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Abstract 

Protein orientation in nanoparticle-protein conjugates plays a crucial role in binding to cell 

receptors and ultimately, defines their targeting efficiency. Therefore, understanding 

fundamental aspects of the role of protein orientation upon adsorption on the surface of 

nanoparticles (NPs) is vital for the development of clinically important protein-based 

nanomedicine. In this work, new insights on the effect of the different orientation of cytochrome 

c (cyt c) bound to gold nanoparticles (GNPs) using various ligands on its apoptotic activity is 

reported. Time-of-Flight Secondary-Ion Mass Spectrometry (ToF-SIMS), electrochemical and 

circular dichroism (CD) analyses are used to investigate the characteristics of cyt c orientation 

and structure on functionalized GNPs. These studies indicate that the orientation and position 

of the heme ring inside the cyt c structure can be altered by changing the surface chemistry on 

the NPs. A difference in the apoptosis inducing capability because of different orientation of 

cyt c bound to the GNPs is observed. These findings indicate that the biological activity of a 

protein can be modulated on the surface of NPs by varying its adsorption orientation. This study 

will impact on the rational design of new nanoscale biosensors, bioelectronics, and 

nanoparticle-protein based drugs.  

Keywords: gold nanoparticles, cytochrome c, orientation, apoptosis, peroxidase activity 

1. Introduction 

Our ability to tailor surfaces at the nanoscale for biomedical and biotechnological applications 

is expanding at an ever-greater pace.[1-3] A key component of this field is the development of 

protein functionalized NPs.[4] The advancement of NP-protein conjugates for sensing, imaging, 

drug delivery and targeting is of interest for many diverse applications.[5-11] In particular, the 

NP-protein conjugates are regarded as new innovative therapeutic agents.[12-14]  Upon 

conjugation to NPs, therapeutic proteins can be delivered specifically at a desired targeted 

site.[15, 16] One such protein is cyt c, that has attracted special attention because of its dual 
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role as an electron carrier in mitochondrial electron transfer chain (ETC) and as an initiator of 

apoptosis.[17, 18]  Both these properties of cyt c arise from the presence of a redox-active heme 

moiety embedded in its structure.[19] Under apoptotic stimuli, cyt c translocate to the cytosol 

by gaining peroxidase activity thus causing the oxidation of Fe2+ (inactive form) of the heme 

moiety to Fe3+ (active form).[20] Upon reaching the cytosol this activated form of cyt c triggers 

the apoptosis cascade.[17] Therefore, in tumor cells where apoptosis rarely occurs (a hallmark 

of cancer), introduction of cyt c could initiate the destruction of malignant cells.[21]  However, 

intracellular delivery of cyt c is challenging because of its size (∼3.1 nm) and non-lipophilic 

nature.[22, 23]  In order to address this delivery issue, mesoporous silica, lipid and hybrid NPs 

have been explored as delivery vehicles to enhance intracellular transport of cyt c.[24-26] There 

is however a lack of understanding on how to control and manipulate the protein structure and 

its orientation-dependent properties to tailor the biological effects of NP-protein conjugates. 

Therefore, conceptualizing the fundamental aspects of cyt c adsorption on NPs is important for 

predicting the impact of NP- cyt c conjugates on biological process, such as apoptosis.  

The physicochemical properties of NPs have been shown to distort protein tertiary 

structure, which can perturb protein function.[27-30] To this end, studies have been conducted 

to identify the labelling/ binding site of the cyt c on NPs.[31, 32] Other factors such as NP size 

and charge have been identified to influence the structure of cyt c and thus its electron transfer 

and peroxidase activity.[33, 34] Protein orientation has also been shown to play a crucial role 

in its targeting ability.[35-41] However, in the case of cyt c, most of the investigations on 

determining its orientation have been limited to macro-sized flat surfaces rather than curved NP 

surfaces bearing different charge, which hinders its application at a cellular level.[42-49] 

Recently,  Tollefson et al. inferred the orientation of cyt c on anionic ligand (mercaptopropionic 

acid) functionalized GNPs by using both molecular dynamics simulation and experimental 

approach.[50] Importantly, none of the above-mentioned studies determined the orientation-

dependent biological activity of cyt c. Therefore, we envisaged that for redox-active and 
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therapeutically important proteins such as cyt c, the orientation of heme moiety with respect to 

NP surface could play an important role in determining its activity.  

To the best of our knowledge, no studies have appraised the ability of cyt c to instigate 

apoptosis when modulating its conformation and orientation on the surface of NPs. Therefore, 

the aim of this work was to tailor the surface chemistry of the GNPs to modulate the orientation 

and conformation of cyt c. Subsequently, we wanted to establish the effect of these structural 

and orientation changes on the bioactivity of cyt c. In order to do this, we have used GNP-cyt 

c nanoconjugates to analyze and relate the orientation of cyt c to its apoptotic activity. We have 

shown that electrostatic interactions between GNPs with different surface charge can induce 

different orientation of bound cyt c (Figure 1a). We have further detailed the changes in the cyt 

c secondary and tertiary structures caused by the charged ligands on GNPs (Figure 1b). 

Changes in the redox kinetics of cyt c arising from different orientations of the protein on GNPs 

were examined by electrochemical measurements (Figure 1c). Finally, we have assessed the 

effect of different orientation and change in cyt c structure on its apoptotic and peroxidase 

activity (Figure 1d). Based on the obtained results, we propose a general guideline that both 

protein structure and orientation on the surface of NPs should be considered, assessed and 

accounted when modulating biological activity.  

