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Abstract 

Gold nanoparticles (AuNPs) functionalized with polyethylene glycol (PEG) and peptide ligands are 

promising drug delivery vectors for use in cancer therapy. However, to control the interaction of the 

ligands with blood proteins and specific cell receptors, more needs to be known about the arrangement 

and properties of these grafted ligands. This issue is examined here principally with atomic force 

microscopy (AFM) for ligands grafted to both gold films and gold nanoparticles. Macro-level sessile 

drop measurements on the films indicate that, in dilute solutions, the PEG and peptide ligands exhibit 

similar affinity to the gold surface. However, at the nano-level, AFM experiments show differences in 

the morphology and cohesion of the adsorbed ligand films. Differences in tip/surface adhesion are also 

measured, indicative of variations of hydrophilicity for the top surface of these ligand films. Analysis of 

force-separation curves suggests a low packing density of PEG ligands. AFM investigations of 

functionalized AuNPs shows that the ligands improve dispersion and modify the tip/surface adhesion 

behaviour on the nanoparticles. However, AFM images of as-synthesised citric-capped and 

functionalized AuNPs gave similar nanoparticle diameters. Analysis of the AFM tip tapping on the 

AuNPs suggests that Tapping-AFM is not suitable for detection of low packing density ligands. 
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1. Introduction 

The conventional oral administration of therapeutic drugs and subsequent assimilation into the blood 

stream can result in over-dosages and poor targeting. The maximum tolerated dose of a therapeutic 

is generally limited by the toxic effects to healthy tissue. Hence, there is a great enthusiasm in using 

nanoparticles as agents to deliver drugs to a specific target, thus reducing dosage and side effects [1]. 

This is particularly true of cancer therapeutics as current drugs are not specific and generally damage 

adjacent healthy cells. In this context, there is a growing interest in using gold nanoparticles (AuNP) 

as targeted drug delivery systems for breast, prostate and pancreatic tumours for a number of 

reasons. AuNP are biocompatible. They are also photo-thermal agents as they absorb infrared 

radiation considerably more than the surrounding tissue, being denser. Hence if they can be made to 

enter cancer cells, using infrared radiation can result in producing heavy thermal damage to the cancer 

cells with much less to the surrounding tissue. Secondly, because of their high Z number, AuNP 

efficiently absorb X-rays, producing high energy electrons which can damage the DNA of cancer cells, 

in that sense, they are radiosentisizers [2], [3]. However, the AuNP needs to be functionalized with 

organic ligands -1/ to stabilise them and avoid aggregation, -2/ to escape non-specific protein 

adsorption (i.e. reduce immunogenicity), -3/ to maximize cell intake and, potentially, -4/ to attach 

drug molecules or other therapeutic agents such as genetic material. Surface functionalisation can 

also be used to enable endosomal escape once inside the target cell and to target the AuNP to a 

particular intracellular target such as the nucleus. 

Attaching ligands of different lengths to a AuNP while ensuring that they all retain their functionality 

is a significant challenge. Generally, polyethylene-glycol (PEG) ligands are used to inhibit aggregation 

under in vivo conditions and are well-recognised immunosuppressive agents [4], [5]. The PEG ligands 

are typically bound to the Au surface by using thiolated PEG (PEG-SH). While PEGyalted AuNP display 

an increased circulation time in the body compared to as-synthesised AuNP, they are largely inactive, 

in the sense that they do not naturally bonds to cancer cell surface. 

Peptides moieties, on the other hand, are designed to link to cell receptors and precipitate definite 

cell pathways, such as endocytosis or endosomal uptake. To date, functionalized AuNP have been 

mostly investigated in solution. Fourier transform infrared spectroscopy (FTIR), UV-visible absorption 

spectroscopy, dynamic light scattering (DLS) and -potential measurements have shown an increase 

of particle’s diameter upon functionalization by PEG and peptide ligands, as well as changes in surface 

charge and bonding environment [6], [7]. In-vitro measurements of many such functionalised AuNPs 

have demonstrated the effectiveness of PEG and peptides in both enhancing stability and avoiding 

any undesired immune response while enhancing specificity and cell uptake. For example, bio-

responses on breast cancer cells indicate that such functionalized AuNP are indeed internalized and 

reduce cell survival rate following radio-therapy [8]. 

However, to fully realise the potential of such approaches requires, firstly, a knowledge of the 

arrangement and orientation of these PEG and peptide ligands on the nanoparticle. The peptide and 

PEG ligands differ in length and conformation and it is important to understand if the ligands are 

arranged randomly on the AuNP surface or if the two ligand types are segregated into islands. This 

arrangement will affect the ability of the peptide to interact directly with the cell surface. To image 

precisely this ligand arrangement is a hugely challenging task, attempted before using AFM [9] and 

also contested [10]. This has also been demonstrated using Transmission electron microscopy (TEM), 

decorating the organic ligands with tungsten oxide clustered anions [11], to improve electron contrast, 

although this is an indirect technique which may not image the pristine ligand arrangement. Instead, 

most studies have focused on solution measurements which only provide average values [12] and, 
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again, often indirect information. A more practical goal, which can inform on the ligand arrangement 

and which is not easily accessible from solution measurements, is to study the stiffness of the ligand 

shell. For NP with soft core, such as hydrogels, lipids, polystyrenes, this stiffness can impact on the NP 

delivery into the cellular cytoplasm [13-15]. For stiff AuNP with soft ligand shells, this is less likely. 

However, the stiffness of the soft ligand shell relates to the packing and arrangement of the ligand, 

hence is worth studying. 

Hence, the approach taken in this investigation is to complement the analytical work carried out on 

AuNP colloidal solutions using atomic force microscopy (AFM) to investigate adsorbed AuNP as well 

as ligand films deposited on gold surfaces. The aim is -1/ to investigate the adsorption/affinity of PEG 

and peptide ligands on model gold films, 2/ to analyse, when feasible, the stiffness of the thin ligand 

shell and -3/ to carry out an AFM study of adsorbed functionalised-AuNP to obtain direct information 

on the attached ligand for singly detected particles; properties such as size, diameter and tip/surface 

forces on pull-off. 

