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ABSTRACT We investigated the effect of the charge and the hydrophobicity of drug delivery system (DDS) carriers on their
specificity to living malignant melanoma B16F10 cells with the atomic force microscope. To model various nanoparticle DDS
carriers, we used silica particles that were modified with silane coupling agents. We then measured the compression and
decompression forces between the modified colloid probes and the living B16F10 cell in a physiological buffer as a function of
their separation distances. The maximum adhesive force on decompression was related to the strength of the specificity of the
DDS to the malignant cell. A comparison of the average maximum adhesive force of each functionality group surprisingly
showed that negatively charged surfaces and hydrophobic modified surfaces all had similar low values. Additionally, we saw the
unexpected result that there was no observable dependence on the degree of hydrophobicity of the probe surface to a B16F10
cell. Only the positively charged particle gave a strong adhesive force with the B16F10 cell. This indicated that DDS carriers
with positive charges appeared to have the highest affinity for malignant melanoma cells and that the use of hydrophobic
materials unexpectedly did not improve their affinity.

INTRODUCTION

Use of a drug delivery system (DDS) designed for malignant

cells can minimize or eliminate drugs affecting noncancer-

ous cells. Promising DDS carriers are multi-functional nano-

particles (1) or colloids/vesicles (2), as these can be designed

to be specific to the cell in question. However, each organ

type is made up of a different cell type, each having a unique

surface property (3). Additionally, cancer cells differ from

normal (nonmalignant) cells in that they reproduce in defi-

ance of the normal restraints on division, acquire altered

differentiated functions, and invade and colonize territories

normally reserved for other cells (4,5). These mutated malig-

nant cells may also cause changes in the cell genes (6). Thus,

it is still unclear to which DDS functional groups a cancerous

cell is most specific. People have been using the DDS with-

out knowing its affinity to a malignant surface. To improve

the success of the DDS, it is essential to obtain the funda-

mental data that tell us which DDS carrier surface functional

groups show empathy to a malignant cell.

The surface properties of a malignant cell are still not well

understood. However, the popular approach of screening an

endless number of drugs and carrier types in the hope of

finding a group specific to a malignant cell (7) is very ineffi-

cient and costly. Instead, using the knowledge of the struc-

ture of a cell, we may be able to better design a DDS. The

amino acids in the receptors/kinases on a cell surface and the

lipids in a cell membrane are composed of positive, negative,

and hydrophobic groups (8). Highly hydrophobic molecules

may therefore show better affinity to a cell than a less hydro-

phobic material because of the strong hydrophobic attraction

with the hydrophobic constituents on the cell surface and

those of the inner mitochondrial membrane system (9–13).

However, because the surface of a cell is covered with a

hydrophilic mucus network (14), the possibility of a hydro-

phobic bond forming is not known. Positively or negatively

charged groups may also demonstrate affinity to a cell as a

result of their bioadhesion with the charged groups of the

receptors or kinases on the cell surface or with the negatively

charged mucus network on the cell surface (14). Positively

charged molecules have been reported to demonstrate tox-

icity to cells (15), suggesting their good affinity to cells. A

malignant cell may have an overexpression or depletion of

some receptors (16–20), but it is unclear which chemical

groups are in excess and therefore should be targeted. We

can obtain more information about which functionality

groups bind best to a melanoma cell by testing the specificity

of two fundamental chemical group types to a melanoma cell

surface, that is, by investigating the effects of positive and

negative charges and of the degree of hydrophobicity of the

surface of a model DDS carrier particle. Such a systematic

study does not appear to exist yet.

The atomic force microscope (AFM) has recently been

applied to biological systems (21,22) and has been used to

directly measure the adhesion force between a particle and a

living cell (23,24). The interaction between a cell and a DDS

carrier can be estimated with the AFM by using the colloid

probe technique (25). If we attach to a cantilever a colloid

particle that models a nanoparticle DDS carrier, we can

directly measure the force between the colloid and a living

cell as a function of their separation distance. The affinity of
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a carrier particle to a cell can be judged from the magnitude

of the adhesion force in the decompression force curve,

where a large adhesion force indicates a good specificity

between the cell and the particle. The functionality of the

model DDS particle can be established by modifying silica

particles with silane coupling agents (26).

In this study, we investigated which fundamental func-

tionality groups show affinity to malignant cells by measur-

ing with the AFM the adhesion between functionalized

cantilever colloid probes and a living malignant melanoma

B16F10 cell in a physiological buffer solution. Concretely,

we tested the effect of the charge and hydrophobicity of the

surface of a particle to the B16F10 cell. Here we chose to use

the malignant melanoma because it metastasizes widely and

therefore is one of the most dangerous cancers (27).

