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ABSTRACT:  Multi-functional gold nanoparticles (AuNPs) are of great interest, owing to their vast potential for use in many areas 
including sensing, imaging, delivery, and medicine. A key factor in determining the biological activity of multi-functional AuNPs is 
the quantification of surface conjugated molecules. There has been a lack of accurate methods to determine this for multi-
functionalized AuNPs. In this work, we address this limitation by using a new method based on deconvolution and Levenberg-
Marquardt algorithm fitting of UV-visible absorption spectrum to calculate the precise concentration and number of cytochrome C 
(Cyt C) and Zinc Porphyrin (Zn Porph) bound to each multi-functional AuNP. Dynamic light scattering (DLS), Zeta potential 
measurements, and Transmission Electron Microscopy (TEM) were used to confirm the functionalization of AuNPs with Cyt C and 
Zn Porph. Despite the overlapping absorption bands of Cyt C and Zn Porph this method was able to reveal the accurate concentration 
and number of Cyt C and Zn Porph molecules attached per AuNP. Furthermore, using this method we were able to identify 
unconjugated molecules, suggesting the need for further purification of the sample. This guide provides a simple and effective method 
to quickly quantify molecules bound to AuNPs, giving users accurate and valuable information, especially for applications in drug 
delivery and biosensors. 

AuNPs are a class of nanomaterials that have gained broad 
research interest due to their attractive properties such as 
optical, chemical inertness, facile synthesis, and surface 
chemistry. These properties make AuNPs ideal for biological 
and medical applications, including use in biosensors, 
genomics, targeted delivery of drugs, DNA and antigens, 
optical bioimaging and clinical chemistry, to name but a few.1-

4 
The ability to functionalize AuNPs with molecules has led to 

an interest in designing more complex systems with multiple 
molecule types conjugated to each AuNP, known as multi-
functionalized AuNPs. These multi-functionalized AuNPs have 
a significant advantage over AuNPs conjugated with just one 
type of molecule as they can be used for more broad 
applications.5 An example of multi-functionalized AuNPs is in 
drug delivery systems, where a targeting agent and drug are 
conjugated to the surface of the particle to direct the effect of 
the drug to a specific cell type or region.6-8 Another example 
would be in cancer treatments where multi-functionalized 

AuNPs can deliver two anticancer drugs to the same targeted 
tissue simultaneously.9 

The concentration of conjugated molecules on the surface of 
the AuNPs is an important factor that determines its nano-bio 
interactions and eventually its biological function. In 
pharmaceutical applications, the concentration of the 
conjugated molecules is a significant factor in modulating drug 
dose thresholds. In biosensing, the minimum concentration of 
analyte that can be detected is known as its limit of detection or 
sensitivity.10 Accurately knowing the working concentrations 
and how sensitive a biosensor is essential to its accurate 
function. Consequently, there is a need to develop a simple, 
robust, and fast analytical method to facilitate surface 
quantification of AuNPs functionalized with more than one 
molecule.  We have recently reported on the development of a 
multi-functional AuNP system functionalized with Cyt C for 
cell-induced apoptosis. Cyt C is a biomolecule of interest due 
to its redox properties that makes it useful for biosensing as well 
as its ability to induce apoptosis, lending it to applications in 
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drug delivery. 11-13  UV-visible absorption spectroscopy was 
used to quantitate the presence Cyt C on AuNPs functionalized 
with ligands of varying electrostatic charge.14 Also, the 
quantitation of the presence of monolayers or multilayers was 
important to know when considering the concentration of drugs 
or biomolecules conjugated to AuNPs as a multilayer may 
interfere with their function, leading to an inaccurate 
representation of drug/biomolecule delivery or activity.  

The concentration of biomolecules on functionalized AuNPs 
is commonly determined using bioassays suhch as ELISA, or 
less common techniques such as ToF-SIMS.15, 16 The analytical 
methodology to determine the exact concentration of each 
functional molecule in a multifunctionalized material is not 
often thoroughly described. Furthermore, analysis of multi-
functionalized AuNPs by UV-visible absorption spectroscopy 
is complicated by the molecular complexity caused, for 
example, by similarity in the absorption spectrum of the 
conjugated molecules such as porphyrins and proteins like Cyt 
C that could lead to erroneous calculated numbers. 
    

