibition is that it typically increases on pre-incubation of the 

protein with the particle, up to some saturating point.12 Why this should happen has 

remained unclear. Slow onset inhibition is well known in ligand binding and classically may 

be attributed to two mechanisms: very low concentrations, which slow the formation of 

encounter complexes via diffusional barriers (unusual for most ligand-protein systems), or 

slow off-rates, reflecting either kinetic barriers or simply very tight binding.23,24 Both 

mechanisms are plausible for colloidal-based inhibition. While the concentration of the 

aggregating monomer may be in the μM to the high-nM range, the concentration of the 

colloidal particles themselves is mid-fM to low-pM.10 Mean-while, the proteins being 

inhibited can easily be in the low-nM range; these concentrations plausibly are low enough 

to constitute kinetic barriers to associations (Derivation S1). Conversely, proteins bind 

tightly to colloidal aggregates, with KD values in the pM range or better,10,11 and protein 

partial unfolding on colloidal surfaces could be a kinetic barrier to association and 

disassociation.

These two mechanisms imply different concentration dependencies. Low concentration, 

kinetic barriers to association should be sensitive to concentration changes in either the 

colloid or the protein. Off-rate barriers to disassociation, either because of high affinity, or 

because of kinetic barriers to protein folding, should be pseudo-zero order in enzyme 

concentration. Said another way, increasing the concentration of either the colloid or protein 

should reduce the incubation effect if this effect reflects association barriers, while for the 

mechanism reflecting kinetic off-rates, the incubation effect should be insensitive to enzyme 

concentration.

To distinguish between the two mechanisms, we investigated concentration effects on the 

kinetics of the inhibition buildup between model enzymes and colloidal aggregators. 

Unexpectedly, our results were inconsistent with both mechanisms. Instead of classical 

concentration-rate effects, we observed that increasing enzyme concentration slowed 

inhibition buildup, increasing the incubation time necessary to achieve a certain inhibition 

level. This seemed most consistent with a third, non-classical mechanism, molecular 

crowding on the colloidal surface, something we explored in depth in subsequent 

experiments. Since an incubation effect has been a harbinger of colloidal aggregation since it 

was first described,9 this mechanism has implications for the rapid detection of aggregation 
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in early discovery and may influence how we exploit drug colloid formation in formulation 

and delivery.

RESULTS

To distinguish between the two initial mechanisms—low concentration encounter barriers or 

off-rate effects—we first investigated increasing the concentration of the colloids. The effect 

of incubation was measured at increasing concentrations of aggregating small molecules, 

each above their critical aggregation concentration (CAC). Within a certain range, the 

concentration of colloidal particles depends linearly on the amount of the monomer added 

over the CAC;25 as more monomers are added over the CAC, more colloidal particles are 

formed. For both the model enzymes AmpC β-lactamase and malate dehydrogenase (MDH),
26 tested against the well-studied colloidal aggregators Sorafenib and fulvestrant, the 

incubation time necessary to reach a certain amount of inhibition fell monotonically as the 

concentration of the colloidal particles increased (Figure 1A–D). For instance, we incubated 

the colloidal aggregator Sorafenib for varying times with AmpC and then measured the rate 

of hydrolysis by initiating the reaction with the substrate (Figure 1A). Especially at lower 

concentrations of aggregating Sorafenib, as the time of incubation increases (x axis), so does 

inhibition. At a 5 μM Sorafenib monomer (perhaps mid-fM colloid), the reaction is 40% 

inhibited after a minute of pre-incubation, 80% inhibited after 2 min of pre-incubation, and 

is nearly fully inhibited after 5 min. As one increases the concentration of Sorafenib, the 

inhibition at every incubation time point increases. Thus, as one increases the concentration 

of the aggregating molecule, the incubation period decreases (the onset of inhibition gets 

faster). This may be also seen as plots of the time of incubation necessary to achieve 90% 

inhibition (T90, Figure 1E,F; we note the effect plateaus, reflecting limits to our ability to 

distinguish among the very fast T90s at high colloidal concentrations). This supports an 

encounter reaction that is first order in the concentration of the colloidal particles and is at 

least consistent with a low concentration encounter barrier model for the incubation effect.

