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ABSTRACT 
This paper introduces a new and simple approach using atomic force microscopy (AFM) for high

overcome difficulties to attain nanometer resolution cellular imaging, transition metal ions 

sensing AFM. In the case of Pt(II) stained NIH3T3 cells, topography and current images reveal the morphology and structural f

such as villi, podia, and fiber assemblies. Finer membrane features (< 20 nm) are also observed. The rational for 

investigated. The simplicity and high-resolution of this method shall prove helpful, convenient, and informative for researchers pursu

bio-imaging without involving complex instrumentation, protocols, 
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1. INTRODUCTION 
 Atomic force microscopy (AFM), originally reported by 

Binnig et al., [1] has been widely used for bio-imaging during the 

last two decades due to its high resolution, operation in near 

physiological conditions, and ability to image in real

dynamics [2-7]. 

 In principle, the cellular membrane should be 

AFM with high-resolution [8]. However, it has been very 

challenging to reach nanometer resolution due to the soft

sticky interactions between the AFM probe and sample 

underneath, as well as the high mobility of lipid 

membrane [9]. Continuous efforts to address th

include advanced imaging modes such as non-contact mode

12], and contact resonance imaging [13]; and specialty probes, 

e.g., carbon-nanotubes [6,14-17].  

 These approaches have reduced the impact of soft

sticky interactions, and have shown improvement in imaging 

resolution. Other approaches involve significant changes in AFM 

configuration, e.g.  (a) imaging cellular membrane via sensing 

 

2. EXPERIMENTAL SECTION 
 Au(111) substrates were prepared by thermal evaporation 

of Au (99.999%, Alfa Aesar, MA) in a high vacuum evaporator 

(Denton Vacuum, Inc., model 502-A) with a base pressure 3 ×10
7Torr during evaporation. 200 nm gold films were deposited onto 

freshly cleaved mica(0001) surfaces (clear ruby muscovite, Mica 

New York Corp. NY), at a substrate temperature of 350 °C and a 

rate of 3 Å/s. Subsequently, the films were annealed in situ at 37

°C for 20 min, cooled to room temperature under vacuum, and 

subject to hydrogen flaming (99.99%, Praxair Inc. CT) before use. 

Self-assembled monolayers (SAMs) were prepared following 

well-known procedures [29-31]. 11-mercapto

disulfide, [S(CH2)10CHO]2, 99% purity, was purchased from 

ProChimia (Gdansk, Poland) and used without further treatment. 
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urrent sensing atomic force microscopy; High-resolution bio-imaging

force microscopy (AFM), originally reported by 

imaging during the 

cades due to its high resolution, operation in near 

physiological conditions, and ability to image in real-time to study 

In principle, the cellular membrane should be visualized by 

However, it has been very 

challenging to reach nanometer resolution due to the soft-and-

sticky interactions between the AFM probe and sample 

underneath, as well as the high mobility of lipid molecules within 

Continuous efforts to address these challenges 

contact mode [10-

and specialty probes, 

These approaches have reduced the impact of soft-and-

shown improvement in imaging 

Other approaches involve significant changes in AFM 

e.g.  (a) imaging cellular membrane via sensing 

ionic exchanges through membrane pores

conductance microscopy (SICM) imaging, 

depends on ion current [9,19,

microscopy (SECM) imaging utilizing redox current

 For most researchers using AFM, it would be a technical 

advantage to be able to visualize cells with high resolution without 

significant change of the instrument configuration.

 This paper reports a new approach of high

imaging of cells by using 

microscopy (CAFM). CAFM is a common option supported by 

most AFM instruments to provide topographic images and 

simultaneous current images [25

NIH 3T3 cells were first fixed to preserve structural integrity.

