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ABSTRACT: Colloidal aggregates of small molecules are the most common
artifact in early drug discovery, sequestering and inhibiting target proteins
without speciﬁcity. Understanding their structure and mechanism has been
crucial to developing tools to control for, and occasionally even exploit, these
particles. Unfortunately, their polydispersity and transient stability have
prevented exploration of certain elementary properties, such as how they pack.
Dye-stabilized colloidal aggregates exhibit enhanced homogeneity and stability
when compared to conventional colloidal aggregates, enabling investigation of
some of these properties. By small-angle X-ray scattering and multiangle light
scattering, pair distance distribution functions suggest that the dye-stabilized
colloids are ﬁlled, not hollow, spheres. Stability of the coformulated colloids
enabled investigation of their preference for binding DNA, peptides, or folded
proteins, and their ability to purify one from the other. The coformulated
colloids showed little ability to bind DNA. Correspondingly, the colloids
preferentially sequestered protein from even a 1600-fold excess of peptides that are themselves the result of a digest of the same
protein. This may reﬂect the avidity advantage that a protein has in a surface-to-surface interaction with the colloids. For the ﬁrst
time, colloids could be shown to have preferences of up to 90-fold for particular proteins over others. Loaded onto the colloids,
bound enzyme could be spun down, resuspended, and released back into buﬀer, regaining most of its activity. Implications of
these observations for colloid mechanisms and utility will be considered.

A

mechanism have remained elusive, however, owing to their
physical properties and instability. For instance, whereas
comparison of colloid to monomer volumes has suggested
that colloids might be well-packed,2 polydispersity and transient
stability have made investigating this diﬃcult.
Recently, coformulation of colloids with azo-dyes has
improved their homogeneity.26 These coformulations consist
of well-known aggregators such as sorafenib or vemurafenib
mixed with small molar ratios of dyes such as Congo Red or
Evans Blue. For example, a molar ratio of 25:1 of sorafenib to
Congo red results in colloids of radii ∼33 nm that are far more
homogeneous in size than pure compound colloids. These
newly formulated colloids may be maintained suspended in

t micromolar and submicromolar concentrations, many
drugs, reagents, and hits from high-throughput screening
(HTS) aggregate to form colloids in aqueous buﬀer.1,2 Once
formed, these colloids bind and nonspeciﬁcally inhibit (and
occasionally activate3) most proteins.4,5 This promiscuous
activity is the dominant artifact in early ligand discovery,6−13
with 85 to 95% of hits attributable to this eﬀect in assays that
do not control for it (PAINS mechanisms,14−16 always present,
emerge prominently in assays that do control for aggregation).
Accordingly, much eﬀort has been devoted to characterizing the
occurrence and mechanism of colloidal aggregators.6,17−20
Colloid formation occurs via a phase-like transition that passes
through a critical aggregation concentration (CAC),2,21,22 akin
to a critical micelle concentration (CMC), where liquid colloids
rapidly appear.23 Once formed, the colloids physically sequester
proteins,4 binding them with subnanomolar Kd values2,24 and
partially denaturing them.25 Key aspects of their structure and
© 2016 American Chemical Society
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Figure 1. Small-angle X-ray scattering from the coformulated colloids supporting a more homogeneous population of particles. (A) SAXS scattering
proﬁles of Sor/CR colloids at three diﬀerent concentrations within q range of 0.028−1 Å−1. SAXS scattering proﬁles of Sor/CR (25:1, 1000 μM
sorafenib), Sor/CR (25:1, 500 μM sorafenib), and Sor/CR (25:1, 50 μM sorafenib) are in cyan, brown, and orange, respectively. (B) McSAS anaylsis
of SAXS scattering proﬁle of Sor/CR (25:1, 1000 μM sorafenib) colloids using only the ﬁrst 170 data points. (C) Guinier analysis using only data
points 2−6 of all three scattering proﬁles to obtain radius of gyration. All spectra taken in 50 mM KPi, pH 7.0.

