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This paper presents the results of an experimental study of the effects of adhesion between gold

nanoparticles and surfaces that are relevant to the potential applications in cancer detection and

treatment. Adhesion is measured using a dip coating/atomic force microscopy (DC/AFM)

technique. The adhesion forces are obtained for dip-coated gold nanoparticles that interact

with peptide or antibody-based molecular recognition units (MRUs) that attach specifically

to breast cancer cells. They include MRUs that attach specifically to receptors on breast

cancer cells. Adhesion forces between anti-cancer drugs such as paclitaxel, and the constituents of

MRU-conjugated Au nanoparticle clusters, are measured using force microscopy techniques. The

implications of the results are then discussed for the design of robust gold nanoparticle clusters and

for potential applications in localized drug delivery and hyperthermia. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863541]

I. INTRODUCTION

Cancer is currently the second leading cause of death in

the world.1 In most cases, the major challenge is the detec-

tion of cancer before metastasis.1,2 Hence, the diagnosis is

often too late to administer the current treatments that are

available.3,4 Consequently, more than 550 000 Americans

and more than 7.5 � 106 worldwide die of cancer each year.5

Furthermore, for the patients that undergo bulk systemic can-

cer treatment, the treatment is often painful, with significant

short and long term side effects arising from common treat-

ment methods that include: chemotherapy, radiotherapy,

hyperthermia, and surgery.3,4

In an effort to reduce the potential side effects of bulk

systemic cancer treatment, our previous work6 explored the

potential of an implantable anti-cancer treatment device that

can locally deliver drugs and heat to the site of a tumor.

Such a device can be used, following surgery to remove can-

cer tissue, to treat cancer by the localized chemotherapy and

hyperthermia. The combination of heat and drug was

selected because of the potential of engineering synergy

through the combined use of localized chemotherapy and

hyperthermia.7

However, the above device requires surgery for its inser-

tion into the body. Furthermore, it may not treat metastatic

cells that have escaped into the blood stream and other

organs. There is, therefore, a need for novel approaches for

the detection and treatment of cancer cells before and after

metastases.1 This has stimulated our recent efforts to use

nanoparticles to facilitate the early detection and treatment

of cancer.8–11 The nanoparticles can be injected into the

blood stream, where they can also diffuse through the capil-

laries and pores, until they reach receptors on cancer cells

that can bind specifically to MRUs (such as antibodies and

peptides) that are attached to them.8

Upon attachment, the nanoparticles can be used to

facilitate the imaging8–11 and treatment8–11 of cancer. For

example, magnetic nanoparticles may be used to facilitate

the magnetic resonance imaging (MRI) of cancer cells/

tissue, while gold nanoparticles may be used to enhance

laser therapy through interactions that occur between gold

nanoparticles and laser beams.8 Similarly, anti-cancer drugs

that are tethered to gold nanoparticles may be used to treat

targeted cancer cells/tissue and metastatic cancer cells in

the blood stream.8,11 Designer nanoparticles, therefore,

have the potential for localized detection and treatment of

cancer.

Gold nanoparticles are particularly attractive in cancer

treatment because of their strong absorption of light in the

visible and near-infra red (NIR) electromagnetic regions.

This optical absorption is strongly dependent on the shape

and size of the gold nanoparticle.8 Furthermore, it has been

shown that the cell uptake of spherical gold nanoparticles is

dependent on their size, with 50 nm being the optimal diame-

ter.12 Also, because smaller nanoparticles are expected to

have a better chance of passing through tumor vasculature,

they can attach to tumor tissue and then pass through the

body prior to egestion and excretion. This prevents their long
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term accumulation in the body, while providing the basis for

cancer detection and treatment during their attachment to

specific cancer cells.

Since the interactions between nanoparticles and cancer

cells can provide a basis for cancer detection and treatment,

significant efforts have been made to design gold nanoclus-

ters that can improve our ability to detect and treat

cancer.8,11,13–21 In general, such nanoclusters consist of:

• an imaging core, such as gold that can undergo plasmon

resonance under illumination with a laser;
• encapsulated anti-cancer drugs, such as paclitaxel;
• molecular recognition units, such as antibodies and pep-

tides that bind specifically to receptors on cancer cells,

ligand chemistry, and protective coatings that limit the

interaction of the nanoparticles with surrounding tissue

and blood during transport to target organs (Figure 1).