 To ensure CAFM contrast, Pt(II) ions 

coordination with intracellular amine residues to enhance 

conductivity. Characteristic structural features were revealed in 

the current images with resolution of tens of nanometer

Au(111) substrates were prepared by thermal evaporation 

of Au (99.999%, Alfa Aesar, MA) in a high vacuum evaporator 

A) with a base pressure 3 ×10-

Torr during evaporation. 200 nm gold films were deposited onto 

freshly cleaved mica(0001) surfaces (clear ruby muscovite, Mica 

New York Corp. NY), at a substrate temperature of 350 °C and a 

rate of 3 Å/s. Subsequently, the films were annealed in situ at 375 

°C for 20 min, cooled to room temperature under vacuum, and 

subject to hydrogen flaming (99.99%, Praxair Inc. CT) before use.  

assembled monolayers (SAMs) were prepared following 

mercapto-1-undecanal 

, 99% purity, was purchased from 

ProChimia (Gdansk, Poland) and used without further treatment. 

0.5 mM [S(CH2)10CHO]2 solutions were prepared in 99.99% 

purity ethanol (Gold Shield Chemical Co. CA). Freshly prepared 

Au(111) substrates were immersed into the prepared solutions for 

24 h at room temperature. The disulfide bonds dissociate on gold 

surfaces upon chemisorption, forming SAMs of 

CHO(CH2)10S/Au(111) [32,33].

 Mouse embryonic fibroblast NIH 3T3 cells were used for 

this investigation, whose culturing followed previously established 

protocols.34 Cells were purchased from A.T.C.C (Manassas, VA). 

The cells were maintained in Dulbecco’s modified Eagle’s media 

(DMEM, GIBCO-BRL, Grand Island, NY) supplemented with 

10% heat-inactivated fetal bovine serum (HyClone, Logan, UT), 

penicillin (100 U/ml), and streptomycin (100 g/ml) (GIBCO
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This paper introduces a new and simple approach using atomic force microscopy (AFM) for high-resolution cellular imaging. To 

introduced to cells, followed by current 

sensing AFM. In the case of Pt(II) stained NIH3T3 cells, topography and current images reveal the morphology and structural features, 

such as villi, podia, and fiber assemblies. Finer membrane features (< 20 nm) are also observed. The rational for current contrast is also 

resolution of this method shall prove helpful, convenient, and informative for researchers pursuing 

imaging. 

ionic exchanges through membrane pores [18]; (b) scanning ion 

conductance microscopy (SICM) imaging, the contrast of  which 

,20] (c) scanning electrochemical 

microscopy (SECM) imaging utilizing redox current [18,21-24]. 

For most researchers using AFM, it would be a technical 

advantage to be able to visualize cells with high resolution without 

significant change of the instrument configuration. 

reports a new approach of high-resolution 

 a current sensing atomic force 

microscopy (CAFM). CAFM is a common option supported by 

most AFM instruments to provide topographic images and 

25-28]. For the initial investigation, 

first fixed to preserve structural integrity.  

To ensure CAFM contrast, Pt(II) ions were introduced via 

coordination with intracellular amine residues to enhance 

conductivity. Characteristic structural features were revealed in 

the current images with resolution of tens of nanometers.

solutions were prepared in 99.99% 

purity ethanol (Gold Shield Chemical Co. CA). Freshly prepared 

immersed into the prepared solutions for 

24 h at room temperature. The disulfide bonds dissociate on gold 

surfaces upon chemisorption, forming SAMs of 

]. 
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 Grand Island, NY) at 37 °C and 5% CO

incubator (NAPCO SERIES 8000WJ, Thermo Scientific, MA)

The sample preparation for CAFM imaging follows the following 

protocols. First, SAMs were soaked in a 10 

(FN) (Millipore, Temecula, CA) solution for 

protein immobilization.  It was known the amine resides in FN 

attach to aldehyde termini forming imine bonds

3T3 cells were plated on the FN-functionalized substrates 

culture media, and allowed to incubate for 24 hrs to reach healthy 

status with mature focal adhesion with known spreading and 

morphology. Upon taking the sample out of incubation, cells were 

fixed using a standard 3.7% formaldehyde solution for 1

room temperature. The fixation solution was then removed, 

followed by adding an aqueous solution containing 10 

(99.99 %, Alfa Aesar, MA)at a molar ratio of cell:Pt(II) = 1:6×10

for at least 30 min to allow metal ion-amine coordination.

Subsequently, the cells were dehydrated through a graded ethanol 

series (10 min incubation each in 25%, 50%, 60%, 70%, 80%, 

90%, 95%, and 100% ethanol), followed by hexamethyldisilazane 

treatment for 5 min, and drying in air [36,37]. 