If the effect of increasing colloidal concentration readily fits at least one of our hypotheses, 

the results were unexpected when we turned to increasing enzyme concentration. In contrast 

to what classic rate kinetics would predict, the onset of inhibition—the length of incubation 

time necessary to reach a certain level of inhibition—increased with enzyme concentration, 

for both AmpC and MDH, in the presence of constant Sorafenib or constant fulvestrant 

colloidal aggregates (Figure 2). For instance, a 30 s pre-incubation of 2 nM AmpC with a 10 

μM Sorafenib monomer (likely a mid-fM Sorafenib colloid) resulted in 67% inhibition, and 

a 5 min pre-incubation sufficed to essentially fully inhibit the enzyme. Doing the same at the 

10 nM enzyme, however, led to only 40% inhibition after 30 s of pre-incubation, and even 

after 5 min, at least 20% of enzyme activity remained (Figure 2A). Quantitatively, T90 

values monotonically increased with enzyme concentrations for both AmpC and MDH and 

for both colloidal aggregators (Figure 2D and Figure 2E, respectively). In short, as enzyme 

concentration increased, the onset of inhibition took longer. This is inconsistent with both 

classical models for the time dependence of colloidal inhibition.

This observation led us to investigate a protein crowding mechanism on the colloidal 

surface, where inhibition appears to occur.12,26 In this non-classical model, as protein binds 
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to the particle surface, the rate at which the next protein molecule can bind is reduced by 

crowding. We therefore investigated how varying the colloidal surface area changed the 

incubation time—the onset of inhibition—using four different strategies. First, we changed 

the buffer ionic strength, with lower ionic strengths leading to smaller colloids with less 

available surface areas per particle (more crowding) and higher ionic strengths leading to 

larger colloids with more surface areas per particle9 (less crowding). Second, we pre-

incubated the colloid with another, functionally inert protein to see how it would affect the 

inhibition onset of the monitored enzyme; this increases protein crowding on the colloidal 

surface. Third, we co-formulated the colloids with Congo Red, which substantially 

decreases colloid size, again increasing crowding. Fourth, we investigated the rates of the 

inhibition onset on an enzyme much larger than AmpC and MDH, β-galactosidase—the 

larger size of this enzyme should itself increase crowding leading to a slower inhibition 

onset (Figure 3).

In the first experiment, we measured inhibition at 5 mM KPi versus 50 mM KPi. At the 

lower ionic strength, Sorafenib colloids shrank to 48 from 121 nm radii at 50 mM KPi 

(Figure 3A and Figure S1 and Table S1), as expected.9 At this reduced size, inhibition 

increased more slowly, demanding longer incubation times (Figure 3B), and T90 values went 

from 5 min at the larger radii to >15 min at the smaller radii. Because ionic strength can 

affect other aspects of the kinetics of the inhibition onset, we also investigated the effects of 

reducing colloid size by co-formulating the Sorafenib colloids with the dye Congo Red.21 At 

a ratio of 500:1 Sorafenib to dye, the particle size shrank from a radius of 110 to 41 nm, and 

at a ratio of 25:1, the particles further shrank to a radius of 23 nm (Figure 3C and Figure S1 

and Table S1). As particles shrunk, the onset of inhibition lengthened, and the time 

necessary to incubate to reach a certain level of inhibition increased, also consistent with the 

crowding hypothesis. This observation is striking because the concentration of these smaller 

co-formulated colloids scales as the cube of the ratio of the radii such that going from 110 

nM to 23 will increase colloidal concentration by over 100-fold. All things being equal, the 

pseudo-first order reaction rate should thus increase by over 100-fold (Derivation S1), and 

the t1/2 should decrease by the same factor. Instead, the time over which the reaction 

occurred was substantially longer (the kinetics slowed). To quantify how the particle size 

affected the incubation time necessary to inhibit, we plotted the T50 of the reaction (the 

lengthening of the incubation time) against the particle size, where the latter was varied by 

changing the ratio of Sorafenib to co-formulated Congo Red. The T50 values scaled 

monotonically with the inverse of particle surface area (Figure 3J). The apparent exponential 

shape of the curve may reflect the severity of crowding as the particles shrink, and 

potentially saturation effects.

