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A multi component assembly consisting of the redox protein 

cytochrome c (cyt c) immobilised onto vertically aligned gold 

tipped semiconductor nanorods is described.  Cyt c was 10 

successfully immobilised using a thiol linker. A faradaic response 

demonstrated that the protein is electroactive in this ultra high 

density array.  

Bottom up assembly of nanoscale structures has the potential 

to allow discrete properties of each unit such as size tunable 15 

band gap (semiconductor), plasmon resonance (metal) or 

biological species (molecular) to be collectively integrated in 

high density for scalable applications. Recently, 

semiconductor nanorods have been shown to assemble into 

vertically aligned supercrystals from solution over device 20 

useable centimeter scale areas.1 Gold tips can be selectively 

attached to the end facets of each rod by a facile spin cast 

process showing that more complex heterojunctions can be 

formed in high density using the perpendicular nanorod array 

as the host architecture.2 This sequential attachment route is 25 

more attractive than preforming of the heterostructure and its 

subsequent assembly which requires intermediate steps of 

ligand exchange.3 

 Here we demonstrate the formation of high density arrays 

of three component semiconductor-metal-molecular 30 

conjugates by selective immobilisation of cyt c via a thiol 

linker (Au0-S) to the gold metal tip. Much work has been 

described in the immobilization of proteins to various surfaces 

with modified gold surfaces being particularly common as 

such surfaces can promote direct electron transfer.4 Cyt c is a 35 

single heam electron transport protein that is readily available, 

stable and widely used as a model for larger, more complex 

systems.5 Cyt c undergoes a characteristic electrochemical 

response when immobilized on a substrate, ensuing that 

attachment to the array can be easily verified.6 40 

Fig. 1a and Fig. 1 b show high resolution scanning electron 

microscopy (HRSEM) and high resulution transmission 

electron microscopy (HRTEM) images of the inorganic 

component in the assembly. The SEM side view image (Fig. 

1a) shows the vertically aligned nanorods which were 45 

electophoretically deposited onto large 2 cm × 1 cm ITO 

coated glass substrates, (see ESI†, Fig. S1 and S2). Nanorods 

of 100 nm in length were obtained by controlled oriented 

attachement of as synthesised nanorods 35 nm in length.7 The 

nanorods are bound to the substrate at the end facets and are 50 

separated from each other (~ 2 nm) by interdigitated long- 

chain octadecyl phosphonic acid ligands. The resulting       

Fig. 1. Side view HRSEM image of (a) perpendicularly aligned 

nanorods (b) HRTEM top down image of gold tipped nanorods (c) 

schematic showing the bottom up assembly process consisting of gold 55 

tipped nanorods on an ITO substrate 

perpendicularly aligned nanorods were spun cast with a 

solution of gold chloride to grow a single gold tip on each rod 

in the array (Fig. 1b and ESI†, Fig. S3). The procedure was 

optimized to form individual gold tips of 3 nm in size, on  60 
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Fig. 2. Cyclic voltammogram (C.V) of cyt c immobilisation via 

HS(CH2)10COOH/HS(CH2)7)OH onto gold tipped nanorods in 10 mM 

phosphate buffer, pH 7.4 at 20 mVs -1 (―), 40 mVs-1 (―),50 mVs-

1(―) and 100 mV s-1(―). 5 

the terminating facet.8 (Fig. 1b and ESI†, Fig. S4) A 2D 

schematic of the proposed nanorod-gold-thiol-cyt c conjugate 

is shown in figure 1c. Cyt c is ca. 3 nm in size, closely 

matching that of the gold nanoparticle tips (Fig. 1b). The 

similar sizes of the tip and protein in addition to close packing 10 

of the gold tipped nanrods means steric factors should favor 

the adsorption of a single protein on each tip.  

 As the processes of gold tip formation introduces additional 

insulating surfactants to the as deposited nanorods, the excess 

surfactant was removed using a 1:1 H2:O2 plasma prior to 15 

protein immobilisation. The resultant CdS-Au array showed a 

well-defined faradaic response in the presence of ferricyanide 

(Eº' = 432 mV vs. SHE and ∆Ep = 111 mV at  = 20 mVs-1). 

This response is quasi-reversible and demonatrates that 

electron transport is occurring axially through the 20 

heterostructure as no nanorod to nanorod charge transfer is 

possible due to the long chain phosphonic spacers which are 

electrically insulating.1 Plots of ipa and ipc vs. (scan rate)1/2 

()1/2 were linear and indicative of a diffusion controlled 

electrochemical process. The electrochemical response of cyt 25 

c was examined using a mixed layer of 

HS(CH2)10COOH/HS(CH2)7)OH on gold tipped nanorod 

arrays. Mixed carboxylate/hydroxyl layers have been shown 

to provide faster and more reversible kinetics than their acid 

only equivalents.9 A well defined faradaic response was  30 

observed indicating that cyt c is electroactive on the 

perpendicularly aligned array after immobilization (Fig. 2). 