■

buﬀer for over 3 days without detectable precipitation26 and
then may be disrupted to release bound protein cargo that has
suﬀered little loss of activity. Indeed, enzymes bound to the
colloids retained much more activity than those free in solution,
suggesting that the colloids acted almost as chaperones.26
Here, we exploit the homogeneity of these previously
characterized colloidal coformulations,26 treating them as
model systems that allow us to investigate colloid internal
structure. This we do by small-angle X-ray scattering (SAXS),
dynamic light scattering (DLS), and multiangle light scattering
(MALS), initially asking simply whether these colloidal
aggregates are well-packed or hollow? This fundamental
question could not be previously answered because the
heterogeneity of the particles led to overlapping internal
distance distributions among particles with diﬀerent radii.
Correspondingly, the greater stability of the coformulated
colloids allowed us to investigate preferential binding and
release of protein−DNA, protein−peptide, and even protein−
protein mixtures, speaking both to the mechanism of colloid
association with biological macromolecules and potentially their
use as purifying reagents.

RESULTS AND DISCUSSION
The Coformulated Colloids Are Monodisperse and
Stable. To undertake these studies, we needed to overcome
the polydispersity and transient stability of normal colloidal
aggregates. Here, the dye coformulated colloids were crucial.
Pure sorafenib or vemurafenib colloids, like most simple
colloidal aggregates, have a wide range of radii. This is readily
visualized by transmission electron microscopy (TEM) or by
their broad and sometimes multipeaked DLS spectra. Instead,
the coformulated colloids have particles with similar radii by
TEM, and much narrower DLS spectra, as previously shown.26
Consistent with these characteristics, we ﬁnd by SAXS (Figure
1A,B) that the 25:1 coformulated sorafenib/Congo-Red (Sor/
CR) particles adopt a radius that varies slightly around 33 nm at
concentrations ranging from 50 to 1000 μM sorafenib (2 to 40
μM Congo Red in the coformulated particles; Figure 1C). The
observation that the particle radii do not change with
concentration, by Guinier analysis, suggests that the colloidal
particles were not themselves coassociating, supporting a direct
analysis of their structure.
The Internal Structure of Colloidal Aggregates from
SAXS. The greater size homogeneity of the coformulated
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Figure 2. The SAXS spectra, supporting a ﬁlled core structure for the colloidal particles. (A) Simulated P(r) functions for two particles of the same
diameter but diﬀerent cores-shell structures. (B) Left panel is P(r) function obtained from SAXS scattering proﬁle of Sor/CR (25:1; 1000 μM
sorafenib) colloids in the q range of 0.0040−0.0570 Å−1. Right panel shows a good ﬁt between Fourier transformed P(r) in the left panel and the raw
SAXS scattering data, indicating that the P(r) is an accurate representation of the scattering proﬁle.

Table 1. Rg to Rh Ratio of Sor/CR Colloids Is Consistent
with Hard Spheres

colloids allowed us to investigate whether they were wellpacked throughout the particle, resembling a fat droplet, or
hollow, resembling a vesicle. Analysis of the SAXS spectra by
the pair distance distribution function (P(r)), the distribution
of the sum of interatomic distances in a particle, deﬁnes a form
factor for the particle.27 Both standard and coformulated
colloidal aggregates appear spherical by TEM, with and without
negative stain.19,26,28 Spherical particles with a hollow core−
shell structure have skewed interatomic distance distributions26,29 relative to particles that are well-packed throughout,
which have an essentially normal distribution of distances
(Figure 2a). We observe by SAXS that the Sor/CR
coformulated colloids conform much more closely to the
normal distribution of the P(r) expected of a well-packed,
nonhollow particle (Figure 2b).
The Internal Structure of Colloidal Aggregates by
MALS. Admittedly, even the coformulated colloids retain some
polydispersity, and the SAXS spectra reﬂect the contributions
of the P(r) functions of all particle radii in the sample,30
potentially confounding the analysis. So, we turned to dynamic
and multiangle light scattering to further explore the question
of colloid internal packing. The ratio of the radius of gyration
(Rg) to the hydrodynamic radius (Rh) for a hard sphere is
0.77.31−34 Consistent with that expectation, our measurement
of the Rg/Rh ratio by multiangle light scattering (MALS) for
polysterene latex beads was 0.79 (Table 1). Conversely, we
found that hollow polymeric micelles have an Rg/Rh ratio of
1.32. By MALS and SAXS the Rg/Rh ratio of Sor/CR colloids
were 0.83 and 0.74, respectively (Table 1), supporting the
conclusion that these colloid aggregates are well-packed
structures, not hollow spheres.