 

2. Materials and Methods. 

2.1 Material and sample preparation procedures. 

AuNP particles preparation 

The AuNP were prepared via an adapted Turkevitch/Frens method [16] using sodium citrate as a 

reducing agent and labelled CC-AuNP. Some of these CC-AuNP were functionalized with a PEG-SH 

ligand and labelled PEG-SH-AuNP. Co-functionalisation was designed on two ligands, PEG-SH and a 

peptide, who have the same thiol-end to bond strongly to the AuNP’s surface and was carried out 

using an established procedure [6,17] to have both ligands in equal measure on the AuNP’s surface, 

an arrangement often described as the mixed monolayer (MM). The peptide used in this case was the 

receptor mediated endocytosis (RME) peptide, known to drive cell uptake. It can be attached to the 

AuNP surface using the thiol group of its terminal cysteine unit [6,7]. To achieve this, the CC-AuNP 

were first functionalized with PEG-SH up to 50% of the adsorbed ligand saturation, based on previous 

thermogravimetric measurements, and then subsequently functionalized with the RME-peptide to 

give the MM-AuNP. One should note that AuNP functionalised with RME-peptide only cannot be 

prepared as the corresponding colloidal dispersions are unstable, where the nanoparticles aggregate 

and then precipitate. UV-visible spectroscopy and FTIR spectroscopy confirmed the presence of the 

ligands on the AuNP [6,7]. The molecular structures of the ligands, sample names and properties are 

shown in table 1, together with measurement of hydrodynamic diameter (DH) by DLS and  potential 

by electrophoretic spectroscopy. 
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Table 1: Labelling, molecular structure of ligands and properties of AuNP. The amino-acid residues 

are labelled with the amino acid one letter code. DH is the hydrodynamic diameter measured from 

dynamic light scattering and the  potential is measured from electrophoretic spectroscopy. 

 

Ligand films and ligand solutions on gold substrates 

The adequacy of planar gold to model the adsorption of PEG-SH ligands on AuNP has been discussed 

thoroughly in previous studies [18-20]. For a molecular weight (MW) of 5000 g/mol, a fully stretched 

PEG-SH chain would have a length h ~ 30 nm; taking C-C-C and O-C-O bond angles of, respectively 109 

and 120. However, whether in solution or grafted to a surface, polymer chains rarely adopt this 

extended configuration. In solution, polymer chains adopt a pseudo-Gaussian random coil 

conformation, characterised by the Flory radius RF (in nm); the chain end-to-end distance; [21] 

 

𝑅𝐹 = 𝑏2/5. 𝑎3/5. 𝑁3/5  (1) 

 

where a is the monomeric length (in nm), b is the Kuhn’s length (in nm) and N the number of 

monomeric units. For the PEG-SH ligand used in this study (5000 g/mol; N= 112), a= 0.28 nm [22], b= 

0.72 nm [21] give RF=6.9 nm. 

Generally, for high surface curvature (small particle diameter) and/or very low packing density, the 

attached ligands adopt this same pseudo-Gaussian random coil conformation, sometimes labelled 

‘mushroom’ conformation. If the ligand packing density  is larger than the critical value c=RF
-2, 0.021 

chain/nm2 in the present case, the randomly coiled chains start to interact with each other and adopt 

a modified conformation, alike the bristles in a brush. From previous thermogravimetric (TGA) 

measurements on functionalized AuNP prepared with the same PEG-SH in the same conditions, we 

found a saturation concentration of PEG-SH on the AuNP of 14 wt.% [17]. Considering a AuNP diameter 

of 17.8-18.6 nm, as measured by TEM and DLS measurements [6,7], and the 5000 g/mol PEG-SH’s 

MW, the expected PEG-SH chain surface density is = 1-05-1.1 chain/nm2 > c. Therefore, we believe 

that the PEG chains on the surface of the AuNP adopt the aforementioned brush-like conformation. 

The height of such tethered ligand films has indeed been calculated by minimising the two free energy 

terms [21,23], which are, as noted by Milner “stretching, which reduces the configurational entropy, 
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and overlapping with neighbouring chains, which reduces the energetically favorable contact with 

solvent molecules”. The brush height derived from this calculation is: 

 

ℎ = (


3
)
1/3

. 𝑏2/3. 𝑎. 𝑁= 17.5 nm  (2) 

 

In the case of the RME peptide, Pymol modelling shows it is in its fully-stretched rod-like configuration 

[7]. Counting 0.35-0.4 nm per residue [24] gives a length of 5.9-6.8 nm. Previous work [18,25] have 

also shown that, for AuNP diameter larger than 10 nm, the decreased curvature means that the chain 

packing reaches that of flat gold surfaces. We, therefore, believe that the gold film is an adequate 

model for our AuNP. As the RME peptide ligand is significantly shorter than the PEG-SH chain, it would 

take an even higher surface curvature (i.e. smaller AuNP) to stop ligand interactions, hence, here also 

the gold film represents a good model to study the interaction of RME-peptide with AuNP. 

The ligand films were deposited on 2x2 cm2 gold/glass substrates purchased from DRLI Inc. (10 nm Au 

on 5 nm Ti adhesion layer). Prior to depositing the ligand films, these gold substrates were cleaned by 

10 min sonication in acetone, Isopropyl alcohol and then DI water. The DI water contact angle for 

these gold surfaces was 36±5. Hydrocarbon contaminants are known to increase this contact angle 

and previous studies [26] have shown that for contact angle values < 50, the gold surface is deemed 

free of hydrocarbon contaminants. The chosen ligands are designed to form a strong covalent bond 

with the gold surface via the thiol group. Hence, the surface chemistry of the outer end of the ligands 

should be similar for the gold particles and the gold films.  

These ligand films were prepared by immersing the 2x2 cm2 gold substrates 8 hrs in approximately 10 

ml of ligand solutions, followed by twice-rinsing with DI water (15 M.m), then N2-driying. This 

technique is more amenable to produce homogeneous monolayers of ligand film than drop casting 

which builds the film gradually by colloidal assembly from the contact line of the drop [27]. Initially, 

these ligand films were prepared from 7 M solutions of PEG-SH and RME-peptide. Measuring the 

contact angle of these ligand solutions against the gold surface, no difference was found with DI water. 

