
AGHAYEVA ET AL . VOL. 7 ’ NO. 2 ’ 950–961 ’ 2013

www.acsnano.org

950

January 27, 2013

C 2013 American Chemical Society

Denaturation-Resistant Bifunctional
Colloidal Superstructures Assembled
via the Proteinaceous Barnase�Barstar
Interface
Ulkar F. Aghayeva,†,‡,#,4 Maxim P. Nikitin,†,§,^,4 Sergey V. Lukash,† and Sergey M. Deyev†, ),*

†Shemyakin�Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, 16/10 Miklukho�Maklaya Street, Moscow, Russia 117997,
‡School of Biology, Lomonosov Moscow State University, 1 Leninskiye Gory, Moscow, Russia 119234, §Prokhorov General Physics Institute, Russian Academy
of Sciences, Natural Science Center, 38 Vavilov Street, Moscow, Russia 119991, ^Moscow Institute of Physics and Technology, 9 Institutskii per., Dolgoprudny,
Moscow region, Russia 141700, and )Nizhny Novgorod State Medical Academy, 10/1 Minin and Pozharsky Sq., Nizhny Novgorod, Russia 603005. 4These authors
contributed equally to this work. #Present address: Department of Biological Sciences, Columbia University, 1212 Amsterdam Avenue, New York, New York 10027,
United States.

T
he principle of molecular recognition
is encountered time and again in bio-
logical systems and is based on pre-

ciseness of structure complementarity of
interacting molecules. At the interface of
man-made materials and biomolecules, a
spectrum of “molecular glues” mediating
self-assembly of nanoparticles of various
nature has been proposed and investigated
in detail.1,2 Among them, numerous nano-
particle self-assembly systems have been
designed that allow for control of their
behavior in terms of assembly�disassembly
in different conditions by triggering these
transitions with relatively gentle stimuli
of various nature. For example, in nucleic
acid-based systems, disassembly may be
triggered upon temperature denaturation
of DNA duplexes holding particles within

the assembly;3,4 other examples include
disassembly induced by competing oligo-
nucleotides,5 lowering of pH (in i-motif DNA-
based systems),6 and divalent cations of
transition metals (e.g., Pb2þ (ref 7), Hg2þ

(ref 8)). Carbohydrate�protein interaction-
mediated polymeric particle assemblies
can be readily dissociated by addition of
Ca2þ-chelators (for Ca2þ-dependent lectin�
carbohydrate interactions)9 or low-molecular
competing monosaccharides (e.g., glucose,
ref 10). Numerous pH-responsive polymer-
based nanoparticle self-assembly systems
have also been reported.11,12 These ap-
proaches to achieve controllability of the
assemblies using various stimuli have a great
potential in the construction of “smart”
materials for a number of applications
(drug delivery, biosensors,7,8,10 etc.). Yet in
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ABSTRACT To date, a number of biomolecule-mediated nanoparticle self-assembly systems have

been developed that are amenable to controllable disassembly under relatively gentle conditions.

However, for some applications such as design of self-assembled multifunctional theragnostic agents,

high stability of the assembled structures can be of primary importance. Here, we report

extraordinarily high durability of protein-assisted nanoparticle self-assembly systems yielding

bifunctional colloidal superstructures resistant to extreme denaturing conditions intolerable for

most proteins (e.g., high concentrations of chaotropic agents, high temperature). Among the tested

systems (barnase�barstar (BBS), streptavidin�biotin, antibody�antigen, and protein A�immunoglobulin), the BBS is notable due to the

combination of its high resistance to severe chemical perturbation and unique advantages offered by genetic engineering of this entirely protein-

based system. Comparison of the self-assembly systems shows that whereas in all cases the preassembled structures proved essentially resistant to

extreme conditions, the ability of the complementary biomolecular pairs to mediate assembly of the initial biomolecule�particle conjugates differs

substantially in these conditions.

KEYWORDS: multifunctional hybrid heterostructures . protein-assisted self-assembly of nanoparticles . colloidal stability .
denaturing agents . disassembly in extreme conditions
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other situations it is desirable to design materials that
would not readily disassemble under appropriate con-
ditions. For example, self-assembled multifunctional
theragnostic agents are expected to demonstrate sig-
nificant stability to ensure retention of all functional
modules within a single entity to be able to perform all
programmed functions (e.g., imaging, drug delivery,
stimulus-responsiveness) with equal efficiency. Here
we describe protein-assisted nanoparticle self-assembly
systems (namely, those based on barnase�barstar,
streptavidin�biotin, antibody�antigen, and protein
A�immunoglobulin interactions) that exhibit unex-
pected robustness in denaturing conditions intolerable
for most proteins. Use of proteinaceous “molecular
glues” for nanoparticle self-assembly purposes is of
interest due to the advantages of introducing new
functionalities to the self-assembled structures via

additional protein modules fused to initial molecules
mediating assembly. Among them,wefind thebarnase�
barstar pair particularly noteworthy due to benefits
offered by genetic engineering of this entirely protein-
based system (see below) and ease of heterologous
prokaryotic expression of the proteins in ample amounts.
Barnase and barstar are an excreted ribonuclease

and its natural intracellular inhibitor, respectively, both
produced by Bacillus amyloliquefaciens.13 These pro-
teins have been extensively studied with respect to
their folding properties14 and as a model system in the
investigation of protein�protein interactions.15�18 Re-
markably, barnase and barstar are characterized by
extremely quick kinetics (kon ≈ 108 M�1