Rg avg ± (nm)

Rh avg ±
(nm)

Rg/Rh

polystyrene latex
beads (100 nm
diameter)
SorCR (25:1, 50 μM
sorafenib) colloids

44.4 ± 1.4

56.6 ± 2.7

0.79

38.2 ± 6.7 (MALS)
33.9 ± 3.7 (SAXS)

45.5 ± 1.0

polymeric micelles

49.6 ± 8.6

37.7 ± 0.58

0.83
(MALS)/
0.74
(SAXS)
1.32

Colloidal Aggregates Preferentially Sequester Protein
vs DNA or Peptides. In addition to their relative
monodispersity, coformulated colloids are much more stable
than pure colloidal aggregates,26 enabling them to bind protein,
be isolated by centrifugation, and then be resuspended with
protein still bound. This can be done multiple times, while even
pelleting and resuspending once with active protein bound has
been unachievable with pure colloidal aggregates. This new
stability as a purifying reagent allowed us to investigate whether
these particles would preferentially bind to protein or to DNA,
or to whole folded protein versus peptides derived from that
same protein. Such preferential binding has not previously been
explored but seemed interesting both pragmatically, as a
potential way to separate macromolecules from cellular and
proteomic mixtures, and as a way to investigate driving forces in
macromolecule−protein association. For instance, if macromolecule−colloid binding is driven by polar interactions, which
after all drive dye-stacking, or by interactions involving the
peptide bond, or if the macromolecules are buried in the
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Figure 3. Colloids preferentially bind protein versus DNA. (A) The ﬂuorescence intensity of ﬂuorescein-labeled L2gd protein (5-MF-L2gd, black
curve), but not ﬂuorescein labeled dsDNA (FAM-dsDNA, blue curve), is quenched in the presence of increasing amounts of Sor/CR colloidal
aggregates. (B) Whereas the addition of 50 μM Sor/CR colloids signiﬁcantly increases the polarization of 5-MF-L2gd protein, the colloids had little
measurable eﬀect on the polarization of dsDNA or ssDNA also labeled with ﬂuorescein. (C) Incubation with 1 Kb DNA ladder (lane 1, precolloids)
and subsequent spin-down and resuspension of the colloidal pellet yields no DNA (lane 2). Instead, DNA is detected in the supernatant (lane 3).

eﬀect on the amount of AmpC that was bound, spun-down,
resuspended, and then detergent-released from the colloids.
These observations suggest that colloidal aggregates preferentially bind protein over either single-stranded or doublestranded DNA.
We then turned to the preferential binding of peptide or
protein by the colloids. We compared a mixture of AmpC βlactamase and eight synthetic peptides representing an AmpC
protease digest,25 mimicking a proteomic mixture between a
protein and its component peptides. These eight peptides
ranged in size from 8 to 20 amino acids (see Materials and
Methods). We measured the ability of Sor/CR coformulated
colloids to inhibit enzyme activity in the presence of peptides. If
the colloidal aggregates bind peptide preferentially to an
enzyme, or even about the same as an enzyme, we would expect
the peptide mixture to reduce colloidal inhibition of the
enzyme, as the peptides are present in great molar excess.
Conversely, if the colloids bound enzyme much more strongly
than peptides, we would expect the presence of the peptides to
have little eﬀect on the inhibition of the enzyme.
The Sor/CR colloids inhibited AmpC activity in the presence
of peptides almost as well as they inhibited in the absence of
peptides. Even a 1600-fold molar excess of the eight-peptide
mixture, i.e., 200-fold excess in each of the eight peptides
(AmpC present at 2 nM, peptides present at 400 nM each; 3.2
μM total peptide), had only a modest eﬀect on colloidal
inhibition of the enzyme (Figure 4A). Nor did the same
peptide mixture much aﬀect the ability of colloids to inhibit
trypsin (Figure 4A). This was true not only of the Sor/CR
coformulated colloids but also of standard monoformulated
sorafenib and fulvestrant colloids (Table 2). The inability of the
peptides to outcompete enzyme binding to the colloids
contrasts with that of other unrelated proteins to do so. For
instance, at 0.1 mg mL−1, bovine serum albumin (1.6 μM),