EXPERIMENTAL

Materials and methods

Preparation of functionalized colloid probes

The following silane coupling agents were used to functionalize the

surface of silica particles (D ¼ 6.84 mm, Bangs Laboratories, Fishers, IN):

trimethoxy(methyl)silane (Tokyo Kasai, Tokyo, Japan), trimethoxy-

n-propylsilane (Tokyo Kasai), n-hexyltrimethoxysilane (Tokyo Kasai),

octadecyltrimethoxysilane (Tokyo Kasai), and N-trimethylsilylpropyl-N,N,N-

trimethylammonium chloride (50% in methanol, Gelest, Morrisville, PA).

In the case of all the silane coupling agents except N-trimethylsilylpropyl-

N,N,N-trimethylammonium chloride, the silica particles were functionalized

by the method of Ohno and others (28). Briefly, 20 ml of the silica particles

in water dispersion was added to 3 ml of an ethanol (99.5% EtOH, highest

purity, Kishida Chemicals, Osaka, Japan) ammonium mixture (highest

purity, Kishida Chemicals) (12.6 EtOH:1 NH3) and was stirred for 2 h at

40�C. A solution consisting of 0.2 g of the hydrophobizing agent and 1 ml

EtOH was then added dropwise and allowed to stir for a minimum of 18 h at

40�C. The particles were then washed a minimum of three times in solvent

by centifugation and decantation. The final particles were subsequently

dispersed in ethanol or, in the case of n-hexyltrimethoxysilane and

octadecyltrimethoxysilane, in heptane (highest purity, Kishida Chemicals).

The high hydrophobicity of the n-hexyltrimethoxysilane- and octadecyl-

trimethoxysilane-modified particles inhibited their dispersion in ethanol. All

samples were subsequently stored in clean vessels.

The colloid probes of the above particles were prepared by evaporating

the solvent from a small volume of the particles and then attaching a single

particle to a gold-plated Si-Ni4 cantilever (spring constant ¼ 0.06 Nm�1,

NP-S, Veeco (Osaka, Japan) NanoProbe Tips,), which had been cleaned by

water plasma treatment, by using an XYZ micromanipulator and an epoxy

resin (Japan Epoxy Resin, Tokyo, Japan). The reason for modifying only the

particle and not the whole cantilever was to allow the highest degree of

cleanliness. In the case of the hydrophobic surfaces, it was also important to

eliminate other unnecessary hydrophobic surfaces because nanoscopic

bubbles can form on highly hydrophobic surfaces in an aqueous solution

(29–31), leading to the possibility of artifacts in the force data.

In the case of N-trimethylsilylpropyl-N,N,N-trimethylammonium chloride,

the bare silica particle was first attached to a cantilever, whichwas then cleaned

by plasma treatment. The colloid probe was then modified by adding a solution

containing 0.2 g of the hydrophobizing agent and 1 ml H2O and allowing it to

react a minimum of 18 h. The cantilever was then washed with water several

times before use to remove the excess of the hydrophobizing agent. This

alternate method was used because the high positive charge of the modified

particle meant the particle needed to be kept in an aqueous environment. If the

particle was dried, then the surface properties appeared to change. In the case of

a bare silica probe, a silica particle was attached to a cantilever, and then the

colloid probe was cleaned by water plasma treatment.

Other materials

The water used this experiment was distilled and deionized to give a

conductance of 18.2 MV cm�1 and a total organic content of 5 ppm. Mica

was used to test the modification of the particles.

Cells

General cell culture

The malignant cell line B16F10 (mouse skin cancer cells, obtained from the

laboratory of Prof. Fukumori of Kobe University) was cultured in MEM

medium (Eagle’s MEM medium with kanamycin, without sodium bicar-

bonate, L-glutamine, Nissui Pharmaceutical, Tokyo, Japan), supplemented

with L-glutamine (Nakalai Tesque,) and fetal bovine serum (FBS, JRH

Biosciences). The medium was sterile filtered, and the pH adjusted to 7.4

using sodium hydrogen carbonate (Nacalai Tesque). The subculture of these

anchorage-dependent cells required the growth of the cells on a rigid surface

and the stationary incubation of these surfaces. Before a new 75-cm2 culture

flask (Iwaki, 3110-075X) could be seeded with cells, the flask to subculture

was first washed with a buffer solution (Dulbecco’s Phosphate-Buffered

Saline without calcium chloride or magnesium chloride, PBS, Gibco, Grand

Island, NY). The cells were subsequently removed from the substrate by use

of trypsin (trypsin from hog pancreas, Nakalai Tesque). A complete media

solution (MEM solution containing FBS) was then added to the cells plus

trypsin solution, giving a cell concentration of 5 3 105 cell ml�1. This cell

suspension was then filled 2 mm high in either a cell culture flask or a 40-mm

cell culture dish (Iwaki, 3000-035x); the flask was used when the purpose

was successive subculture, and the dish for the AFM experiment samples.