3 s
�1) and high

affinity of binding (Ka ≈ 1014 M�1), the latter being
second only to that of the streptavidin�biotin system.
The proteins are small (12 and 10 kDa, respectively), do
not contain intramolecular disulfide bonds, and do not
require any cofactors for their folding and function.13,18

Barstar inhibits barnase by sterically blocking the active
site with an R-helix and adjacent loop segment, form-
ing a 1:1 complex.19 According to mutagenic experi-
ments15 and the crystal structure of the barnase�barstar

complex,19 the binding interface between the proteins
primarily consistsofpolar andcharged residuesandshows
a high degree of electrostatic complementarity.
The barnase�barstar system (BBS) has found appli-

cations in bioengineering and design of a number of
fusion proteins and supramolecular constructs. To the
benefit of barnase and barstar genetic engineering,
N- and C-termini of both proteins are not involved in
the molecular interface of the proteins within the
complex, so they are available for fusions such as those
with mini-antibodies,20�22

fluorescent proteins,23 and
bacterial toxins,24 which can be used as additional
functional modules of the hybrid protein�particle
constructions.22 That distinguishes the BBS from
the other above-mentioned protein-based self-
assembly approaches, which are generally used
per se.
In this work, we address the question of stability of

the BBS-“glued” assemblies subject to destruction. To
this end, we test their behavior under severe protein
denaturing conditions such as high temperature
and low pH as well as high salt and chaotropic agent
(urea and guanidinium hydrochloride) concentrations.
Experiments show that the obtained constructs pos-
sess unusual stability and tolerate conditions far be-
yond physiological ones. The BBS was also compared
to other widely used self-assembly systemsmentioned
above, in terms of resistance of the preassembled
structures to the extreme conditions as well as with
respect to their ability to mediate assembly of the
initial conjugates involving the components of
these systems. Unexpectedly, whereas in the former
case the tested systems demonstrate a relatively
similar behavior, their performance in the latter
differs substantially.

RESULTS AND DISCUSSION

Self-Assembly in Optimal Conditions. Previously, we have
shown that the BBS is efficient enough to mediate
nanoparticle self-assembly in a “single-point” regime,25

Figure 1. Concept of multipoint contacts between the components of the colloidal assembly. Left: The multiple BBS pairs at
the particle interface. Right: General schematic view of an assembled structure. PEG: poly(ethylene glycol).
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wherein theproteins are chemically conjugateddirectly to
the surface of the particles and there are only one or very
few barnase�barstar pairs at the contact point. Here, we
introduce a modification of the system by using flexible
hydrophilic poly(ethylene glycol) derivatives as linkers
between the surface of one type of the utilized particles
and barnasemolecules. Such amodification is believed to
allow for increase in the overall colloidal stability of the
particles26 as well as for a switch to the “multipoint”
binding mode in the resulting assemblies (Figure 1).

In all the experiments described below, 3.3 μm
magnetic and 110 or 200 nm fluorescent polystyrene
particles were used as functional components of pro-
tein-mediated self-assembly. Both types of particles
are coated with carboxyl groups, allowing for utiliza-
tion of robust carbodiimide chemistry for the attach-
ment of amine-containing molecules to the surface of
the particles (see Methods). Magnetic particles (MPs)
were conjugated with barnase via a PEG linker with
MW 3 or 10 kDa, whereas fluorescent particles (FPs)
were directly conjugated with barstar (Figure 1).
We designate the corresponding conjugates as [MP

3.3 μm�PEG 10 kDa�Bn] and [Fluo x nm�Bs] ([Yellow
110 nm�Bs] or [Purple 200 nm�Bs]). PEGylation was
used for one type of particles (larger MPs) only, since,
when present on both, it deteriorates the efficiency of
self-assembly (ref 27 and data not shown). Moreover,
barstar is capable of imparting sufficient colloidal stabil-
ity to smaller FPs to avoid the necessity of PEG coating.

Purified conjugates of MPs were mixed with fluor-
escent ones taken in excess in phosphate-buffered
saline (PBS) at room temperature to generate structures
shown in Figure 2. Here, representative examples of
optical and scanning electronmicroscopy (SEM) images
of the resulting assemblies are illustrated. As particles
magnetically settled on the surface of the microscope
slide prior to visualization, the bright-field and fluores-
cent images can easily be superimposed. As seen in
Figure 2A�C, demonstrating a close-up view of the
assemblies formed by mixing MPs conjugated via a
PEG 10 kDa linker with barnase and barstar-conjugated
Yellow 110 nm FPs, fluorescent images clearly indicate
the “granularity” of the particle distribution on the sur-
face of MPs and the presence of fluorescing clusters,