interior of the colloids, one might expect peptides, especially
more hydrophobic stretches, to preferentially bind to the
colloids. Conversely, if binding is driven by association of the
colloid with a large continuous surface, then one might expect
proteins to bind better than peptides. Of course, a mixture of
forces could be involved and the null hypothesisand our
expectationwas that the particle would bind both protein and
peptides about equally. To our surprise, this was not the case.
To investigate the simpler question, whether the coformulated colloids would preferentially bind DNA or protein, we
compared the binding of the globular domain of the ribosomal
protein L2 (L2gd) labeled with ﬂuorescein (5-MF-L2gd) to the
binding of double-stranded DNA (dsDNA) also labeled with
ﬂuorescein (FAM-dsDNA). As Sor/CR concentration is
increased, 5-MF-L2gd shows saturable ﬂuorescence quenching,
providing a sensitive readout for binding (Figure 3A, black
curve). Conversely, the lack of ﬂuorescence quenching on
FAM-dsDNA indicates that the colloids do not bind to DNA or
ﬂuorescein itself (Figure 3A, blue curve). Correspondingly,
when either FAM-dsDNA or indeed single-stranded DNA
labeled with ﬂuorescein (FAM-ssDNA) were exposed to 50 μM
of the Sor/Cr colloids, no increase in ﬂuorescence polarization
was observed, in contrast to 5-MF-L2gd, which showed a large
increase in polarization, consistent with the latter’s sequestration on the colloids (Figure 3B). Consistent with these
observations, when the colloids are mixed with a 1 Kb DNA
ladder (lane 1, Figure 3C), spun down, and resuspended, no
DNA is detected via gel electrophoresis in the detergentdisrupted colloidal pellet (lane 2, Figure 3C), rather all the
DNA remains in the supernatant (lane 3, Figure 3C).
Conversely, proteins are readily pelleted out of solution by
the colloids, and they can be resuspended and released multiple
times.26 Indeed, when directly compared in competition with
one another, the presence of even 20 μg/mL DNA had no
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Figure 4. Colloids preferentially protein versus peptides. (A) The amounts of inhibited activity of 2 nM of AmpC β-lactamase or 2 nM trypsin by
Sor/CR (25:1, 50 μM sorafenib) colloids in the presence and absence of 400 nM peptide mixture do not exhibit major diﬀerences. (B) Spin-down
experiment where 20 nM of AmpC β-lactamase or trypsin was incubated with Sor/CR (25:1, 500 μM sorafenib) for 5 min in the presence and
absence of 3.2 μM of the eight peptide mixture (400 nM in each of the eight peptides). The solution is centrifuged, and the resulting pellet is
resuspended in buﬀer. Colloid disruption by 0.01% Triton X-100 releases the enzymes back into solution, and only slight diﬀerences are observed
between the activity of samples with and without the peptide mixture. (C) The competitive displacement of labeled 5-MF-L2gd on the colloid by
other proteins increases its ﬂuorescence. Shown is competition with unlabeled L2gd itself, human serum albumin, malate dehydrogenase, and AmpC
β-lactamase. The large range in apparent IC50 values supports diﬀerential binding by diﬀerent proteins. Meanwhile, the eight peptide mixture has
little measurable ability to compete with protein for colloid binding. (D) Consistent with this observation, the addition of 50 μM Sor/CR colloids
substantially increases the polarization of 5-MF-L2gd protein but had little measurable eﬀect on the polarization of the labeled HTFPAVL peptide,
suggesting that the latter does not bind to the colloid.

To ensure inhibition reﬂected direct enzyme-colloid binding,
we centrifuged the Sor/CR colloids after exposure to either
AmpC or to Trypsin and separated the precipitated colloids
from the supernatant. The colloids were resuspended in fresh
buﬀer, disrupted by detergent, and their residual activity
measured. Whether the enzyme alone had been exposed to
colloids, or as part of the peptide mixture, the activity measured
after colloid disruption was only modestly aﬀected (Figure 4B).
This suggests that the colloids had directly bound close to the
same amount of enzyme in the presence or absence of the
peptides in 1600-fold molar excess, consistent with highly
preferential binding of the proteins over the peptides.
A concern with these inhibition experiments was whether the
colloids were fully saturated with enzyme. To address this, we
turned to direct binding experiments where we could show full
saturation of the colloids by protein. We ﬁrst established the
binding capacity of Sor/CR colloids to 5-MF-L2gd (SI Figure
1): 100 nM 5-MF-L2gd is fully quenched by 20 μM of Sor/CR
(this is the concentration of monomeric sorafenib that goes
into the Sor/CR colloids, the concentration of the colloid itself
is subnanomolar2). We interpret this as the point of colloid
saturation by proteinbeyond this concentration, no further
protein is adsorbed by the colloids. To 20 μM of Sor/CR, we
added increasing amounts of AmpC or of the AmpC peptides
in the presence of 100 nM 5-MF-L2gd (all proteins and
peptides added simultaneously). As the concentration of AmpC