2. Experimental Section 

2.1. Materials: All the reagents were of analytical grade and were used as supplied 

without further purification unless specified. Citrate-capped spherical gold nanoparticles of size 

125 nm were purchased from NanopartzTM, USA. Phosphate buffer saline (PBS, 10 mM), 

Horse heart cytochrome c, Thiol-PEG-Amine (MW = 2,000 Da), Trypsin, Bradford reagent and 

Guaiacol were purchased from Sigma-Aldrich, UK. Thiol-PEG-Acid and Thiol-PEG-Hydroxyl 

(MW = 2,000 Da) were purchased from Nanocs, USA. Caspase-3 assay kit (Colorimetric) was 

purchased from Abcam, Cambridge, UK.  CellEventTM Caspase-3/7 Green detection reagent 

was bought from Invitrogen, ThermoFisher Scientific, UK.   
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2.2. Surface functionalization of gold nanoparticles: Cytochrome c (cyt c) was 

electrostatically adsorbed on gold nanoparticles (GNPs) using a two-step procedure. In the 

first step, GNPs were functionalized with a hetero-bifunctional PEG to obtain water soluble 

GNPs. Briefly, 10 mL of SH-PEG-COOH or SH-PEG-NH2 or SH-PEG-OH (500 µM) solution in 

water was added to 10 mL citrate-capped GNPs (50 µg/mL). The solution was stirred overnight 

at room temperature. Later, the GNPs were centrifuged at 2500 rpm for 20 min and washed 4 

times to obtain PEGylated GNPs named as GNP.COOH, GNP.NH2 and GNP.OH. In the 

second step, 5 mL of cyt c was added to 5 mL PEGylated GNPs (GNP.COOH, GNP.NH2 and 

GNP.OH) and the solution was stirred at room temperature for 24 h. Various concentrations of 

cyt c (100, 150, and 200 µM)  were used to optimize its binding on PEGylated GNPs. Finally, 

the GNPs were centrifuged at 2500 rpm for 20 min and washed 4 times with water to obtain 

GNP.COOH.cyt c, GNP.NH2.cyt c, and GNP.OH.cyt c.  

2.3. Characterization 

2.3.1. Transmission Electron Microscopy (TEM): Size and morphology of the GNPs 

was analyzed using a transmission electron microscope (JEOL 2000 FX TEM) operating at 

200 kV accelerating voltage. TEM samples were prepared by dropping 15µL of GNPs on a 

carbon-coated copper grid (400 Mesh, Agar Scientific), the samples were allowed to sit on the 

grid for at least 3 h before imaging. Histogram of particle size distribution was obtained by 

analyzing 100 different nanoparticles of each sample.  

2.3.2. Dynamic Light Scattering and Zeta Potential: The hydrodynamic diameter 

and Zeta potential of the GNPs were recorded using a Malvern Zetasizer Nano-ZS ((Malvern 

Instruments, UK).  

2.3.3. UV-Vis Absorption and Circular Dichroism Spectroscopy: UV–Vis 

absorption spectra were recorded on a CARY 50 Bio Spectrophotometer (Varian). Far and 

near UV CD spectra were recorded at 20 ºC on a Chirascan CD spectrophotometer (Applied 

Photophysics) equipped with a temperature control unit TC125 (Quantum Northwest). All the 

samples and cyt c were dispersed in 10 mM PBS at pH 7.4.  Three spectra were taken for 
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each sample and averaged. A quartz cuvette with an optical pathlength of 1 cm was used for 

all the UV-Vis and CD measurements.  

2.3.4. X-ray Photoelectron Spectroscopy: Samples were analyzed using the Kratos 

AXIS ULTRA with a monochromatic Al kα X-ray source (1486.6eV) operated at 10 mA 

emission current and 12 kV anode potential (120 W) Spectra were acquired with the Kratos 

VISION II software. A charge neutralizer filament was used to prevent surface charging. Hybrid 

–slot mode was used measuring a sample area of approximately 300 × 700 μm. Three repeats 

of each sample with three different areas were performed. A wide scan at low resolution 

(Binding energy range 1400 eV to - 5 eV, with pass energy 80 eV, step 0.5 eV, sweep time 20 

minutes) was used to estimate the total atomic % of the detected elements. High-resolution 

spectra at pass energy 20 eV, a step of 0.1 eV, and sweep times of 10 minutes each were also 

acquired for photoelectron peaks from the detected elements and these were used to model 

the chemical composition. The spectra were charge corrected to the C 1s peak (adventitious 

carbon or a known polymer CH2 or CH3 peak) set to 285 eV. The amount of cyt c on the surface 

of GNPs was determined by analyzing the atomic percentage of nitrogen (N 1s signal). For 

GNP.NH2.cyt c samples, where Nitrogen (N) can also be detected to its presence in the 

GNP.NH2, normalization with respect to both N and Au (atomic percentage) before and after 

cyt c binding was performed and Equation 1 was used to calculate the Nnorm[51]. 

                                          N!"#$ =	N% −	N&	&Au% −	Au&)																																																							(1) 

In Equation 1, Nb and Aub are the calculated atomic percentage of N and Au, 

respectively, from the GNP.NH2 samples i.e. before cyt c binding. Np and Aup are the 

measured atomic percentage of N and Au, respectively, from the GNP.NH2.cyt c samples. 

2.3.5. Time of flight-Secondary Ion Mass Spectrometry (ToF-SIMS): For ToF-SIMS 

analysis, samples were drop casted onto IPA-wiped microscopy glass slides and dried in 

vacuum. ToF-SIMS analysis of positively and negatively charged secondary ions was carried 

out using a TOF.SIMS IV system from ION-TOF GmbH (Münster, Germany). For each sample, 

spectra were acquired using a 25 keV Bi3+ primary ion beam operated in the high current 

bunched mode delivering 0.3 pA and raster scanned 30 times over a 100 x 100 µm2 area, 
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which kept the total dose under the static limit of 1012 ions/cm2. A low-energy (20 eV) electron 

flood gun was employed to neutralize charge build-up. The ToF analyzer was set with 200 μs 

cycle time, resulting in a mass range between 0 and 3492 mass units. To account for variability, 

6 spectra were acquired at different regions of each sample and near the center of the formed 

films. Control spectra of pure gold nanoparticles and clean glass substrate were also measured.  