In addition, the presence of the PEG-SH film could not be detected from the scratch measurements, 

as it gave a very elastic response. For these two reasons, we also prepared concentrated ligand 

solution at 200 M. It should be noted that for all ligand films prepared by this immersion technique, 

the concentration of the ligand solution is not appreciably reduced by full coverage, hence the film 

formation results from the competing interactions between ligand, water and surface rather than a 

diffusion gradient towards the surface. 

 

AuNP adsorption onto glass substrates 

The nanoparticles CC-AuNP, PEG-SH-AuNP and MM-AuNP were adsorbed on glass slides, previously 

sonicated 10 min in acetone, then 10 min in IPA. The absence of hydrocarbon contaminant was again 

checked by measuring the DI water contact angle. These clean slides were immersed in dilute (7 M) 

Au NP colloidal solutions for 15h. The glass slides were then twice rinsed with DI water (15 M.m) 

and N2-dried to remove excess AuNP, loosely bounded to the substrates. 

 

2.2 Characterisation. 
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All AFM experiments were carried out with a Bruker DI3100 system using a series of AFM probes such 

as Bruker DNP Si3N4 Si probes (nominal spring constant k=0.06 N/m, resonant frequency f=13kHz,tip 

radius R=20 nm), Budget Sensor ContAl Si probes (nominal k=0.2 N/m, f=13 kHz, R=10 nm), Bruker 

FESP Si probes (nominal k=3 N/m, f=75kHz, R=8 nm) and Budget Sensors SHR150 Si probes (nominal 

k=5 N/m, f=150 kHz, R=1 nm). The DNP and ContAl probes were used exclusively in contact mode 

imaging (CAFM) whereas the SHR150 and FESP probes were also used in tapping mode imaging 

(TAFM). The measurements were performed in DI water or in air, with a ~ 60 % relative humidity. All 

images were acquired at 1Hz scanning rate with 512x512 pixels, unless otherwise stated. Blind 

reconstruction on a standard sample was used periodically to monitor tip contamination or blunting 

[28]. The lever stiffness was calibrated using the Sader technique [29] and its sensitivity (in nm/V) was 

measured using a hard-sapphire sample. TAFM Imaging was carried out using gentle conditions; small 

amplitudes (20-50 nm) and high set points (60-80% of free amplitude, measured 100 nm above the 

engaged surface) as these represent good conditions to image very thin soft layers or loosely adsorbed 

AuNP. CAFM imaging used 0.2-0.4 V deflection set points (in air and in DI water). Image analysis of 

adsorbed AuNP were carried out using Image J or the Bruker Nanoscope 6 software. The particles are 

detected with a -5 nm height threshold with respect to the glass surface. Aggregates (large) and 

contaminants (small) can be filtered out and the average and standard errors are given for at least 20 

particle measurements. On should note that in this paper, all AFM measurements on adsorbed AuNP 

are carried in TAFM in air as the particles are only loosely bound to the glass substrate and can be 

easily displaced by the AFM tip once immersed, as we observed many times. Obviously, the ligand 

arrangement on the AuNP surface may differ in air and in DI water and this represents a limitation of 

the study. 

AFM scratch experiments on ligand films were carried out in air and DI water. The aim was to test the 

ligand attachment to the gold, the packing of the ligands, as well as its resistance to shear stresses. 

This requires a fairly stiff cantilever (~ 3 N/m) which resonates around 65-75 kHz. Unfortunately, the 

liquid cell which drives the acoustic modes usually used to perform tapping in liquid is not responsive 

to such high frequencies, hence the liquid measurements had to be done in CAFM mode. The following 

protocol was used. A 1x0.5 m2 rectangular area was scratched with a ~20 nN CAFM set point, with 

either DNP or ContAl probes, with more gentle CAFM imaging ( ~ 1-5 nN set point) being done over a 

larger 2x1 m2 rectangular area before and after the scratch experiment. Control experiments were 

also done on the gold substrate to ensure that these scratch conditions did not result in a blunt tip or 

a scratched gold surface; i.e. no plastic deformation of the gold. Observation of a step height at the 

edge of the scratched area is a sign that some material has been permanently removed/deformed, 

usually measured from the height histogram. However, nothing can be said about the thickness as the 

ligand film may recover elastically. This may seem surprising as one may expect the AFM tip to ‘scratch 

away’ the soft ligand layer, however, in our experience, this rarely happens, and the step heights 

measured are always smaller than the film thickness. 

Force curves, i.e. force versus relative z piezo-distance, were acquired for both air and in liquid 

conditions on at least 10 locations. The liquid environment has an obvious relevance to this 

investigation as, ultimately, these AuNP drug delivery systems are immersed in body fluids. Evidently, 

a PBS buffer or other media often used on cells/bacteria studies would be better to mirror a realistic 

biological environment. However, AFM measurements on very small adsorbed AuNP amongst a host 

of buffer adsorbates can be difficult to interpret. Hence, as in many published studies on AuNP [6-

8,15], we choose DI water as the liquid of choice. However, the measurements in air are also 

instructive. It has been shown [30], that in air, the capillary meniscus force is the main contributor to 

the AFM pull-off force and that there is a direct relationship between hydrophilicity and AFM pull-off 

force. Hence, these measurements inform on the hydrophilicity of surface groups present on the top 
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surface of the ligand films. For the PEG-SH films, some force curve carried out with the soft DNP probes 

(nominal k=0.06 N/m) permitted to measure the elastic properties of the film. To that end, the F-z 

curve is transformed into a F-s curve, where the s is the tip/surface separation (s=Z-d, where d is the 

cantilever deflection). After having determined the contact point, a delicate operation for thin 

compliant films, the data is fitted to the Dimitriadis model [31], which considers the substrate effect, 

i.e a thin soft sample on a stiff substrate does not show the same deformation than a bulk soft sample 

of the same material. 