The values of Eº' (257 mV vs. SHE) and ∆Ep (39 mV) (υ = 20 

mVs-1) were in good agreement with literature values 

indicating that the protein was electroactive.10 Plots of ipa and 35 

ipc vs. scan rate were linear indicating that cyt c was 

immobilized on the Au tips on the semiconductor nanorod 

array (see ESI†, Fig. S5). The surface coverage (*) of cyt c 

was approximately one monolayer suggesting that the most 

likely structure is attachment of a single protein molecule to 40 

each nanorod hybrid column given the similar sizes of the 

gold tip and the protein as expected. Perpendicular alignment 

of the nanorods is a critical factor in achieving a faradaic 

response for cyt c, with no faradaic        Fig3. XPS spectra of S 2p 

for as synthesized CdS nanorods (a), gold tipped CdS nanorods (b), gold 45 

tipped CdS nanorods containing thiol linkages (c) and gold tipped CdS 

nanorods with thiol linkage and cyt c (d) 

response observed for nanorods lying parallel to the substrate 

(see ESI†, Fig. S6). The apparent electron transfer rate 

constant, ket, was determined using Laviron’s model and had a 50 

value of ket = 0.7 s-1 at 25 ºC in aqueous buffer which is in 

agreement with literature values.11 The modified electrodes 

were stored in phosphate buffer, pH 7.4 at 4-6 ºC and 

remained fully functional for several weeks. 

 XPS (x-ray photoelectron spectroscopy) was performed at 55 

each stage in the bottom up assembly process to confirm the 

sequential addition of each component. The sulphur (S) 2p 

photoelectron transitions, which appear as doublets with an 

intensity ratio of 1:2 for 2p1/2:2p3/2, were examined at each 

stage of the process due to the increasing amounts of S. Fig. 60 

3a shows the S 2p3/2 peak appearing at a binding energy of 

160.3 eV corresponding to sulfide in the CdS semiconductor 

nanorod.12 This peak remains unchanged when gold tips were 

grown on the nanorod (Fig. 3b). The chemisorption of thiols 

to the gold tipped nanorods shows the presence of an 65 

additional doublet peak at 162.4 eV, Fig. 3c, which can be  
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Fig 4. FTIR spectra of  CdS nanorods + Au tips + cyt c  

assigned to the  thiolate sulfur bound to Au.13 On 

immobilization of the protein on the thiol bound gold tipped 

semiconductor nanorods, Fig 3d, a third state for sulfur was 

observed at a higher binding  energy of 164.0 eV which can 5 

be assigned to sulfur linkages present in the protein.14 The 

ratio of Au/thiolate remains constant in Fig 3c and d 

supporting the sequential construction of the proposed 

structure. The appearance of N 1s and a significant 

contribution to C 1s peaks in the latter nanostructure also 10 

signifies the presence of protein where the N 1s is attributed 

to amino and peptide links of the adsorbed protein and C 1s to 

the presence of C─O, carboxyl and peptide carbons within the 

ensemble (see ESI†, Fig. S7-S8).12    

 The immobilisation of cyt c on the perpendicularly aligned 15 

gold terminated nanorod arrays was further confirmed by 

Fourier transform infrared (FT-IR) spectroscopy (Fig. 4). Fig. 

4 shows the combined IR spectra for CdS, Au, thiol and cyt c. 

The characteristic amide I peak at 1650 cm−1  and amide II at 

1535 cm−1 bands confirms the presence of cyt c.15 The 20 

vibration band of the −NH2 group at 838 cm−1 is indicative of 

a combination of cyt c and dodecylamine, the ligand utilised 

for the controlled gold tip growth. The band at 722 cm−1 

further confirms the presence of the long chain (CH2)n (n≥7) 

of dodecylamine and the additional bands occurring  at ~ 25 

1470 cm−1 can be assigned to the methylene scissoring. The 

presence of the thiol linkers was confirmed by the weak S-H 

stretching absorption peak at 2565 cm−1, see ESI† Fig. S9. 

The S-H stretching signal is generally weak for thin film 

samples. The vibration frequency between 1000-1200 cm−1 30 

can be attributed to phosphine oxide (P=O) and the band at 

~900 cm−1 due to hydroxide (P-OH) to the surface ligands on 

CdS, (ODPA/TOPO), see ESI† Fig. S10 for a full CdS 

nanorod spectra.  

 In conclusion we show the sequential bottom up formation 35 

of vertically aligned arrays of semiconductor nanorod-metal-

molecule conjugates on a substrate. In this study cyt c is used 

as a model biomolecule highlighting that a reaction (redox) 

occurring at the protein can be detected at the substrate 

through the nanostructured array. While the demonstrated 40 

response shown here is collective, the hierarchical structure 

allows the possibility of local connection to an individual or 

small group of columnar nanoconjugates for discrete feedback 

from a single molecule. This opens up opportunities for 

multicomponent biosensing with resolution at the nanoscale or 45 

molecular computing where on/off behaviour in the molecule 

(light or chemically activated) is the switching component for 

nanoelectronics.16  
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