In a third set of experiments, we investigated the effect on the inhibition onset of pre-loading 

colloidal particles with an effectively inert protein before exposing them to the enzyme 

being monitored. If crowding affects the rate of the inhibition onset, then we would expect 

pre-loading the inert protein to reduce the onset of inhibition of the monitored enzyme 

without affecting the total level of inhibition ultimately achieved. We pre-loaded Sorafenib 

colloids with 2 nM MDH for 5 min and investigated how that affected the rate of the 

inhibition onset of AmpC by those colloids versus how they inhibited AmpC in the absence 

of MDH pre-loading. When pre-loaded with MDH, AmpC inhibition grew substantially 
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slower than when the colloids had not been pre-loaded with MDH (Figure 3E). For instance, 

a 30 s pre-incubation of AmpC with Sorafenib colloids without MDH pre-loading led to 

80% inhibition, and by a 5 min pre-incubation, enzyme activity was barely measurable. 

Conversely, the same 30 s pre-incubation after pre-loading the colloids with MDH led to 

only 45% inhibition, and even after a 5 min incubation with AmpC, the enzyme retained a 

still measurable activity. Correspondingly, T90 values lengthened from 1 min in the absence 

of MDH pre-loading to 5 min with MDH pre-loading. The same effect on MDH activity, 

when AmpC was used as the pre-loaded enzyme, was also observed (Figure 3F,G). These 

results, too, support the surface crowding hypothesis.

Turning to the enzyme size as a variable, the 0.5 megadalton (520 kDa) ß-galactosidase was 

used as an unusually large enzyme, compared to 35 kD MDH and the 40 kD AmpC, to 

induce more crowding on the colloidal surface per mol of the enzyme absorbed. At every 

concentration of β-galactosidase, the onset of inhibition was slower than MDH or AmpC 

with Sorafenib colloids (Figure 3I vs Figure 2A and Figure 2B), also consistent with the 

crowding hypothesis.

If decreasing colloid size, increasing protein crowding, slows the inhibition onset and 

increases incubation times, then we might expect that increasing colloid size and decreasing 

protein crowding should speed the inhibition onset, decreasing the incubation time necessary 

to reach a certain level of inhibition. Accordingly, we investigated two small molecules that 

naturally form larger colloids than Sorafenib (100 nm average radius) and fulvestrant (82 nm 

average radius): nicardipine (300 nm average radius) and clofazimine (570 nm average 

radius). In studies with MDH, inhibition kinetics by both of the larger colloids was bell-

shaped, speeding up as enzyme concentration increased until reaching a minimum at around 

the 4 nM enzyme, after which the inhibition onset began to slow (Figure 4A,B). Unlike with 

the smaller colloidal particles, here in the first part of the curve, inhibition kinetics actually 

do increase with enzyme concentration, consistent with simple diffusion-governed inhibition 

in this domain. As higher concentrations of the enzyme are reached, for these larger 

particles, crowding-governed behavior seems again to take hold. Intriguingly, the larger β-

galactosidase, even on the larger nicardipine colloids, retained the non-classical crowding 

mechanism throughout as the inhibition onset grew longer as the enzyme concentration 

increased (Figure 4C).

DISCUSSION AND CONCLUSIONS

The slow onset of colloid-based inhibition—the incubation effect that has long been 

considered a characteristic of the phenomenon—reflects protein crowding on the colloidal 

surface. To our surprise, our results invalidated the two other hypotheses that we had favored 

to explain this effect: simple kinetic barriers deriving from femtomolar concentrations of the 

colloidal particles, or the kinetic barrier of enzyme unfolding. Although increasing colloidal 

concentration sped the enzyme inhibition onset (Figure 1), consistent with the kinetics of 

association hypothesis (Derivation S1), neither model explains the slowing of the inhibition 

onset, the lengthening of incubation necessary to reach a given level of inhibition, as enzyme 

concentration is increased (Figure 2). This observation led us to investigate a model of 
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surface crowding, where as the colloidal surface becomes increasingly occupied with 

protein; the rate of new protein binding to that surface slows.