The samples were stored in an incubator, which maintained an atmosphere

of 5.0% CO2, and at a temperature of 37.0�C. This ensured the pH of the

complete media solution was 7.4; this is the physiological pH.

Culture of cells on glass slides

Glass slides (Micro Slide Glass, Matsunami, Osaka, Japan) were cut as 1.53
1.5 cm2 squares and functionalized as in the preceding section. The cells

were then cultured on these slides as described above. However, in this case,

the substrates were placed inside the cell culture flasks, and the cell solution was

added.

The adhesivity of the dead cells on the functionalized substrates was

investigated by killing the cells that were cultured in the above way. Briefly,

the glass substrates were washed with a buffer solution, allowed to dry for

;15 min, and then covered again with the complete medium solution.

Testing with Trypan blue (Nacalai Tesque), which stains dead cells blue,

showed that the cells were indeed killed in this method.

AFM sample preparation

The AFM culture dishes were allowed to grow for 1 day in the incubator,

giving a monolayer of cells (logarithmic growth phase). To maintain the

solution pH of the culture dish at 7.4 for several hours in the outside

environment, i.e., the same pH as was obtained within the incubator, the

subculture complete medium solution was replaced with 1 ml L-15

(Leibovitz‘s L-15 Medium with L-glutamine, L-15, Gibco) after washing

the dish with PBS. No FBS was included in the L-15, which eliminated the

effect of those polymers on the experimental results.

Instruments and measurements

Surface force measurement technique

The surface forces between a cell and colloid probe in the L-15 solution were

measured at room temperature (28 6 1�C) as a function of their distance
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using an AFM (MFP-3D, Asylum Research, Santa Barbara, CA). Briefly,

the transparent 40-mm cell culture dish was placed on the AFM stage (the x-

y piezo). The cells, which were on the inside bottom of the culture dish,

could be viewed by a light microscope, which was positioned below the

AFM stage. The cantilever with the functionalized probe was fixed on the

AFM head (the z-scanner), positioned to face the cells.

The method of Ducker and others (25) was used for the force

measurements. Briefly, the colloid probe cantilever was brought in contact

with the cell of interest at a speed of 1 mm s�1 and the loading force needed

to cause the probe to enter the cell ;500 nm. This value ensured the cell

surface was reached, gave a compliance region, and was low enough not to

damage the cell irreversibly (32). During this time the compression force

data were collected. Once in contact, the probe was left on the cell surface for

10 min. This long time was used because we wanted to compare the

specificity of various probe functionality types, which we thought might

have shown only a small difference. This result was based on a previous

study in which we showed that the adhesion between a particle and a living

B16F10 cell increased with the period of probe contact at the cell surface

(32). This long time also gave a relevant model for the drug release process,

which uses long circulation times of the DDS carrier in the bloodstream to

increase a drug’s accumulation in the tumor cells and tissues (33).

After this contact time of the probe at the cell surface, the probe was

moved away from the cell surface, and the data for the decompression force

curve collected. The change in the deflection of the cantilever (Dx) was

measured as a function of the piezo displacement, using the differential

intensity of the reflection of the laser beam off the cantilever onto a split

photodiode. The force (F) could then be calculated from Hooke’s law,

F ¼ kDx, where k is the spring constant of the cantilever.

The constant compliance region in the force curves may be taken in the

region just after the probe was in contact with the surface of a cell, where

there was a linear relation between the measured separation distance and

deflection distance (Dx) (34). In doing this, we presumed that the deflection

of the cantilever was caused only by the elastic deformation of the cell

(35–37). Zero separation was subsequently characterized from the position

of the onset of the linear compliance region in the force profile.