Figure 2. Barnase and barstar are efficient “molecular glues”. Shown are representative optical and SEM images of the BBS-
assembled structures. (A) Bright-field image of the large 3.3 μm MPs conjugated with Bn (via PEG 10 kDa linkers) and
assembled with Bs-coated Yellow 110 nm polystyrene particles. (B) The same assemblies upon excitation of the fluorophore
of the Yellow 110 nm particles. (C) SEM image of the same assemblies (a close-up view). (D) Bright-field image of a general
view of structures assembled from [MP 3.3 μm�PEG 3 kDa�Bn] and [Purple 200 nm�Bs] conjugates. (E) The same assemblies
upon excitation of the fluorophore of the Purple 200 nmparticles. (F) SEM image of the assemblies shown in (D) and (E). (G, H)
Close-up view of the assemblies shown in (D) and (E), respectively. (I) Close-up SEM image of one the assemblies from (G) and
(H). (J, K) Bright-field and fluorescent images of control conjugates [MP 3.3 μm�PEG 3 kDa�Bn] preblocked with Bs and
[Purple 200 nm�Bs] preblockedwith Bn andmixed in PBS. Unbound FPs were removed viamagnetic separation. (L, M) Same
as (J, K) butwith [Yellow110nm�Bs] conjugates asfluorescentmodules. Scale bar: 10μm(A, B,D, E, G, H, J�M) and 1 μm(C, F, I).
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which is also confirmed by electron micrographs
(Figure 2B, C). Of note, in this case, we used the so-
called “Smooth Surface Carboxyl Magnetic Particles”
(Spherotech, USA), which resulted in a rather sparse
arrangement of FPs and the presence of some “bald”
areas on the surface of MPs (see also Figure S1 in the
Supporting Information). In contrast, when using non-
smooth Carboxyl Magnetic Particles with an inherently
rough and coarse surface and much larger surface
area, the resulting assemblies were muchmore densely
covered with FPs (Purple 200 nm; Figure 2D�H). The
larger surface area of these particles (compared to the
Smooth Surface MPs) likely favored more contacts
between the MPs and FPs to be established (see also
Figure S2 for assemblies containing 53 nm FPs and
nonsmooth MPs). Therefore, for the subsequent experi-
ments, we chose nonsmooth MPs as more efficient
building blocks for self-assembly purposes.

Remarkably, the process of self-assembly is robust
and rapid: it is sufficient to co-incubate the correspond-
ing conjugates for as little as 5 min to attain ca. 50% of
the final efficiency of self-assembly in saturating con-
ditions (Figure S3).

It should be noted that optical images represent,
though with inferior resolution, the native state of the
assembled structures as they appear in aqueous med-
ia. In contrast, for SEM experiments, the prerequisite
sample preparation procedures include drying, which
may lead to artifacts of dehydration of the proteins
conjugated to the particles as well as to detachment of
small particles from the surface of large MPs in the
absence of additional stabilizing agents such as glu-
cose or trehalose.28 Therefore, the obtained SEM mi-
crographs should be treated with caution, as they may
give a distorted image of the assemblies. Optical
images are more reliable in this regard, since they
allow for observation of the resulting assemblies as
such, without interference in the spontaneous process
of assembly and/or disturbance of the appearance of
the structures formed in PBS buffer in optimal condi-
tions. Hence, optical imaging was chosen in subse-
quent experiments for quantification of the efficiency
of self-assembly and the integrity of preassembled
structures (see Methods).

As a proof of the high specificity of interactions
mediating particle assembly, we performed control
experiments with blocking of the barnase- and bar-
star-conjugated particles with a large molar excess of
free barstar or barnase, respectively (Figure 2J�M). In
this case, it may be expected that the majority of
functionally active surface-conjugated protein mol-
ecules (i.e., those capable of binding to the partner
protein) will be blocked and excluded from participa-
tion in the assembly process. Experiments show that
after co-incubation of the blocked magnetic and fluor-
escent conjugates for the same time and with the
same particle ratio as unblocked ones and following

a magnetic separation procedure, no significant fluo-
rescence is observed in the optical microscope at the
same exposure. Conjugates of magnetic particles do
not exhibit any noticeable inherent fluorescence at
even longer exposures. Thus, controls with blocking
occur as visual evidence of the high specificity of BBS-
driven particle assembly.

Self-Assembly in Extreme Conditions. As mentioned
above, barnase and barstar are well known for the
remarkably high association constant and inherent
individual stability of the proteins. The question that
arises from these data regarding purely molecular
interactions is whether it is possible to make an
extrapolation to interparticle interactions, which are
mediated by these molecules. In addition, it is also
important to consider interactions between the parti-
cles per se, involving forces caused by their inherent
properties and composition. Could the particle assem-
blies “glued” with these molecules be more stable
than their purely molecular counterparts? To test this,
we decided to probe the behavior of the BBS-based
particle self-assembly system in conditions that are
expected to disrupt specific protein�protein interac-
tions. To this end, we performed two series of experi-
ments aiming at elucidation of the influence of these
conditions either (i) on the process of self-assembly
itself or (ii) on the integrity of the structures preas-
sembled in optimal conditions. In this section, the first
series of experiments is described. In either case, the
following conditions were used: (i) exposure to low pH;
(ii) incubation in high concentrations of salt (NaCl) or
protein denaturants (urea or guanidinium hydrochlor-
ide, GdmHCl); (iii) incubation at high temperature (for
disassembly experiments only).

Apart from the BBS, we also tested, for comparison,
four other common complementary proteinaceous
systems, namely, (1) streptavidin 3biotin (conjugated
tomouse IgG); (2) goat anti-biotin IgG 3biotin (conjugated
to mouse IgG); (3) rabbit anti-goat IgG 3 goat anti-biotin
IgG; and (4) protein A 3 rabbit anti-goat IgG. Magnetic
particles (nonsmooth 3.3 μm) were conjugated via a
PEG 3 kDa linker with either barnase, streptavidin, goat
anti-biotin IgG, or protein A, while fluorescent ones
(Purple 200 nm) were conjugated with either barstar,
biotinylated mouse IgG, or rabbit anti-goat IgG. The
choice of the functional components of the self-
assembly systems was guided by considerations of
objectivity of their comparison. Specifically, each of
the fluorescent modules, except the one conjugated
with barstar, participates in two different systems (see
above).