During transport in the body, the nanoclusters are sub-

jected to hydrodynamic and shear forces that can cause them

to fragment into smaller pieces. They must, therefore, be

bound by significant adhesive and cohesive forces that can-

not be overcome by the forces encountered during nanopar-

ticle transport in the body. There is, therefore, a need to

quantify the adhesion forces between the constituents of

nanoclusters that are relevant to cancer detection and treat-

ment. This can be done using Force Microscopy during

Atomic Force Microscopy (AFM).22–24 This is a technique

that can be used to study bi-material pairs25 that simulate

pair-wise interactions between interacting nanoparticles.26 It

is the basis for force spectroscopy and the measurement of

nano/molecular scale adhesion.27,28

This paper presents the results of an experimental study

of the adhesion between the constituents of gold nanoclusters

that are relevant to cancer detection and treatment. In the

case of cancer detection, the adhesive interactions between

gold nanoparticles and molecular recognition units (such as

luteinizing hormone releasing hormone and a breast specific

antibody) are measured using force microscopy. The adhe-

sion between gold nanoparticles and paclitaxel (a anti-cancer

drug) is also measured along with the effects of thiols that

are often used to improve the adhesion between gold and a

number of organic materials.29 The implications of the

results are then discussed for the development of gold

nanoclusters for future applications in cancer detection and

treatment.

II. THEORY

The force microscopy method involves bringing AFM tips

close enough for adhesive interactions to occur (Figure 2(a)).

This ultimately causes them to jump into contact (Figure 2(b)).

The tips then undergo elasticity as they are displaced further in

the same direction (Figure 2(c)). Upon their retraction, the dis-

placements are reversed, as the loads are reduced to zero

(Figure 2(d)). However, the tips do not detach at zero load, due

to the effects of adhesion. Consequently, the retraction has to

be continued until the adhesive interactions are overcome by

the applied forces. This results in the pull-off of the AFM tips

from the substrates (Figure 2(e)). The resulting pull-off force,

F, is a measure of the adhesion. It is given by Hooke’s law

F ¼ kd; (1)

where k is the stiffness of the AFM cantilever and d is the

displacement of the AFM tip at the onset of pull-off (repre-

sented as the length, EA in Figure 2(a)). Measurements of

such pull-off forces have been applied in biology.30–33 They

have been shown to be sufficient to detect the differences

between breast cancer cells and normal breast cells in recent

work by Meng et al.,25 who studied the adhesive interactions

between the breast specific EphA2 antibodies and receptors

on breast cancer or normal breast cells. Meng et al.25 also

studied the adhesion between luteinizing hormone releasing

hormone (LHRH) peptides and their receptors on breast can-

cer and normal breast cells. Their results show that the pull-

off forces associated with breast cancer cells and

LHRH/EphA2, which are over-expressed in breast cancer

cells,34,35 are about five times the adhesion to normal breast

cells.25

It is important to note here that although the above

results suggest that force microscopy can be used to measure

the adhesive forces between the constituents of nanoclusters,

there have been no prior efforts to use force microscopy to

measure the adhesion between gold nanoparticles and the

constituents of nanoclusters that are being designed for the

specific detection and treatment of cancer via localized

FIG. 1. Possible schematics of a nanoparticle-based drug delivery/detection system.
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chemotherapy and hyperthermia. This will be explored in

this study using a model nanocomposite system (Figure 1)

that can deliver the anti-cancer drug, paclitaxel, while pro-

viding the basis for thermo-chemotherapy, by localized

hyperthermia via plasmon resonance with optically tunable

gold nanoparticle cores.

III. MATERIALS AND METHODS

A. Materials

The gold nanoparticles were purchased from Nanopartz

Inc. (Loveland, CO), while the uncoated AFM tips were pro-

cured from Veeco (Memphis, TN). Paclitaxel was obtained

from Parenta Pharmaceuticals (West Colombia, SC), while

LHRH was purchased from Thermo Scientific (Waltham,

MA). The Breast Specific Antibody (BSA) and thiols were

obtained from Sigma-Aldrich (St. Louis, MO).