The zero-force position between the surfaces was defined from the

baseline of no deflection of the probe cantilever. In the case of the com-

pression force curves, this was at large probe–substrate separations. In the

case of the decompression force curves, the cell and the probe did not always

separate completely. Additionally, the long contact time of the particle at the

cell surface before measurement of the decompression force meant we could

not ignore the possibility that the z-piezo may have experienced a small drift

during the time of waiting at the cell surface. Thus, to ensure that the

measured decompression force data contained no such instrumental effects,

we measured another compression force curve immediately after measuring

the decompression force curve. The baseline of this additional compression

force curve was used to define the zero-force position for the decompression

force curve, thereby removing any artifacts caused by that drift and an

incomplete separation between the cell and probe, if present.

Throughout the AFM experiment, the cells were monitored with a light

microscope. Additionally, each cantilever with an attached probe was used

to measure only a maximum of three force curves. If the same cantilever was

used to measure more force curves, the probe was sometimes seen to be

contaminated. Each force measurement was made at the nucleus of a dif-

ferent cell, as it was the highest point in the cell and so gave a definable and

repeatable measuring position (38). The forces corresponding to each func-

tionalized probe type were measured a minimum of 20 times (force data from

seven different colloid probe cantilevers and therefore a minimum of 20 dif-

ferent cells).

Other methods

The contact angles of the hydrophobized surfaces were measured by the sessile

drop method. The isotherms for the adsorption of the hydrophobizing silane

coupling agents were obtained by measuring the contact angles of the modified

glass substrates using different concentrations of the silane coupling agents.

Here, the modification of the glass substrates was carried out in the same way

as described above but by using various concentrations of the silane coupling

agents.

RESULTS AND DISCUSSION

Functionalization of the silica probe surfaces
and their characterizations

A silica surface can be modified relatively easily to give

various functionalities by using silane coupling agents. Thus,

by using silica colloids and the appropriate silane coupling

agents, we could obtain particles with a hydrophobic and a

positively charged surface. We obtained surfaces of increas-

ing hydrophobicity by using trimethoxy(methyl)silane (C1),
trimethoxy-n-propylsilane (C3), n-hexyltrimethoxysilane (C6),
and octadecyltrimethoxysilane (C18). The positively charged
surfaces were obtained by using an N-trimethylsilylpropyl-

N,N,N-trimethylammonium chloride–modified particle (Plus).
A negatively charged surface was obtained by using a bare

silica particle. Fig. 1 shows a schematic picture of the surface

functionalities of the various particle types.

We could determine the experimental conditions to mod-

ify the particles with the silane coupling agents and deter-

mine their adsorbed state by measuring the contact angles of

the surfaces modified with the hydrophobic silane coupling

agents, i.e., C1, C3, C6, and C18. However, because it is

difficult to measure the contact angle of such small particles

(39), we instead functionalized glass substrates, which also

have surface silanol groups, and measured their contact

angles by using the sessile drop method (39). Fig. 2 shows

the contact angles of glass substrates functionalized by the

method described in the experimental section, when various

different concentrations of silane coupling agents were used.

A plateau in the contact angle versus concentration data

indicated a maximum adsorption of the silane coupling

agents to the glass substrate. The facts that ;4 wt % silane

coupling agent was required for the maximum adsorption for

each of C1, C3, C6, and C18 and that each of these silane

coupling agents had the same Si-(OCH3)3 end group that

reacted with the glass/silica silanol groups suggested that the

maximum adsorption of such Si-(OCH3)3 end-grouped silane

coupling agents occurred at;4 wt % under these conditions.

The contact angles of the surfaces with the maximum adsorp-

tion of C1, C3, C6, and C18 also gave contact angles in good
correspondence with those reported by others (40,41). Thus,

because Plus also had the same -Si-(OCH3)3 end group as the

hydrophobizing silane coupling agents, we could assume

that the same adsorbing conditions for C1, C3, C6, and C18
could be applied to Plus. Therefore, in the force experiments

with the cells, we used a concentration of ;5 wt % silane

coupling agent to functionalize the silica particles; this con-

centration should ensure a maximum adsorption of the silica

particles.

It was necessary to verify that the particle surfaces were

indeed modified with the silane coupling agents before we
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used them in the force measurements with the cell. The fact

that the silica spheres modified with C6 and C18 did not

disperse in ethanol but could disperse in heptane gave

evidence that the particles were well modified. The high

hydrophobicity of the C18 presumably inhibited their disper-

sion in highly hydrophilic media such as water or ethanol.