For free proteins barnase and barstar, pH values
lower than 4.0�4.5 are known to virtually completely
inhibit the formation of the molecular complex.13

Surprisingly, even in these conditions (pH 4.0�5.0),
we observed the formation of fluorescing MPs, which
was as efficient as in PBS. Figure 3 represents an
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illustration of the pH-dependence of efficiency of self-
assembly for all five systems tested. Each diagram is
supplemented with optical photographs demonstrat-
ing a gradual decrease of fluorescence of the bifunc-
tional assemblies with lowering of the pH. For systems
based on protein�protein interactions (except Bn�Bs),
as well as for the [MP 3.3 μm�PEG 3 kDa�Goat anti-
biotin IgG] 3 [Purple 200 nm�Biotinylated mouse IgG]
system (GAb 3bioIgG), pH 5.0 substantially reduces the
efficiency of self-assembly, and lower pH values com-
pletely inhibit it. In contrast, barnase 3barstar and
streptavidin 3 biotin systems proved to be highly resis-
tant to low pH and self-assemble even at pH 3.0,
though with decreased productivity. Such behavior
of the BBS may be indicative of nonspecific aggrega-
tion; therefore, we tested the assembly in the same
conditions but in the presence of nonbinding proteins,

to see if that would decrease the contribution of
nonspecific interactions (see below).

Urea and guanidinium hydrochloride have been
widely used as protein-denaturing agents, yet the
detailed mechanism of their action remains controver-
sial. For the denaturing action of urea, two models
have been proposed, one based on a direct, favor-
able interaction between the denaturant and the
protein29 and the other based on a modification of
the hydrogen-bond structure of water and a consequent
weakening of hydrophobic interactions (ref 30 and
references therein). According to the former model,
urea is believed to directly interact with the peptide
backbone of a protein, making hydrogen bonds with
the peptide carbonyl groups and displacing water
molecules from these sites. In contrast, GdmHCl does
not seem to H-bond with the peptide group.31 Instead,

Figure 3. pH-dependence of the efficiency of self-assembly. Scale bar for each photograph is 50 μm.
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due to the high positive electrostatic charge, Gdmþ

could contribute to denaturation of proteins also by
direct interactions with negatively charged and sol-
vent-exposed Glu and Asp residues of a protein.
Guanidinium is often found to be approximately twice
as efficient as urea in denaturing proteins, though this
varies with the protein target. In general, the concen-
tration of GdmHCl needed to reach the midpoint of
the unfolding transition of a protein is less than that in
urea due to the stronger solvation of charged residues
and backbone by Gdmþ than by urea.29

Despite the protein-denaturing effect of urea, with
all its concentrations tested (up to 8 M), no noticeable
influence on the efficiency of self-assembly has been
observed for the BBS: the images of the assemblies
formed in its presence are indistinguishable from those
generated in PBS. A similar behavior was observed in
the case of streptavidin 3 biotin and protein A 3 rabbit
IgG systems, which also seem to resist the action of
urea as well as the BBS does. In contrast, GAb 3bioIgG
and RAG 3GAb demonstrate substantially decreased
ability to self-assemble in this condition.

In agreement with data concerning their compara-
tive denaturing efficiency, GdmHCl proved to be more
efficient in inhibiting the assembly of the initial con-
jugates than urea; yet even at concentrations as high
as 6�8 M, there is still well observable assembly (or
aggregation) of the streptavidin/biotin-functionalized
particles, whereas all the other systems prove ineffi-
cient in these conditions. NaCl at high concentrations
(i.e., elevated ionic strength) is themost powerful agent
interfering with the process of assembly, which is
discernible for the BBS, taking into account the elec-
trostatic nature of interaction between barnase and
barstar (see Introduction) (Figure 4). However, all
the other systems, including the streptavidin 3biotin

system, fail to efficiently self-assemble in NaCl as well.
Though the detailed mechanism of molecular interac-
tions in the case of polyclonal antibody-based systems
is not clear with respect to contributions of different
binding energy components (hydrophobic, electro-
static, etc.), all of them are substantially inhibited in
this case.

Regarding the streptavidin�biotin system, surpris-
ingly, reasonably high salt concentrations (up to 1 M)
are often used to obtain efficient binding of biotin to
streptavidin (usually immobilized on a solid support) in
various biotechnological applications, suggesting that
the interaction is enhanced by the presence of salt
ions. The detailed mechanism of participation of salt
ions in the streptavidin 3biotin interaction remains to
be determined.32 Yet, according to the data presented
here, 3 M and higher concentrations of NaCl appear to
be the only agent capable of substantially inhibiting
self-assembly of particles in all the systems, including
that based on streptavidin 3biotin interaction.

Taking into account the severity of the conditions
described above, one could ask whether it is the result
of specific self-assembly that is observed or just of plain
aggregation of the particles that lost their colloidal
stability in these conditions. To address this question,
we performed experiments to test the specificity of
interactions of the conjugates against other, nonbind-
ing proteins in solution. The rationale behind these
experiments is that if the systems used are able to
retain the selectivity of interactions (not being blocked
with proteins present in the system) and efficiency of
self-assembly, then this can be considered as a proof of
contribution of authentic biomolecular interactions as
mediators of particle self-assembly.