B. AFM experiments

1. AFM tip and substrate coating/characterization

A simple dip-coating method25 was used to coat the

AFM tips. The bare AFM tips were dip-coated with either

gold nanoparticles, LHRH or BSA. This was done by

immersing them into their respective solutions for about 10 s

to maximize the AFM tip surface contact with the solution.

The tips were then air-dried for less than a minute, after

which they were dipped for a second time, again for 10 s.

This procedure was repeated 3–5 times to complete the coat-

ing process. The nanoparticle concentrations in solution

ranged from 22 to 46 ppm. These were used in the as-

received condition. Similarly, the BSA, thiols and LHRH

solutions were used, as provided by the vendors, at a concen-

tration of 0.5 mg/ml.

Subsequently, the coated AFM tips were air-dried for a

minimum of 24 h. They were then observed under a scanning

electron microscope. The paclitaxel, LHRH, and BSA sub-

strates were prepared by spreading each of the solutions on

glass sheets to form thin layers. These were then allowed to

dry in air for a minimum of 24 h. The surface morphologies

of the coated substrates and the uncoated glass substrates

(control surfaces)36 were then characterized using a

Dimension 3100 Atomic Force Microscope (AFM) that was

operated in the tapping mode (Dimension 3100, Bruker

Instruments, Woodbury, NY, USA).

In order to confirm that the AFM tip samples were

coated with gold nanoparticles, the coated and bare tips were

imaged under a Phillips Model FEI XL30 field emission gun

scanning electron microscope (SEM) (Phillips Electronics

N.V., Eindhoven, The Netherlands). The images were

obtained using secondary electron imaging. The images of

the coated AFM tips were obtained before and after the

AFM experiments. In this way, possible detachment or

delamination of the coatings was observed on the coated

AFM tips.

Hence, since pull-off forces were only accepted for

cases in which the coatings were still present after the pull-

off experiments, the measured pull-off forces were con-

firmed to be due to the intended bi-material pairs. The spring

constants of the coated and uncoated tips were measured

using the thermal tune method.37,38 This was measured

because the actual spring constants are needed to obtain the

true adhesion forces from Eq. (1). This also accounts for

batch-to-batch variations in the spring constants, as well as

the effects of coatings on the cantilever stiffness.25,36 The

pull-off measurements were obtained under ambient condi-

tions (room temperature of 22–23 �C and a relative humidity

of 40–45%).

2. AFM force-displacement measurements

The interactions between the gold nanoparticle-coated

AFM tips and the cell substrates or between the components

of the drug delivery systems were measured using a

Multimode Dimension DI Nanoscope IIIa Atomic Force

Microscope (Bruker Instruments, Woodbury, NY, USA).

The measurements were obtained under ambient conditions

and relative humidity (40–45%). The photodetector sensitiv-

ity was calibrated on a stiff quartz surface before force mi-

croscopy measurements.39 The Veeco probes were made

from uncoated phosphorus (n)-doped silicon. They have a tip

radius of curvature of 30 nm. For each pair of interactions,

FIG. 2. Schematic of an atomic force

microscope force-displacement behav-

ior: (a) Load-displacement plot, (b)

Tip/Surface Interaction. In one cycle,

tip approaches the surface of the sub-

strate (A), jumps to contact with sub-

strate as significant van der Waals

forces are felt (B), undergoes elasticity

as it is displaced further in the same

direction (C), displacements are

reversed upon retraction as loads

reduce to zero (D), tip does not detach

at zero load due to the effects of adhe-

sion until sufficient force is applied to

pull the tip off the surface (E).
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150 adhesion measurements were obtained from 3 AFM tips

with 50 measurements obtained for each tip at 5 different

positions on the substrate.

Table I shows the different pairs used.

IV. RESULTS AND DISCUSSION

A. AFM tip and substrate characterization

Back-scattered SEM images of the uncoated and

dip-coated AFM tips are presented in Figures 3(a)–3(g). The

images show tips before and after the AFM adhesion

measurements. A typical uncoated AFM tip is shown in

Figure 3(a). This shows that the bare tip is evenly smooth

along the corners and surfaces of the tip. However, in the

case of the coated tips, corners and apexes are covered with

coatings that disrupt the smoothness of the surfaces.