Further verification of the modification of the silica particles

to give C1, C3, C6, C18, and Plus surfaces could be obtained
by measuring the forces in water at pH 5.6 (the pH of the

water we used) between the functionalized silica particles

and a freshly cleaved mica plate, which is negatively charged

under these conditions ((42); Fig. 3). In the case of the C1-,
C3-, C6-, and C18-modified particles, a van der Waals force

was observed in the compression force curve, and a single

adhesion peak was measured in the decompression force

curve. In the case of a bare silica particle, which is strongly

negatively charged in pH 5.6 water, a strong electrostatic

force is present on compression against a mica substrate (42).

The absence of the electrostatic repulsion in the case of these

functionalized probes showed that there were no significant

bare silica areas present on the modified particles. This

indicated a goodmodification of the silica particles with these

silane coupling agents. In addition, the absence of many

small adhesion peaks in the decompression force curves

indicated that there was little or no contamination on the

modified colloid probe and that there were no microbubbles

attached. If a microbubble were attached, we would expect to

see many discontinuous steps in the adhesion force in the

decompression force curve (43,44). In the case of the Plus-
modified particle, we observed a long-range attraction to

;60 nm in the compression force curve. Such a long-ranged

attraction is expected between two oppositely charged sur-

faces in an aqueous solution (45), such as a system com-

prising a particle that was modified to give a positive charge

and a negatively charged mica substrate surface. The fact that

we did not measure the strong repulsive electrostatic force

characteristic of a negatively charged silica surface and

negatively charged mica surface system indicated that our

surface had been modified to be positively charged with

Plus. The presence of only one adhesion peak in the decom-

pression force curve for Plus showed the smoothness and

absence of contamination on the surface of the colloid probe.

These facts show a good modification of the silica particle

surface with all the silane coupling agents.

FIGURE 1 A schematic picture depicting the surface

of the modified particles. C1, C3, C6, C18, and Plus

refer to silica surfaces modified by trimethoxy(methyl)

silane, trimethoxy-n-propylsilane, n-hexyltrimethoxysilane,

octadecyltrimethoxysilane, and N-trimethylsilylpropyl-

N,N,N-trimethylammonium chloride, respectively. Sil-

ica shows the surface groups on a silica particle.
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Forces between probe and cell

The specificity between B16F10 cells and the functionalized

surfaces was first investigated using light microscopy by

measuring the adsorbability of the cells to the surfaces. The

images of both living and dead B16F10 cells were taken, so

that we could also judge the difference in the adhesivity

between living melanoma cells and dead cells. Force mea-

surements between a dead cell and a particle were not pos-

sible, as dead B16F10 cells did not adhere to the cell culture

dish, which is a prerequisite in this force measurement

technique. Figs. 4 and 5 show the living and dead B16F10

cells, respectively, on glass slides whose surfaces were func-

tionalized to give a model silica surface (bare glass; (Figs. 4 A

and 5 A) and Plus (Figs. 4 B and 5 B), C1 (Figs. 4 C and 5 C),
C3 (Figs. 4 D and 5 D), C6 (Figs. 4 E and 5 E), and C18
surfaces (Figs. 4 F and 5 F). The figures show that living

cells adsorbed on all the surface types, whereas the dead cells

did not adsorb to any surfaces. Therefore, only living B16F10

cells showed specificity to each surface type. However, be-

cause we could not easily judge which surface type showed

most affinity to a living B16F10 cell using only light micros-

copy, we used the AFM to measure the forces between living

B16F10 cells and the functionalized probes.

Before each set of AFM force measurements between the

functionalized probe and cell, the good surface modification

of each colloid probe cantilever with the silane coupling

agents was verified by measuring the forces between the col-

loid probe and a mica sheet and in the presence of water.

If forces characteristic of the functionalized probes were

obtained, i.e., similar to those shown in Fig. 3, then these

probes were used to measure the forces between the cells.

The clean negatively charged surface (bare silica colloid

probe) was verified by measuring its force in water against a

freshly cleaved mica surface. If a strongly repulsive force

similar to that from Hartley and others (42) was measured,

then this probe was used in the cell force studies.

The effect of a negatively charged particle on the strength

of the adhesion to a malignant cell was determined by mea-

suring the force between a bare silica particle and a B16F10

cell. A minimum of 20 force curves were measured at the

FIGURE 3 The forces between the functionalized silica particles and a

freshly cleaved, mica plate in water of pH 5.6. Here, we used C1- (h with

dotted line), C3- (swith dotted line), C6- (Dwith dotted line), C18- (ewith

dotted line), and Plus-modified (d with solid line) silica particles. Panels

A and B show the compression and decompression forces, respectively.