2.3.6. Electrochemical Studies: The analyses were conducted using a Metrohm 

Autolab M204 potentiostat and a three-electrode system within a Faraday cage (Princeton 

Applied Research). This consisted of a platinum wire counter electrode, an Ag/AgCl reference 

electrode (both from ALS Co. Ltd.) and an indium tin oxide (ITO, Delta Technologies Ltd.) 

working electrode. To construct the working electrode ITO coated glass was cut to 

approximately 10 mm × 20 mm; this was washed briefly with acetone and water, dried with 

argon gas and assembled into an electrochemical cell with an exposed working area of 38.48 

mm2. A new ITO working electrode was used for every sample tested. GNPs were dispersed 

in PBS to a final working concentration of 25 µg/mL (determined by UV-Vis). Cyclic 

voltammetry (CV) was conducted between 0.4 V and - 0.2 V at varying scan rates between 50 

mV.s-1 and 2 V.s-1. Repetitive consecutive CVs were conducted at a fixed scan rate of 100 

mV.s-1. Control CVs were conducted with unmodified gold nanoparticles using PBS as the 

supporting electrolyte. 

2.4. Proteolytic Degradation Assay: The assay was performed using the protocol 

reported earlier.[52] In a typical experiment, 1 mL of 25 µg/mL  cyt c bound GNPs were 

incubated with 4 mg of trypsin for 1, 4, 8 and 24 h at 37 ºC. The degradation of cyt c was 

determined by monitoring the absorbance at 409 nm.   

2.5. Cell Culture: Malignant Glioblastoma cell line U251 were purchased from ATCC, 

USA and cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. Cells were maintained at 37 °C in an incubator with humidified 

atmosphere, containing 5% CO2.  

2.6. Cellular uptake analysis: For cellular uptake analysis, 0.5×105 U251 cells were 

seeded on 6-well plate and incubated at 37 °C for 24 h. After 24 h, the culture medium was 
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replaced with fresh medium containing 25 μg/mL GNP functionalized with/ without cyt c and 

incubated for 1 and 4 h. After each incubation period the media was removed, and cells were 

washed three times with PBS to remove unbound/loosely bound GNPs. Cells were trypsinized 

and 50µL of cell suspension was used for trypan blue cell viability assay. The remaining cell 

suspension was centrifuged at 200 × g for 5 min. The obtained pellet was digested overnight 

with 5% aquaregia. Later the solutions were diluted with milliQ water to reach the final 

concentration of acid to 2% and taken for ICP-MS analysis (iCAPQ Thermo Fischer). The 

number of GNPs inside each cell was determined using the method reported earlier.[53] 

2.7. Colorimetric Caspase-3 assay: For caspase-3 detection, two different 

approaches were studied. In the first approach the cells were first lysed to extract the cytosol, 

followed by GNP treatment to induce apoptosis and finally caspase-3 detection. While in the 

second approach, treatment with GNPs was given to the cells, followed by cytosol extraction 

and caspase-3 detection. In a typical experiment, 0.5×105 U251 cells were seeded on 6-well 

plate and incubated at 37°C for 24 h. Next, the culture medium was replaced with fresh medium 

containing 25 μg/mL GNPs functionalized with/ without cyt c and incubated for 1 and 4 h. 

Afterwards, cells were trypsinized and 1×106 cells were counted and resuspended in the 50 

µL of chilled lysis buffer (supplied with the caspase-3 assay kit) and incubated in ice for 10 

minutes. Later, the cells were centrifuged at 10,000 × g for 1 minute and the supernatant 

(cytosol) was transferred to a fresh tube. The protein content in the cytosolic extract was 

determined using the Bradford assay. For the second approach, the fresh cytosol (extracted 

using the protocol discussed above) was incubated with 25 μg/mL GNPs functionalized 

with/without cyt c and 2 μM free cyt c  for 1 and 4 h. Finally, Caspase-3 assay was performed 

following the manufacturer’s protocol in a 96-well plate. A total of 50 µL of 2X reaction buffer 

(containing 10 mM DTT) was added to 50 µL of each sample (in triplicate), followed by addition 

of 5 µL of the 4 mM DEVD-p-NA substrate. The reaction was incubated at 37 ºC for 90 min 

and the absorbance of the sample was read at 400 nm on a Tecan microplate reader. A sample 

without any treatment with GNPs or cyt c was taken as control. Background reading from 50 
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µL cytosol incubated with 50 µL reaction buffer was subtracted from both test and control 

samples. The experiments were repeated three times using triplicates.  

2.8. Fluorescent Caspase-3/7 assay: 0.5×105  U251 cells were seeded on a 35 mm 

glass-bottom dish (ThermoFisher SCIENTIFIC) and incubated at 37°C for 24 h. After 24 h, the 

culture medium was replaced with fresh medium containing 25 μg/mL GNPs functionalized 

with/ without cyt c and incubated for 4 h. After 4 h, media containing GNPs was removed and 

cells were washed three times with PBS. Next, the cells were incubated with 8 µM CellEventTM 

Caspase 3-7 green detection reagent in PBS containing 5% FBS for 30 min at 37 ºC. 

Afterwards, the cells were preserved with 3.7% formaldehyde for 15 min and subsequently 

washed with PBS. Later the cells were treated with DAPI for 5 min at RT under dark and 

washed again with PBS. Finally, the cells were immersed in PBS and imaged using Zeiss Elyra 

confocal microscope at 20x objective using the filter settings of Alexa Fluor 488 dye. The green 

fluorescent intensity values were normalized to the total number of cells per field and 

expressed as corrected total cell fluorescence (CTCF) obtained by Equation 2: 

Corrected total cell fluorescence = Integrated density - (area of selected cell × Mean 

fluorescence of background signal)                                                                                                                   (2)                                                                                                                                                                                                                                                           

2.9. WST-8 metabolic activity assay: Biocompatibility of GNPs and cyt c bound GNPs 

was studied using WST-8 assay. A total of 1 × 104 U251 cells were incubated on 96 well plates 

24 h prior experiment. During the next step, the culture media was replaced with medium 

containing GNPs (12.5 or 25 µg/mL) and incubated for 4 h. Next, media was replaced with 

10% WST-8 in complete DMEM and incubated for an hour before reading the absorbance at 

450 nm in a Tecan microplate reader. Culture media and 3% Triton X-100 were taken as 

negative and positive control respectively. Values are presented relative to negative controls. 