Given the great diversity of proteins in terms of their
molecular weight (MW), shape, pI, extent of glycosylation

Figure 4. Summary of self-assembly behavior of the five systems under extreme conditions.
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(if any), hydrophobicity, etc., we expected that the ability
of the self-assembly systems used in thepresentwork to
assemble in different protein solutions may vary. Thus,
we first tested self-assembly in PBS with addition of the
following proteins to a final concentration of 1g/L: (i)
bovine serum albumin (BSA), a∼67 kDa protein used in
numerous biological applications, e.g., as a stabilizer in
immunoassays, a blocking agent, and a component of
standard buffers; (ii) polyclonal rabbit immunoglobulin
G from normal serum; (iii) horseradish peroxidase (HRP),
a∼44 kDaproteinwith a 18% carbohydrate content; (iv)
thyroglobulin from bovine thyroid, a ∼670 kDa tetra-
meric glycoprotein.We also tested self-assembly in 10%
human serum diluted with PBS, a cocktail of proteins
with various physicochemical properties.

Each of the tested proteins had similar effects
on the self-assembly efficiency of the systems (i.e., all
systems behaved similarly in the presence of a given
protein). Specifically, in BSA, IgG, and HRP solutions
self-assemblywas on average no less efficient than that
in pure PBS (up to 190% of PBS efficiency in different
systems), whereas thyroglobulin inhibited assembly
by 40�60% (60�40% of that in PBS). As expected,
self-assembly in serum showed average efficiency as
compared to these two groups of proteins (i.e., about
70% of that in PBS).

Interestingly, BSA has been demonstrated to have a
role as a molecular chaperone, that is, a protein able to
prevent the misfolding and/or aggregation of other
proteins.33 This stabilization effect of BSA may account
for enhancement of specific interactions mediating
nanoparticle self-assembly both at physiological and
extreme conditions (see below). It is also conceivable
that BSA prevents denaturation of the proteins con-
jugated to the particles, which also adds to the en-
hancement effect observed.

The described preliminary step allowed us to choose
a series of proteins that do not deteriorate self-assembly
efficiency. From this series, we selected BSA as the most
common reference protein for subsequent experiments
involving self-assembly in extreme conditions in the
presence of a nonbinding protein. We also performed
the same experiments (in the same conditions) varying
the concentration of BSA (0.1, 1, 10 g/L) to determine if
there is a BSA-concentration dependence of the beha-
vior of the systems. We did not find significant variation
in samples prepared in different BSA concentrations in a
given condition (all the obtained values were within the
limits of experimental error; not shown). Thus, we used
intermediate BSA concentration (1 g/L) in subsequent
experiments.

Self-assembly experiments were carried out in 8 M
GdmHCl, 8 M urea, 5 M NaCl (solutions were prepared
by dissolution of the appropriate amounts of the re-
agents in PBS), and citrate-phosphate buffers with pH
2.0 and 3.0. For each self-assembly system, three
samples in each of the mentioned conditions were

tested: (i) in protein-free solutions, (ii) in BSA solutions
(BSA was added immediately before the protein�
particle conjugates were distributed to the test tubes),
and (iii) using conjugates blocked with an excess of
partner proteins prior to the self-assembly experiment
so that the final concentration of the blocking protein
was the same as in BSA solutions (1 g/L). Blocked con-
jugates were tested for additional corroboration of the
specificity of interactions involved in the self-assembly
process in extreme conditions.

The obtained data are summarized in Figure 5. It is
immediately evident that in the overwhelming major-
ity of experimental points BSA not only has no dete-
riorative effect on self-assembly efficiency, but, on the
contrary, significantly enhances the ability of the sys-
tems to assemble in severe denaturing conditions.
Notably, whereas NaCl strongly inhibits self-assembly
of the systems (including the streptavidin 3biotin sys-
tem) in protein-free solutions, this effect is reversed in
BSA solutions: in all cases self-assembly in 5 M NaCl
with 1 g/L BSA is much more efficient than that in PBS.
At the same time, blocked samples completely lack
fluorescent signal, which means that no assembly
occurred in these. That is, the unexpected and remark-
able effect observed in BSA solutions may be ascribed
to enhancement of specific interactions between
protein�particle conjugates participating in the self-
assembly process, not just to nonspecific aggregation of
the particles.

Behavior of the systems in 8 M urea is similar in
solutions with and without BSA, within the limits of
experimental error, although in most cases BSA also
slightly improves self-assembly efficiency in this
condition.

In agreement with data presented here, all systems
except the streptavidin 3biotin system fail to assemble
in 8 M GdmHCl, and BSA is not able to improve their
performance. The streptavidin 3biotin system demon-
strates similar self-assembly efficiency in solutions with
and without BSA.

Importantly, there are two exceptions of the
enhancement effect of BSA in two systems, barnase 3
barstar and protein A 3 rabbit IgG, at low pH: in these
cases, self-assembly efficiency in BSA solutions is in-
ferior to that in pure buffers. It might be surmised that
the observed effect is caused by the fact that self-
assembly efficiency in these systems is more suscep-
tible to alterations of the charge profile of the inter-
acting molecules in the pH conditions tested.