AFM force curves on small AuNP are also challenging and were carried out on adsorbed AuNP using 

the Bruker ‘point and shoot’ routine on 10-20 AuNP, depending on the sample. The maximum applied 

force was 30 nN. The lateral drift was minimised by the XY feedback loop of the scanner. The adhesion 

force Fadh is defined as the pull-off force on retraction. These curves can also be replotted as force 

versus separation curve, which permits to extract the dissipation energy Ediss, defined as the area 

between the approach and retract segments of the F versus s curve. Considering that the ligands can 

have a variety of bonding environments over the surface of the particle, it is plausible that, depending 

on how the particle absorption takes place, and where the AFM tip precisely hits the AuNP, the force 

curves will record a range of tip/surface interactions. Hence, these measurements were carried out 

on at least 10 particles, with often several measurements per particle. 

A CAM300 optical tensiometer system was also used to investigate the interaction between the ligand 

solutions on the gold surface. Pendant drops experiments were carried out to determine the surface 

tension of DI water, peptide solutions and PEG solutions, generally for drop volume of 6-8 l. For 

contact angle measurements, the sessile drop volume was kept above 5 l to minimise line tension 

effects [27]. The interfacial adhesion energy density Wa (in mJ/m2) was calculated using: 

𝑊𝑎 = 𝛾𝐿𝑉 . (1 + 𝑐𝑜𝑠𝜃)   (3) 

where  is the contact angle and LV is the solution surface tension (in mJ/m2). 

These experiments were only carried out for the concentrated ligand solutions (200 M) in order to 

measure detectable changes in surface tension and contact angle. Figure 1a summarises the essential 

points discussed above. 

 

Statistical analysis of the data was performed using Microsoft Excel. Data in bar charts are presented 
as mean and standard error for at least 10 measurements. A Student t-test was used to compare pairs, 
for instance the PEG-SH and RME-peptide ligand solutions, or the various AuNP. The p-value was 
calculated assuming equal variance for both and using two tails. All results discussed in term of 
significant differences are those for based on the significance of variances, indicated as * for p-value 
< 0.05, ** for p-value < 0.01 and *** for p-value < 0.001. 
 

3. Results and discussion. 

3.1 Ligand films on gold substrates. 

Figure 1 shows the results of the pendant drop (Fig. 1b) and sessile drop (Fig. 1c) experiments for the 

PEG-SH and RME peptide films prepared with 200 M solutions in DI water. The PEG-SH, with its 

amphiphilic backbone, is tensio-active and reduces the surface tension of DI water whereas the RME-

peptide does not. The contact angle on gold of these two ligand solutions also differs. The compound 

effect of these two measurements is that, using eq.3, we find interfacial adhesion energy densities Wa 
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of 69.3 ± 2.6 mJ/m2 and 72.8 ± 3.2 mJ/m2 for the PEG-SH and the RME-peptide ligands, respectively 

(p-value< 0.01). Two observations can be made about this result. Firstly, at the macroscopic level, the 

two ligands have very similar affinity to gold, no statistically significant difference is found, a finding 

consistent with the ligand/gold interaction being dominated by the strong S-Au bond in both cases 

Secondly, this behaviour is noted for a 200 M concentration, that is a concentration where every 

ligand molecule is surrounded by 2.8x105 water molecules, hence in a solution that is still very dilute. 

Figure 2 shows TAFM images in air of ligand films prepared by the immersion technique for the first 

batch, prepared with 7 M solutions of PEG-SH (Fig. 2b) and RME-peptide (Fig. 2c). The gold substrate, 

also shown in Fig. 2a, is smooth with a very low RMS roughness value (Rq=0.51 nm). All ligand films 

show full coverage and similarly low roughness values. The PEG-SH films exhibit a ‘pitted’, 

heterogeneous distribution of surface features. The lateral dimension of these pitted features varies 

from 30-100 nm, hence are much larger than the individual PEG-SH chains. This is indicative of an 

adsorption process where the ligand/surface interaction competes with the ligand/solvent interaction 

and is consistent with the good solubility of PEG chains. The absence of loose surface deposits is 

another indication of efficient rinsing of poorly attached ligands. By contrast, the RME-peptide 

displays smoother surfaces with adsorbed particulates (~ 50-100 nm), which can be moved when 

exerting excessive contact force with the AFM tip. This would suggest loose deposits, which have not 

been shifted by the DI water rinsing step, hence less soluble than PEG-SH. Scratch experiments 

performed on these samples only resulted in an identifiable step height for the RME-peptide (~ 1.05 

nm high), as shown in Fig. 2e. The absence of step height for the PEG-SH film is indicative of an elastic 

response to the scratching load. It was hypothesised that at this low concentration (7 M), the 

immersion time was insufficient to produce a dense PEG-SH layer; the PEG chains adopt a random coil 

conformation, which can somehow shield the SH bond of solubilized PEG ligands making the anchoring 

to the gold surface difficult. Hence the more concentrated solution was used (200 M). 

Figure 3 shows results for PEG-SH (Fig. 3a) and RME-peptide (Fig. 3b) ligand films prepared with these 

concentrated solutions, in this case imaged in CAFM mode in DI water. The RME-peptide layer is much 

rougher (Rq= 1.63 nm instead of 0.30 nm for PEG-SH) and presents obvious deposits, as observed in 

figure 2, but even more easily displaced by the AFM tip, hence loosely bound to the ligand layer. The 

PEG-SH layer has a similar ‘pitted’ nanostructure as when imaged in air in figure 2 but less pronounced. 

The absence of deposits for the PEG-SH ligand can be assigned to its lesser tendency to aggregate 

when prepared by an immersion technique. 