The crowding model made testable predictions: shrinking a colloid should increase 

crowding, slowing the inhibition onset, as should pre-loading the colloid with a second inert 

protein. Similarly, increasing the size of the enzyme, without changing the colloid size, 

should slow the inhibition onset, while larger colloidal particles should speed the inhibition 

onset, decreasing incubation times. Each of these was supported by the experiment. When 

colloids were shrunk by either decreasing ionic strength (Figure 3A,B) or by co-formulating 

the colloids with Congo Red (Figure 3C,D), the inhibition onset slowed dramatically. 

Similarly, pre-loading the colloids with a second inert protein had the same effect, 

lengthening incubation times necessary to reach a given level of inhibition (Figure 3E,F). 

Moving to the much larger β-galactosidase slowed the inhibition buildup compared to 

smaller AmpC and MDH, with the same colloidal particles (Figure 3I). Finally, relieving 

crowding with larger colloidal particles, as formed by nicardipine and clofazimine, led to 

faster inhibition onsets and, more compelling still, a return to a domain where increasing 

enzyme concentration increased the rate of the inhibition onset, leading to greater levels of 

inhibition in faster times, as would be classically expected. This held over a certain 

concentration domain, after which, presumably as crowding increased too far on the 

colloidal surfaces, the rate of the inhibition onset began again to slow, leading to bell-shaped 

curves with enzyme concentration (Figure 4). Integrating previous studies that investigated 

the stoichiometry and concentration of colloidal particles,10,27 the partial denaturation of 

proteins on colloidal surfaces12,13 with the current study, the model that emerges is one 

where the kinetics of protein binding to colloidal aggregates is at least influenced by, and in 

many domains dominated by, crowding on the surface of the particle (Figure 5).

It is interesting to model at what point protein saturation of the colloidal surface begins to 

slow the inhibition onset, lengthening the incubation time necessary to see a given level of 

inhibition. To do so, we must know not only the concentration of the enzyme and the surface 

area of the particles, which are readily known, but also the concentration of the colloidal 

particles themselves, which are difficult to measure. Fortunately, such measurements have 

been made for nicardipine colloids,10 which we also study here. It was found that, for every 

1 μM nicardipine added over a critical aggregation concentration of 32 μM, 2000 colloidal 

particles were formed.10 From this, it could be calculated that each nicardipine colloidal 

particle adsorbed about 1.3 × 104 molecules of AmpC after a 5 min incubation. If each 

AmpC molecule was adsorbed along its longest axis (leading to the greatest coverage), then 

about 16% of the colloidal surface would be consumed. The MDH enzyme studied here with 

nicardipine is a dimer of monomers, each of which is only slightly smaller than AmpC; with 

the same assumptions, one nicardipine colloid should absorb about 0.6 × 104 MDH dimers. 

Thus, 100 μM nicardipine should lead to 8.9 × 107 colloidal particles in 1 mL, adsorbing 1 

nM MDH, consuming between 6 and 15% surface area, depending on how the enzyme is 

oriented on the particle surface. Intriguingly, from 0.5 to 4 nM MDH, there is no evidence of 

crowding (Figure 4A). As MDH concentration increases further, however, we re-enter the 

crowding domain, with the rate of the inhibition onset slowing as the enzyme concentration 

increases (Figure 4A). By 10 nM MDH, the enzyme concentration might be within 50% of 

the total loading capacity of the particle after a 5 min incubation (50% surface area 
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coverage), and by 20–50 nM enzyme concentration, the particles might be fully saturated. 

This is borne out by the course of the inhibition buildup, which by 50 nM enzyme is barely 

observed, presumably because the capacity to adsorb more enzymes, even for long 

incubations, has been exceeded. Obviously, these are rough calculations as the amount of 

space on the colloid consumed by each MDH molecule is uncertain. Taken at face value, 

they suggest that the time dependence of the inhibition onset may occur as the amount of the 

enzyme to be adsorbed begins to approach about 50% of the physical limits of the colloidal 

particle.

Other caveats also bear airing. Most importantly, none of the perturbations we make to the 

colloid size are perfect experiments—they all perturb more than one aspect of the system. 

For instance, changing the ionic strength changes gross aspects of the buffer, in addition to 

colloid size, while co-formulating Sorafenib with Congo Red likely changes the surface 

properties of the colloids (though the size change should dominate). Also, there are 

differences in behavior from protein to protein, something likely driven by the different 

properties of the proteins themselves,28 including their stability toward denaturation,13 and 

we do not pretend that crowding explains every aspect of protein-colloid association.