Table 2. Enzyme Inhibition by Coformulated and Pure
Colloids with and without Peptide
colloid

competitor

50 μM Sor/
Cr

none
3.2 μM peptide
mix
30 nM trypsin
none
3.2 μM peptide
mix
30 nM trypsin
none
3.2 μM peptide
mix
30 nM trypsin

5 μM
Sorafenib

5 μM
Fulvestrant

inhibition of 2 nM
AmpC (%)

inhibition of 2 nM
trypsin (%)

56.6 ± 4.5
50.1 ± 2.1

80.1 ± 1.7
76.4 ± 1.1

15.8 ± 2.2
90.8 ± 1.1
77.5 ± 2.7

42.4 ± 6.1
37.3 ± 6.2

15 ± 5.9
57.1 ± 3.7
45.6 ± 6.8

33.9 ± 7.8
33.6 ± 8.0

12.5 ± 2.4

trypsin (4 μM), and egg white lysozyme (7 μM) almost entirely
disrupt colloidal inhibition of AmpC by colloidal aggregates.35
Indeed, whereas 3.2 μM peptide had only a modest eﬀect on
colloidal inhibition of β-lactamase, even 30 nM trypsin was
suﬃcient to block β-lactamase inhibition by the colloids (Table
2). This presumably reﬂects the presaturation of colloid binding
sites by trypsin, something the peptides could not do even at
100-fold higher concentration.
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formation and for our understanding of their binding
stoichiometry. Once we assume that colloidal aggregates are
solid throughout, the number of monomer molecules that they
contain can be estimated based on their size, and from that the
concentration of colloid may be estimated for any amount of
monomer added above the CAC. The well-packed nature of the
colloids also supports the idea that they act via an adsorptive
surface phenomenon, something also suggested by stoichiometric considerations.2
The preferential binding of protein over peptide mixtures by
colloids may further support a surface-based interaction with
protein and casts light on the driving interactions. Cutting
AmpC into component peptides from a protease digest,
representing about 40% of the overall protein, makes its
backbone amides more available and exposes runs of
hydrophobic side chains that would ordinarily be buried.
Even 400 nM of a peptide like VAFIPEKLEG, with its run of
hydrophobic residues, was insuﬃcient to block colloid
sequestration of β-lactamase, whereas just 30 nM of trypsin
was able to do so. Colloidal aggregates lead to limited protein
unfolding, and it was at least conceivable that this was owed to
preferential binding of the main chain amides. The lack of
peptide binding argues against this. More surprisingly, even
runs of hydrophobic residues seem insuﬃcient to confer
binding suﬃcient to keep with the intact protein. This supports
the surface nature of colloid-protein recognition, which is
where proteins would have an advantage over peptides, if only
through avidity, and suggests that exposed hydrophobicity, in
itself, is insuﬃcient to explain protein sequestration. Meanwhile, the strong preference for protein over dsDNA suggests
that highly anionic species are not preferred, presumably
because of desolvation penalties on bringing them to the colloid
surface. Nor did even ssDNA, which largely eliminates costs for
helix melting and exposes the DNA bases, bind strongly,
consistent with a charge and a desolvation role in limiting
colloidal association.
Astonishingly, we observed a two-log diﬀerence in apparent
binding aﬃnity for diﬀerent proteins to the coformulated
colloids. Whereas diﬀerences in apparent IC50 values for
proteins had long been observed, the null hypothesis was that
much of this could be explained by the diﬀerent concentrations
of the proteins in the assays, or diﬀerent assay conditions. With
the ability to measure binding directly, something enabled by
the homogeneity and relatively small sizeand hence low
scatteringof the coformulated colloids, direct binding
competition can now be undertaken. The strong binding of
the L2gd protein may be partly explained by its relatively low
folded stability in solution, while the better binding of HSA
relative to AmpC may be partly explained by its relatively large
hydrophobic surface. Naturally these explanations are for now
very tentative, and a full investigation of the diﬀerential protein
binding observed here, and its generality to other colloidal
species, must await its own focused study.
Pragmatically, the increased stability of the coformulated
colloids allows them to be treated as reagents that can be
loaded with enzyme, centrifuged out of a mixture, and
resuspended to release active enzyme. This cannot be done
with classical colloidal aggregates. The ability to preferentially
and tightly sequester protein over both dsDNA and ssDNA,
and over peptides, allows one to imagine their use in cellular or
proteomic mixtures, acting to separate protein.
Certain caveats merit airing. Most importantly, the
conclusions drawn based on the coformulated colloids used

