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Selective surface recognition by proteins provides programmed bottom-up assembly of synthetic

nanomaterials. We have investigated the controlled self-assembly of functionalized gold nanoparticles

(Au-TAsp) with cytochrome c (Cyt c) and apoCyt c through complementary electrostatic interactions.

Au-TAsp formed discrete, water-soluble adducts with native Cyt c, whereas unfolded apoCyt c induced

nanocomposite formation at high Cyt c : Au-TAsp ratios. The binding of random-coil apoCyt c to

Au-TAsp at low ratios induced a-helix formation in soluble nanocomposites, but at elevated ratios

insoluble micron-scale aggregates were formed. The local structure of the assemblies was critically

dependent on the Cyt c : Au-TAsp ratio. The dispersibility of apoCyt c–Au-TAsp was pH dependent,

providing rapid and reversible control over nanocomposite assembly. The apoCyt c–Au-TAsp

aggregates could likewise be disassembled through proteolytic cleavage of apoCyt c, demonstrating the

ability to selectively remodel these hybrid materials.

Introduction

Recognition of biomolecular surfaces using nanoparticles

provides a promising alternative route for assembling hybrid

bionanomaterials.1–8 As the physical properties of nanoparticles

are distinct from those of bulk materials,9–12 rational control over

bottom-up assembly provides nanocomposites with unique

physiochemical properties, offering new opportunities in

electronics13–15 and biosensing.16,17 Engineering protein-based

hybrid materials through biomolecular assembly, however, is

challenging due to the complexities of protein-surface recogni-

tion. Two related approaches have generally been used for the

creation of protein-based nanomaterials. The first approach

utilizes genetically engineered peptides,18 proteins,19 and protein

cages20–24 to produce structures based on the recognition of inor-

ganic surfaces by polypeptides.25 In the second approach nanoma-

terial building blocks are arranged through the high-affinity

recognition of covalently attached biomolecules, such as comple-

mentary oligonucleotides,26,27 biotin and streptavidin,28 or anti-

bodies with antigens.29–31 While the recognition in this case is

specific, the high affinity binding of these systems often results in

kinetically-controlled assembly, leading to disordered structures.

Cytochrome c (Cyt c) is a positively charged protein, with pI ¼
10,32 that forms many transient protein–protein adducts of

moderate binding affinity.33–38 In contrast to the robust tertiary

structure of Cyt c,39,40 apoCyt c (formed by removing the heme

of Cyt c) is predominately random coil while retaining the high

positive charge of Cyt c. Nanoparticles carrying anionic surface

functionalities can bind reversibly to Cyt c, altering protein

stability41–43 as well as forming hybrid materials with regular

interparticle spacings.44,45 We report herein the reversible

assembly of negatively charged gold nanoparticles with apoCyt

c into micron-scale aggregates. The Au nanoparticles (Au-

TAsp) used in this study feature thiol ligands (TAsp) containing

an aliphatic segment for nanoparticle stability, a tetra(ethylene

glycol) segment to minimize nonspecific interactions, and a

dianionic aspartate to provide a charged surface (Fig. 1c).

With these particles, the conformation of Cyt c drastically alters

the aggregation state of the nanoparticles. Discrete adducts are

generated with natively folded Cyt c (Fig. 1). In contrast, apoCyt

c exhibits considerable conformational flexibility, adopting

native-like secondary structure, as well as providing tunable

Au-TAsp spacing in nanocomposite aggregates of controlled size.

Fig. 1 Schematic representation of a) discrete adducts between Au-TAsp

and native Cyt c; b) extended aggregates between Au-TAsp and apoCyt c;

c) chemical structure of TAsp ligand.
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Results and discussion

Solution aggregation

Dynamic light scattering (DLS) was used to monitor assembly of

Au-TAsp and Cyt c. The hydrodynamic diameter (DH) of

Au-TAsp was 8.2 � 1.2 nm, consistent with 2 nm core diameter

and fully extended TAsp ligands (3.2 nm46), while the DH of

Cyt c was 2.7 nm, in good accord with the crystallographically

determined dimensions.35,47 As Cyt c was mixed with Au-TAsp

at increasing ratios (1 : 1 to 20 : 1), DH increased monotonically

from 10.2 to 15.1 nm (Fig. 2a and Table 1), indicating that the

Cyt c–Au-TAsp adducts were discrete complexes in which a single

Au-TAsp particle was surrounded by Cyt c.