Notwithstanding these provisos, the main conclusion of this study should be clear: the onset 

of protein inhibition by colloidal aggregates typically does not follow classical kinetics of 

association but is instead usually dominated by surface crowding. This has several pragmatic 

implications. An incubation effect has long been considered a hallmark of colloidal 

aggregation and is used to recognize it in early discovery.11 What this study teaches is that 

this incubation effect is itself sensitive to enzyme concentrations. At higher enzyme 

concentrations, the typical 5 min incubation times advocated in the past may be too short; 

substantial inhibition may only build up over longer times. A better criterion might be 

observing the impact of enzyme concentrations on incubation times; only for a colloidal 

mechanism would one expect incubation times to increase with enzyme concentration. 

Correspondingly, simply incubating proteins with the colloids longer should increase the 

protein load harbored by the colloids, something useful for vehicles designed to deliver 

drugs and their targeting proteins, for instance, as colloid-antibody or colloid-transferin 

conjugates.29,20 Thus, we expect that this effort to understand the fundamental kinetic bases 

for colloid-protein association will have pragmatic implications, as has been true of previous 

mechanistic studies of colloidal aggregation12,13,30–32

EXPERIMENTAL SECTION

Dynamic Light Scattering.

Colloid radii were measured by dynamic light scattering (DLS) using a DynaPro Plate 

Reader II (Wyatt Technologies), with a 60 mW laser at a 830 nm wavelength and a detector 

angle of 158°; the beam size of the instrument was increased by the manufacturer to better 

enable detection of the larger colloidal species. Samples were measured in 384 well plates 

with 30 μL of loading and 10 acquisitions per sample. Compounds were dissolved in DMSO 

in 100× concentration and were further diluted by adding filtered 50 mM KPi (pH 7.0) to 

obtain a final 1% DMSO concentration. For the co-formulations, a 25:1 and 500:1 ratio of 

DMSO-dissolved Sorafenib and Congo Red were first mixed, and KPi was then added to 
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this mixture to obtain a final volume of 1 mL, a final Sorafenib concentration at 10 μM, CR 

at 400 and 20 nM, and final 1.5% (v/v) DMSO.

Enzyme Inhibition.

Enzyme inhibition assays were performed at room temperature on an HP8453a 

spectrophotometer in kinetic mode using UV–vis Chemstation software (Agilent 

Technologies) in methacrylate cuvettes (Fisher Scientific, 14955128) with a final volume of 

1 mL for both control and test reactions. Varying concentrations of the enzyme were mixed 

with varying concentrations of the small molecule in 50 mM KPi pH 7 buffer and were 

incubated at intervals between 30 s and 15 min. The enzyme-colloid aqueous solution was 

mixed by repeated pipetting of 150 μL before incubation. The substrate was added at the end 

of the incubation followed by mixing. The reactions were monitored for 150 s alongside a 

rate control reaction that lacked the colloidal aggregator, and initial rates were divided by the 

initial rate of the negative control to obtain % activity of the enzyme. The activity versus 

time plots were generated using GraphPad Prism.

For the AmpC ß-lactamase assay, CENTA (Millipore Sigma, 219475) at 70 μM was used as 

the chromogenic substrate and the change in absorbance was monitored at 405 nm. For 

malate dehydrogenase (MDH) (from Porcine Heart, 901643, Sigma-Millipore), the reaction 

was initiated by 200 μM nicotinamide adenine dinucleotide (54839, Sigma Aldrich) and 200 

μM oxaloacetic acid (324427, Sigma Aldrich) and the rate was monitored at 340 nm. For ß-

galactosidase (from Escherichia coli overproducer, 10105031001, Sigma Aldrich), the 

reaction was initiated by 300 μM ortho-nitrophenyl-β-galactoside and reaction was 

monitored at 320 nm. For assays where an inert enzyme was used, Sorafenib was first 

incubated with the inert enzyme for 5 min at room temperature, the second enzyme was then 

added, and the mixture was further incubated at room temperature for varying times.