Again, in all conditions tested self-assembly of the
blocked control particles is not observed, which con-
firms our assertion regarding predominantly specific
interactions between the particles in the course of the
self-assembly process.

In summary, for three systems, i.e., streptavidin 3
biotin, goat anti-biotin IgG 3biotin, and rabbit anti-goat
IgG 3 goat IgG, self-assembly in BSA solutions in extreme
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conditions appreciably outperforms (or at least is com-
parable to) that in protein-free solutions. That is also true
for the rest of the systems, barnase 3barstar and protein
A 3 rabbit IgG, in all conditions except for low pH.

Stability of the Assembled Constructs under Extreme Condi-
tions. In the next experimental setup, the structures
preassembled in optimal conditions in PBSwere tested
in terms of their resistance to increasing concentra-
tions of urea, guanidinium hydrochloride, and NaCl, as
described above, heating to up to 80 �C (see Support-
ing Information, Figure S5), and incubation in acidic
buffers with pH ranging from 2.9 to 1.5 for extended
periods of time. With respect to the BBS, experiments
show that in the case of protein denaturants (urea and
GdmHCl) and high ionic strength the influence of these
conditions on the integrity of assemblies is less pro-
nounced in comparison with their action on the pro-
cess of self-assembly itself. That is, once the assemblies
are formed, it is much more difficult to disrupt the
bonding between them than to prevent their forma-
tion from the initial constituents, though the latter
also requires extremely harsh conditions. That sug-
gests resemblance to the equilibrium between direct

(forward) and reverse (back) reactions in (bio)chemistry,
characterized by the reaction rate constants kon and koff,
respectively. However, in this case, there is a strong shift
toward the direct “reaction” (kon . koff), making the
whole process practically irreversible and thus essen-
tially nonequilibrium.

Among the factors that could contribute to the
striking stability of the BBS-assembled structures, in
addition to the inherent high bond strength between
barnase and barstar, the supposed “multipoint” bind-
ing mode of assembly could have played a significant
role. A similar idea underlies the concept of avidity in
immunology, where the presence of multiple binding
sites (two to 10 in antibodies,34 three to 18 andmore in
collectins and their oligomers35) ensures a very slow
rate of dissociation of these receptor molecules from
their ligands with multiple epitopes, since for dissocia-
tion to occur simultaneous detachment of all ligands is
required. An analogous situation may take place in the
described self-assembly system as well. Alternatively,
the proteins could denature in the conditions tested,
but, remaining in close proximity to each other within
the complex, they could interact with their unfolded

Figure 5. Summary of behavior of thefive self-assembly systems in solutionswithout protein, in 1 g/L BSA solutions, and after
blocking with partner protein under denaturing conditions indicated.
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hydrophobic regions, thus maintaining the overall
appearance of the assembled structures.

Regarding comparison with other self-assembly
systems studied (Figure 6), except for the GAb 3bioIgG
system, all the rest of the self-assembly systems de-
monstrate remarkably similar behavior, within the
limits of experimental error, with respect to the resis-
tance of preassembled structures to the severe condi-
tions tested. Specifically, the preformed assembliesmostly
retain their integrity in protein-denaturing conditions for
extended periods of time (up to at least two weeks).

In contrast, their ability to assemble in these harsh
conditions (cf. Figure 4) differs drastically. The barna-
se 3barstar system demonstrates high stability similar
to that of the streptavidin 3biotin system, which can be
attributed to the robustness of the proteins per se. In
denaturing conditions that do not completely desta-
bilize the proteins (as GdmHCl and low pH do) the
efficiency of self-assembly of the barnase 3barstar sys-
tem is comparable to that in PBS.

Overall, antibody-based systems are more suscep-
tible to denaturing conditions than the BBS and the
streptavidin 3 biotin system in terms of their ability to
self-assemble. GdmHCl “permits” assembly of strepta-
vidin/biotin-coated particles only, and that is relatively
concentration-independent. Urea-resistant systems in-
clude BBS, streptavidin 3biotin, and protein A 3 rabbit
IgG pairs. In general, urea proved to be less severe than
GdmHCl in inhibiting self-assembly, which correlates
with their relative denaturing efficiency toward molec-
ular entities: proteins. NaCl, rather unexpectedly, is a
potent inhibitor of self-assembly of all the systems
tested in the absence of other proteins in the media.

However, when BSA is added to the solution, the effi-
ciency of self-assembly in high NaCl concentration is
comparable to that in PBS for BBS, streptavidin 3biotin,
and rabbit anti-goat IgG 3 goat IgG systems. Notably, all
conditions demonstrate significantly decreased ability to
destruct preassembled structures than to prevent the
process of self-assembly from initial constituents.

Comparison of two antibody-based systems, i.e.,
GAb 3bioIgG and RAG 3GAb, allows one to conclude
that, apart from effects of denaturation of the proteins,
specific interactions within the ligand�receptor pairs are
indeed crucial formaintaining the integrity of assemblies.
Specifically, it should be noted that in the GAb 3bioIgG
system biotin is conjugated to another protein (a mouse
antibody in this case), which is also expected to denature
under the conditions tested. Thus, both systems contain
IgGmolecules that are connectedby a “receptor�ligand”
relation in the case of the RAG 3GAb system and a
“receptor�ligand carrier” relation in the GAb 3bioIgG
system. If the connection between the particles in the
assemblyweremediatedonly bynonspecific interactions
of the denatured proteins conjugated to their surfaces,
then one could anticipate that the GAb 3bioIgG system
would not differ much from the RAG 3GAb system in its
stability and ability to self-assemble in harsh conditions.
However, that is not observed: the GAb 3bioIgG system is
substantially inferior to the other systems in these qua-
lities, which suggests a nonzero contribution of specific
molecular interactions to the observed behavior of the
self-assembly systems.