To address this problem, we report on a new analysis protocol 
to quantitate a model multi-functionalized AuNP system that 
would allow us to accurately calculate the concentration of 
different molecules attached to the surface of AuNPs. Initially, 
AuNPs were synthesized and functionalized with Zn Porph and 
Cyt C. The concentration of the molecules conjugated to AuNPs 
could not be accurately determined due to overlapping 
absorption spectra. A method was then devised to deconvolute 
the merged absorption spectra of the two types of conjugated 
molecules using CASA-XPS. This enabled accurate 
identification of the peak heights of each type of conjugated 
molecule so the concentrations could be calculated for each type 
of molecule. This method can be used as a guide by the 
researchers to tailor binding parameters for obtaining multi-
functionalized AuNPs for the desired application. 

 

Experimental Section 
Materials  

Equine heart cytochrome C (Cyt C) (≥ 95%), N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC), gold(III) chloride trihydrate (HAuCl4·3H2O) (99.99%), 
thiol-PEG-carboxyl (HS-PEG-COOH) (2000 Da), 2-(N-
morpholino)ethanesulfonic acid, 4-morpholineethanesulfonic 
acid monohydrate (MES monohydrate) (³99.0%), N-
hydroxysuccinimide (NHS) (98%),  sodium citrate tribasic 
dihydrate (99%) were purchased from Sigma Aldrich. 5-(4-
Aminophenyl)-10,15,20-tris-(4-sulfonatophenyl)porphyrin 
(Porph) and Zinc(II) 5-(4-aminophenyl)-10,15,20-tris-(4-
sulfonatophenyl)porphyrin (Zn Porph) were purchased from 
Porphychem, France. Milli-Q® water at a resistivity of 18.2 
MΩ provided by Milli-Q® direct water purification system was 
used for experiments. 

 

Synthesis of 20 nm citrate capped AuNPs (cit-AuNPs) 
1 mL of HAuCl4.3H2O (39.38 mg, 0.1 mol) was added to 89 

mL of ultrapure water and was brought to boil under constant 
stirring. Aqueous sodium citrate solution (38.8 mM, 10 mL) 
was rapidly added to the boiling solution causing a colour 
change from yellow to burgundy. The solution was boiled for 
10 minutes before allowing it to cool down at room temperature 
under stirring. The solution was then filtered using a 0.22 µm 
nylon filter to remove any large aggregates, leaving 

monodispersed cit-AuNPs.  

 
Functionalization of 20 nm cit-AuNPs with PEG, Cyt C 
and Zn Porph 

A 1 mL solution of aqueous HS-PEG-COOH (2000 Da, 1 
mM) was added to 20 mL of cit-AuNPs under stirring and left 
overnight. The following day the solution was washed twice 
using centrifugation at 13,400 rpm for 30 minutes to form a 
pellet of AuNP functionalized with PEG-COOH (AuNP-PEG). 
The pellet was then resuspended in ultrapure water and stored 
at 4°C until further use. 

For covalent conjugation of Cyt C and Zn Porph, a fresh 
EDC/NHS mix solution was made by adding EDC (19.17 mg, 
100 µmol) and NHS (23 mg, 200 µmol) in MES buffer (pH 5). 
A total of 100µL of EDC/NHS mix was added to the 1 mL 
solution of AuNP-PEG and was left stirring for 1 hour. The 
solution was then centrifuged at 13,400 rpm for 30 minutes to 
form a pellet of the AuNP with activated PEG-COOH. To this 
pellet Cyt C (1 mL, 200 µM) and Zn Porph (1 mL, 200 µM) 
were added under constant stirring (in AuNP-PEG-Cyt C only 
Cyt C was added, and in AuNP-PEG-Zn Porph only Zn Porph 
was added). The solution was stirred for 24 hours followed by 
three cycles of centrifugation at 13,400 rpm to remove any 
unbound Cyt C and Zn Porph. The obtained pellet was 
resuspended in 1 mL of water to yield a monodispersed sample 
of AuNP-PEG-Cyt C/Zn Porph.  