2.10. Peroxidase activity: To determine the peroxidase activity, the oxidation of 

Guaiacol (2-methoxyhenol) by H2O2 in the presence/ absence of native cyt c and GNPs 

functionalized with cyt c was recorded. GNP-cyt c conjugates (1 mL) in various concentrations 

(6.25, 12.5, and 25µg/mL) was added to 2.5 μM Guaiacol (1 mL) and finally 250 μM H2O2 was 
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added and incubated for 5 min and absorbance was taken at 470 nm. PBS (1 mL), 2.5 μM 

Guaiacol (1 mL) and 250 μM H2O2 (1 mL) was taken as control.  

2.11. Statistical analysis: All the statistical analyses were performed using GraphPad 

Prism v8.2.1 software (GraphPad Software, Inc). All the data is expressed as mean ± S.D., 

unless specified. For responses that were affected by two variables, a 2-way ANOVA with a 

Tukey post-test was used. Results are expressed as mean ± SEM and a P ≤ 0.05 was 

considered significant. 

3. Results and Discussions 

3.1. Synthesis and characterization of GNP.cyt c nanoconjugates: GNP-protein 

conjugates have become a popular choice in nanomedicine and sensing applications because 

of the physicochemical properties of GNPs, such as ease of surface modification, surface 

plasmon resonance (SPR), stability and biocompatibility.[54-58]  Therefore, we set out to 

customize the surface chemistry of GNPs where we hypothesized that this would aid in 

modulating cyt c orientation and conformation. The synthesis of GNP.cyt c conjugates was 

accomplished by first generating three different sets of GNPs coated with either cationic, 

anionic, or neutral ligands of identical molecular weight (2000 Da) under physiological 

conditions for cyt c binding. The citrate-capped GNPs were named GNP.COOH, GNP.NH2, 

and GNP.OH upon functionalization with thiol-PEG-carboxylic acid, thiol-PEG-amine, and 

thiol-PEG-hydroxyl, respectively. Later, cyt c was adsorbed on these PEGylated GNPs upon 

incubation for 24 h, which was followed by multiple washing to remove any unbound protein. 

The obtained GNP.cyt c conjugates were named GNP.COOH.cyt c, GNP.NH2.cyt c, and 

GNP.OH.cyt c (Figure 1a).   
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Figure 1. Schematic representation of the experimental approach followed to investigate the 

orientation dependent apoptotic activity of cyt c bound GNPs. (a) Surface functionalization of 

citrate-capped GNPs with anionic, cationic and neutral ligands to modulate the orientation of 

cyt c. (b) Analytical approach to identify the structure and orientation of cyt c on GNPs. 

Proposed model for the adsorption orientation and interaction site of cyt c on GNPs with three 

different ligands. The crystal structure of horse heart cyt c was obtained from PDB (1 HRC) 

and University of California, San Francisco (UCSF) Chimera (version 1.14 rc) was used to label 

amino acid residues and heme ring. In cyt c structure – red: heme/porphyrin ring; black: cysteine 

(Cys); magenta: glutamic acid (Glu); blue: leucine (Leu); green: lysine (Lys); and yellow: Iron 

(Fe). (c) Electroanalytical approach to study the redox kinetics of cyt c bound to GNPs. (d) In 

vitro cell culture studies to analyze the capability of cyt c bound GNPs to activate Caspase-3/7. 
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Cyt c consists of positively charged Lysine (Lys) residues that are distributed across 

the protein and negatively charged glutamic acid residues on the other side near to the heme 

moiety in the protein structure.[59-61]  We expected that cyt c would have a different orientation 

on GNPs functionalized with different ligands resulting from electrostatic interactions. TEM 

measurements revealed that the mean diameter of different GNP.cyt c conjugates is between 

130-133 nm (Figure 2a-c). The UV-Vis absorption spectrum of free cyt c exhibited the Soret 

band at λmax = 409 nm and another peak centered at 525 nm corresponding to the Q band. The 

presence of this single Q band has been attributed to the oxidized form of cyt c.[62]  The 

absorption spectrum of citrate-capped GNPs showed a characteristic surface plasmon 

resonance (SPR) peak at λmax = 569 nm. After cyt c binding all the samples showed peaks 

corresponding to the Soret band of cyt c at λmax = 409 nm and a slightly red-shifted SPR band 

at λmax = 572 nm (Figure 2d). By using the UV-Vis absorption spectra and extinction coefficient 

of PEGylated GNPs and cyt c, an estimation of the concentration and number of cyt c 

molecules attached to single GNP was derived using Beer Lambert law (Table S1). The 

detailed calculation (Figure S1-S3) gave an upper estimate of the number of cyt c molecules 

on a single GNP.COOH.cyt c, GNP.NH2.cyt c, and GNP.OH.cyt c nanoparticle of ∼1.57 × 105 , 

∼1.56 × 105, ∼1.55 × 105, respectively, when GNP.COOH, GNP.NH2, and GNP.OH samples 

were incubated with cyt c at a concentration of either 100, 150, or 150 µM, respectively. 

Considering, cyt c (d =3.1 nm; r = 1.5 nm) as a circle, its area = ∼ 7.07 nm2 and PEGylated 

GNP (average r = 67.5 nm) as a sphere, its area = ∼ 57255 nm2. Therefore, in a monolayer 

model a maximum of 8098 cyt c can be accommodated on each PEGylated GNP. Based on 

our calculation there are on average ∼1.56 × 105 cyt c molecules adsorbed on different GNP 

composite. This value of no. of cyt c on each GNP suggests multilayer adsorption (n = ∼19-20 

layers) of cyt c on GNPs, which could have been facilitated by the pH of the solution as well 

as electrostatic interaction between different protein layers.[63] Nevertheless, our data 

indicates that a similar number of cyt c /GNP (average = ∼1.56×105)  was achieved, thereby, 

fulfilling one of the most important pre-requisites i.e. similar protein adsorption, for evaluating 

the biological activity of different protein-nanoparticle conjugates. Dynamic light scattering 
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(DLS) analyses revealed an increase in the hydrodynamic diameter of GNPs after surface 

modification with the ligand and cyt c (Figure 2e). The zeta potential (ζ) data indicates that 

GNPs with different surface charges were obtained after functionalization with different 

heterobifunctional PEG ligands (Figure 2f). The ζ values of ligands-functionalized GNPs 

changed significantly to positive after cyt c binding, which could be a result of an overall positive 

charge of cyt c.[64] Furthermore, GNP.COOH.cyt c, GNP.NH2.cyt c, and GNP.OH.cyt c 

displayed a polydispersity index (PDI) of 0.13, 0.11, and 0.09, indicating that the samples are 

very homogeneous (Figure S4) and again indicate multilayer formation of the cyt c on GNPs.  