 

3. RESULTS AND DISCUSSION 

 CAFM imaging of cells is illustrated schematically in Fig. 

1 (a). Typically, three images were acquired simultaneously: 

topography, force, and current. Following the preparation 

protocols discussed in the previous section, cells were 

 

Figure 1. [a] Schematic diagram for imaging NIH3T3 cells by CAFM. [b] Bright

current [d] images of a CHO(CH2)10S/Au(111)  SAM under +1 V 

 

 Understanding that the quality of CAFM probes could vary 

and some could be damaged or severely contaminated during 

shipping or handling at the apex, we tested and verified the quality 

of Pt-coating for AFM probes prior to imaging of cells. The test 

was performed in situ by imaging SAM regions (marked with a 

red dot in a red dashed bordered square in Fig. 1

ambient conditions and with a bias of +1 V, the topography and 

current images are shown in Figs. 1(c) and 1(d), respectively.  As 

shown in Fig. 1(c), one step, 0.2~0.3 nm tall, is visible in the AFM 

topography. This feature represents a SAM covered Au(111) 

single atomic step. In the current image, two features are clearly 

visible: the step and etch pits (2~10 nm in diameter). These 

features are characteristic of SAMs on Au(111) 

pits are typically one Au(111) step deep, and covered by 

thioladsorbate [39,40]. In terms of the resistance, the etch pits and 
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% CO2 in a standard 

incubator (NAPCO SERIES 8000WJ, Thermo Scientific, MA).   

The sample preparation for CAFM imaging follows the following 

0 g/ml fibronectin 

 1hr to essure the 

protein immobilization.  It was known the amine resides in FN 

attach to aldehyde termini forming imine bonds [35]. Then, NIH 

functionalized substrates in 

culture media, and allowed to incubate for 24 hrs to reach healthy 

status with mature focal adhesion with known spreading and 

morphology. Upon taking the sample out of incubation, cells were 

.7% formaldehyde solution for 1 hr at 

The fixation solution was then removed, 

followed by adding an aqueous solution containing 10 μMK2PtCl4 

at a molar ratio of cell:Pt(II) = 1:6×109 

amine coordination. 

Subsequently, the cells were dehydrated through a graded ethanol 

series (10 min incubation each in 25%, 50%, 60%, 70%, 80%, 

90%, 95%, and 100% ethanol), followed by hexamethyldisilazane 

 Topographic and current images were acquired in contact 

mode using an Agilent 5500 AFM (Agilent Technologies, CA).

The probes consist of Pt coated Si microlevers

Budget Sensors, Bulgaria) with a spring constant of 0.2 N/m. 

Typical  scanning rate was 1 Hz while force was kept at 20 nN. 

All the images were acquired with a pixel size of 512 × 512 except 

for images shown in Fig. 2 (c) and 

pixel size of 256 × 256. The 

chamber to allow regulation of atmosphere and humidity. Once 

bias voltage was applied between the Au substrate and the 

conductive AFM tip, current as low as pA could be measured

through a 10 V/nA transconductance amplifier. 

conductivity of Pt-coating were checked by imaging SAM regions 

before and after cellular imaging (see details 

Damage or contamination of Pt coating among AFM 

easily be detected by a sudden drop of current and altering of

SAM’s conductivity.  In a typical experiment, 1

change in Pt-coating was detected.

CAFM imaging of cells is illustrated schematically in Fig. 

. Typically, three images were acquired simultaneously: 

topography, force, and current. Following the preparation 

previous section, cells were 

immobilized onto the FN covered region

molecules in the surrounding aldehyde

were washed away. 

for imaging NIH3T3 cells by CAFM. [b] Bright-field optical image of the NIH 3T3 cells. CAFM topography [c] and 

S/Au(111)  SAM under +1 V at ambient conditions at 1 Hz scan rate.    