 
Deconvolution modelling of Cyt C and Zn Porp 
conjugated to AuNPs 

Deconvolution of UV-visible absorption absorption spectrum 
confirming the binding of Cyt C and Zn Porph was performed 
using CASA-XPS. The absorption spectra of the chosen 
samples were imported into CASA-XPS as text files. The X-
axis was then reversed to represent the UV-visible absorption 
absorption spectrum is habitually represented. The region of 
interest was then selected using the regions tool, and then the 
background setting was changed to ‘linear’ as it closely 
represents how the spectra would look without the conjugated 
molecules. The convoluted peaks in the spectra were then found 
using the components tab, by adding the components that were 
thought to be in the region. The components were then fitted to 
the spectra using Levenberg-Marquardt algorithm LN (LN-
MIE-Gans) fitting. The resulting spectra data was copied to 
Microsoft Excel before being added to GraphPad Prism 9 for 
analysis.  

 

LN-MIE-Gans modelling of cit-AuNPs and multi-
functionalized AuNPs 

Model fitting on AuNP spectra to predict their size was 
conducted on Wolfram Mathematica using the LNMG Fit 1.0 
model obtained from the literature.17 

 

Instruments  
Ultraviolet-Visible (UV-visible absorption) absorption 

spectra were obtained using a Varian Cary 50 bio-UV-visible 
absorption spectrophotometer. Centrifugation was performed 
on a Spectrafuge 24D. The transmission electron microscope 
(TEM) images were captured using JEOL FX 2000 TEM at 200 
kV. The histogram of AuNP size distribution was determined 
from the TEM images using ImageJ® software. Dynamic light 
scattering (DLS) and Zeta potential experiments were 
conducted on a Malvern Zetasizer nano. 
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Results and Discussion 
The freshly prepared cit-AuNPs were functionalized with the 

HS-PEG-COOH. Carbodiimide coupling chemistry was then 
employed to covalently conjugate Cyt C and Zn Porph (AuNP-
PEG-Cyt C/Zn Porph). Schematic representations of cit-AuNP, 
AuNP-PEG, AuNP-PEG-Zn Porph, AuNP-PEG-Cyt C and 
AuNP-PEG-Cyt C/Zn Porph are shown in Figure 1A. The 
chemical structure of Zn Porph is represented in Figure 1B. The 
3-D structure of Cyt C is shown in Figure 1C with the amino 
acid residues represented in blue and the heme porphyrin ring 
represented in red. 

It was important to begin with to physically characterise the 
particles to allow later quantification. We initially perform light 
scattering techniques to assess the change in hydrodynamic 
diameter (hd) and zeta potential of cit-AuNPs, AuNPs-PEG, 
and AuNP-PEG-Cyt C/Zn Porph samples. The length of the 
fully extended HS-PEG-COOH (2000 Da) is ca. 7.9 nm, while 
the diameter of Cyt C is ca. 3.4 nm and the diameter of of Zn 
Porph is around ca. 1.6 nm (calculated using ChemDraw3D).18 
The hydrodynamic diameters (hd) of cit-AuNPs, AuNP-PEG 
and AuNP-PEG-Cyt C/Zn Porph were measured using DLS 
(Figure 2A). This analysis revealed a difference in the hd of the 

Cit-AuNPs from 19.6±1.0 nm to 33.54±0.50 nm in AuNP-PEG 
and to 38.9±1.1 nm for AuNP-PEG-Cyt C/Zn Porph, suggesting 
successful conjugation. Zeta potential measurements are useful 
in providing an insight into the change in surface chemistry by 
measuring the surface charge.14 Therefore, the zeta potential 
was used to confirm the successful conjugation of molecules to 
AuNPs. The zeta potential measurement of cit-AuNPs was 
recorded to be -36.77±2.33 mV which a slightly lower value of 
to -30.77 ±1.4 mV for AuNP-PEG and +14.7 ±0.9 mV for 
AuNP-PEG-C (Figure 2C). On the other hand, the zeta potential 
values of AuNP-PEG-Zn Porph as -27.3±0 mV vs AuNP-PEG 
indicates the successful conjugation of Zn Porph. Cyt C is 
known to have a positive zeta potential measurement which is 

exhibited on the AuNP-PEG-Cyt C samples, confirming 
successful conjugation of Cyt C on PEG functionalized 
AuNPs.14 Similarly, the change in zeta potential values of  -
27.3±0 mV vs AuNP-PEG indicates the successful conjugation 
of Zn Porph. Cyt C is known to have a positive zeta potential 
measurement which is exhibited on the AuNP-PEG-Cyt C 
samples, confirming successful conjugation of Cyt C on PEG 
functionalized AuNPs.14 Similarly, the change in zeta potential 
values of  -27.3 mV in AuNP-PEG-Zn Porph to +10.8 ±0.2 mV 
for AuNP-PEG-C/Zn Porph samples confirms the successful 
conjugation of both Cyt C  and Zn Porph to AuNPs-PEG. 