FIGURE 2 The change in the contact angle of a glass substrate as a

function of the concentration of silane coupling agents when functionalized

in the method given in the experimental section. Here the different silane

coupling agents are depicted as C1 (h with solid line); C3 (s with dashed

line); C6 (D with dotted line); and C18 (e with dashed-dotted line). The

maximum adsorption of the silane coupling agents commences at the hori-

zontal plateau in the contact angle versus concentration data. A solid circle is

drawn around the concentrations used to functionalize the silica particles.

FIGURE 4 Light microscope image of living B16F10 cells adsorbed at

bare and functionalized glass substrates. Panels A, B, C, D, E, and F show

the glass (model for silica), Plus,C1, C3, C6, andC18 surfaces, respectively.
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nucleus of different cells. Each force curve showed similar

features; Fig. 6 gives an example of one such force. No

repulsion or attraction was seen in the force curve up to point

A, which was shown in a previous article to be the surface of

the cell when we measure in the L-15 solution (32), as we did

here. As we continued to compress the two surfaces, we saw

a repulsion. This was presumably a steric or viscoelastic

repulsion resulting from the compressibility of the cell by the

silica particle. This is plausible because cells are reported to

be viscoelastic (46). This short-ranged repulsive force indi-

cates that the particle did not enter the cell but resided on its

surface during the contact time of 10 min (see point B); a

long-ranged repulsive force would have suggested the par-

ticle did not reach the cell surface, and an attraction would

have suggested the particle entered the cell. The decom-

pression force was measured after the contact time of 10 min.

An adhesion force was measured, the strength of which

was given by the maximum in the adhesion force (Fadmax,

point C). A strong maximum suggests the rupture of an

adhesive junction containing many links in parallel (47), so it

was thought that most of the contact points between the cell

and silica probe were broken at this point. At further sepa-

ration distances, we saw some smaller adhesion maxima

before the two surfaces separated completely. These smaller

adhesions are probably tether points left by the breaking of

ligand–receptor bonds or the breaking of nonspecific bonds.

These bonds may have reformed after being broken at

Fadmax, as the cell and particle had not yet completely sepa-

rated (47). The probability of these long-ranged tether points

resulting from material from the cell attaching to the probe is

low because the successive compression force was identical

to the previous one, i.e., the one shown in the figure. The

average of the adhesion maxima (ÆFadmaxæ) was 1.112 nN,

the standard deviation (std) was 0.865 nN, and the maximum

(max) and minimum (min) of all the measured Fadmax values

were 3.698 and 0.211 nN, respectively. These nonzero Fadmax

values showed that the negatively charged silanol groups on

the silica particle must probably be either electrostatically

binding with positively charged groups on the cell surface or

hydrogen bonding with such possible sites on the cell

surface; i.e., the particle is probably undergoing nonspecific

forces with the cell surface. The possibility of the silica

silanol groups participating in specific interactions with li-

gands or receptors on the cell surface can, however, not be

ignored. The fact that std was not zero also showed that this

binding strength was characteristic of the particular cell be-

ing measured.

The effect of the hydrophobicity of the colloid probe on the

adhesive strength to a malignant cell was measured by using

silica probes functionalized with C1, C3, C6, and C18.
Properties inherent only to hydrophobic surfaces are thought

to appear for surfaces with a contact angle greater than 90�
(48). Thus, as C18 has a contact angle greater than 90�, it was
imagined that the adhesion force for C18 would be greater

than that for C1 if there were a significant number of

hydrophobic areas on the B16F10 cell surface or if the probe

could enter the cell by facilitated diffusion. Examples of the

forces obtained between C1-, C3-, C6-, and C18-modified

colloid probes and a B16F10 cell are shown in Fig. 7, A–D,
respectively. In each of the cases, we detected no adhesive

or repulsive force in the compression force curve until the

FIGURE 5 Light microscope image of dead B16F10 cells adsorbed at

bare and functionalized glass substrates. Panels A, B, C, D, E, and F show

the glass (model for silica), Plus, C1,C3,C6, andC18 surfaces, respectively.