For the 25:1 Sorafenib:Congo Red co-formulation, a DMSO stock was prepared with 

concentrations of 1 mM Sorafenib and 40 μM CR (Sigma C6277-25G). For the 500:1 

formulation, a DMSO stock was prepared with concentrations of 1 mM Sorafenib and 2 μM 

CR. Sorafenib was added first followed by Congo Red and buffer. The solution was mixed 

well, and the enzyme was mixed with Sorafenib for various incubation times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was supported by U.S. NIH grants R35GM122481 (to B.K.S.) and GM118303 (to M.P.J.).

ABBREVIATIONS USED

DLS dynamic light scattering

DMSO dimethyl sulfoxide

β-Gal β-galactosidase

Lak et al. Page 8

J Med Chem. Author manuscript; available in PMC 2022 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



KPi potassium phosphate pH 7

MDH malate dehydrogenase

Sor/CR Sorafenib/Congo Red

T90 time at which 90% of enzyme inhibition is observed

UV–vis ultraviolet–visible

v/v volume/volume
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Figure 1. 
(A, B) The onset of inhibition of AmpC ß-lactamase at 2 nM is expedited by increasing 

Sorafenib and fulvestrant concentrations. (C, D) Inhibition of malate dehydrogenase at 20 

nM is expedited to be the same. (E, F) Incubation time required to reach 10% of activity 

(90% inhibition) (T90) decreases with increasing colloidal concentration.

Lak et al. Page 11

J Med Chem. Author manuscript; available in PMC 2022 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Change of the inhibition onset with incubation time as a function of (A) MDH concentration 

at 10 μM Sorafenib. (B) AmpC concentrations at 10 μM Sorafenib and (C) AmpC 

concentration at 10 μM fulvestrant. (D) T90 for varying concentration AmpC inhibition by 

Sorafenib and (E) T90 for varying concentration MDH inhibition by Sorafenib.
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Figure 3. 
Decreasing the available surface area of colloidal particles increases the incubation time, 

slowing the attainment of full inhibition. (A) Sorafenib colloid radii (nm) vary with ionic 

strength. (B) The smaller radii colloids slow the buildup of MDH inhibition. (C) T90% of 

MDH inhibition at varying buffer strengths. (D) Co-formulation of Sorafenib with Congo 

Red reduces the radii of the colloidal particles. (E) As the particle size diminishes in the co-

formulated colloids, the time of incubation necessary to inhibit increases (the onset of 

inhibition slows). (F) Pre-incubating Sorafenib colloids with MDH increases the incubation 

time necessary to inhibit AmpC (the onset of inhibition slows). (G) T90% of AmpC with 

and without MDH. (H) Correspondingly, pre-incubating Sorafenib colloids with AmpC 
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increases the incubation time necessary to inhibit MDH (the onset of inhibition slows). (I) 

Compared to the rate of the inhibition onset with smaller enzymes, that of the unusually 

large enzyme β-galactosidase is far slower (compared to Figure 2A,B). (J) Relationship of 

the colloidal particle size with the incubation time necessary to reach 50% inhibition (T50). 

Colloid radii were varied by changing the co-formulation ratio of Sorafenib and Congo Red; 

these ratios are indicated.
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Figure 4. 
Large colloids relieve the crowding effect, returning to classical kinetic concentration 

dependence in a low enzyme concentration domain. At higher enzyme concentration, 

crowding returns, leading to bell-shaped curves with MDH. (A) Nicardipine colloids, ~300 

nm radius, inhibiting MDH. (B) Clofazimine, 570 nm radius size, inhibiting MDH. (C) With 

the larger enzyme, β-galactosidase, crowding once again dominates even with nicardipine.
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Figure 5. 
Combined crowding and partial denaturation model for protein adsorption on the surface of 

colloidal aggregates. Typically, between 106 and 108, monomers aggregate to form colloidal 

particles, whose concentrations are often in the mid-femtomolar to low picomolar range.10 

This work suggests that the rate of protein adsorption is, in many domains, dominated by 

protein crowding at the surface. Ultimately, proteins are partially and reversibly denatured at 

the protein surface;12,13 how the rate of that unfolding compares with the rate of protein 

adsorption remains unclear.
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