 
TEM was carried out to analyse the morphology, 

aggregation, and size of surface functionalized AuNPs.  TEM 
analysis revealed that the AuNP-PEG-Cyt C /Zn Porph particles 
are monodisperse and the functionalization process does not 
cause any aggregation (Figure 2B). Furthermore, the 
cumulative frequency graph (inset of Figure 2B) reveals a mean 
average diameter of AuNP-PEG- Cyt C /Zn Porph samples to 
be around 19.15±2.12 nm (Gaussian fit). The size discrepancy 
between TEM and DLS is because TEM. DLS measures the 
hydrodynamic diameter of particles in suspension and therefore 
can differentiate between the Cit-AuNPs and the multi-
functionalized AuNPs.  

 
Further to confirm the successful conjugation of Cyt C and 

Zn Porph to AuNPs, they were characterized using UV-visible 
absorption absorption spectroscopy. UV-visible absorption 
spectroscopy is a widely used technique used when working 
with AuNPs as the absorption spectrum can determine both 
their size and concentration.19 The maximum absorbance of the 
surface plasmon resonance (SPR) peak in the spectra, located 
between 500 and 600 nm, is indicative of their size. Once the 
size and the extinction coefficient of the AuNPs are known, 
their concentration can be calculated using the Beer-Lambert 
law.19,20, 21 

Figure 1. Schematic representation of cit-AuNPs as synthesised and when functionalized with thiol-PEG-carboxylic, 
Cytochrome C (Cyt C) and Zinc(II) 5-(4-aminophenyl)-10,15,20-tris-(4-sulfonatophenyl)porphyrin (Zn Porph) (A). Structure of 
Zn Porph (B). 3D structure crystal of Cyt C made from PDB (1 HRC) using Chimera (version 1.16) with blue representing 
amino acid residues and red representing the porphyrin Heme ring (C). 
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On the other hand, porphyrins are commonly conjugated in 
nanomaterials for fluorescent tagging and photodynamic 
therapy. 22-25 The UV-visible absorption spectra of all AuNPs 
synthesized in this work are reported in Figure  2D. Their UV-
visible absorption spectra reveal that the SPR peak of the 
AuNPs remains in the same position at 521 nm for all the 
samples except AuNP-PEG-Cyt C, in which SPR band is red-
shifted to 525 nm compared to cit-AuNPs (521 nm), indicating 
successful functionalization of Cyt C onto AuNP-PEG. 
Moreover, full width half maximum (FWHM) of the SPR peak 
increased in all the functionalized AuNP samples when 
compared to the spectrum of cit-AuNPs, suggesting an increase 
in polydispersity of the functionalized AuNPs which could be 
the result of agglomerates which could form in the colloidal 
dispersions. Cit-AuNPs and AuNPs-PEG do not show any 
absorption peaks other than the SPR., whereas free Cyt C and 
Zn Porph  exhibit additional peaks, and their UV-visible 
absorption absorption spectra are shown in Figure S1A. The 
Soret band peaks at 408 nm and 415 nm are for oxidised (Cyt C 
Ox) and reduced Cyt C (Cyt C Red), respectively, which aligns 
with literature values.26  The absorption peak at 423 nm 
corresponds to Zn Porph (Figure S1A). After conjugation to 
AuNPs, the Soret band peak of Cyt C was located at 410 nm, 
suggesting that the Cyt C conjugated to the AuNPs exists in 
both oxidized and reduced forms. While the Zn Porph Soret 