 

 

Figure 2. Physicochemical characterization of cyt c bound GNPs using three different ligands. 

(a, b and c) Histogram of the particle size distribution of cyt c bound GNPs using cationic 

(GNP.COOH), anionic (GNP.NH2) and neutral ligand (GNP.OH), respectively. Inset shows the 

representative TEM image. (d) UV-Vis absorption spectrum; (e) Hydrodynamic diameter 

analyzed using DLS and (f) Zeta potential of unmodified citrate-capped gold nanoparticles 
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(GNPs) and surface-modified GNPs. The error bars represent the S.E.M of the average value 

obtained after measurements from three different preparation of GNPs. 

XPS analyses was further conducted to confirm if a similar concentration of cyt c is 

bound to GNPs with different ligands using the atomic percentage (at. %) of N. All the samples 

exhibit similar amounts of nitrogen, 7.3 ± 0.5, 7.2 ± 0.3, 7.1 ± 0.3 at % for GNP.COOH.cyt c 

(100 µM), GNP.NH2.cyt c (150 µM), and GNP.OH.cyt c (150 µM) nanoparticle, respectively 

(Table 1). Therefore, we only studied the biological activity of the samples which were 

produced when GNP.COOH, GNP.NH2, and GNP.OH samples were incubated with cyt c at a 

concentration of either 100, 150, or 150 µM, respectively. The XPS quantification analyses is 

consistent with UV-Vis data, thus confirming that similar number of cyt c/GNP were obtained. 

Table S2. Summary of elemental composition (in atomic percentage) for GNPs as determined 

by XPS analysis before and after cyt c binding. Error bars represent standard deviations of 

atomic percentage obtained from three analysis spots on three different samples.  

Sample name Au (4f) C (1s) O (1s) S (2p) N (1s) 

Citrate-capped GNP 67.1 ± 0.8 48.6 ± 0.4 4.3 ± 0.6 - - 

GNP.COOH 52.2 ± 4.8 38.6 ± 2.8 5.9 ± 0.2 3.3 ± 0.2 - 

GNP.NH2 45.1 ± 3.7 44.5 ± 2.1 6.9 ± 0.3 4.1 ± 0.4 1.8 ± 0.2 

GNP.OH 53.2 ± 3.1 36.8 ± 1.7 6.6 ± 0.1 3.4 ± 0.2 - 

GNP.COOH.cyt c (100 μM) 49.3 ± 1.5 32.5 ± 0.9 6.7 ± 0.3 4.2 ± 0.3 7.3 ± 0.5 

GNP.NH2.cyt c (150 μM) 51.4 ± 2.1 31.3 ± 2.4 6.1 ± 0.4 4 ± 0.2 
8.1 ± 0.3 

   7.2 ± 0.3 (Nnorm) 

GNP.OH.cyt c (150 μM) 48.7 ± 2.6 33.1 ± 1.1 7.2 ± 0.6 3.9 ± 0.4 7.1 ± 0.3 

 

3.2. Analytical approach to determine the structure, conformation and orientation of cyt c on 

GNPs: Circular dichroism (CD) spectroscopy was utilized to investigate the structure of cyt c 

bound to GNPs. In a UV CD spectrum (200 - 260 nm), molecular ellipticity at 208 and 222 nm 

represent the α helical content and catalytical activity of the protein. [65]  In this work, all the 
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samples including native cyt c showed two double minima at 208 and 222 nm. A slight loss and 

improvement in the helicity of cyt c bound to GNP.COOH and GNP.OH, respectively (Figure 

3a) was observed. However, all the samples showed similar pattern and molecular ellipticity to 

that of native cyt c. Therefore, these results suggest that cyt c retains its native secondary 

structure on GNPs with different ligands.  

The UV CD spectra of native cyt c in the range 260 - 360 nm showed (Figure 3b) two 

minima at 282 and 288 nm attributed to the tertiary structure of Tryptophan (Trp) residues.[66] 

In GNP.COOH.cyt c, the blue shift in one of the minima to 278 nm indicates that the tertiary 

structure is perturbed compared with the native cyt c. On the other hand, GNP.NH2.cyt c and 

GNP.OH.cyt c samples showed almost identical Trp minima as native cyt c, indicating that the 

tertiary structure of cyt c remains unchanged. 

Further insight on the tertiary structure of the amino acid residues near to the heme ring 

was obtained by monitoring the Soret region (360 – 450 nm) of the CD spectra. The Soret CD 

spectra of native cyt c, GNP.NH2.cyt c and GNP.OH.cyt c (Figure 3c) showed almost identical 

spectra with two positive maxima (406 and 397 nm) and one negative minimum (419 nm) 

indicating no structural perturbation around the heme moiety. However, for the GNP.COOH.cyt 

c samples, the negative minimum red-shifted to 423 nm and an increase in molecular ellipticity 

of the positive peaks were observed, indicating slight perturbation in cyt c structure in the 

vicinity of heme ring. Overall, the CD analysis revealed that cyt c retains its secondary structure 

in all the samples irrespective of the charge of the ligands. However, the tertiary structure of 

cyt c is distorted in the GNPs functionalized with an anionic ligand, which could be a result of 

a strong electrostatic interaction between the carboxylate groups and positively charged amino 

acid residues adjacent to the heme ring.  
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Figure 3. Structure and orientation of cyt c bound to GNPs. (a) Far-UV CD; (b) near-UV CD; 

and (c) Soret CD spectrum of free native cyt c and cyt c bound to GNPs in 10 mM PBS (pH = 

7.4). All samples with identical concentration (25 µg/mL) were used for spectrum acquisition. 