AFM probes could vary 

and some could be damaged or severely contaminated during 

shipping or handling at the apex, we tested and verified the quality 

coating for AFM probes prior to imaging of cells. The test 

by imaging SAM regions (marked with a 

square in Fig. 1 (b).  Under 

ambient conditions and with a bias of +1 V, the topography and 

current images are shown in Figs. 1(c) and 1(d), respectively.  As 

c), one step, 0.2~0.3 nm tall, is visible in the AFM 

. This feature represents a SAM covered Au(111) 

single atomic step. In the current image, two features are clearly 

visible: the step and etch pits (2~10 nm in diameter). These 

 [39-41]. The  etch 

pits are typically one Au(111) step deep, and covered by 

tance, the etch pits and 

the surrounding areas should not differ as reviewed by our prior 

investigation using scanning tunneling microscopy.

 However, the apexes of Pt

wider than the diameter of a typical

reach the bottom of the pits. This results in a

the tip-sample contact while scanning over a pit, which manifested 

in lower current contrast than the 

in the closely packed domain regions measures 50

+1 V bias, consistent with the known conductivity of thiol SAMs 

on gold [25,28,44-46]. In addition, the current signal increasing 

with the force was observed in CAFM studies of alkanethiol 

SAMs on Au25 and alkylsiloxane SAMs on Si(111) surfaces

These tests, collectively, ensured the quality of the conductive 

probes before and after cellular imaging.

Force Microscopy 
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Topographic and current images were acquired in contact 

AFM (Agilent Technologies, CA).  

The probes consist of Pt coated Si microlevers (ElectriContG, 

with a spring constant of 0.2 N/m. 

Typical  scanning rate was 1 Hz while force was kept at 20 nN. 

All the images were acquired with a pixel size of 512 × 512 except 

and (d) and Fig. 4 (a) and (b) with a 

The scanner was enclosed in a small 

chamber to allow regulation of atmosphere and humidity. Once 

applied between the Au substrate and the 

conductive AFM tip, current as low as pA could be measured 

transconductance amplifier. The quality and 

coating were checked by imaging SAM regions 

before and after cellular imaging (see details in Section 3). 

Damage or contamination of Pt coating among AFM probes could 

sudden drop of current and altering of the 

conductivity.  In a typical experiment, 1- 4 hrs, little 

coating was detected. 

FN covered region [38], while most FN 

molecules in the surrounding aldehyde-terminated SAM regions 

 
optical image of the NIH 3T3 cells. CAFM topography [c] and 

the surrounding areas should not differ as reviewed by our prior 

investigation using scanning tunneling microscopy.31,42,43 

of Pt-coated AFM tips are10-20 nm, 

typical pit, and as such the tips cannot 

This results in a higher resistance of 

sample contact while scanning over a pit, which manifested 

the surrounding. The CAFM current 

in the closely packed domain regions measures 50-100 pA under 

+1 V bias, consistent with the known conductivity of thiol SAMs 

In addition, the current signal increasing 

with the force was observed in CAFM studies of alkanethiol 

and alkylsiloxane SAMs on Si(111) surfaces [47]. 

sured the quality of the conductive 

probes before and after cellular imaging. 
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Figure 2. CAFM topography [a] and current [b] images of a filopodium region of a

(scan area 20 µm × 20 µm).[c] and [d] are CAFM topography and current images, respectively, acquired over 2 µm × 2 µm

obtained with a bias of -10 V at 1 Hz scan rate.  

 

 Fig. 2 illustrates the typical contrast and resolution CAFM 

can reach under our configuration. Cell coverage on surfaces was 

deliberately kept low, as shown in Fig. 1(b), to allow selection and 

imaging of individual cells and intracellular regions. Cell 

spreading on the surface exhibits the characteristic polygon

star-shaped morphologies (shown in Fig. 1(b)

3T3 cells with mature focal adhesion.34 

filopodium, as shown with a blue open square 

dashed bordered square in Fig. 1(b), the topography and 

simultaneous current images were acquired, shown in Figs. 2(a) 

and (b), respectively. The current signal acquired from the SAM 

surrounding reached the upper limit (1 nA) of the current sensor, 

resulting in the bright yellow contrast in Fig. 2(b). The current in 

the podium ranges 0-20 pA, thus exhibiting darker contrast in 

comparison to the surrounding SAMs. In the correspond

topography, the SAM is much lower in height, i.e. the dark regions 

in Fig. 2 (a).  Figs. 2(a) and 2(b) confirm the clear boundaries 

between cellular region and SAM areas. From the topography in 

Fig. 2(a), many structural features within the podium are visible, 

such as dots. The corresponding current image in Fig. 2(b) reveal

that most of them appear as darker contrast features than the 

nearby podium region, such as in the green frame. Th

observation is consistent with the anticipation that thicker 

materials yield lower current (or higher resistance). The 

 