FIGURE 6 An example of a force curve measured between a bare silica

particle (negative charge) and a B16F10 cell in the L-15 solution. The

decompression force curve was measured after the particle resided at the cell

surface for 10 min. Points A, B, and C depict the surface of the cell, the

position relative to the cell surface where the particle resided for 10 min, and

the maximum adhesion force, respectively.
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surface of the cell was reached, at which point a steric repulsion

was measured. This short-ranged repulsion and the absence

of an adhesion at short separation distances indicated that the

C1, C3, C6, and C18 functionalized particles did not enter

the cell but only resided at the cell surface during the cell-

probe contact time of 10 min. The decompression force

curves displayed a large adhesion, whose maximum was

determined as the adhesion maximum, and several smaller

maxima at larger separations. Again, the maxima in the adhe-

sion forces occurred where the contacts between the cell

and the probe ruptured. Because the successive compression

force curves were identical to the previous compression force

curves for C1, C3, C6, and C18, the smaller adhesions at

larger separations were probably tether points and not places

where the particle removed material from the cell surface.

These adhesions may have been caused by either the rupture

of newly reformed bonds or bonds not yet broken, as the

particle and the cell were not completely separated at this

point. The ÆFadmaxæ 6 std values for C1, C3, C6, and C18
were 1.433 6 1.160, 1.768 6 1.237, 1.111 6 0.731, and

1.503 6 1.028 nN, respectively. Considering the standard

deviation of the measurements, there appeared to be no

dependence of the hydrophobic chain length, and therefore

of the degree of hydrophobicity, on the strength of the adhe-

sion force to a malignant cell. This result is in opposition to

that shown by Ong and others (37), who used AFM com-

pression force curves to show that the adhesion between

cantilevers modified with Escherichia cells and various

substrates increased in the order of mica polystyrene Teflon

substrates. The corresponding contact angles of these sub-

strates were given to be 0�, 74.3�, and 110.6�, respectively.
The differences in the results between our and their data may

be that in the study of Ong and others both the degree of

hydrophobicity and the surface functionality were changed.

In our study, we kept the surface structure and therefore

functionality unchanged and changed only the surface hydro-

phobicity by increasing the hydrocarbon chain length of the

surface molecules. This difference in the adhesion strength

may therefore be inherent in the different chemical func-

tionalities.

The lack of dependence of hydrophobicity of our model

DDS particle on the affinity to the B16F10 cell showed that

there was no strong hydrophobic bond occurring; a highly

hydrophobic molecule, such as C18, should have bound

more strongly to hydrophobic regions than a weakly hy-

drophobic molecule such as C1. Therefore, the hydro-

phobic molecules on the model DDS carrier may have

been prohibited from passing through the cell membrane to

the hydrophobic inner cell regions and thus must have

bound only with the small hydrophobic portions of the

amino acids on the cell surface. Alternatively, the cell in-

terior may have been more hydrophilic than hydrophobic,

resulting in no significant hydrophobic interaction with the

hydrophobic model DDS particle. Although we observed

no measurable chain-length dependence on the Fadmax, the

nonzero adhesion forces in our measurements indicated

that there was some bonding occurring between the hy-

drophobized model DDS carrier particle surface and the

malignant cell. The origins of these adhesions may have

been nonspecific forces such as the van der Waals force or a

weak hydrophobic bonding with the hydrophobic cell mem-

brane or hydrophobic regions in the receptors or kinases on

the cell surface. The weak hydrophobic bonding may be a

consequence of the cell membrane being covered by the

hydrophilic negatively charged layer that resides on a cell

surface (14).

FIGURE 7 Examples of the forces obtained between (A)

C1-, (B) C3-, (C) C6-, and (D) C18-modified colloid

probes and a B16F10 cell in the L-15 solution. The

decompression force curve was measured after the particle

resided at the cell surface for 10 min.
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The interaction between a positively charged particle and

the B16F10 cell was measured by using silica particles

modified with Plus; an example of one such force curve is

shown in Fig. 8. No attractive or repulsive force was observed

in the compression force curve until the surface of the cell was

reached, onwhich a steric repulsionwasmeasured. Again, the

presence of this short-ranged steric force and the absence of an

adhesive force at short separations in the compression force

curve indicated that the Plus-modified particle probably did

not enter the cell but resided only at the cell surface. After

contact with the cell surface for 10 min, the decompression

force curves displayed a large adhesion, Fadmax, at a relatively

large separation. This indicated that the adhesion between the

cell and the Plus-modified particle was very strong and

difficult to break. This adhesion maximum is probably where

the bonds in parallel were broken. Two kinks were almost

always seen on the adhesion maximum. These may be due to

the unfolding and extension of a macromolecule, such as a

protein, on the cell surface (49) or the breaking of multiple

bonds in series (50).A large std of 6.306 nNwas also observed

in the values of Fadmax when data from numerous B16F10

cells were compared. This large deviation in the results shows

that the adhesion strength is inherent to the individual cells.