Three spectra of each sample were collected and averaged. (d) ToF-SIMS peak intensity ratio, 

represented as the sum of intensities from cysteine/glumatic acid + leucine for cyt c bound GNP 

samples. (e) ToF-SIMS peak intensities for cyt c heme ring fragment. Error bars represent the 

standard deviation across six different analysis spots. (f) Comparative cyclic voltammograms 

(CVs) of GNPs with different orientations of cyt c. A scan rate of 100 mV.s-1. Redox potentials 

measured using an Indium tin oxide (ITO) working electrode with different samples dispersed 

in PBS. Similar colors have been used in (a)-(c) and (d)-(e) to represent the samples.   

ToF-SIMS was used to probe the orientation of cyt c when bound to GNPs using 

different ligands. The approach followed takes advantage of the extremely high surface 

sensitivity of ToF-SIMS to correlate changes in protein orientation to changes in the secondary 

ion intensity related to cysteine residues (Icys: C2H6NS+ - 76.015 u) that exist next to the heme 
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moiety, and  glutamic acid (IGlu: C6H6NO+ - 84.053 u and C4H8NO2+ - 102.046 u) and leucine 

(ILeu: C5H12N+ - 86.09 u) rich region at the opposite end of the heme region. The average 

diameter of cyt c is ∼ 3.1 nm and ToF-SIMS probes only the first few nanometers (3-4 nm) in 

depth of a sample, thus can only predict the orientation of cyt c that appear at the 

outermost/exposed layer in a multilayer adsorption model. Therefore, the ratio R = ICys / (ILeu + 

IGlu) for cyt c bound GNP samples with three different ligands can be used as a probe to 

determine cyt c orientation as previously established by Baio et al.[67] The analysis revealed 

nearly 50% difference in R values between GNP.COOH.cyt c and GNP.OH.cyt c or 

GNP.NH2.cyt c (Figure 3d), where a similar ratio has been reported earlier in an approach 

previously established for flat gold surfaces.[67] The obtained data provides significant 

evidences that suggest the different orientation of cyt c on GNPs with the different ligands. 

Therefore, we hypothesized that in GNP.COOH.cyt c samples the Cys residues must be located 

near to the ligand-protein interface, thus explaining the lower value of R and vice-versa for Glu 

or Leu residues (protein-medium interface). On the other hand, the higher R values for the 

GNP.OH.cyt c and GNP.NH2.cyt c samples indicate that the Glu and Leu residues are near to 

the ligand surface. To support this hypothesis, we analyzed the secondary ion intensity from 

the heme moiety consisting an iron-porphyrin fragments (C34H33N4O4Fe+ - 617.186 u, 618.12 

u and 619.12 u) (Figure 3e and Figure S5). The obtained results agree with the observed 

differences in R values, indicating that the position of heme group changes because of different 

cyt c orientation induced by different ligands and accepts the hypothesis. Additionally, the ToF-

SIMS data suggest the possibility of oriented growth of cyt c multilayer on GNPs, which has 

precedent.[68] Nevertheless, ToF-SIMS data reported in this work suggest the average 

orientation cyt c (only the top layer of multilayer adsorption) on GNPs i.e. the most preferred 

orientation or the orientation that is adopted by cyt c on a greater number of GNPs. [50]  

By carefully analyzing the crystal structure of cyt c (Horse heart; PDB entry 1 HRC), 

CD and ToF-SIMS data, we propose the adsorption orientation of cyt c bound to GNPs using 



  

18 
 

different ligands (Figure 1b). In GNP.COOH.cyt c sample, cyt c adopts an orientation wherein 

the heme ring is buried near to the protein-ligand interface with positively charged Lys79 

residues interacting with carboxylate groups of the ligand through electrostatic interaction. 

Such an orientation results in Cys residues near to the carboxylic group of the ligand thus 

causing the disruption of thioester linkage and thus justify the observed perturbation in the 

tertiary structure of cyt c (observed in CD spectrum) on GNP.COOH.cyt c samples. Similar 

orientation of cyt c was reported by Lin et al. on 11-mercaptoundecanoic acid-modified gold 

electrodes.[43] In GNP.NH2.cyt c and GNP.OH.cyt c samples, cyt c adopts an orientation 

opposite to GNP.COOH.cyt c samples, with the heme cleft exposed to the top of the surface 

and near to the protein-medium interface. This orientation results in negatively charged Glu61, 

Glu62, and Glu92 residues near to the amine groups and Glu92 residues near to the hydroxyl 

group of the ligands suggesting that the nature of interaction could be ionic or hydrogen bonding.  

We also established the effect of tuning the molecular conformation and orientation of 

cyt c on its redox properties. We performed cyclic voltammetry (CV) analyses of the different 

GNP.cyt c conjugates at 100 mV.s-1. We also conducted a scan rate study over the range of 50 

mV.s-1 to 2 V.s-1 (Figure S6 a-c). A redox couple was observed for the cyt c bound GNP 

samples that was not present in the unmodified GNP control (Figure 3f). The presence of these 

redox peaks at ∼	0.09 V (oxidation peak) and ∼	0.039 V (reduction peak) has been attributed 

to the redox nature of Fe center embedded in the heme ring of cyt c.[69] Notably, the observed 

redox couple is only because of cyt c bound to GNPs, as the peaks originating from protonation 

and deprotonation of the surface reactive groups (carboxylic, amine, hydroxyl and thiols) does 

not coincide with the redox peaks reported in this work.[70] Peak separation recorded at the 

100 mV.s-1 scan rate was 69 mV, 76 mV and 65 mV for the GNP.COOH.cyt c, GNP.NH2.cyt 

c and GNP.OH.cyt c samples, respectively. On analyzing the scan rate study, a proportional 

relationship was seen when plotting peak current vs scan rate (Figure S6 d-f). These important 

observations are indicative of a surface-bound electrochemical process and supports our 
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assertion of the proposed surface modification and suggests that the surface chemistry is stable. 