An important finding that follows from the experi-
ments presented here is that hybrid protein�particle
self-assembly systems may be much more stable and

Figure 6. Summary of behavior of the five self-assembly systems upon disassembly of the preassembled structures in
protein-denaturing conditions.
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resistant to denaturing conditions than the same
proteins alone, taken as molecular species. For exam-
ple, whereas 6 M GdmHCl is routinely used for rever-
sible dissociation of the barnase 3barstar complex in
affinity chromatography,21 the sameconditionhasbarely
any effect on the integrity of BBS-assembled colloidal
structures. However, one should keep inmind that along
with specific interactions between self-assembling parti-
cles studied herein, van der Waals and other forces in
general make a significant contribution to the overall
energy of interactions. The question is, what is the
relation between the two? Conceivably, that depends
not only on individual quantitative contribution of the
interaction types but also on the time scale of interac-
tions. We suppose that it is the specific biomolecular
interactions that account for initial steps of an assembly
formation, allowing van der Waals and other interactions
(hydrophobic, electrostatic, etc.) between the particles to
strengthen the integrity of the assemblies at later stages,
once specific interactions have been established, leading
the system to a minimum of potential energy of interac-
tions. This assertion of the “initiating” role of specific
interactions isbasedon the results of control experiments
with preblocked conjugates (cf. Figure 2J�M and
Figure 5): in this case, van der Waals forces that can
potentially be present between the particles cannot
assemble them and keep them together, since specific
interparticle interactions have been abolished (see Sup-
porting Information for more discussion).

CONCLUSIONS

In thiswork,we studied the self-assemblyofpolystyrene
micro- and nanoparticles with two functionalities;

magnetic and fluorescent;using proteinaceous “mo-
lecular glues”, most notably, the barnase 3barstar pair.
The obtained assemblies were tested for their resis-
tance to high concentrations of chaotropic agents
(urea and GdmHCl) as well as high temperature and
low pH conditions causing denaturation of most pro-
teins. In the majority of cases, the structures exhibit
unusual stability and maintain apparently unaltered
morphologies upon exposure to these conditions for
extended periods of time. Comparison of the BBSwith
other proteinaceous self-assembly systems showed
that whereas their resistance to destruction is rela-
tively comparable, the capacity to assemble under
harsh conditions differs substantially. Such struc-
tures can be used for a number of applications, with
examples embracing a broad spectrum including
sensing of ecological pollutants in complex media,
photonics, and theragnostic approaches in medicine,
also making use of multifunctionality offered by the
assemblies.
Furthermore, the unexpectedly high stability of the

proteinaceous molecular glues described in this work
sets one thinking of potential applicability of these self-
assembled structures instead of, or along with, cova-
lently linked entities. Using the former, one has access
to a great variety of specific (naturally occurring or
engineered) “molecular glues” that can be used for the
same purposes and with similar efficiency as covalent
systems. Moreover, utilization of specific noncovalent
interactions adds to the flexibility of the designed
assembly systems and imparts higher controllability
over the whole process of assembly than in the case of
chaotic chemical reactions.

METHODS
Proteins. The following proteins were used for conjuga-

tion procedures. Barnase and barstar were produced in E. coli
and purified as described in our previous work.36,37 The purified
proteins were stored in the storage buffer (15 mM Tris-HCl,
75 mM NaCl, 1.5 mM EDTA, 32�40% glycerol, pH 8.0) at�20 �C.
Prior to use, they were either transferred to phosphate-buffered
saline using NAP-5 columns (GE Healthcare, USA) or dialyzed
against PBS using a Slide-A-Lyzer MINI dialysis device, 7kD
MWCO (Thermo Fisher Scientific Inc., USA). Streptavidin (Thermo
Fisher Scientific Inc., USA), goat anti-biotin antibody, rabbit anti-
goat IgG (H&L), protein A (Rockland Immunochemicals, Inc., USA),
polyclonal rabbit immunoglobulin G from normal serum (Jackson
ImmunoResearch Laboratories, Inc., USA), bovine serum albumin
(Bioclot GmbH, Germany), horseradish peroxidase (BBI Enzymes,
USA), thyroglobulin from bovine thyroid (Sigma), and mucin
from bovine submaxillary glands (Sigma) were used as ob-
tained. Lyophilized human serum (Vector-Best, Russia) was
dissolved in distilled water according to the manufacturer's
recommendation and then diluted with PBS to a concentration
of 10%.

Conjugation of Magnetic and Fluorescent Particles with PEG Linkers and
Proteins. Magnetic polystyrene microparticles (Carboxyl Mag-
netic 3.3 μm and Smooth Surface Carboxyl Magnetic 3.4 μm
polystyrene particles) and fluorescent polystyrene nanoparti-
cles (Carboxyl Fluorescent Yellow 110 nm and Purple 200 nm
polystyrene particles) were purchased from Spherotech, USA.