In contrast to Cyt c, apoCyt c formed nanocomposites when

mixed with Au-TAsp (Fig. 2b). At a 1 : 1 ratio, the DH of the

apoCyt c–Au-TAsp adduct was 10.6 � 1.4 nm, similar to that

observed for Cyt c. The adduct size increased at higher ratios,

with an aggregate of roughly 1 mm forming at a 10 : 1 ratio. Inter-

estingly, upon adding apoCyt c to a final ratio of 20 : 1, the DH

decreased to 0.1 mm, resulting in soluble aggregates.

The zeta potentials of the nanocomposites indicate that charge

balance is key for aggregation. The zeta potential of Au-TAsp

was �28.2 mV, due to the anionic surface ligands. Addition of

Cyt c or apoCyt c (0–40 mM) to Au-TAsp (2 mM, 10mM Tris,

pH 7.4) led to a positive shift in the zeta-potential, with an inflec-

tion point near a 10 : 1 ratio (Fig. 3a). As the charge of Cyt c at

neutral pH is roughly +7,32 and Au-TAsp has �100 anionic

ligands,48 this stoichiometry predominantly reflects charge

balance. Cyt c–Au-TAsp complexes never reached neutrality,

suggesting that the Au-TAsp surface was sterically crowded

with Cyt c at higher Cyt c–Au-TAsp ratios. In contrast, apoCyt

c–Au-TAsp exhibited a wide variation in zeta potential, such that

insoluble aggregates with no net surface charge are formed at

a 10 : 1 apoCyt c : Au-TAsp ratio (Fig. 3b). With excess apoCyt

c the surface charge becomes positive, leading to smaller, soluble

aggregates. The structural flexibility of apoCyt c was required for

the formation of many of these aggregates, to overcome the

steric limitations imposed by globular Cyt c.

The critical ratios of apoCyt c : Au-TAsp in the micron-scale

aggregates were measured by DLS while varying solution pH

Table 1 Adduct size at varied Cyt c:Au-TAsp ratio.

Cyt c : Au-TAsp ratio DH/nm of native Cyt c DH/nm of apoCyt c

0 : 1 8.2 � 1.2 8.2 � 1.2
1 : 1 10.2 � 1.2 10.6 � 1.4
4 : 1 12.2 � 1.6 71 � 12
10 : 1 13.7 � 2.0 1010 � 207
20 : 1 15.1 � 2.1 98 � 13

Fig. 2 DLS of a) Cyt c–Au-TAsp adducts; b) apoCyt c–Au-TAsp

adducts at 0–20 fold excess of Cyt c. Insets show corresponding correla-

tion functions.

Fig. 3 Zeta potential of protein–Au-TAsp adducts at increasing protein

ratios. a) Native Cyt c–Au-TAsp at pH 7.4; b) ApoCyt c–Au-TAsp

complex at pH 6.4 (circles), 7.4 (triangles) and 8.4 (squares). c) Critical

ratio of the apoCyt c–Au-TAsp micron-scale aggregate vs. pH. Lines

drawn to guide the eye.
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(Fig. 3c). This stoichiometry increased at higher pH values,

consistent with deprotonation of lysine residues at pH > 8

leading to a smaller positive charge on apoCyt c. The critical

ratios reflect the apoCyt c : Au-TAsp ratio in which charges

are completely balanced, as aggregates formed below this critical

ratio have an excess of the anioinic Au-TAsp leading to a negative

zeta-potential, while those formed above this critical ratio

have an excess of cationic apoCyt c leading to a positive zeta

potential.

Conformational changes in Cyt c

The secondary structures of Cyt c and apoCyt c in the presence

of Au-TAsp were investigated by circular dichroism (CD). The 2�

structure of native Cyt c is predominantly a-helical, leading to

distinct minima at 208 and 222 nm in CD spectra. The CD spec-

trum of native Cyt c changed slightly in the presence of Au-TAsp

(Fig. 4a), indicating that the a-helical 2� structure was retained in

the Cyt c–Au-TAsp adducts. ApoCyt c, however, exhibited

significant conformational changes upon binding to Au-TAsp.

ApoCyt c adopts a random coil conformation in solution, with

a pronounced CD minimum at 202 nm. Upon binding to

Au-TAsp, the CD spectrum of apoCyt c changed significantly,

such that new minima appeared at 208 nm and 218 nm. This

shifted CD spectrum indicates a more a-helical 2� structure for

apoCyt c upon binding to Au-TAsp (Fig. 4b), and resembles

a folding intermediate formed upon binding apoCyt c to phos-

pholipid micelles.49

Transmission electron microscopy (TEM)

The morphology of the apoCyt c–Au-TAsp nanocomposites was

investigated by transmission electron microscopy (TEM).