band is evident at 430 nm, which is red shifted when compared 
to free Zn Porph in solution at 423 nm. This red shift in Zn 
Porph peak after conjugation to AuNPs could be attributed to J-
type aggregation formed between neighbouring chromophores 
(in this case Zn Porph) attached close to each other in a 
nanoparticle.27 It is evident from Figure 2A that in 
multifunctional AuNP-PEG-Cyt C/Zn Porph samples the Soret 
band peaks of Cyt C and Zn Porph overlap, consequently the 
exact peak of each of the components is difficult to determine. 
Importantly, this poses the risk of erroneous calculation to 
determine the accurate concentrations of these molecules. The 
overlapping spectra of Cyt C Ox and Zn Porph (Figure S1B) 
and Cyt C Red and Zn Porph (Figure S1C) free in solution 
supports the spectrum depicted in Figure 2A, showing how the 
absorbance peaks convolute and make accurate peak 
determination impossible. Therefore, the deconvolution of the 
overlapping spectra of Cyt C Ox and Zn Porph and Cyt C Red 
and Zn Porph (Figure S1D and Figure S1E) is essential as it 
allows the hidden peaks to be revealed, and therefore the 
absorbance of each peak to be identified for further 
quantification purpose. 

 
 
The spectral overlap of the Soret band of Cyt C and Zn Poprh  

(Figure S1A) prevents the identification of individual Soret 

 

A D 

C B 

400 600 800
0.0

0.5

1.0

Wavelength (nm)

N
or

m
al

is
ed

 In
te

ns
ity

 (A
.U

.)
cit-AuNPs

AuNP-PEG-Cyt C/Zn Porph

AuNP-PEG-Cyt C

AuNP-PEG-Zn Porph

AuNP-PEG

Cit-AuNPs 
AuNP-PEG 
AuNP-PEG-Cyt C 
AuNP-PEG-Zn Porph 
AuNP-Cyt C/Zn Porph 

Cit-AuNPs 
AuNP-PEG 
AuNP-Cyt C/Zn Porph 
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peak heights in AuNP-PEG-Cyt C/Zn Porph. Therefore, 
deconvolution of the Soret band of AuNP-PEG-Cyt C /Zn 
Porph was conducted to accurately find the contributions of Cyt 
C and Zn Porph in the functionalized AuNP samples. (Figure 
3A). The Soret band was selected as a region of interest in 
CASA-XPS and two components (one for Cyt C and the other 
one for Zn Porph) were selected to be fitted in the AuNP-PEG-
Cyt C /Zn Porph absorption spectrum shown in Figure 3A. 
These were located at 415 nm, attributed to Cyt C, and at 430 
nm for Zn Porph. The components were fitted using the 
Levenberg-Marquardt algorithm fitting which resulted in a 
good fit with a residual standard deviation (RSD) of 0.006. 
Therefore, the good fit confirms that only two components are 
located within the peak and that the deconvolution accurately 
can determine the heights of the hidden peaks.  

 To confirm the accuracy of the analysis technique another 
sample/batch of Cyt C and Zn Porph functionalized sample 
(AuNP-PEG-Cyt C/Zn Porph-S2) with a more complex Soret 
band peak was deconvoluted (Figure 3B). When the Soret band 
of Figure 3B is compared to Figure 3A, it appears as a different 
shape with shoulders on each side of the peak. In this case, 
fitting the deconvoluted spectrum with just two components 
resulted in a large RSD suggesting the presence of another 
component. Therefore, the third component at 423 nm which 
corresponds to the absorption peak of free unconjugated Zn 
Porph (Fig S1A) was added to improve the fit. The fitting 
resulted in an RSD of 0.002 (Figure 3B). The inclusion of a 
third component supposes that free/unconjugated Zn Porph is 
still present in the solution together with Zn Porph conjugated 
to AuNPs. Therefore, suggesting further purification of the 
sample is required. Interestingly, the formation of Zn Porph J-
aggregates can also be identified using this method, which is of 
great importance as the fluorescence properties of porphyrins 
depend on their aggregation state and local environment. 28, 29 
This can also be done by deconvoluting the UV-visible 
absorption absorption spectra of free Cyt C OX and Zn Porph 
in water (Figure S1D). Based on the above observations it is 
evident that this analysis is essential and should be performed 
regularly to every batch of samples together with UV-visible 
absorption spectroscopy for accurate quantification of bound 
molecules,  especially in applications such as drug delivery  
where UV-visible absorption is often used to quantify surface 
conjugated molecules.  