In figure 4 are gathered results from scratch experiments on the samples prepared in concentrated 

solutions, carried out both in air and in DI water for the PEG-SH (Fig. 3a) and RME-peptide (Fig.3b) 

ligands. In this case, the scratching resulted in a step height trench for both ligand films, although the 

RME-peptide resulted in larger step height (in air, h=-1.2 nm for PEG-SH and h=- 2.1 nm for RME-

peptide). For a ligand film on a hard surface, the observation of a residual scratch depth can be 

indicative of delamination, unlikely to happen in the present case as both ligands bond to gold via 

strong covalent thiol bonds. Residual scratch depth can also be due to plastic deformation of the ligand 

film. Previous AFM scratching studies on thiol-terminated self-assembled monolayers on gold 

substrates have indeed shown that these chains resist remarkably well the pressure under the 

indenter tip, with compressed chains supporting the load even when the gold plastically deformed 

[32]. A plastic deformation in the ligand film corresponds to a change in the chain packing density. In 

compression, this is more likely to happen for a tightly packed molecular system than for loosely 

bound chains. Generally, chain packing density decreases with chain length [20-22]. Having 

established above that, the RME peptide chains (5.9-6.8 nm) are much shorter than the PEGH-SH 

chains (~17.5 nm), one would expect denser peptide packing on the gold surface. The inter-chain 
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interactions are also relevant to this discussion. The RME-peptide ligand is made off 17 amino-acid 

residues. The thiol bond attached to the gold surface is situated on the protein’s terminal cystine 

residue. Following this cysteine residue, there are 10 amino acid residues with either charged or polar 

side chains (i.e. KKKKKKSEDE), followed by 5 amphiphilic and/or hydrophobic residues and a final 

hydrophilic asparagine (N) residue. In this rod-like configuration, there could be strong dipole-dipole 

attractive interactions between these side groups, particularly the six consecutive lysine residues, as 

polylysine is known to adsorb in brush-like configuration [33]. Indeed, dense chain packing with the 

rod-like peptide chains orienting more or less perpendicular to the gold surface has been observed for 

other oligomeric ligands such as alkylanted organic ligands [34]. Incidentally, these same attractive 

interactions between peptide chains can be responsible for the observed small adsorbates seen on 

the RME peptide films in figure 3 and 4. For the PEG-SH used in this study, as discussed above, the 

likely brush configuration would lead to a height of 17.5nm (eq. 2). In this non-optimized packing 

configuration, the long PEG-SH chains are not fully-stretched, rather partially coiled with possibly 

some entanglement between chains, which could indeed result in the observed elastic behaviour. This 

would be consistent with our previous DLS results on PEG-SH functionalized AuNP adopting an 

extended random coil configuration [17]. 

Figure 5 shows force curves obtained in air and in DI water of the two ligand films. The force and 

displacement resolutions here are not sufficient to measure the deformation in the ligand film, the 

aim is solely to study the pull-off, and corresponding pull-off energy while retracting the tip from the 

ligand film. In air, the RME peptide shows the largest pull off force/ pull-off energy, reported in the 

figure. As discussed earlier, the AFM pull-off force in moist air is a measure of surface hydrophilicity, 

in this case the surface character of the ligand film’s external surface. For PEG-SH, anchoring on the 

gold at the SH end would bury the polar carbonyl group and expose the opposite methyl end, an 

unfavourable scenario to promote hydrophilicity. By contrast, the dense RME peptide ligand layer, 

also bonded at the SH end, has a packing of lysine residues ending with the polar asparagine residue, 

hence a hydrophilic external surface. These interpretations can be corroborated by the friction images 

in figure 4. Previous studies in ambient atmosphere on self-assembled organic monolayers, using end 

groups with specific hydrophilic or hydrophobic surface character, have shown that the friction force 

can be correlated to the surface characters of the tip and surface [35]. Figure 4 shows that, for the 

PEG-SH film in air, there is a strong positive friction contrast (f= +28 mV), a result consistent with a 

hydrophobic PEG-SH external surface, a hydrophilic gold surface and a hydrophilic Si/SiO2 tip surface. 

For the RME peptide film in air, there is no such friction contrast (f= 0 mV), as the AFM tip, external 

ligand film’s surface and gold’s surface are all hydrophilic. In DI water, the absence of capillary 

meniscus and the low lateral force sensitivity of the AFM make these friction contrasts a lot smaller 

and no apparent trend can be observed. For the force curves obtained in DI water, figure 5 shows 

much reduced pull off forces and energies because of the absence of capillary meniscus. 

An attempt to measure the PEG-SH ligand film compression is shown in figure 6, here using a softer 

AFM cantilever (0.06 N/m) at a low force set point (< 1nN). Figure 6a shows exemplar AFM approach 

force curves (F vs Z) for the gold substrate and the PEG-SH film. For the gold surface, an attractive pull-

in of ~ 260 pN is observed, after this, the cantilever force increases linearly, indicating minimal surface 

deformation. For the PEG-SH layer, no initial attraction is observed, and the force increases in a 

parabolic manner, a trend consistent with a mechanical response. In figure 6b, nine experimental force 

separation curves (red dots) are shown for the PEG-SH film. The force increases in a parabolic manner 

for a 15-20 nm separation distance, after which the trend is again linear. This mechanical response 

seems consistent with the estimated 17.5 nm ligand thickness. The insert shows the corresponding 

average deformation curve where the separation has been offset to the surface contact position, 

shown with dashed lines. The fit to the Dimitriadis model [31] is shown in figure 6b. The resulting 
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Young modulus value is very low (E= 45±5 kPa, R2=0.954), indeed much lower than that measured 

previously by Huang et al for a PEG film with a similar 5000g/mol molecular weight [36] (E= 2570±680 

kPa). One should note that these E measurements on soft thin samples are not straightforward, the 

challenge in determining the contact point being noted above. Also, the fact that such a thin film 

model is only valid for indentation depths smaller than the film thickness (here fitted only for the first 

10 nm of indentation) also limits the accuracy of the fit. Nonetheless, the large discrepancy between 

our result and Huang’s may originate from the different PEG chain used (PEG-silane for ref. 36, PEG-

SH here), difference in polydispersity or, more crucially, a difference in chain entanglement and chain 

density which would strongly affect the stiffness response of the film. For instance, systems with 

characteristically low chain density, such as PEG hydrogels, display a similar E value (E~ 30 kPa) when 

probed by AFM [35]. This low stiffness value is also consistent with the repulsive interactions between 

PEG chains mentioned noted by Israelachvilli [37]. Finally, as noted in the introduction, a soft 

hydrophobic ligand can facilitate cell uptake, which is advantageous for drug delivery applications 