Figure 3. CAFM topography [a] and current [b] images of the central region of a Pt(II)

in 100% humid air with a bias of -10 V at 1 Hz scan rate. [c]

by orange and green contours and numbers. All the images are displ
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CAFM topography [a] and current [b] images of a filopodium region of a NIH 3T3 cell on a FN-functionalized surface 

topography and current images, respectively, acquired over 2 µm × 2 µm

typical contrast and resolution CAFM 

Cell coverage on surfaces was 

deliberately kept low, as shown in Fig. 1(b), to allow selection and 

imaging of individual cells and intracellular regions. Cell 

the characteristic polygon- or 

) known for NIH 

 Zooming into a 

a blue open square within a blue 

in Fig. 1(b), the topography and 

shown in Figs. 2(a) 

current signal acquired from the SAM 

surrounding reached the upper limit (1 nA) of the current sensor, 

resulting in the bright yellow contrast in Fig. 2(b). The current in 

darker contrast in 

ounding SAMs. In the corresponding 

much lower in height, i.e. the dark regions 

.  Figs. 2(a) and 2(b) confirm the clear boundaries 

between cellular region and SAM areas. From the topography in 

eatures within the podium are visible, 

such as dots. The corresponding current image in Fig. 2(b) reveals 

darker contrast features than the 

nearby podium region, such as in the green frame. This 

anticipation that thicker 

materials yield lower current (or higher resistance). The 

boundaries in the current image for these structural features are 

sharper than in the topography image, therefore enabl

determination of their lateral dimensio

shown in the green frame in Fig. 2(a)

dimensions in Fig. 2(b) are 800 nm, 950 nm, and 1150 nm, 

respectively. These accurately

consistent with microvilli present 

Smaller area scans allow us to see smaller features, as 

Figs. 2(c) and 2(d). In Fig. 2

indicating resolution higher than 20 nm.

 In the case of line features 

the current images appear brighter, i.e.

the taller topography, such as the line near 

lines inside the red frame in Fig. 2(a)

presence of F-actin in these regions, formed upon mature focal 

adhesion. The protein in the F

coordination with Pt(II) due to the high density of amine 

functionalities [49] which manifest

Some dot-features, as shown in the red frame, also show higher 

conductance, in contrast to the

are not clear what the structural basis for these features

could infer that these are likely protein rich domains that could 

coordinate with Pt(II). 

and current [b] images of the central region of a Pt(II) stained NIH3T3 cell on FN

10 V at 1 Hz scan rate. [c] and [d] correspond to images [a] and [b] respectively

by orange and green contours and numbers. All the images are displayed with the same scale bar shown in [a]. 
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functionalized surface in 100% humidity 

topography and current images, respectively, acquired over 2 µm × 2 µm. All the images were 

boundaries in the current image for these structural features are 

sharper than in the topography image, therefore enabling accurate 

determination of their lateral dimensions. For the three bright dots 

in Fig. 2(a), the corresponding lateral 

are 800 nm, 950 nm, and 1150 nm, 

ly determined fine features are 

consistent with microvilli present with fibroblast cells [38,48]. 

Smaller area scans allow us to see smaller features, as shown in 

Figs. 2(c) and 2(d). In Fig. 2 (d), bright features are visible, 

than 20 nm. 