To further the impact of this method we then calculated the 
concentration of surface functionalized molecules on AuNPs 
for both samples of AuNP-PEG-Cyt C/Zn Porph in Figure 3A 

and Figure 3B. The number of each bound molecule was 
calculated from the UV-visible absorption absorption spectrum 
shown in Figures 3A and 3B using the Beer-Lambert law. The 
extinction coefficient of the ca. 20 nm AuNPs (5.41´108 M-1 

cm-1) was divided by each of the absorbance values at the 
minimum absorbance value between the SPR peaks and the 
conjugated molecule peaks. Based on the above method the 
calculated concentrations of 1.21 nM and 0.26 nM were 
obtained for samples (AuNP-PEG-Cyt c/Zn Poprh and AuNP-
PEG-Cyt c/Zn Poprh S2, respectively) Figures 3A and B 
respectively can then be multiplied by Avogadro’s constant 
(6.022´1023) to give 7.30´1014 and 1.55´1014 AuNPs per litre.  

The number of Cyt C and Zn Porph molecules per litre can 
also be found by first calculating their concentration and 
subsequently the number of molecules per AuNP. For the 
concentration, the height of the deconvoluted peaks was found 
by subtracting the background from the spectra. The absorbance 
peak heights were then divided by the extinction coefficients of 
Cyt C  (101600 M-1 cm-1)  and Zn Porph (57940 M-1 cm-1, 
calculated from a concentration curve in Figure S3), resulting 
in the bound concentrations.30 The concentration of Cyt C for 
the AuNP-PEG-Cyt c/Zn Poprh sample (Figure 3A) was 
calculated to be 0.42 µM, which corresponds to 2.53´1017 Cyt 
C molecules per litre. Similarly, the concentration of Zn Porph 
for AuNP-PEG-Cyt c/Zn Poprh sample (Figure 3A) was 
calculated to be 1.30 µM, with a subsequent 7.83´1017 Zn Porph 
molecules per litre. By dividing the number of molecules of Cyt 
C and Zn Porph per litre by the number AuNPs per litre, the 
quantity of each molecule was calculated to be 346 and 1073, 
respectively. The AuNP concentration of the AuNP-PEG-Cyt 
c/Zn Poprh-S2 (Figure 3B) was calculated to be 0.26 nM, with 
1.55´1014 AuNPs per litre. The concentrations of Cyt C and Zn 
Porph were calculated to be 0.40 µM and 1.16 µM, equating to 
2.4´1017 and 6.99´1017 molecules per litre respectively. Thus, 
the number of molecules bound to each AuNP was calculated 
to be 1545 Cyt C and 4500 Zn Porph. The Zn Porph free 
solution in this sample was also calculated to have a 
concentration of 1.11 µM. The quantity of conjugated 
molecules in Figure 3B is over four-fold the quantity of 
conjugated in Figure 3A, suggesting that the Zn Porph free in 
solution is hindering the accurate determination of the number 
of molecules bound to the AuNPs. Deconvolution of peaks on 
multi-functional AuNPs, therefore, provides users with 
valuable information about the quality and concentration of 
their conjugated molecules, while also providing insight into 
whether their material needs to be purified further.  
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To prove the robustness and reproducibility of this method 
another example of Soret band deconvolution was conducted on 
the sample with a closer overlap in 50 nm AuNPs (Figure S4A). 
The Soret band of 50 nm cit-AuNPs functionalized with HS-
PEG-COOH, Cyt C and a non-metalated porphyrin (Porph, 
structure in Figure S4B) appears as a single peak. The 
maximum Soret band absorbance of Porph at 415 nm shows a 
greater overlap with reduced Cyt C (lmax = 415 nm) (Figure 
S4C) than that Zn Porph at 423 nm, therefore individual 
component concentrations cannot be calculated from the 
convoluted peak.  The deconvolution enables the concentrations 
of Cyt C and Porph mixed free in solution (Figure S4D) to be 
calculated as 2.12 µM and 2.65 µM respectively, closely 
matching the 2.5 µM theoretical concentration of the prepared 
solutions. For 50 nm AuNP-PEG-Cyt C/Porph the 
concentrations of Cyt C and Porph were determined to be 0.11 
µM and 0.17 µM respectively.  The coverage of Cyt C and 
Porph per AuNP was 23,259 and 35,168 respectively (Table 
S2). The higher number of molecules per AuNP is due to the 
lower concentration of AuNPs in the sample and their larger 
diameter. 