3.2 AuNPs adsorbed on glass and Si substrates. 

Figure 7 shows TAFM images of AuNPs adsorbed onto a glass substrate. The AuNPs are readily 

distinguishable from residual contamination on the glass substrates, particularly from the cross-

sectional traces which shows a consistent ~ 13-17 nm height for all AuNP, in agreement with TEM 

diameter measurements [7]. The figure also indicates that aggregates seen on the adsorbed CC-AuNP 

sample are absent on the images of the adsorbed functionalized particles, demonstrating that the 

ligands help disperse these AuNP particles. One also notes the low packing density of the AuNPs on 

the surface; 3-10 m-2 for CC-AuNP and 10-30 m-2 for PEGSH-AuNP and MM-AuNP. We also report 

the  potential values, as measured by electrophoretic light scattering for these colloidal systems, all 

negative. One notes that, as the glass surface in water has a negatively charged surface [38], there is 

an approximate inverse relationship between AuNP surface density and  potential, as one would 

expect. However, as the particles are always detected, even for the highly repulsive electrostatic 

interaction between CC-AuNP and the glass surface, there must be other more dominating 

interactions, attractive in nature (Van der Waals, depletion or H-bonding, etc.), between the AuNP on 

the glass surface. 

To detect the ligands on the surface of the particles, gentle tapping conditions and fresh and sharp 

tips were used. A parametric study was undertaken to investigate the effect of imaging parameters 

such as excitation frequency, drive amplitude, feedback gains and tapping set point, all known to affect 

the resolution [39]. It was found that the studied range of imaging parameters did not affect 

significantly the TAFM images of these AuNP particles. No hysteresis artefacts were observed in the 

amplitude force curves, however, the ~ 5-10 mV amplitude noise level corresponds to a 0.5-1 nm 

uncertainty and probably represents a limitation for detecting the ligand. Higher magnification TAFM 

images are shown in figure 8a for the CC-AuNP, PEGSH-AuNP and MM-AuNP. The particle’s diameters 

and heights, detected as described in section 2/, are presented in figure 8b. The table in Figure 8c 

gathers p-values from pair-comparisons and indicates that TAFM did not detect any statistically 

significant differences in either diameter or height for the three different AuNP. The average 

measured particle diameter for the three different AuNP is 33.6 ± 2.4 nm. With an 8 nm tip radius, this 

gives a deconvoluted 16.1 ± 1.5 nm AuNP diameter, very close to the measured averaged particle 

height (15.8 ± 1.0 nm) and also close to value measured by TEM measurements [7], which only detect 

the gold core. 

Figure 9 displays force-separation curves for the three AuNP samples obtained in air. There are clear 

differences in pull-off force Fadh. and dissipation energies Ediss., as indicated in the figure, with the MM-
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AuNP displaying significantly larger values. Considering the equally large values measured for the 

RME-peptide film in air (Fig.5), it is possible that the RME-peptide molecules are tighly packed in 

clusters, interspaced with less dense PEG-SH regions, on the surface of the MM-AuNP particle. 

Israelachvilli [37] noted that the repulsive interactions between PEG chains is known to favour 

PEG/protein interactions which would increase energy dissipation following the tip retraction, as 

observed in figure 9. 

It seems, therefore, that TAFM as used in this study is not capable of detecting the ligands from the 

measurement of particle dimensions. Scanning the literature, one finds many studies where AFM 

microscopy can resolve biomolecular chains adsorbed on atomically flat substrates, however, to the 

best of the author’s knowledge, successful imaging of molecular ligands attached to nanoparticles are 

very scarce [9,40] and, as previously noted, sometimes contested [10]. Generally, to detect a thin and 

soft organic layer onto a hard surface, one tends to apply a low force. This is based on the many 

nanoindentation and AFM investigations of thin film systems which attempt to take into account this 

substrate effect [41-43] to extract intrinsic mechanical properties. However, these studies are based 

on a continuum description of the nanomechanical behaviour; i.e. the material tested is homogeneous 

down to the nanoscale. In the case of nanoparticles functionalized with polymeric ligands, this 

description is inadequate and one needs to consider the packing density of the ligands on the AuNP 

particle. This chain packing density was estimated for the PEG-SH ligand, as discussed earlier (= 1 .01 

chain/nm2) and this can help gauge the number of chains sensed by the AFM tip based on the 

estimation of the tip/surface force Fts and, using contact mechanics, the tip/surface contact area. For 

TAFM imaging conditions, one needs to consider the average force <Fts> during the cantilever 

oscillations. This <Fts> value has been calculated for amplitude-modulation TAFM imaging [44], the 

details of the calculations are given in appendix A. For the conditions used in the TAFM images of 

figure 10, one finds <Fts> = 0.32 nN. The relationship between the force and the contact radius a is 

given by the chosen contact mechanics model. Again, these models (see appendix B) are generally 

based on a continuum description of the tip/surface elastic deformation. The contact radius a and the 

chain density  give the number of chains n sensed by the AFM tip. For the PEGSH-AuNP examined in 

the conditions of figure 8, the value of n is 0.4 for the Hertz model, 5.5 for the DMT model and ~ 10 

for the JKR model.  

 

Clearly, the larger force used in the force -separation curves of figure 9 (~ 30 nN) would result in many 

more ligand chains being probed by the tip and explain why differences are seen between the various 

particles in figure 9 but not in figure 8. This analysis indicates that imaging low density organic ligands 

using amplitude modulation TAFM is challenging as the use of gentle conditions at high set point 

results in sampling very few polymeric chains. More sensitive schemes using, for instance, frequency 

modulation [45], higher harmonics [46] or bimodal operation [47]. would be of benefit to investigate 

ligand arrangement on the surface of nanoparticles for drug delivery applications. 