Typical AFM images of the dip-coated AFM tips are

presented in Figures 3(b)–3(f). These show the surface

morphologies of AFM tips that are coated with nanoscale

layers of gold (Figure 3(b)), LHRH (Figure 3(c)), EphA2

breast specific antibody (Figure 3(d)). Furthermore, no evi-

dence of coating delamination was observed on the surfa-

ces of the coated AFM tips that were used in the pull-off

experiments. Hence, the measured pull-off forces are due

to interactions between the coated AFM tips and the

substrates.

B. Adhesion forces

Figure 4 shows a typical force-displacement plot for the

adhesion between gold nanoparticles and LHRH. This plot

has characteristics similar to the idealization presented in

Figure 2. By multiplying the pull-off deflections with the tip

stiffness shown in Table II, the pull-off forces were obtained.

There were no measurable forces for the control samples.

The adhesive force interactions between the different

components of the designer drug delivery system (shown in

Figure 1) are presented in Figure 5. The adhesion forces

between the gold nanoparticles and LHRH and between gold

nanoparticles and BSA are comparable and stronger than

those obtained for paclitaxel-gold, paclitaxel-antibody or

paclitaxel-LHRH complexes.

The weakest adhesive interactions within the drug nano-

composite systems (Figure 5) are with the drug (paclitaxel).

These interactions result in pull-off forces of about 10 nN,

compared to those without the drug (F� 58 nN). This sug-

gests that the robustness of such systems will depend highly

on the drug-component interactions.

These above adhesion forces are generally related to

Van der Waal’s forces, with relatively large and short range

interactions between the different components. Also, it can

be observed that similar adhesion forces were obtained for

the LHRH and BSA coated tips when measured against the

TABLE I. Substrates and coated tips used in AFM study.

Coating on tip Substrate

Gold Taxol (Paclitaxel)

Gold Taxol (Paclitaxel)

Gold Antibody

Antibody Taxol (Paclitaxel)

LHRH Taxol (Paclitaxel)

FIG. 3. Sample SEM Images of the AFM tips: (a) Bare AFM tip; (b) Gold

nanoparticles-coated AFM tip before adhesion measurement; (c) Gold

nanoparticles-coated AFM tip after adhesion measurement; (d) LHRH-coated

AFM tip before adhesion measurement; (e) LHRH-coated AFM tip after ad-

hesion measurement; (f) BSA-coated AFM tip before adhesion measurement;

(g) BSA-coated AFM tip after adhesion measurement. Boxes show coating on

apex tip and side edges. FIG. 4. Typical AFM force-displacement behavior for coated tips on substrates.

084305-4 Oni et al. J. Appl. Phys. 115, 084305 (2014)



same substrate (�60 nN against gold and �10 nN against

paclitaxel). This may be due to the amino acid sequence

present in the peptide and polypeptide structures in the

LHRH and BSA, respectively. The overall adhesion forces

would, therefore, depend on the charge distributions and

positions of the amino acid residues in the peptide and poly-

peptide structures of the LHRH and BSA structures.

The AFM force microscopy results (Figure 5) also show

that gold nanoparticles are strongly attracted to biological

compounds. The pull-off forces for gold-LHRH and gold-

AB pairs are 60 6 3 nN and 57 6 3 nN, respectively. These

forces are presented in Table III.

These are far greater than those between gold and pacli-

taxel, which is 12 6 0.6 nN. In contrast, there are weak adhe-

sive interactions between paclitaxel and the molecular

recognition units, LHRH and Antibody. The adhesive forces

obtained for these interactions are 10 6 1 nN and 9 6 1 nN,

respectively. The results are shown in Table IV.

The adhesion forces between taxol and gold, as well as

taxol and thiol are generally less than the other interactions

within the nanocomposite drug delivery system. Hence, the

current results show that the drug is the weak link in the

nanocomposite system. Careful nanocluster engineering

must, therefore, be carried out to prevent the inadvertent

release of the drug, paclitaxel, before it is delivered to the tu-

mor sites for controlled release and the treatment of cancer

cells/tumor tissue.