was raised, the amount of 5-MF-L2gd bound diminished
linearly, as evidenced by the rising ﬂuorescence (Figure 4C).
Conversely, the mixture of peptides had no eﬀect, even though
in molar terms they were about 25-fold more concentrated than
AmpC. To conﬁrm this result, we also explored direct binding
of the colloids to a 7-amino acid (HTFPAVL) ﬂuoresceinlabeled peptide. Unlike the 5-MF-L2gd protein, where the
addition of 50 μM Sor/Cr colloids greatly increased the
polarization signal from the labeled protein, no signiﬁcant rise
in peptide ﬂuorescent polarization was observed, again
suggesting no substantial sequestration of the peptide by the
colloids (Figure 4D). This further supports the preferential
binding of colloidal aggregates to folded proteins over peptides.
Investigators have long wondered if colloidal aggregates bind
diﬀerent proteins with diﬀerent aﬃnities. The heterogeneity
and large size of colloidal particles has made this diﬃcult to
explore, and the simplest hypothesis has been that there is little
or no protein speciﬁcity for colloids, other than that explained
by the diﬀerent protein concentrations used in diﬀerent assays
(given the stoichiometric inhibition by colloids, diﬀerences in
protein concentration lead to diﬀerent apparent IC50 values).
With the homogeneity and small size of the coformulated
colloids, we could tackle this question. We investigated the
ability of four proteinsunlabeled L2gd, malate dehydrogenase, human serum albumin (HSA), and AmpC β-lactamaseto
compete with the binding of 5-MF-L2gd to the Sor/CR
colloids, again using ﬂuorescent quenching as a readout. To our
surprise, a 90-fold diﬀerence in apparent aﬃnity was observed.
The apparent EC50 for the L2gd protein itself was 0.024 mg
mL−1; for malate dehydrogenase, was 0.43 mg mL−1; for HSA,
was 0.95 mg mL−1; and for AmpC, was projected to be 2.2 mg
mL−1. Expressing these concentrations in molar units changes
the diﬀerences only modestly, with the range between L2gd
and AmpC only falling to 40-fold.
Though colloidal aggregates of organic small molecules have
been intensely studied,2,4,5,25,26,36−50 their transient stability and
heterogeneity have impeded our understanding of their
structure and mechanism. The striking improvement in the
size homogeneity and stability of coformulated colloidal
aggregates enables investigation of properties that have long
eluded the ﬁeld. Four key observations emerge from these
studies. Structurally, SAXS, MALS, and DLS analyses agree that
the colloids are well-packed and not hollow. Mechanistically,
the colloidal aggregates much prefer proteins over DNA or over
peptides, even when those peptides are components of the
proteins to which they are compared. Up to 1600-fold molar
excess of peptide was insuﬃcient to measurably disrupt the
colloid’s ability to bind and inhibit protein. This may suggest
that colloids preferentially recognize the large surface features
that proteins can better provide. Unexpectedly, we ﬁnd a 90fold diﬀerence in protein binding preference for the
coformulated colloids, something that was previously diﬃcult
to observe but consistent with even the earliest observations in
the ﬁeld.1 Finally, the preferential recognition of proteins over
DNA or peptides lets one imagine actually optimizing colloidal
aggregates for a useful purpose,51,52 here to separate proteins
from cellular or proteomic mixtures.
The conclusion that colloidal aggregates are essentially solid
throughout is illuminating structurally and mechanistically.
Even though colloids transit through a critical aggregation
concentration (CAC),2 a phase-like transition akin to a CMC,
their ﬁlled core structure diﬀers from that of vesicles and
micelles. This has implications for their thermodynamics of
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volume of 1 mL. A HP8453a spectrophotometer in kinetic mode using
UV−Vis Chemstation software (Agilent Technologies) was used to
monitor the rates of both reactions at 405 nm. First order reaction
rates were calculated by linear regression using Chemstation. The
colloid sedimentation and resuspension experiment was performed as
described.26
Small Angle X-ray Scattering. SAXS data were collected on the
Bio-SAXS beamline BL4-2 at Stanford Synchrotron Radiation
Lightsource (SSRL) using a Rayonix MX225-HE CCD detector
(Rayonix, Evanston, IL) with a sample-to-detector distance of 3.5 m
and a beam energy of 8 keV (wavelength, λ = 1.550 Å). The
momentum transfer (scattering vector) q was deﬁned as q = 4π
sin(θ)/λ, where 2θ is the scattering angle. All data were collected up to
a maximum q of 0.028 Å−1 (3.5 m sample-to-detector distance). The
program GNOM was used to generate the pairwise distribution
functions P(r) up to q ∼ 0.06 Å−1.55 The Rg of each sample was
determined using Guinier’s law, which included plotting ln I(q) vs q2
and calculating the slope of the line of best ﬁt through data points 2−
6. All reported Rg values are within the limits of qRg < 1.3. McSAS is
Monte Carlo based analysis software performed on all SAXS proﬁles to
obtain theoretical distribution of particles that will result in the
scattering proﬁle.56,57
Dynamic Light Scattering and Multiangle Light Scattering.
Colloid and polystyrene bead hydrodynamic radii were measured
using a DynaPro Plate Reader II (Wyatt Technology) with a 60 mW
laser operating at 830 nm and detector angle of 158°; the width of the
laser had been increased by the manufacturer to optimize detection of
colloidal aggregates. All measurements were performed in a 384-well
format (40 μL sample/well) at 25 °C. Regularization analysis was used
to determine the Rh. Multiangle laser light scattering (MALS)
measurements of colloid and polystyrene beads were made using a
DAWN HELEOS II MALS detector (Wyatt Technology) at 4 °C by
directly injecting the samples into the ﬂow cell. The detector
employed a laser source at 658 nm and 18 photodetectors at angles
between 22.5° and 147.0°. Output from all detectors were imported
into ASTRA 6 (Wyatt Technology) for analysis. Rg’s of the samples
were determined by Zimm plots where linear regression was used to
analyze the angular dependence of light scattering by multiple
detectors. Extrapolation of the line of best ﬁt to 0 angle (y intercept)
corresponds to the Rg.58
Direct Binding Assays for Colloidal Aggregates. Binding of
protein, peptide, and DNA to Sor/CR colloids was determined via
ﬂuorescence quenching of 5-MF-L2gd, measured using a SpectraMax
M5Microplate Reader, with wavelengths of excitation and emission set
to 485 and 538 nm, respectively, and a 530 nm cutoﬀ ﬁlter. The 40
μL/well samples were analyzed in 384-well plates, at RT. 5-MF-L2gd
and FAM-dsDNA were incubated at 100 nM in 50 mM KPi buﬀer, at
pH 7, with Sor/CR ranging in concentration from 0 to 60 μM.
To monitor ﬂuorescence recovery as a measure of competitive
binding, 100 nM of 5-MF-L2gd was mixed with increasing
concentrations of competing protein or peptide, up to 1.25 mg
mL−1, in the presence of 20 μM Sor/CR.
Fluorescence polarization was used as the most direct measure of
protein, peptide, and DNA binding to Sor/CR colloidal aggregates.
Polarization of 75 nM 5-MF-L2gd and 100 nM FAM-peptide, FAMssDNA, and FAM-dsDNA was measured as a function of time in the
absence and then presence of 50 μM Sor/CR using a Fluoromax-4
Spectroﬂuorometer (Jobin Yvon Technology). Excitation and
emission of the ﬂuorophore was set to 485 nm (5 nm slit) and 538
nm (5 nm slit), respectively. The 40 μL samples were analyzed in a
Quartz cuvette, at RT, in 50 mM KPi, at pH 7.
Colloid Centrifugation and Gel Electrophoresis. The 50 μM
Sor/CR was formulated in 50 mM KPi, at pH 7, incubated with 20 μg/
mL of 1 kb DNA ladder for 5 min at RT and pelleted by centrifugation
at 16 000g for 1 h. The colloidal pellet was resuspended in KPi and
0.01% Triton X-100 to disrupt aggregates and release any bound DNA.
Agarose gel electrophoresis was performed on the colloidal
resuspension and supernatant.