Deconvolution was not conducted on the peak between 500 
and 600 nm, as this region was attributed to the SPR peak of the 
AuNPs. The LN-MIE-Gans model fitting taken from literature 
of 20 nm AuNPs evidences this (Figure S5A), as it can predict 
the radius of the AuNPs based on the fit of the model to the 
spectra (Figure S5B).17 For the spectrum of 20 nm cit-AuNPs, 
the radius is predicted to be 10 nm with a resultant predicted 
diameter of 20 nm.  The predicted diameter correlates with 
those calculated previously from the TEM at 19.15±2.12 nm 
and DLS at 19.57±1.03 nm (cit-AuNPs), therefore it can be 
assumed that the only region of interest for deconvolution in 
these examples is within the Soret band region.  

 
Conclusion 
In conclusion, we have established a simple, robust, and 
reproducible method to accurately quantify the concentration 
and the exact number of molecules that are bound to AuNPs. 
Deconvolution of UV-visible absorption absorption spectra is 
highly recommended that can be used in collaboration with 
DLS, Zeta potential and TEM to build an accurate 
understanding of the quantity and nature of conjugated 
molecules on multi-functionalized AuNPs. This method of 
accurately determining the concentration of each molecule 
bound to multi-functionalized AuNPs could be used by 
researchers from various disciplines. For instance, to tailor the 
material surface and binding concentration based on desired 
application without misinterpreting the binding concentration.  
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Figure S1. Ultraviolet-Visible absorption spectra of (A) Cyt C OX, Cyt C RED and Zn Porph free in 
solution with normalized intensity. (B) Cyt C OX and Zn Porph mixed and independently free in solution 
at 2.5 mM. (C) Cyt C RED and Zn Porph mixed and independently free in solution at 2.5 mM. (D) 
Deconvolution and fitted spectra of Cyt C OX and Zn Porph mixed to reveal hidden spectra of Cyt C and 
Zn Porph individual components. (E) Deconvolution and fitted spectra of Cyt C RED and Zn Porph mixed 
to reveal hidden spectra of Cyt C and Zn Porph individual components.
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Table S2.  AuNP, Cyt C and Zn Porph concentration and number of molecules calculated from the UV-visible absorption absorption spectra of 
Figure 3A and 3B 
 

 

 

 AuNP Cyt C Zn Porph 

Sample Concentration 
(nM) 

Number 
of 

Molecules  

Concentration 
(µM) 

Number 
of 

Molecules 

Number 
Per 

AuNP 

Zn 
Porph/Porph 

Concentration 
(µM) 

Zn 
Porph/Porph 
Number of 
Molecules 

Zn 
Porph/Porph 
Per AuNP 

Free Zn 
Porph 

Concentration 
(µM) 

20 nm AuNP-
PEG-Cyt C /Zn 
Porph (Figure 

3A) 

1.21 7.30x1014 0.42 2.53x1017 346 1.30 7.83x1017 1073 - 

20 nm AuNP-
PEG-Cyt C /Zn 
Porph (Figure 

3B) 

0.26 1.55x1014 0.40 2.40x1017 1545 1.16 6.99x1017 4500 1.11 

50 nm AuNP-
PEG-Cyt 

C/Porph(Figure 
S4A) 

0.0096 5.79x1012 0.11 6.73x1016 

 

2 

3259 

0.17 1.02x1017 35168  
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Figure S3. The concentration plot used to calculate the extinction coefficient of Zn Porph
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Figure S4. UV-visible absorption absorption spectra of 50 nm AuNP-PEG-Cyt C/Porph with Soret band 
deconvolution (A). Structure of Porph (extinction coefficient 184900 M-1 cm-1) (B). UV-visible absorption 
absorption spectra of Cyt C RED, Porph and both mixed free in solution at 2.5µM (C). Deconvolution of 
UV-visible absorption absorption spectra of Cyt C RED and Porph mixed in solution (D). 
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Figure S5. The use of LN-MIE-Gans model fitting to ca. 20 nm cit-AuNPs (A) to predict their size (B). 
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