Furthermore, the results show that the presence of thiols

plays an important role in the overall robustness of the sys-

tem. Figures 6–8 reflect increased adhesion forces, when

compared with those with gold. In Figure 6, the thiol-

antibody couple has an adhesion force of 320 6 40 nN,

which is about three times the adhesion force between gold

and the breast specific antibody. These results are summar-

ized in Table V.

Also, the adhesion force between thiol and gold is found

to be almost double that between the gold and the BSA.

These results clearly indicate a significant increase in the ad-

hesive interactions when thiol is introduced between the gold

and BSA. The increased adhesion forces between gold and

thiol can be attributed to covalent bonds. Gold is known to

form stable complexes with ligands which have “soft” or

polarizable electron donating atoms such as phosphorus or

sulfur.40 Similarly, the stronger adhesive forces between

BSA and thiol may be attributed to amine-thiol interactions.

TABLE II. Spring constants of the bare and coated tips.

LHRH-coated tip 0.71 6 0.11

Gold-coated tip 0.48 6 0.21

Antibody-coated tip 1.02 6 0.32

FIG. 5. Adhesion interactions of components in a drug delivery system.

TABLE III. Comparison of adhesion interactions for LHRH with and with-

out thiols.

Component pairs Average adhesion force (nN)

Gold-LHRH 60 6 3

Gold-Antibody 57 6 3

Gold-Thiol 100 6 5

LHRH-Thiol 200 6 10

TABLE IV. Comparison of adhesion interactions for paclitaxel (taxol) with

antibody, gold or LHRH.

Component pairs Average adhesion force (nN)

Taxol-thiol antibody 9 6 1

Taxol-gold 12 6 0.6

Taxol-LHRH 10 6 1

FIG. 6. Comparison of adhesion interactions for Gold with and without

thiols.

TABLE V. Comparison of adhesion interactions for Gold with and without

thiols.

Component pairs Average adhesion force (nN)

Gold-antibody 60 6 3

Gold-thiol 100 6 5

Antibody-thiol 320 6 40

084305-5 Oni et al. J. Appl. Phys. 115, 084305 (2014)



Similar results were obtained for LHRH interactions.

These resulted in a three-fold increase in the adhesion forces

of gold-thiol structures, when compared with those of

uncoated gold structures (Figure 7). Furthermore, the adhe-

sion forces between gold and paclitaxel are about six times

greater when thiols are present (Figure 8). The current

results, therefore, confirm that thiols can improve the robust-

ness of gold nanoparticle clusters, as is expected from prior

work reported in the literature.41,42 The current results are

also presented in Table VI.

The above results suggest that, with the exception of

thiol-taxol interactions, the interactions between thiol and

the other chemical species (LHRH, EphA2 and gold) gener-

ally result in increased adhesion. These results are shown in

Table VII.

The observed increase in adhesion forces (in the pres-

ence of thiols) is attributed to the effects of secondary bonds

(Van der Waals forces or hydrogen bonds). Furthermore, the

statistical variations in the measured adhesion forces seem to

be less in the cases where the number of molecular species

on the AFM tips are fewer. However, in cases with increased

numbers of available molecular species on the AFM tips

(taxol and LHRH), the variabilities in the measured adhesion

forces may depend on the coverage of the AFM tips and the

orientations of the molecules on the AFM tips and the sub-

strates. Further work is clearly needed to explore the effects

of molecular orientation and AFM tip coverage on the meas-

ured adhesion forces. These are clearly some of the chal-

lenges for future work.

The reasons for the variations in error ranges in the ad-

hesion force measurements are not fully understood at the

moment. We also note that the adhesive interactions between

relatively large antibodies and gold nanoparticles result in

smaller statistical variations, while those between organic

structures with many possible sites of interactions result in

larger variations in adhesive force.

Finally in this section, Figure 9 provides a comparison

of the forces obtained for the different component pairs with
FIG. 7. Comparison of adhesion interactions for LHRH with and without

thiols.

FIG. 8. Comparison of adhesion interactions for Paclitaxel (taxol) with and

without thiols.

TABLE VI. Comparison of adhesion interactions for LHRH with and with-

out thiols.

Component pairs Average adhesion force (nN)

Gold-LHRH 60 6 3

Gold-thiol 100 6 5

LHRH-thiol 200 6 10

TABLE VII. Comparison of adhesion interactions of the nanocomposite

components with thiols.