In the case of line features (typically along the main axis), 

the current images appear brighter, i.e., more conductive despite 

the taller topography, such as the line near the left edge and short 

in Fig. 2(a). This is consistent with the 

in these regions, formed upon mature focal 

adhesion. The protein in the F-actin region exhibit favorable 

coordination with Pt(II) due to the high density of amine 

which manifests into higher conductance. 

features, as shown in the red frame, also show higher 

the majority of the villi features. We 

are not clear what the structural basis for these features is, but 

hese are likely protein rich domains that could 

 

FN-functionalized Au substrate imaged 

and [b] respectively with features of interest being marked 
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 Fig. 3 demonstrates that CAFM probes

than simple topography. In the case of homogeneous materials, the 

current should reflect inversely the height or thickness pr

the topographic height correlates to lower current contrast. For 

non-homogeneous materials, one would not expect the same 

correspondence. Since the intracellular distribution of Pt(II) 

follows the outcome of coordination chemistry, e.g.

residues with metal ions, the conductivity is likely to be 

heterogeneous. This prediction is clearly shown in Fig

Region 1 (enclosed by an orange dash line) is 50~100 nm lower 

than the surrounding areas in the topography image, while in the 

current image, its current is around 1 pA lower compared to the 

surrounding areas.  

Figure 4. CAFM topography [a] and current [b] images of a podium 

region of an NIH 3T3 after soaking the sample in phosphate buffer 

solution (replacing Pt(II) with Na+ ions). All the images were obtained 

with a bias of -10 V at 1 Hz scan rate.  

4. CONCLUSIONS 

 Nanometer resolution imaging of cells is attainable by most 

AFM instruments if cells are treated via transition metal ions.

Using current sensing AFM and Pt(II) stained NIH3T3 cells, our 

work demonstrated that the cellular morphology and intracellular 

structural features, such as villi, podia, and fiber assemblies

visualized. Finer membrane features (< 20 nm) are also 
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3 demonstrates that CAFM probes can reveal more 

than simple topography. In the case of homogeneous materials, the 

current should reflect inversely the height or thickness profile, i.e., 

to lower current contrast. For 

homogeneous materials, one would not expect the same 

correspondence. Since the intracellular distribution of Pt(II) 

the outcome of coordination chemistry, e.g., amine 

dues with metal ions, the conductivity is likely to be 

This prediction is clearly shown in Fig. 3 (a)-(d). 

dash line) is 50~100 nm lower 

than the surrounding areas in the topography image, while in the 

current image, its current is around 1 pA lower compared to the 

 

CAFM topography [a] and current [b] images of a podium 

n NIH 3T3 after soaking the sample in phosphate buffer 

ions). All the images were obtained 

 Region 2 shows the inverse correlation between topography 

and current, 100 nm higher in topography and 1 pA lower in 

current image compared to its surrounding areas. Region 3 

(enclosed by a green dash line) shows no significant contrast with 

the surrounding areas in both topography and current images, 

while region 4, seen as two craters 

displays as two rings with lower current compared to the 

surrounding areas. The above observations demonstrate that the 

conductivity of the sample is not uniform. As the conductivity is 

mainly contributed by the metal ion doping, the contrast could 

indicate the locations where Pt(II) ions accumulate, such as 

protein rich regions. 

 In efforts to rationalize the observed conductivity, we 

imaged the same sample shown in Fig. 2 at a lower humidity, e.g. 

40%, which exhibits little contrast in current images under the bias 

of -10 V. No current was measured at near 0% humidity in dry 

nitrogen atmosphere. These tests suggest that the presence of 

water is essential for the CAFM conductivity. Soaking the cells in 

phosphate buffer solution containing a high concentration of Na

resulted in reduction of Pt(II) ions within cells, and consequently 

led to the vanishing of the current signals (shown in Fig. 4 (

(b)). These experiments indicate that ion transport is not the 

primary contribution to CAFM current. The results are consistent 

with electron transport via Au surface (

then to the conductive probe. Presently, we cannot furt

the role of Pt(II), e.g., electron tunneling and/or redox reactions 

driven by the bias [50]. 

Nanometer resolution imaging of cells is attainable by most 

AFM instruments if cells are treated via transition metal ions.  

Using current sensing AFM and Pt(II) stained NIH3T3 cells, our 

work demonstrated that the cellular morphology and intracellular 

such as villi, podia, and fiber assemblies can be 

Finer membrane features (< 20 nm) are also observed.  

 The high contrast in current images indicate

accumulated, e.g. protein rich regions. Our investigation point

electron transport as the likely mechanism in 

This approach enables researchers to quickly inspect cellular 

features using AFM without involving complex instrumentation, 

protocols, or sectioning of samples. 
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