This appears to be a property coherent of malignant cells, as,

for example, the number of mutant functional groups (e.g.,

onocogenes or tumor suppressor genes) in a cell increases as a

tumor develops from being benign to malignant (51). Smaller

adhesions were observed at larger separations. Because the

successive compression force measured at the same position

was the same as the previous compression force curve, the

cause of these adhesions is probably the rupture of bonds and

not the removal of cell material by the particle. The bonds

being ruptured may either be bonds that require more energy

to break than those at the separation distance for Fadmax

or bonds that reformed after being broken once at Fadmax.

The latter is possible for links in parallel and when the cell

and particle are not completely separated. The ÆFadmaxæ was
7.919, and the max and min were 23.452 and 0.561 nN,

respectively. This large adhesion may be the result of the

positively charged groups of the particle electrostatically

binding with the negatively charged mucus network or

glycocalyx on the cell surface or with the zwitterionic phos-

pholipid groups contained within the cell (14), i.e., nonspe-

cific force interactions. Alternatively, the positively charged

particlesmay be undergoing a specific interaction and binding

with the osteopontin proteins (52) or sphingosine-1-phospate

groups (53), which contain negatively charged groups that

have been reported to be overexpressed in B16F10 cells.

The effect of the different functionality groups on their

adhesive strength to the B16F10 cell line can be easily com-

pared if we plot the max, min, ÆFadmaxæ, and std values for

each functionality group on the same graph; see Fig. 9. A

comparison of all the data shows that silica, C1, C3, C6, and
C18 all have similar low max, min, and ÆFadmaxæ values.

When the surface was modified to give a positive charge,

however, much stronger max and ÆFadmaxæ values were

obtained. These data suggest that the Plus-modified particle

had the highest affinity to the B16F10 cell. Additionally, all

the groups except the Plus functional group had similar low

std. The Plus functionality, however, had a relatively larger

std. These data suggest that this adhesion was inherent to the
malignant cells. This may be because a malignant cell can

have mutations, whereas a normal cell is not expected to

show such large deviations.

The preceding results show the following in relation to the

DDS. In the case of a normal cell, the affinity of a drug to a

cell was thought to increase as the hydrophobicity of the

carrier increased. In the example of a malignant cell, how-

ever, this did not appear to be the case. No improvement in

FIGURE 8 An example of a force curve measured between a positively

charged particle (a silica particle modified with Plus) and the B16F10 cell

in the L-15 solution. The decompression force curve was measured after

the particle resided at the cell surface for 10 min.

FIGURE 9 The effect of the different functionality groups on their

adhesive strength to the B16F10 cell. Here, the maximum (s), minimum

(n), and average values obtained for the maximum adhesive force (h) and

its standard deviation (solid line) are compared for each functionality group

(x axis).
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the empathy was seen, as the hydrophobicity of the carrier

was increased to give a surface with a contact angle of 109�
(the contact angle was determined with a water droplet at

the air–substrate interface). Thus, hydrophobic chains do not

appear to be useful in improving the specificity of the

carriers. The DDS carriers with positive charges therefore

appear to have the highest affinity to malignant melanoma

cells under these conditions. However, normal (nonmalig-

nant cells) are also strongly negatively charged. Thus, the

positively charged carriers should be protected in some way,

e.g., with a macromolecule, so that the particle may reach the

desired target without binding to other cells in the body

beforehand (54).

CONCLUSIONS

In this experiment, we investigated the effect of different

chemical functionality groups of a particle on its adhesion to

a living malignant melanoma B16F10 cell by the AFM

colloid probe method. We showed that we could create a

colloid probe cantilever with the required functionality by

using silane coupling agents.

We tested the effect of the charge and hydrophobicity on a

DDS carrier on its degree of specificity to the melanoma cell.

We were surprised to find that negatively charged surfaces

and hydrophobic modified surfaces all had similar low adhe-

sive force values if the particle was kept in contact with the

cell for 10 min. Additionally, we saw the unexpected result

that there was no observable dependence on the degree of

hydrophobicity of the probe surface to a B16F10 cell if the

chemical structure was not varied. Only the particle that was

modified to give a positive charge was seen to give strong

adhesive forces with the B16F10 cell. The high standard

deviation in the adhesion force data that was only observed

for the Plus-modified particle also suggested that this adhe-

sion may be inherent to malignant cells.

The above results indicated that DDS carriers with positive

charges appeared to have the highest affinity to malignant

melanoma cells and that the use of hydrophobic materials,

unexpectedly, did not improve their affinity.
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