This is further supported by the fact that there is no significant difference in peak reducing 

current measured after 100 consecutive scan rates (Figure S6 g-i); if cyt c was dissociating due 

from ligands, the peak current associated with cyt c would become smaller. It is worth 

mentioning that consecutive scan rate studies have been used to prove the affinity and stability 

of cyt c and other molecules adsorbed on the surface of nanoparticles or surfaces.[71-73] 

Therefore, our analyses show that the functionalized nanoparticles are stable and cyt c is bound 

tightly enough to the surface bound ligands. To study the redox state of heme Fe center in cyt 

c we calculated the formal electrode potential, where we observed values of 126 mV, 112 mV 

and 116 mV for GNP.COOH.cyt c, GNP.NH2.cyt c and GNP.OH.cyt c, respectively;  this 

observed difference in the values of formal electrode potential indicates that the ratio of Fe 

oxidation states in the heme ring differs in cyt c bound GNPs samples. This is important as the 

redox ratio of Fe within the cyt c has been linked to its peroxidase activity which can possibly 

affect its apoptotic induction capability.[74] 

3.3. Orientation dependent apoptotic and peroxidase activity of GNP.cyt c 

nanoconjugates: Encouraged by our findings that cyt c adopts different orientations on GNPs 

and also due the fact that only the outermost layer of the protein over the nanoparticles defines 

the cell–nanoparticle interactions and biological activity of the nanoparticle-protein 

composite,[75] we wanted to establish an understanding of conformation and orientation 

effects on apoptotic activity of GNP.cyt c conjugates. However, considering the possibility of 

cyt c degradation by proteases under in vitro conditions, we first conducted a trypsin-based 

degradation assay,[76] to examine the degradation of cyt c bound to GNPs. We observed 

similar degradation kinetics for all the samples upon incubation with 4 mg/mL of trypsin (Figure 

4a). Approximately 10% degradation of cyt c was observed at 1 and 4 h, however, as expected, 

after 8 h, there was a significant increase in the degradation of  cyt c bound to GNPs. 

Nevertheless, for the cell-based experiments, we chose 1 and 4 h as the optimum time period 

to study the biological response of these GNPs because all the samples showed almost 
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identical degradation of cyt c. As our data indicated that the surface chemistry of nanoparticles 

is similar between the GNPs until 4h and the ligand differences is not impacting on the 

biological stability of the cyt c. 

Next, we assessed the capability of cyt c bound GNPs to induce apoptosis using a 

colorimetric assay that detects the activity of Caspase-3, which is upregulated during apoptosis. 

However, it has been reported earlier that cyt c is a membrane-impermeable protein [77] and 

it is thus critical to analyze the ability of cyt c bound GNPs to activate Caspase-3 in a cell-free 

system. Therefore, we first analyzed the Caspase-3 activation in freshly extracted cytosol from 

U251 malignant brain tumor cells upon incubation with native cyt c and GNP.cyt c conjugates 

for 1 and 4 h. As shown in Figure 4b, we observe a significantly higher (p-value < 0.0001) 

Caspase-3 activation in cytosol incubated with native cyt c, GNP.NH2.cyt c or GNP.OH.cyt c 

compared to GNP.COOH.cyt c. The observed difference in Caspase-3 activation between the 

different GNP.cyt c conjugates could result only from the difference in their capability to interact 

with Apoptotic protease activating factor 1 (APAF-1), induced by the different orientation of cyt 

c on GNPs.  

Before testing this hypothesis in vitro, that the orientation of cyt c governs its apoptotic 

activity, we studied the cellular association of cyt c bound GNPs with U251 cells using 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). ICP-MS analysis revealed that 

there was no significant difference in the association of cyt c bound to GNPs using different 

ligands with U251 cells at 1 and 4 h (Figure 4c). Interestingly, we found that cyt c bound GNPs 

showed significantly less association compared to GNPs functionalized with ligands. This 

observed difference in the cellular association could be caused by the membrane-

impermeability of cyt c. Nevertheless, the obtained data suggest similar level of association 

between the cells and different GNP.cyt c conjugates. The results obtained in a cell-free 

system were validated by performing Caspase and metabolic assays in vitro. The Caspase-3 

activation in U251 cells upon incubation with GNPs show that GNP.NH2.cyt c and GNP.OH.cyt 

c have the highest Caspase-3 activation at 1 and 4 h (p-value < 0.05 vs GNP.COOH.cyt c), 
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while native cyt c and ligands functionalized GNPs showed negligible Caspase-3 activation 

(Figure 4d).  

 

Figure 4. Orientation dependent apoptotic activity of cyt c bound GNPs. (a) Degradation 

kinetics of free and GNPs bound cyt c upon incubation with trypsin at 37º. (b) Cell-free 

colorimetric Caspase-3 activity assay to determine the capability of different GNP.cyt c 

conjugates to induce apoptosis. (c) ICP-MS analysis to determine the association of GNPs with 

U251 glioblastoma cells, the data is expressed as the number of GNPs per cell. (d) In vitro 

Caspase-3 assay in U251 cells incubated with cyt c bound GNPs for 1 and 4 h. All the 

experiments were performed in triplicates and repeated for atleast 2-3 times. Results are 

expressed as mean ± S.D. *P < 0.05; ****P < 0.0001 vs GNP.COOH.cyt c, obtained using 2-

way ANOVA with a Tukey post-test. 
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We further confirmed these results by conducting a fluorescence-based Caspase-3/7 

assay. Figure 5 a-c show the confocal microscopy images of U251 cells treated with cyt c 

bound GNP samples. The presence of green color arises from the activation of Caspase-3/7 

was ∼50% higher in cells treated with GNP.NH2.cyt c or GNP.OH.cyt c compared to 

GNP.COOH.cyt c (Figure 5d). On the other hand, no significant difference in Caspase-3 

activation was found between GNP.NH2.cyt c and GNP.OH.cyt c samples. Moreover, the 

GNPs functionalized only with ligands (no cyt c) and free native cyt c do not elicit any Caspase 

activation (Figure S7 a-e). These in vitro results are consistent with our studies in a cell-free 

system, thereby supporting our hypothesis. Therefore, based on the obtained results, we 

believe that the difference in Caspase-3 activation by GNPs is because of the orientation of 

cyt c induced by the surface charge of the ligands. Furthermore, it is worth mentioning that the 

observed effect is not due to different levels of association between GNP.cyt c conjugates and 

the cells, otherwise we would have observed a significant difference in the cellular association 

of different GNP.cyt c conjugates and conversely in the apoptosis inducing capability of 