here cannot with certainty be extended to classic colloidal
aggregates, as coformulation changes their properties. Still,
coformulated and “pure” colloids do share many properties
they undergo a critical aggregation concentration, appear to be
spherical,26 and sequester and inhibit proteins. The same
peptide mixture that does not substantially reduce the enzyme
inhibition of a Sor/CR coformulation also does not reduce the
enzyme inhibition by pure sorafenib or by pure fulvestrant
colloids, supporting the similarity of the two classes of
aggregates. Mechanistically, whereas the results of this study
support a surface−surface interaction between the colloids and
protein, we have not explicitly demonstrated that. Pragmatically, while the coformulated colloids can separate protein from
DNA and protein from concentrated mixtures of peptides, and
can chaperone protein through multiple handling steps (spindown, resuspension, disruption-and-release), their loading
capacity is substantially less than that of a simple pure colloidal
aggregate at the same concentration. This will limit their
usefulness until this can be better optimized.
These cautions should not obscure the major conclusions of
this studycolloidal aggregates appear to be well-packed
without an appreciable hollow core. They preferentially bind
protein over DNA or peptides, likely through a surface
interaction, and indeed, for the ﬁrst time, can be shown to
diﬀerentially bind diﬀerent proteins. Whereas it may be greater
polarity that distinguishes DNA from protein, hydrophobicity
alone seems insuﬃcient for recognition, a large surface
interaction appears necessary for tight binding. The ability to
sequester protein preferentially to DNA and peptides suggests
that coformulated colloidal aggregates may be optimized for use
in cellular or proteomic separation.