Conjugation of the proteins to the surface of the particles
was carried out using the formation of an amide bond between
activated carboxyl groups on the particles' surface and amino
groups of heterobifunctional PEGmolecules (O-(2-aminoethyl)-
O0-(2-carboxyethyl)polyethylene glycol 3000 hydrochloride,
Aldrich) and/or proteins. Activation of carboxyl groups was
achieved with N-(3-dimethylaminopropyl)-N0-ethyl carbodii-
mide (EDC) (using 1:1 to 50:1 EDC to particles mass ratio) in
2-(N-morpholino)ethanesulfonic acid buffer), pH 5.0. Typically,
0.5 mg of protein was taken per 1 mg of particles for both
barnase and barstar. Both PEG and barnase were conjugated to
the magnetic particles using a two-step protocol (i.e., including
the removal of excess EDC viamagnetic separation after activa-
tion of the particles and prior to addition of the molecules).
Conjugation of barstar to the fluorescent particles was per-
formed as a single-step procedure (i.e., without the EDC wash-
ing step). The excess proteins were removed with either a
magnetic separator (for magnetic particles) or centrifugation
at 16000g for 10�15 min (for fluorescent particles).

Conjugation with other proteins was performed using the
above protocol except for quantities of the proteins: 1:10 (or 1:5)
protein to particlemass ratio in the case of antibodies, protein A,
and streptavidin, according to standard conjugation protocols
used for these proteins and recommended by the particle
manufacturer.

Self-Assembly of the Conjugates. The prepared conjugates
were mixed in different combinations in PBS buffer at room
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temperature for 5 min to 24 h (with fluorescent modules taken
in excess) with shaking. The assembled structures were isolated
from unbound fluorescent particles using a magnetic separa-
tion procedure.

Control Experiments. To test the specificity of self-assembly, a
series of control experiments was performed: (i) with blocking
both the barnase-conjugated and barstar-conjugated particles
with an excess of free proteins barstar and barnase, respectively,
prior to mixing the conjugates, and (ii) with magnetic particles
conjugated (via PEG linker) to BSA instead of barnase or barstar.
All the self-assembly experiments and their controls were
carried out using the same magnetic to fluorescent particle
suspension volume ratio.

Instrumentation. The obtained structures were studied using
optical and scanning electron microscopy. Optical imaging
allowed for immediate visual analysis of the experimental
results (particularly, in studying the effects of extreme condi-
tions on self-assembly; see below), whereas SEM was used for
pictorial presentation of the appearance of the assemblies.
Optical images were acquired with an inverted epifluorescent
microscope (Carl Zeiss Axiovert 200) equipped with 10�40�
objectives, a 10� eyepiece, and an AxioCam HRC charge-
coupled camera. Typically, a drop (1�3 μL) of the suspension
containing the assembled structureswas placed on amicroscope
slide and settled using a strong NdFeB magnet, followed by
visualization in bright field and upon excitation of the fluoro-
phore of fluorescent polystyrene particles (at 565/30 nm for Pink
53 nm and Purple 200 nm and 450/490 nm wavelength for
Yellow 110 nm polystyrene particles, respectively). The obtained
images were processed with AxioVision 4.6 Image software.

Specimens for SEM (scanning electron microscope JEOL
JSM-7001F) were applied onto a silicon substrate pretreated
with a “piranha” etching solution (a 1:3 (v/v) mixture of 25%
hydrogen peroxide, H2O2, and 98% sulfuric acid, H2SO4) to
remove organic impurities followed by rinsing three times in
acetone (chemically pure) and then three times in ultrapure
2-propanol. The SEM operated at varying voltages from 2.0 to
10.0 kV with a beam current of 20 pA.

Exposure of the Preassembled Structures to Extreme Conditions. To
test their stability, the obtained assemblies were exposed to the
following conditions: (i) heating; (ii) incubation at acidic pH
(known to disrupt the barnase�barstar complex); incubation
in increasing concentrations of (iii) urea in PBS (1 to 8 M), (iv)
guanidine hydrochloride in PBS (1 to 8M), and (v) NaCl (1 to 5M).
Heating was performed in a water bath at 60, 70, 75, and 80 �C
for up to 2 h. For testing low pH-resistance of the assemblies,
PBS buffer, in which they were stored, was replaced (via a
magnetic separation procedure) with three to five times as
much volumeof one of the following buffers: glycine-HCl buffer,
pH 2.9, 2.2, or 1.5.

Self-Assembly in Extreme Conditions. Conditions that were the
same as above (except heating) were tested for the ability to
prevent self-assembly or decrease its efficiency. That is, the
initial protein-conjugated magnetic and fluorescent particles
(for each of the systems tested) were added to the above
solutions and incubated for 1�2 h with shaking and then
washed and visualized as described previously. Citrate-phos-
phate buffers of pH 5.0, 4.0, 3.0, or 2.0 were used instead of
glycine-HCl buffers in these experiments.

Quantification of the Data Concerning Behavior of the Self-Assembly
Systems under Extreme Conditions. To compare the obtained results
with those in optimal conditions (in PBS buffer at room tem-
perature), all the fluorescent images acquired with the same
exposure time specific for each condition tested were digitally
processed in the following way. Mean fluorescence intensity of
the assemblies for each particular case has been assessed by
averaging histogram data for 8-bit grayscale versions of the
images for 25 particles randomly selected with a circular area
with a radius of 14 pixels (given that the total magnification of
the microscope was 400�). We understand that this method is
somewhat semiquantitative yet sufficient to describe general
characteristics of behavior of the assemblies under the above
conditions.
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