Au-TAsp in the absence of apoCyt c was well dispersed (Fig. 5a),

in accord with the monomeric particle size observed by DLS. A

micron-scale aggregate was observed at a 10 : 1 apoCyt c : Au-

TAsp ratio (Fig. 5b), consistent with the observation in solution.

The morphology of the micron-scale aggregate was highly irreg-

ular, indicating a random assembly of �106 Au-TAsp particles.†

As expected, the sample composed of apoCyt c and Au-TAsp at

a 20 : 1 ratio showed polydisperse smaller aggregates of �100 nm

diameter (Fig. 5c).

The TEM results confirm that while apoCyt c aggregates Au-

TAsp, the apoCyt c : Au-TAsp ratio controls the size scale from

0.1 mm–1 mm. The nanocomposites formed from Au-TAsp with

apoCyt c resemble those formed between nanoparticles and

charged polymers,50 suggesting that a flexible arrangement of

compensating charges is essential for nanocomposite formation.

Such flexibility would be absent in natively folded Cyt c, which

may explain why native Cyt c fails to assemble Au-TAsp while

unfolded Cyt c induces aggregation.

Small angle X-ray scattering (SAXS)

SAXS was used to investigate the interparticle spacing of the

nanocomposites, and provide a clearer picture of their internal

structure. As a control, a solution of Au-TAsp was dried to

a film and analyzed by SAXS, which indicated that the center-

to-center nanoparticle spacing was 2p/q ¼ 5.3 nm. This spacing

is somewhat smaller than expected for fully extended TAsp

ligands, which may suggest ligand interdigitation between adja-

cent nanoparticles. The Cyt c–Au-TAsp adducts were shown

by DLS to be discrete in solution; films were formed for SAXS

analysis. At increasing loadings of native Cyt c (4, 10, 20 equiv-

alents) the 2p/q smoothly increased from 5.9 nm to 7.7 nm

(Fig. 6, 7), suggesting that the Au-TAsp cores are separated by

a gear-like interdigitation of native Cyt c, as seen in a related

study.45 As the DH for Cyt c is 2.7 nm, the overall increase in

interparticle spacing suggests that higher Cyt c loadings lead to

a more densely packed gear structure.

Solutions of the apoCyt c–Au-TAsp aggregates formed at

elevated loadings of apoCyt c (4–20 equivalents) were dried to

a film for SAXS analysis. The interparticle spacing smoothly

increased from 2p/q ¼ 6.0 nm to 8.7 nm (Fig. 6, 7). These

distances are slightly larger than observed for the native Cyt

c–Au-TAsp adducts at identical ratios, suggesting that the protein

tertiary structure dictates nanoparticle spacing. Despite the

induced a-helical 2� structure, apoCyt c still packs less efficiently

than native Cyt c in the nanocomposites.

pH- and protease-dependent disaggregation

As the apoCyt c–Au-TAsp nanocomposite is reversibly formed

by the electrostatic attraction between the carboxylates of

TAsp and the lysines of Cyt c, we reasoned that changes in pH

would lead to changes in aggregation. The hydrodynamic diam-

eter of the 10 : 1 apoCyt c–Au-TAsp nanocomposite was moni-

tored by DLS while cycling between pH 7.4 and pH 10.8. The

initial micron-scale aggregate (DH ¼ 1100 � 250 nm at pH 7.4)

immediately decreased in size upon addition of base (DH ¼ 8.7

Fig. 4 Far-UV CD spectra at 23 �C of (a) Cyt c mixed with Au-TAsp; (b)

apoCyt c mixed with Au-TAsp. Protein : Au-TAsp ratios as indicated.

† A spherical nanocomposite of 1 mm diameter would have a volume of 5
� 108 nm3. As the interparticle spacing within this nanocomposite is 9
nm, there will be one Au-TAsp per 360 nm3 volume.

This journal is ª The Royal Society of Chemistry 2008 Soft Matter, 2008, 4, 751–756 | 753

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
as

sa
ch

us
et

ts
 -

 A
m

he
rs

t o
n 

10
 O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
08

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
63

86
J

View Online

http://dx.doi.org/10.1039/b716386j


� 2.4 nm at pH 10.8) (Fig. 8a). This disaggregation is attributed

to deprotonation of lysine residues on apoCyt c. The addition of

acid to pH ¼ 7.4 led to re-aggregation (DH ¼ 1500 � 280 nm).