GNP.cyt c conjugates in a cell-free system.  The cationic and neutral ligands permit cyt c to 

adopt an orientation in which the heme cleft is exposed and accessible for establishing 

interaction with the WD-40 domain of APAF-1, thus initiating the apoptosis cascade eventually 

leading to Caspase-3 activation.[78-80]  

The successful Caspase-3 activation induced by cyt c bound GNPs allowed us to 

further study their effect on the metabolic activity of U251 cells. No significant change in the 

metabolic viability of U251 cells is observed upon incubation with different GNP.cyt c 

conjugates at lower concentration (12.5 µg/mL). A 20% decrease in cell viability was observed 

after 4 h of incubation with different GNP.cyt c conjugates at a higher concentration (25 µg/mL). 

Statistical analysis revealed that the observed decrease in the viability is significant 

(GNP.COOH.cyt c vs GNP.NH2.cyt c or GNP.OH.cyt c; p-value < 0.01) (Figure S8).  
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Figure 5. Fluorescent Caspase activity assay. (a-c) Confocal microscopy images of 

U251 cells incubated with different GNP. cyt c conjugates for 4 h, cells with green fluorescence 

are Caspase-3/7 positive cells. (d) Corrected total cell fluorescence as a function of relative 

Caspase activation induced by cyt c bound GNPs in U251 cells. All the values were normalized 

with fluorescent intensity obtained with GNP.OH.cyt c samples. Error bars represent the SEM 

of fluorescent intensity of at least 25 different cells. *P < 0.05; **P < 0.01 vs GNP.COOH.cyt c, 

obtained using 2-way ANOVA with a Bonferroni post-test 

Finally, to confirm whether the structural perturbation observed in the CD spectra of 

GNP.COOH.cyt c sample is affecting its apoptotic activity, we tested the peroxidase activity of 

GNP.cyt c conjugates. Since, it has been previously reported that the perturbation in the tertiary 

structure of cyt c causes increased access to the heme ring that leads to an enhancement in 

peroxidase activity,[74, 81] a higher peroxidase activity of GNP.COOH.cyt c would be 

expected compared to GNP.NH2.cyt c and GNP.OH.cyt c. Guaiacol, an oxidation indicator was 

used to monitor the peroxidase activity of cyt c bound GNPs in the presence of H2O2. After 

incubating the different GNP samples at various concentrations with the substrate, we 
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observed that GNP.NH2.cyt c and GNP.OH.cyt c samples have significantly higher peroxidase 

activity compared to GNP.COOH.cyt c sample (Figure 6). While there was no significant 

difference in between GNP.NH2.cyt c and GNP.OH.cyt c samples. This data indicates that 

even after perturbation of cyt c structure in GNP.COOH.cyt c samples, the heme ring is not 

easily accessible to the substrate for oxidation; this can only be the case when the heme is 

protected deep inside the protein structure. While in GNP.NH2.cyt c and GNP.OH.cyt c 

samples, the heme ring is more accessible and exposed to the external environment (as 

suggested by ToF-SIMS data), which contribute to the higher peroxidase activity. Moreover, 

we show GNPs modified with the ligand only had no significant peroxidase activity. 

 

Figure 6. Orientation dependent Peroxidase activity of cyt c bound GNPs using three 

different ligands as a function of their concentration. Experiment was performed in 

quadruplicates and results are expressed as mean ± S.D. *P < 0.05 vs GNP.COOH.cyt c, 

obtained using 2-way ANOVA with a Tukey post-test. 

 These results show that orientation of proteins on nanoparticles can be tailored by 

tuning the surface chemistry on nanoparticles. This work further highlights that both protein 

structure and orientation play a vital role in determining the activity of cyt c. Furthermore, ToF-

SIMS can be employed to identify proteins orientation on nano-structured surfaces. And since 

the approach is based on the fact that different protein orientations will have different relative 

amounts of specific amino acids closer to the top surface, it can be applied to other proteins 
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given 3D structure, amino acid sequence and position of active sites are known. This work 

opens up an opportunity for researchers to analyse the orientation-dependent activity of other 

proteins which are of great importance in the field of diagnostics, sensing and therapeutics 

4. Conclusions 

In summary, we have demonstrated that the surface charge of the ligand on GNPs 

alters the conformation and orientation of cyt c. Anionic ligands cause perturbation in the 

tertiary structure of cyt c, while the structure was preserved on the cationic and neutral ligands. 

The adsorption of cyt c on anionic and cationic or neutral ligand is facilitated by the interaction 

with Lys and Glu residues, respectively. We have further identified that the apoptotic and 

peroxidase activity of cyt c, when bound to GNPs, is dependent on the position of the heme 

ring with respect to its structure. A specific orientation with exposed heme ring favored 

apoptotic activity, because of easier access of heme edge for interaction with the apoptosis 

initiating protein (APAF-1). In contrast, suppressed apoptotic activity is observed for the 

opposite orientation with the heme ring protected. This study shows that by changing the 

surface charge of the ligand on the NP surface, the activity of cyt c can be modulated to achieve 

the desired response. We anticipate that these novel findings will facilitate the design and 

application of new sensors and protein-based nanomedicine for a broad range of diseases.  

Supplementary information (SI) 

Additional information as noted in the text including quantification of number of cyt c 

molecules bound to each GNPs using UV-Vis spectroscopy (Figure S1-S3 & Table S1). 

Dynamic light scattering data of different GNP.cyt c conjugates (Figure S4). TOF-SIMS 

intensity spectra of iron-porphyrin fragments (Figure S5). Cyclic volatmograms of scan rate 

and redox kinetics of different GNP.cyt c nanoconjuages (Figure S6). Confocal microscopy 

images of ligand functionalized GNPs and other controls for fluorescent Caspase 3-7 activity 

assay (Figure S7). WST-8 metabolic activity assay (Figure S8). 
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