Component pairs Average adhesion force (nN)

Gold-thiol 100 6 5

Antibody-thiol 320 6 6

LHRH-thiol 200 6 10

Taxol-thiol 65 6 3

FIG. 9. Comparison of adhesion interactions of the nanocomposite compo-

nents with thiols.
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thiols. As reported previously,43 proteins have the strongest

affinity to thiols due to the possible disulfide intermolecular

interactions.

Covalent bonds between gold and thiols40 may be respon-

sible for these strong adhesive interactions. Furthermore, the

paclitaxel-thiol bi-material pair results in the smallest pull-off

forces, suggesting the presence weak Van der Waal’s

interactions.

V. IMPLICATIONS

The implications of the current work are quite signifi-

cant. They suggest that nanoparticles, peptides and antibod-

ies can be coated on micro-cantilever tips and used to

measure adhesion interactions that are relevant to drug deliv-

ery systems. Hence, the pairwise adhesive interactions

between the drug components can be measured using force

microscopy techniques. However, there is a need for further

work to explore the extent to which the AFM adhesion meas-

urements may vary due to interactions with liquids and dif-

ferent solvents that are relevant to in-vitro and in-vivo
environments. In-vitro and in-vivo studies are also needed to

understand the level to which the AFM adhesion measure-

ments can be related to nanoparticle-drug component inter-

actions and binding under experimental and clinical

conditions. These are clearly some of the challenges for

future work.

Based on the sizes of the rounded AFM tips with tip

radii of about 30 nm, we estimate a total hemi-spherical vol-

ume of about 5656 nm2 is available for the adhesive interac-

tions with the substrates. Hence, in the case of the EphA2

antibodies, if we estimate the surface areas of the molecules

to be approximately 1000 nm2, then we would expect to

have about 5.7 molecules interacting with the substrates.

Consequently, partial coverage of the tip rounded AFM tips

should result in about 3–5 molecules per rounded AFM tip.

In the case of the smaller LHRH peptides, with surface areas

of about 36 nm2, about 157 LHRH peptides can be attached

to the rounded AFM tip, if it is fully covered. Similarly, the

interactions with the taxol drug molecule with a surface area

of 100 nm2 could result in about 57 taxol molecules on the

rounded AFM tip.

Furthermore, it is also clear that the adhesion methods

that were used in this study can be used to screen the effec-

tiveness of potential binding chemistry and coated nanopar-

ticle targets before conducting expensive in-vitro and in-vivo
studies that are needed for clinical use. However, the rela-

tively weak bonds between the anti-cancer drugs (paclitaxel)

suggest that nanocluster fragmentation may occur during

transportation in the bloodstream to the target organs. Since

such fragmentation may result in premature drug release

from the nanoparticle clusters (before they reach the

intended tumor tissue/target organs), there is a need for fur-

ther experimental and computational work to study the re-

sistance of the nanoparticle clusters to fragmentation under

in-vitro and in-vivo conditions. Nevertheless, the results of

the current study show clearly that thiols improve the adhe-

sion between the constituents of nanoclusters that are

relevant to early cancer detection and the localized treatment

of cancer via hyperthermia and localized drug release.

VI. CONCLUSIONS

This paper presents the results of an experimental study

of the adhesion forces between components of a model

generic drug delivery/system that includes gold nanopar-

ticles, paclitaxel, thiols, LHRH and as breast-specific anti-

body, BSA. The results confirm that the robustness of such

systems depends on the adhesion to paclitaxel, which is the

weak link. In such cases, it is important to design nanopar-

ticle clusters in which adhesion to the drug is increased to

prevent premature release. The results suggest that the force

microscopy technique can be used to rank the adhesion

between different species in drug nanocomposites that are

being developed to treat breast cancer and other forms of

cancer. They also show that the presence of thiols can signif-

icantly increase the adhesive forces between gold and the

molecular recognition units or the drugs in these systems.

Furthermore, the current work provides a tool for fast screen-

ing of potential binding chemistry for ligand conjugated

nanoparticles that can also be used for cancer detection and

treatment. Further work is clearly needed to measure the ad-

hesion forces in biological environments and clinical

settings.
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