This process was repeated multiple times with little deviation

in the hydrodynamic diameters, indicating that assembly was

rapidly reversible under these conditions.

The size of the smaller nanocomposites formed from a 20 : 1

apoCyt c : Au-TAsp ratio was also reversibly controlled by pH.

The size of this nanocomposite (140 � 36 nm at pH 7.4) imme-

diately decreased upon addition of base (8.9 � 2.2 nm at pH

10.8), indicating that the assembled nanoparticles became

discrete (Fig. 8b). Added acid led to the reformation of the small

nanocomposites, which was cycled through several pH changes.

Enzyme-mediated remodeling of the apoCyt c–Au-TAsp nano-

composite was shown by protease-induced disaggregation

(Fig. 9). Trypsin, which cleaves the peptide bonds following

lysine and arginine residues, was used to digest the nanocompo-

site formed at pH 7.4 from a 10 : 1 ratio of apoCyt c : Au-TAsp.

DH decreased over a period of six hours until the only products

observed were discrete nanoparticles (DH ¼ 8.7 � 1.6 nm).

Clearly, the tryptic fragments of apoCyt c were too short to

maintain the nanocomposite structure, suggesting a similarity

to the nanoparticle assemblies formed with charged poly-

mers.50–52 Such enzyme-mediated disaggregation could be

extended toward a controlled release strategy of appropriately

formed nanocomposites containing therapeutic agents.

Fig. 6 Interparticle spacing within protein–nanoparticle adducts. a) Cyt

c mixed with Au-TAsp; b) apoCyt c mixed with Au-TAsp.

Fig. 7 Interparticle spacing (2p/q) as a function of the ratio of Cyt c :

Au-TAsp (squares) and apoCyt c : Au-TAsp (circles).

Fig. 8 Cycling of the hydrodynamic diameter of apoCyt c–Au-TAsp

aggregates at pH 7.4 (odd steps) or pH 10.8 (even steps). apoCyt c–Au-

TAsp at a ratio of (a) 10 : 1 and (b) 20 : 1.

Fig. 5 Low-resolution TEM images (a) Au-TAsp in the absence of apoCyt c; (b) nanocomposites formed at a 10 : 1 apoCyt c : Au-TAsp ratio; (c) small

aggregates from 20 : 1 apoCyt c : Au-TAsp ratio. Insets are 5 � magnification to show discrete Au-TAsp particles.

754 | Soft Matter, 2008, 4, 751–756 This journal is ª The Royal Society of Chemistry 2008
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Conclusions

Surface recognition is a promising route for the bottom-up

assembly of nanomaterials. Through complementary electro-

static interactions with the functionalized gold nanoparticle

Au-TAsp, apoCyt c and native Cyt c directed the assembly of

composite nanomaterials of up to the micron length scale in

a manner reminiscent of polymer-directed assembly of nanocom-

posites.50 However, the use of a protein as the directing material

in this case provided an added dimension for materials assembly,

as the structure of Cyt c is better defined at the 2� and 3� levels

than that of polymers. Conformational differences between

apoCyt c and native Cyt c directly translated into distinct nano-

composites, as apoCyt c–Au-TAsp formed large aggregates,

whereas native Cyt c–Au-TAsp consisted of discrete nanopar-

ticles surrounded by multiple Cyt c. In addition, environmental

stimuli such as pH change and protease digestion led to remod-

eling of the nanocomposites, suggesting their potential for

controlled release applications.

Materials and methods

General

Horse heart Cyt c was obtained from Sigma-Aldrich Chemical

Co. and used as received. ApoCyt c was prepared by removing

the heme of Cyt c according to previously published methods,53

stored at �80 �C, and thawed just before use. The extinction

coefficient of apoCyt c at 277 nm was taken as 10 580 M�1

cm�1 for concentration determination.54 Au-TAsp nanoparticles

were synthesized using previously published methods.48 All

experiments, unless noted otherwise, were performed in Tris-

HCl buffer (10 mM, pH ¼ 7.4) at 23 �C.

Dynamic light scattering (DLS)

Samples were prepared using Tris-HCl buffer (10 mM, pH 7.4).