■

MATERIALS AND METHODS

Materials. Congo Red (Cat No. C6227), polystyrene latex beads
with a mean radius of 100 nm (Cat NO. LB1), and Triton X-100 (Cat
No. X100) were purchased from Sigma-Aldrich. Sorafenib (Cat No.
HY-10201) was purchased from MedChem Express. AmpC βlactamase was puriﬁed from Escherichia coli to apparent homogeneity,
as described.53 Trypsin (Cat No T0303) and Suc-Ala-Ala-Pro-ArgpNA (Cat No. L1720) were purchased from Sigma-Aldrich and
BACHEM, respectively. Eight synthetic peptides, the products of an
AmpC protease digest,25 were purchased from Genscript: IVHRTITPLIE, YADIAKKQPVTQQTL, YTAGGLPLQVPDEVKSSSDL,
QNWQPAWAPGTQRL, KTLQQGIQ, LDWPVNPDSIINGSDNAKIA, VAFIPEKLEG, and LANKNYPNPARVDAA. Polymeric
micelles were composed on a graft copolymer, poly(D,L-lactide-co-2methyl-2-carboxy-trimethylenecarbonate)-g-poly(ethylene glycol)
(P(LA-co-TMCC)-g-PEG), that has an average of three PEG chains
(each 10 kDa in length) per hydrophobic backbone.48 The AmpC
substrate CENTA was purchased from EMD Millipore (Cat No
219475). Except for AmpC, all materials were used as supplied by the
manufacturer without further puriﬁcation. The globular domain of
bacterial ribosomal protein L2 (60−202 fragment, L2gd) was
expressed from BL21(DE3) E. coli and puriﬁed as an inclusion
body. His-tagged L2gd was refolded while bound on Ni-NTA
sepharose by washing with 20 mM Tris at pH 7.5, 50 mM KCl, and
5 mM β-MeOH and eluted with the same buﬀer with 400 mM
imidazole. Fluorescein labeling with 5-maleimide-ﬂuorescein (5-MF)
was done through a KCK peptide appended to the N-terminus of
L2gd. Fluorescein-labeled dsDNA was prepared as described.54 The
seven-amino-acid peptide (HTFPAVL) is labeled at the N-terminus
with ﬂuorescein. This sequence was derived from a CH1 domain of the
IgG1 antibody.
Enzyme Assays. AmpC and trypsin activity assays were performed
in 50 mM potassium phosphate (KPi, pH 7) buﬀer using CENTA and
Suc-Ala-Ala-Pro-Arg-pNA as substrates, respectively, in a ﬁnal reaction
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