 

4. Conclusions. 

The interactions of PEG and peptide ligands with gold surfaces and gold nanoparticles were studied 

by AFM microscopy. Pendant and sessile drop measurements showed that the two ligands exhibit 

similar affinity to the gold surface at the macro-scale. However, at the nano-level, TAFM experiments 

show differences in the morphology, continuity and cohesion of the adsorbed ligand films. Differences 

in tip/surface adhesion in water are also measured. The analysis of compression experiments at low 
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force gives a 45 kPa Young modulus for the PEG-SH layer, indicative of a low chain packing density in 

the film. TAFM microscopy of the functionalized AuNP shows that the ligands improve dispersion and 

modify the tip/surface adhesion behaviour on the nanoparticles. However, TAFM images of citric-

capped and functionalized AuNP were similar. Analysis of the AFM tip tapping on the AuNP suggests 

the TAFM detection of low packing density ligands on gold nanoparticles is a challenging task. 
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Appendix A 

The aim is first to calculate the frequency response of the cantilever’s free oscillations. We are 

considering that the tip is some distance away from the surface (i.e. 100 nm), where tip/surface forces 

are negligible and where the only damping is hydrodynamical. The motion of the cantilever can be 

described using forced oscillation concepts [MK]. In the present case of amplitude modulation TAFM 

excitation, the cantilever’s base is excited directly by a harmonic displacement imposed by the piezo-

element of its holder. A schematic of this dynamic system is shown in figure A1. 

 

Figure A1: Free oscillation of a TAFM lever: A/ schematic and B/ dynamic model 

 

The cantilever, of spring constant k, is considered as a point-mass spring system of effective mass m*, 

subjected to the cantilever’s restoring force and to the air’s viscous drag, characterised by the damping 

coefficient c. If d and z represent the dynamic oscillations of the AFM tip and driving cantilever base 

oscillation, respectively, we have 

𝑚∗. 𝑑
′′ = −𝑘. (𝑑 − 𝑧) − 𝑐. (𝑑′ − 𝑧′)  eq. A1 

Rearranged as; 

𝑚∗. 𝑑
′′ + 𝑐. 𝑑′ + 𝑘. 𝑑 = 𝑐. 𝑧′ + 𝑘. 𝑧  eq. A2 

This forced oscillator has a natural angular frequency n=2.fn=2.(k/m*)1/2, damping ratio 

=c/(2m*.n) and the right hand term represents the excitation. Examining the harmonic steady-state 

regime, the complex solutions, in polar form, are; 

𝑧(𝑡) = 𝑧0. 𝑒
𝑖𝜔𝑡     eq. A3 

𝑑(𝑡) = 𝑑0. 𝑒
𝑖𝜔𝑡. 𝑒−𝑖𝜑    eq. A4 

The quantity  is the driving angular frequency (=f, where f is the driving frequency). 

Differentiating, and feeding eq. A3 and A4 into eq. A2, we can calculate the peak to peak amplitude 

of oscillation d0; i.e. the absolute value, or modulus, of the complex d(t); 

𝑑0 =
𝑧0.√1+4𝑏𝛽

2

√(1−𝑏)2+4𝑏𝛽2
    eq. A5 

In this equation b is the square of the frequency ratio; b=(/n)2=(f/fn)2,and the damping ratio  

represents the normalised effect of the system’s damping coefficient c but also relates to the width of 

the resonance peak via the Q factor; 
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𝛽 =
𝑐

2.𝑚∗.𝜔𝑛
=

1

2𝑄
    eq. A6 

Applying this to the conditions used in figure 7; i.e. f=66.3 kHz, fn=66.6 kHz and Q= 200 gives b=0.991 

and =0.0025, hence 4.b.2=2.48x10-5 << 1. Equation A5 can be therefore simplified to; 

𝑑0 =
𝑧0

√(1−𝑏)2+4𝑏𝛽2
    eq. A7 

Equation A6 is the starting point of most analytical analysis of TAFM vibrations, usually written as if 

an harmonic force of amplitude Fo and frequency f was directly applied to the tip; 

𝑑0 =
𝐹0

𝑘⁄

√(1−𝑏)2+4𝑏𝛽2
    eq. A8 

In the case of figure 7, the free oscillation amplitude d0 = 27 nm gives an harmonic force amplitude 

F0=0.78 nN for the b and  values quoted above. With this oscillation amplitude, it can be assumed 

that the average tip/surface force <Fts> is only active at the turning point of the oscillation, near the 

sample. In this condition, the tapping amplitude d can be calculated [48]; 

𝑑 = 𝑑0. √1 − 4 (
〈𝐹𝑡𝑠〉

𝐹0
)
2

    eq. A9 

Rearranged as; 

〈𝐹𝑡𝑠〉 =
1

2
. 𝐹0√1− (

𝑑

𝑑0
)
2

   eq. A10 

This gives a force <Fts> =0.32 nN. This constitutes the starting point for calculating the tip/surface 

contact radius, using a contact mechanics model (i.e. appendix B). 

 

Appendix B 

Contact mechanics models are continuum mechanic descriptions of tip/surface contact, for an AFM 

tip of Young modulus Etip Poisson ratio tip and a surface of Young modulus E and Poisson ratio . The 

description given here is for a sphere of radius R (the tip) applying a force F on a flat (the surface). In 

the Hertz contact model, the contact radius a and surface deformation def can be calculated as; 

𝑎 = [
3𝐹𝑅

4𝐸𝑟
]
1/3

    eq. B1 

𝑑𝑒𝑓 =
𝑎2

𝑅
    eq. B2 

Where Er is the reduced modulus; 

𝐸𝑟 = (
1−𝜈𝑡𝑖𝑝

2

𝐸𝑡𝑖𝑝
+

1−𝜈2

𝐸
)
−1

   eq. B3 

As the Hertz model does not take into account adhesion forces, other models have been 

developed, the most commonly used ones being the Johnson-Kendall-Roberts (JKR) and the 

Derjaguin-Muller-Toporov (DMT) model [48]. In the JKR model, on approach, the adhesion forces 

deform the surface and bring it into contact; i.e. there is a contact area at zero applied load. The 
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adhesion force Fa, can be measured from the pull-off value during retraction on a force curve. The 

equations for this JKR model are; 

 ...3 RFa =      eq. B4 

3

1

2

22

.3

..