The final concentration of Au-TAsp was 2 mM while the concen-

tration of apoCyt c and Cyt c was varied from 2 to 40 mM. The

nanoparticle–protein mixtures were diluted to 300 mL with buffer

and incubated for 5 minutes prior to measurement with a

MALVERN Zetasizer Nano ZS instrument using incident laser

excitation at 633 nm. At least twelve measurements of the corre-

lation time of scattered light intensity, G(t), were averaged for

each sample. The data were fitted to eqn (1), where B is baseline,

A is amplitude, q is the scattering vector, t is delay time and D is

the diffusion coefficient:

G(t) ¼ B + Ae�2q2Dt (1)

The hydrodynamic radius (RH) of the scattering particles is

inversely proportional to the diffusion coefficient D and the

solvent viscosity (h), as shown in the Stokes–Einstein equation

(eqn (2)), where kB is Boltzmann’s constant and T denotes the

absolute temperature:

RH ¼ kBT

6phD
(2)

Zeta potential

Solutions containing Au-TAsp (2 mM) were mixed with apoCyt c

(2.6 to 80 mM) in 10 mM Tris-HCl buffer at pH 6.4, 7.4 and 8.4.

After incubation for five minutes, their zeta potentials were

recorded on a MALVERN Zetasizer Nano ZS instrument.

pH dependence of micron-sized aggregate formation

Au-TAsp (2 mM final concentration) was mixed with varied

concentrations of apoCyt c (2–75 mM final concentration) in

Tris-HCl buffer (10 mM, pH 6.4). The final volume of all

solutions was kept at 300 mL. Corresponding samples were

prepared at pH 6.8, 7.4, 7.8, 8.0 and 8.4. The solutions were

visually inspected, and those solutions near the turbidity point

were selected for DLS measurements.

Circular dichroism (CD)

Stock solutions of apoCyt c (60 mM), Cyt c (60 mM), and Au-

TAsp (7 mM) were prepared in Tris-HCl buffer (10 mM, pH

7.4). Cyt c (or apoCyt c) and Au-TAsp (final concentration

of 1 mM) were then mixed at Cyt c : Au-TAsp ratios of 1 : 1 to

20 : 1. The CD spectra were recorded at 23 �C on a JASCO

J-720 instrument, scanning from 195 to 250 nm at a rate of 50

nm min�1 with an average of three runs. The background of

Au-TAsp was subtracted from the raw data, and the reported

CD spectra were normalized to protein concentrations.

Small-angle X-ray scattering (SAXS)

Solutions containing Au-TAsp (3.2 mM) and apoCyt c or Cyt c

(12.8–64.0 mM) were drop-cast onto 1 cm2 kapton films placed

at the bottom of a small vial and slowly dried. Au-TAsp particles

in the absence of protein were dropcast on a Kapton film in

a similar way.

Transmission electron microscopy (TEM)

TEM samples were prepared under similar conditions as the

SAXS samples, with the exception that the films were drop-

cast on carbon-coated copper grids (300 mesh). The samples

were then analyzed on a JEOL 100CX electron microscope

with an accelerating voltage of 100 keV.

pH-Dependent disaggregation

A 300 mL solution containing Au-TAsp (2 mM) and apoCyt c

(20–40 mM) was prepared in Tris-HCl buffer (10 mM, pH 7.4).

Fig. 9 Trypsin digestion of the micron-scale nanocomposite (10 : 1

apoCyt c : Au-TAsp ratio, pH 7.4) monitored by DLS. Time in hours

indicated over each DLS scan.

This journal is ª The Royal Society of Chemistry 2008 Soft Matter, 2008, 4, 751–756 | 755
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The hydrodynamic diameters of the adducts were measured on

a MALVERN Zetasizer Nano ZS instrument. The pH of the

solution was increased to 10.8 by addition of 0.1 M NaOH,

and the hydrodynamic diameter was measured after incubation

for five minutes. Subsequently, the solution pH was lowered to

7.4 by addition of 0.1 M HCl, and the hydrodynamic diameter

was measured after five minutes. This pH cycle was repeated

four times.

Trypsin digestion

Bovine pancreas trypsin (type III) was purchased from Sigma-

Aldrich Chemical Co. and used without further purification. A

400 mM stock solution was prepared by dissolving the lyophi-

lized trypsin in Tris-HCl buffer (10 mM, pH 7.4). ApoCyt c

and Au-TAsp were mixed at a 10 : 1 ApoCyt c : Au-TAsp ratio,

and the hydrodynamic diameter was measured by DLS. Trypsin

digestion was initiated by adding trypsin (25 mM) to the apoCyt

c–Au-TAsp mixture, with the hydrodynamic diameter of the

aggregate measured for six hours.
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