=

r

a
E

R
d


    eq. B5 

The deformation def can be calculated as a function of the relative force f=F/Fa 

𝑑𝑒𝑓

𝑑𝑎
= 3(𝑓 + 2 + 2√1 + 𝑓)

2

3 − 4(𝑓 + 2 + 2√1 + 𝑓)
1

6  eq. B6 

In the DMT model, the effect of adhesion forces is only taken into account insofar as the applied 

force F in eq. B1 of the Hertz model is replaced FDMT; 

𝐹𝐷𝑀𝑇 = 𝐹 + 4. 𝜋. 𝑅. 𝛾      eq. B7 
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Figure captions 

 

Table 1: Labelling, molecular structure of ligands and properties of AuNP. The amino-acid residues are 

labelled with the amino acid one letter code. DH is the hydrodynamic diameter measured from 

dynamic light scattering and the  potential is measured from electrophoretic spectroscopy. 

 

Figure 1: Contact angle and pendant drop experiments for the ligand solutions : a) schematics and 

equations, b) surface tension results and c) contact angle results on the gold surface. 

 

Figure 2:  TAFM height images in air of ligand layers from dilute solutions (7 M): a) gold substrate, b) 

PEG-SH 8hrs, c) RME-peptide 8hrs, d) RME-peptide 8 hrs with scratched area, e) Height histogram 

from d) showing 1.05 nm step height. The 400 nm scale bar and 10 nm height scale are for all images. 

 

Figure 3:  1m CAFM height images in DI water of ligand layers from concentrated solutions (0.2M): 

a/ PEG-SH (Rq= 0.30 nm) and b/ RME-peptide (Rq= 1.63 nm).  200 nm marker bar and 4 nm hight scale 

are the same for both images. 

 

Figure 4:  2m CAFM height and friction images of ligand layers from concentrated solutions (0.2 M) 

obtained in air and in DI water: a/ PEG-SH and b/ RME-peptide. The contrast between the scratched 

and unscratched area is shown in the images for the height (h) and friction (f) signals. Scale bar, 

shown for all image is 400 nm. 

 

Figure 5:  Average AFM force-separation curves in air and in DI water for ligand films on gold; RME 

peptide and PEGSH obtained in air and in DI water prepared at 200 M. The adhesion pull-off force ( 

in nN) and energy dissipation ( in aJ) are also shown in the curves. 

 

Figure 6: a/ Force curves obtained in DI water at low force for gold and the PEGSH film prepared at 

200 M, b/ Force separation curves and, insert, force-indentation curve with fit of the Dimitriadis 

model (ref 31) to take into account the substrate effect. The calculated low Young modulus value is 

indicative of a film with low chain density and entanglements. 

 

Figure 7:  4 m TAFM images in air for of glass substrate and adsorbed AuNPs. Cross-sectional traces 

are shown below the images. Marker bar= 200 nm in both main images and inserts. The 1 m cross-

sections, all with a 25 nm vertical scale, are across significant features; i.e. contaminants for the glass, 

AuNP for the other samples. 
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Figure 8:  a/ 500nm TAFM images in air for  CC-AuNP, PEGSH-AuNP and MM-AuNP adsorbed on glass 

obtained with optimised imaging conditions. b/ Corresponding histograms for particle heights and 

diameters and c/ table of student t-test p-values for ‘pair comparisons’, in red for diameter and blue 

for height, showing no statistical differences between the three samples (i.e. p-values > 0.05) 

 

Figure 9: Representative AFM force-separation curves for CC-AuNP, PEGSH-AuNP and MM-AuNP 
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Table 1: Labelling, molecular structure of ligands and properties of AuNP. The amino-acid residues 

are labelled with the amino acid one letter code. DH is the hydrodynamic diameter measured from 

dynamic light scattering and the  potential is measured from electrophoretic spectroscopy. 

 

 

 

Figure 1: Contact angle and pendant drop experiments for the ligand solutions : a) schematics and 

equations, b) surface tension results and c) contact angle results on the gold surface. 
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Figure 2:  TAFM height images in air of ligand layers from dilute solutions (7 M): a) gold substrate, b) 

PEG-SH 8hrs, c) RME-peptide 8hrs, d) RME-peptide 8 hrs with scratched area, e) Height histogram 

from d) showing 1.05 nm step height. The 400 nm scale bar and 10 nm height scale are for all images. 

 

 

Figure 3:  1m CAFM height images in DI water of ligand layers from concentrated solutions (0.2M): 

a/ PEG-SH (Rq= 0.30 nm) and b/ RME-peptide (Rq= 1.63 nm).  200 nm marker bar and 4 nm hight scale 

are the same for both images. 
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Figure 4:  2m CAFM height and friction images of ligand layers from concentrated solutions (0.2 M) 

obtained in air and in DI water: a/ PEG-SH and b/ RME-peptide. The contrast between the scratched 

and unscratched area is shown in the images for the height (h) and friction (f) signals. Scale bar, 

shown for all image is 400 nm. 

 

 

Figure 5:  Average AFM force-separation curves in air and in DI water for ligand films on gold; RME 

peptide and PEGSH obtained in air and in DI water prepared at 200 M. The adhesion pull-off force ( 

in nN) and energy dissipation ( in aJ) are also shown in the curves. 
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Figure 6: a/ Force curves obtained in DI water at low force for gold and the PEGSH film prepared at 

200 M, b/ Force separation curves and, insert, force-indentation curve with fit of the Dimitriadis 

model (ref 31) to take into account the substrate effect. The calculated low Young modulus value is 

indicative of a film with low chain density and entanglements. 

 

 

Figure 7:  4 m TAFM images in air for of glass substrate and adsorbed AuNPs. Cross-sectional traces 

are shown below the images. Marker bar= 200 nm in both main images and inserts. The 1 m cross-

sections, all with a 25 nm vertical scale, are across significant features; i.e. contaminants for the glass, 

AuNP for the other samples. 
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Figure 8:  a/ 500nm TAFM images in air for  CC-AuNP, PEGSH-AuNP and MM-AuNP adsorbed on glass 

obtained with optimised imaging conditions. b/ Corresponding histograms for particle heights and 

diameters and c/ table of student t-test p-values for ‘pair comparisons’, in red for diameter and blue 

for height, showing no statistical differences between the three samples (i.e. p-values > 0.05) 

 

 

Figure 9: Representative AFM force-separation curves for CC-AuNP, PEGSH-AuNP and MM-AuNP 

 

 


